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Tin oxide (SnO2) and nitrogen-doped graphene quantum dots (N-GQDs) composite nanotubes (SnO2/N-GQD NTs) were
fabricated by the electrospinning technique and followed by the thermal annealing method for the application in
supercapacitor as an electrode. SnO2/N-GQD NTs with different ratio of N-GQDs were prepared by adding different ratios of
N-GQDs along with tin chloride during the electrospinning process. The prepared composite's structure and morphological
properties were characterized by using different techniques like XRD, FE-SEM, TEM, and XPS. The supercapacitor
performance of the SnO2/N-GQD NTs composite was analyzed by the electrochemical studies such as cyclic voltammetry and
galvanostatic charge-discharge (GCD) measurement in 2M KOH solution as electrolyte. The electrochemical analyses of SnO2/
N-GQD NTs was tested at different scan rates and current densities. SnO2/N-GQD NTs prepared using 3wt.% of N-GQDs
showed an excellent capacity retention even after 5000 GCD cycles and exhibited a maximum specific capacitance of 420 mF g-1

at a current density of 8mA cm-2 in comparison to pure SnO2 NTs (230 mF cm-2).

1. Introduction

In the past few decades, the continuous growth in the
demand for energy thrived researchers to find an alternative
energy storage and conversion systems for the depleting fos-
sil fuels which are affecting the global environment. Among
various available energy storage and conversion devices,
such as batteries, fuel cells, and supercapacitors (SCs), SCs
provide an instant high-power density for the required
applications [1–5]. SCs have gained a wide attention in the

interdisciplinary fields due to their amazing characteristics
like, high efficiency at prolonged cycles [6], high-power den-
sity, and high-energy density [7, 8]. In general most of the
metal oxide semiconductors (MOS) such as RuO2 [9, 10],
NiO [11], SnO2 [12], MnO2 [13, 14], Fe3O4 [15], CuO [16],
ZnO [17], and CoO [18] are having a significant contribution
for the SC applications [19]. Tin oxide (SnO2) is well-known
among MOS due to its vast applications such as in gas sen-
sors [20, 21], biosensors [22, 23], solar cells [24, 25], Li-ion
battery materials [26, 27], photocatalytic applications [28],
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and SCs [29, 30]. Among the MOS, SnO2 is a non-toxic and
easily synthesizable nanomaterial [31]. Although SnO2
performs well for SCs, the limiting factors such as poor elec-
trical conductivity, poor transportation of electrolyte ions
within the SnO2 matrix, and huge volume expansion hinder
its practical applicability [32]. In order to improve SnO2 as
an efficient electrode material for the SCs, the combination
of SnO2 with other conductive materials containing a high
surface area and good morphologies is one of the most suit-
able choices. The composites made of a conductive material
such as carbon-based materials with SnO2 and related com-
posites are one of the good choices among many available
methods in order to enhance the performance as electrode
for SCs.

In recent years, carbon-based materials are among the
eco-friendly, low-cost, and easily available sources for
improving the conductivity of MOS along with different
morphologies with high surface area [33]. Carbon-based
nanomaterials and MOS nanocomposites have been reported
to be good electrode materials for energy conversion and
storage applications [26, 34]. The preparation of 2D fiber or
tube-like morphologies supports the improvement of inter-
nal conductivity in the materials which contains intercon-
necting branching networks in the structures. These type of
morphologies can be easily fabricated using the electrospin-
ning method [35].

The composites of carbon-based materials contribute to
the improvement of the pseudocapacitance of the materials
in electrochemical analysis. In recent times, heteroatom-
doped carbon-based materials such as N-doped graphene
and N-doped graphene quantum dots (N-GQDs) are among
the carbon nanostructures that have been studied majorly
[36–38]. N-GQDs are used as the electrodes for SCs and
found that they exhibited superior capacitance and rate per-
formance [39]. These properties make N-GQDs as one of
the suitable materials for making composites with MOS for
improving the electrochemical performance. The fabrication
of these nanotube (NT) composite materials with nanometer
scale morphology is one of the challenging processes to
obtain a highly active sites and good conductive networks.
However, the N-GQDs incorporated SnO2 NTs can be a
good suitable electrode material for the improvement of
electrochemical performance of SnO2 in SC applications.

In this work, the SnO2 NTs and SnO2/N-GQD NTs have
been prepared by two-step process in which first the solution
of tin chloride and N-GQDs (with 3 and 5wt.%) along with
polyvinylpyrrolidone in DMF solutions was subjected to
electrospinning followed by thermal annealing. This process
is cheaper, easy to handle, and has the advantage of easy
morphological control. The electrochemical performance of
synthesized SnO2/N-GQD NTs was studied by fabricating
a SC device with a three-electrode system configuration
and aqueous potassium hydroxide as electrolyte.

2. Experimental

2.1. Materials. Tin (II) chloride dihydrate (SnCl2·2H2O), N,
N-dimethylformamide (DMF), ethanol, polyvinylpyrroli-
done (PVP, Mw = 1,300,000 gmol−1), citric acid monohy-

drate, urea, polyvinylidene fluoride (PVdF), and N-methyl
pyrrolidone (NMP) were procured from Sigma Aldrich,
USA. Conductive additive super p carbon and Ni-foam were
procured from MTI Corporation, South Korea. All the che-
micals purchased were used as received without any further
purification.

2.2. Synthesis of N-GQDs. Citric acid monohydrate (0.42 g)
and urea (0.36 g) were mixed in 12mL deionized water and
sonicated for 60min. The mixture was then transferred to
a Teflon-lined autoclave (50mL) and heated at 180 °C for
3 h. After cooling the autoclave to room temperature, the
resultant product was filtered and washed with ethanol and
centrifuged at 8000 rpm for 5min. The solid precipitate
obtained was dried at 50 °C for 10 h to obtain the nitrogen-
doped graphene quantum dots (N-GQDs) [38].

2.3. Synthesis of SnO2 Nanotubes and N-GQD Incorporated
SnO2 Nanotubes. SnCl2·2H2O (0.7 g) was dissolved in
4.2mL ethanol and sonicated adequately for 1 h; simulta-
neously, 0.44 g of PVP was dissolved in DMF and stirred
for 3 h. Finally, both clear solutions were mixed and stirred
for 4 h to obtain the precursor liquid for electrospinning.
N-GQDs (3 and 5wt.%) incorporated tin chloride NTs were
prepared by adding the solution of tin chloride with pre-
prepared N-GQD solution with stirring for several hours
until the solution becomes uniform. The obtained solution
was loaded into the syringe and electrospinned. For the
preparation of the pristine tin chloride and N-GQD incor-
porated tin chloride NTs, a constant voltage of 12 kV and
15 kV was applied, respectively. The distance between the
syringe needle and the electrospun mat collector was fixed
at 12 cm. The specimens were collected and dried in vacuum
oven for overnight. Pure SnO2 and N-GQDs incorporated
SnO2 nanotube composites were obtained by annealing the
dried electrospun mats at 600 °C for 2 h and 500 °C for 4 h,
respectively. The samples were denoted as S1 for pure
SnO2 NTs, S2 for SnO2 NTs with 3wt.% of N-GQDs, and
S3 for SnO2 NTs with 5wt.% N-GQDs-loaded samples.
The detailed synthesis procedure is shown in Scheme 1.

2.4. Materials Characterization. The structural properties of
the prepared samples (S1, S2, and S3) were characterized by
the patterns obtained from X-ray diffraction (Bruker, D8
ADVANCE, USA). The surface morphology and micro-
structure of the samples were characterized by field emission
scanning electron spectroscopy (FE-SEM, JEOL, JSM-6700F,
Japan) and transmission electron microscopy (TEM, Tecnai
G2 F20, FEI Corporation, Japan). The chemical bonds in the
samples were characterized using X-ray photoelectron spec-
tra (XPS, Scientific Sigma Probe Multi-2000 spectrometer,
Thermo VG Scientific Co., USA).

2.5. Electrochemical Characterization. The electrochemical
analyses were carried by using a Ni foam electrode coated
with the prepared active materials. For electrode prepara-
tion, 80wt.% active material, 10wt.% polyvinylidene fluoride
(PVDF) and 10wt.% conductive carbon were mixed in n-
methyl-2-pyrrolidone (NMP). The mixture was made as fine
slurry, and then, it was coated on Ni foam (1 × 4 cm) in
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1× 1 cm size and then dried in vacuum oven for 12h at
100 °C. The loading of the active material in the electrodes
is approximately 2.5mg cm-2. Electrochemical measure-
ments such as cyclic voltammetry (CV) and galvanostatic
charge–discharge (GCD) were performed at room tempera-
ture with the help of Wonatech, Korea, instrument using
three-electrode configuration in 2M KOH electrolyte solu-
tion. Electrochemical impedance spectra (EIS) analyses were
performed using frequency range between 0Hz and 50 kHz.
CV was carried out at various scan rates (5 to 100mV/s) in
the potential window of 0-0.5V. GCD was performed at dif-
ferent current densities (1 to 8mAg-1) in the voltage window
of 0-0.5V. The specific capacitance of the SCs is calculated by
using the formula:

Specific capacitance Csp
� �

= I × Δt
m × ΔV

, ð1Þ

where I ðAÞ is discharge current, Δt ðsÞ is the discharge time
consumed for in the potential range of V , m ðgÞ is the mass
of the active material, and ΔV ðVÞ is the potential window
used for the charge-discharge. Energy density and power
density of the fabricated materials are determined by using
the following equations:

Energy density Eð Þ = Csp × ΔV2

2 , ð2Þ

where Csp ðF g−1Þ is the specific capacitance calculated from
charge-discharge process and ΔV is the potential window
used in the charge-discharge process.

PowerDensity Pð Þ = E
Δt

, ð3Þ

where E is the energy density calculated from the specific
capacitance and Δt discharge time of the supercapacitor.

3. Results and Discussions

Figure 1 Shows the XRD patterns of S1, S2, and S3 NTs with
the major peaks corresponding to the (110), (101), (200),
(211), (220), (002), (310), (112), (301), (202), and (321) lat-
tice planes of the rutile structure of SnO2. XRD patterns
are in good agreement with the reference patterns of SnO2
with JCPDS number 41-1445, which are compatible with
previous reports [40]. The lack of N-GQD peaks in XRD
might be due to the dominant concentration of the SnO2
matrix in the samples. The effect of N-GQDs incorporation
into the samples is studied by considering the (110) diffrac-
tion peak as reference candidate to calculate the crystallite

Ethanol

Stirring for
30 min Load into

syringe

Polyvinylpyrrolidone

Add DMF
stirring for 2 h

Sncl2/N-GQDs/PVP solution

Sncl2/N-GQDs/PVP mat

Sncl2/N-GQDs in ethanol

Sncl2/N-GQDs nanotube
composites

N-doped graphene
quantum dots

(N-GQDs)

Annealing at 600/500
°C for 2/4 h

Grounding
Collector

Electrospum fiber mat

Dried in vacuum oven
at 100 °C for 12 h

High voltage power supply

Tin chloride
(Sncl2)

Scheme 1: Schematic diagram for the synthesis of SnO2 nanotubes and N-GQDs incorporated SnO2 nanotubes by electrospinning followed
by thermal annealing.
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Figure 1: XRD spectral data of S1 (SnO2) nanotubes, S2 (SnO2/
N-GQDs-3wt.%) nanotubes, and S3 (SnO2/N-GQDs-5wt.%)
nanotubes.
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size. The crystallite size of the samples is calculated using the
Scherrer’s formula. The calculated average crystallite size of
the S1, S2, and S3 are 10.1 nm, 12.3 nm, and 14.5 nm, respec-
tively, showing change in the crystallite size caused by the N-
GQDs incorporation during the synthesis process.

The surface elemental composition of the S2 is analyzed
by XPS as shown in Figure 2. The survey scan spectrum
(Figure 2(a)) detected elements Sn, C, N, and O. The peaks
of Sn 3d, Sn 3p, and MNN were detected from SnO2. The

Sn 3d (3d3/2 and 3d5/2) peaks were observed at 495.2 and
486.7 eV (Figure 2(b)) corresponding to Sn4+ in the rutile
SnO2 structure. In Figure 2(c), the O 1s spectra of the S2
shows the peaks at 532.1, 531.2, and 530.4 eV; corresponding
to oxygen absorption (O2

-), oxygen vacancy (O-), and oxy-
gen binding (O2

-), this designates the formation of oxygen
vacancies in S2. XPS spectra of the S2 sample have an obvi-
ous peak at 399.8 eV corresponding to N 1s (Figure 2(d))
due to the presence of nitrogen functional groups (from N-
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(SnO2/N-GQDs-3wt.%).
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GQDs). The peak of C1s can be attributed mainly to GQDs
as shown in Figure 2(e). The C1s spectrum shows a strong
peak center at 284.9 eV that is attributed for the C=C/C–C
bonds, and peaks at 285.5 and 286.7 eV revealing the pres-
ence of C=N (sp2) and C–N (sp3) bonds, respectively. The
XPS analysis provides evidence for the formation of N-
doped GQDs and their composites in combination with
SnO2 [41].

FE-SEM and EDS spectral images of S1, S2, and S3 NTs
are shown in Figures 3(a)–3(f). In all samples, NTs are ran-
domly oriented in all directions with the rough surface.
Figures 3(a)–3(b), Figures 3(c)–3(d), and Figures 3(e)–3(f)
represent the FE-SEM images and EDS spectra of S1, S2,

and S3 samples after calcination, respectively. The elemental
composition of pristine and composite SnO2 NTs is deter-
mined by EDS analysis that indicates the presence of Sn,
O, and C elements as shown in Figure 3. Pristine and N-
GQDs incorporated SnO2 long NTs are having the diameter
in the range of 15–40 nm. From FE-SEM and EDS results, it
is observed that almost there were no trances of PVP-based
amorphous carbon after thermal annealing. Although PVP
created some porous vacancies during the annealing process,
the nanotube structures were retained during the calcination
process due to the crystallization of SnO2. From FE-SEM
images, it can also be observed that the S1 and S2 are thin
and almost uniform. In the case of S3 sample, as the N-

1 μm

(a) (b)

1 μm

(c) (d)

1 μm

(e) (f)

Figure 3: FE-SEM images and EDS spectrum of samples (a, b) S1 (pure SnO2 nanotubes), (c, d) S2 (SnO2/N-GQDs-3wt.% nanotubes), and
(e, f) S3 (SnO2/N-GQDs-5wt.% nanotubes).
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GQDs concentration is about 5wt.%, the NTs were broken,
and this may be due to the increase in the viscosity of the
electrospinning precursor solution.

Figure 4 shows the TEM, HR-TEM, and SAED images of
S1 and S2 samples. Figures 4(a)–4(c) display the TEM, HR-
TEM, and SAED images of S1, i.e., pristine SnO2 NTs. The size
of pristine SnO2 nanoparticles is about 20nm. The nanoparticle
network has been continued in the form of nanotube by the
mutual sharing of the crystal edges of each particle. The crystal
structure of S2, i.e., SnO2/N-GQD NTs (Figures 4(d)–4(f)),
could be verified in the high-resolution TEM. The SnO2 NTs
consist of crystalline nanoparticles-shaped SnO2, and the N-

GQDs were tightly incorporated in the SnO2 NTs. Moreover,
the HR-TEM images demonstrate clear lattice fringes with d-
space of 0.34nm and 0.27nm, which are in good agreement
with that of the (101) and (110) planes of SnO2. The SAED
images of the S1 and S2 represent the monocrystalline structure
and that is in good agreement with the XRD analysis as dis-
cussed earlier.

The electrochemical analysis of the prepared samples was
investigated using CV, EIS, and GCD cycling through a three-
electrode configuration. In the three-electrode system devices,
active material-loaded Ni foam is used as working electrode,
Ag/AgCl as the reference electrode, and platinum strip as
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Figure 4: TEM, HR-TEM, and SAED pattern images of (a–c) SnO2 (S1) and (d–f) SnO2/N-GQDs composite material (S2).
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counter electrode. Aqueous 2M KOH was used as the electro-
lyte for the analyses. The CV, EIS, and GCD analysis results
for S1, S2, and S3 are shown in Figure 5.

Figures 5(a)–5(c) show the CV curves of S1, S2, and S3
electrodes for comparison in the potential window of 0 to
0.6V in 2M KOH aqueous electrolyte at different scan rates
from 5 to 100mVs-1. CV curves of S1, S2, and S3 have shown
noticeable redox peaks at ~0.38 and 0.27V. The CV curve for
S1 electrode has clearly shown the characteristic redox peaks
for SnO2material (Figure 5(a)). The CV curves of S2 has shown
well-defined redox peaks similar to S1, indicating the presence

of quasi-reversible faradaic reactions at different scan rates as
shown in Figure 5(b). The redox peaks of S2 sample are broad-
ened with increase of the scan rate from 5 to 100mVs−1 might
be due to the fact that the quasi-reversible redox reactions at the
surface of SnO2 material along with the conductive N-GQDs in
the electrodes that might help to enhance the internal conduc-
tivity of the electrodes. Whereas in the case S3 electrode, the
CV redox peak positions were similar to the previous electrodes,
but the peak broadening was not observed as that of S2
(Figure 5(c)). The possible redox reactions of the SnO2/N-
GQD NT electrodes during the CV process (between Sn(III)/
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Figure 5: Electrochemical performance evolution of the S1, S2, and S3 electrodes: (a–c) cyclic voltammetry (CV) curves at different scan
rates from 5 to 100mV s-1, (d–f) Nyquist plots (EIS) analyzed in the frequency range 0.1 to 10 kHz (inset, selective magnified scale in the
high-frequency region), and (g–i) galvanostatic charge-discharge (GCD) curves at different current densities from 1 to 8mA cm-2.
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Sn(IV) in reaction with OH−) are described in Equations (4)
and (5) [42].

SnO2 + OH− ↔ SnOOH + e− ð4Þ

SnOOH +OH− ↔ SnO2 + H2O + e− ð5Þ
The electron/ion transport behavior of the nanocompos-

ites is understood by using EIS measurements. EIS measure-
ments also carried to compare the resistance at the interface
of the electrode materials interface and the electrolyte in the
devices fabricated using electrodes made-up of S1, S2, and S3
materials as shown in Figures 5(d)–5(f). The Nyquist plots

of the nanocomposites were showing the semi-half circle
followed by the immediate raise in the diffusion resistance in
the high-frequency region (as shown in the inset of
Figures 5(d)–5(f)) and a linear slope in the low-frequency
region. The charge transfer resistance (Rct) was observed for
all the samples, and the inclined line is attributed to the anom-
alous diffusion of the ions in the electrolyte to themodified elec-
trode. The Rct of the electrodes indicates the presence of more
resistance due to the semiconducting SnO2 in S1, whereas the
Rct value decreases for S2 electrodes and further increases for
S3 as shown in Figures 5(d)–5(f). The device with S2 electrode
showed a least resistance in comparison to S1 and S3. The above
electrochemical results imply that S2 electrode is a high
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Figure 6: Electrochemical performance of S1 (SnO2 NTs), S2 (SnO2/N-GQD-3wt.% NTs), and S3 (SnO2/N-GQD-5wt.% NTs) electrodes:
(a) specific capacitance vs. scan rate, (b) plots of specific capacitance vs. current density, and (c) capacity retention efficiency with respect to
cycle number. (d) Ragone plot of energy density vs. power density for supercapacitor with S2 electrodes.
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potential candidate for the application of SCs in comparison to
the S1 and S3 electrodes.

The N-GQDs will not take part in the redox reaction
directly, and it will enhance the electrical/ionic conductivity
of the composites with faster kinetics of positive ions during
the redox process by means of electric double layer (EDL)
formation. The GCD profiles of S1, S2, and S3 electrodes
at different current densities ranging from 1 to 8mAcm-2

are shown in Figures 5(g)–5(i). The corresponding areal
capacitance values at different current densities were calcu-
lated, and the results were compared for S1, S2, and S3.
The areal capacitances of the S2 electrode are calculated at
different current densities from 1 to 8mAcm2 and are vary-
ing from 420 to 200 mF cm-2, respectively, as shown in
Figure 5(h). S2 electrode delivers higher areal capacitance
of 420 mF cm-2 at current density of 1mAcm-2, as com-
pared to S1 (230 mF cm-2) and S3 (320 mF cm-2) as shown
in Figures 5(g)–5(i). The S2 electrode revealed good electro-
chemical performance in comparison to S1 and S3 elec-
trodes; this might be due to the improved conductivity of
the S2 electrode. The CV curves with redox peaks and
charge-discharge plots with lower internal resistance indi-
cate that the materials are suitable for SC applications.

Figure 6(a) shows the specific capacitance of the elec-
trodes S1, S2, and S3 with respect to scan rates used in the
CV analysis. Similarly, Figure 6(b) shows the specific capac-
itance with change in current densities varied from 1 to
8mAcm-2. From these electrochemical analyses, it can be
corroborated that electrodes prepared using S2 sample are
having the best possible combination of N-GQDs and
SnO2 NTs for the application in SCs.

The specific capacitance is decreased at higher scan rates,
which could be due to the approach of positive ions (K+)
only at the outer surface of the electrode during the EDL
formation and/or quasi-reversible reactions. Whereas at
lower scan rates, positive ions could easily diffuse into all
the available spaces of electrode, thus leading to sufficient
insertion reaction to form quasi-reversible reactions and/or
EDL formation or to show a high specific capacitance [43,

44]. The capacitance retention of S1, S2, and S3 electrodes
studied by the GCD measurements at 10mAcm-2 current
density for 5000 cycles is shown in Figure 6(c). The capaci-
tance retention for S2 electrode (65%) is higher in compari-
son to S1 (51%) and S3 (44%) as shown in Figure 6(c). These
results indicate the higher electrochemical cycling stability of
S2 composite electrode. Figure 6(d) shows the Ragone plot
of energy density vs. power density of the SC with S2 elec-
trode. The energy density of 820 mWh cm-2 and the power
density of 4.10 W cm-2 were obtained for the S2 electrode.
Similar work was reported by Barik et al., which is found
to have the energy density of 80 mWh cm-2 and power den-
sity of 4.87Wcm-2 for SnO2@carbon nanofiber synthesized
by the electrospinning method [45]. The schematic for the
possible mechanism involved in the SnO2/N-GQD NT com-
posite electrodes during charge-discharge process is shown
in Figure 7.

The schematic mechanism (Figure 7) shows the move-
ment of ions in electrolyte during the charge-discharge pro-
cess of the SnO2/N-GQD NT electrodes. The K+ and OH-

ions in the electrolyte move towards the opposite charged
electrodes. The electrons in the OH- ions adsorbed onto the
surface of SnO2/N-GQD electrodes undergo chemical reac-
tions as discussed above in Equations (4) and (5). Whereas
the K+ ions adsorbed on the surface of the electrodes take
electron released during SnO2 reversible reactions and form
an EDL during the charge process, in the charging process,
both EDL and reversible chemical reactions both occur at
the surface of the electrodes. The reversible reactions during
the discharge process will retain the ionic combination of
electrolyte resulting in neutral bulk electrolyte. The perfor-
mance enhancement of S2 electrodes can be attributed to
spacer effect of SnO2 particles in the NTs incorporated with
N-GQDs. The highly reversible faradaic redox process of
SnO2 also enhances the performance of SCs. The specific
capacitance performance of the S2 electrode was higher in
comparison to S1 and S3 and might be due to the factors dis-
cussed above such as spacer effect, good conductivity of N-
GQDs, and good internal contacts between SnO2 particles
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e– e–

Charge
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Charge

e–e–KOH
2/ Q
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Charge

+ + ––

Figure 7: The schematic of the possible mechanism involved in the SnO2/N-GQD NT composite electrodes during the charge-discharge
processes.
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and N-GQDs in the NTs. In the case of S1 electrodes, there
are no additional conducting agents such as N-GQDs,
whereas for S3 electrode, the N-GQDs concentration has
hindered the adhesive property between SnO2 crystals lead-
ing to damage of NT structures subsequently losing the con-
ductivity advantage. In contrast, S2 has shown a good
structural stability and enhanced conductivity for electrodes
along with more suitable sites for the surface chemical reac-
tions on SnO2, therefore resulted as a good performing elec-
trode than others.

From the above experimental results, the N-GQDs
incorporated SnO2 NTs have shown a considerable better
improvement in the areal capacitance of the SnO2 NTs due
to the enhanced electrons and ionic diffusion with increase
of more active sites. The moderate (3wt.%) addition of N-
GQDs into SnO2 NTs has demonstrated an excellent electro-
chemical behavior due to the tubular porous morphology
along with decrease in electrical resistance compared to pure
SnO2 NTs and higher N-GQDs containing samples. The
improved capacitive behavior could be attributed to the
decrease in the resistance of the electrodes and increase in
the ionic diffusion from the bulk electrolyte solution to the
surface of the electrodes due to the incorporation of N-
GQDs. Based on these above studies, it is evident that
SnO2 NTs and N-GQDs composites are one of the good
futuristic materials for the energy storage and conversion
application and in many other interdisciplinary fields.

4. Conclusions

In summary, a simple and cost-effective one-step electro-
spinning technique followed by thermal annealing was
adopted for the fabrication of pristine and N-GQDs incor-
porated SnO2 NTs. The structural, morphology, and ele-
mental studies of as-prepared samples were analyzed by
different techniques. The combination of tubular micro-
structures, chemical stability, and electrochemical properties
of the S2 (SnO2/N-GQDs-3wt.%) composite showed a good
performance as an electrode in the supercapacitor device.
This work demonstrates a simple and facile synthesis
method for the preparation of SnO2 NTs and their compos-
ites that can be efficiently used in the energy storage and
conversion applications.
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Carbon materials and their allotropes have been involved significantly in our daily lives. Zero-dimensional (0D) fullerenes, one-
dimensional (1D) carbon materials, and two-dimensional (2D) graphene materials have distinctive properties and thus received
immense attention from the early 2000s. To meet the growing demand for these materials in applications like energy storage,
electrochemical catalysis, and environmental remediation, the special category, i.e., three-dimensional (3D) structures
assembled from graphene sheets, has been developed. Graphene oxide is a chemically altered graphene, the desired building
block for 3D graphene matter (i.e., 3D graphene macrostructures). A simple synthesis route and pore morphologies make 3D
reduced-graphene oxide (rGO) a major candidate for the 3D graphene group. To obtain target-specific 3D rGO, its synthesis
mechanism plays an important role. Hence, in this article, we will discuss the general mechanism for 3D rGO synthesis, vital
procedures for fabricating advanced 3D rGO, and important aspects controlling the growth of 3D rGO.

1. Introduction

Graphene is a 2D monolayer carbon, one-atom-thick mate-
rial with superior thermal, mechanical, electronic, and opti-
cal properties [1–3]. Graphene along with its derivatives has
shown immense applications in low-dimensional physics,
energy storage, electronic devices, catalysis, sensors, medical
equipment, etc. [4–6]. The excellent properties of graphene
are important at nanoscale and must be harnessed for
macroscopic applications. To become fully aware of the

advanced properties of a single graphene sheet, it is impor-
tant to integrate 2D graphene materials into 3D architec-
tures [7]. For instance, in electrode materials and energy
conversion devices, the 2D graphene sheets undergo restack-
ing and their distinctive properties become less effective,
leading to less efficiency than the theoretical values [8].
The way to overcome this drawback is to convert 2D layers
into consistent and interconnected 3D frameworks that can
be employed without concerning the restacking by retaining
the distinctive properties of 2D graphene materials. In order
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to fully uncover the prospectus of graphene, both large scale
production and conversion of individual graphene sheets
into state-of-the-art multifunctional frameworks are
required [8, 9].

The key step in manufacturing 3D graphene material
(i.e., 3D rGO) and modulating its final structures and char-
acteristics is the reduction of GO [10]. The reduction of
GO is a chemical method to eliminate oxygen-containing
parts on the GO plane. Majority of researches between the
year 2006 and 2010 were focused on synthesizing high-
quality graphene sheets from GO [11]. Different strategies
have been employed to reduce GO, together with swift ther-
mal reduction in inert atmosphere [12, 13]; chemical reduc-
tion through series of reducing agents like hydrazine [14,
15], hydroquinone [16], NaBH4 [17], dimethylhydrazine
[18], hot alkaline [19], ascorbic acid [20], etc. [21]; photocat-
alytic reduction [22]; hydro-/solvothermal technique [23,
24]; laser/flash light irradiation [25–27]; electrochemical
reduction [28]; hydrogen-plasma/arc-discharge [29, 30];
microwave treatment [31], and combination of these tech-
niques [32, 33].

A series of experiments have been conducted in the past
few decades to study the methods for developing 3D rGO
[34–36]. Reduction through thermal, chemical, hydrother-
mal, electrochemical, and photoinduced paths is a few of
the effective techniques for the reduction of 3D GO or GO
suspension with concurrent 3D construction. Freeze-
casting can be used for tuning the inside structure of GO
or rGO gels along the developing ice as the in situ template.
The annealing conditions are essential for the structural
properties of obtained rGO sheets. The H atoms drive deox-
ygenation through a series of chemical reactions. The tem-
peratures employed in this kind of process are generally
higher than 500°C [29]. With exposure to reducing agents,
the chemical reduction of GO proceeds with deoxygenation
at low temperatures. However, the reducing agents may
sometimes only reduce a certain class of oxygen-containing
groups selectively (e.g., hydrazine was selective towards the
epoxy groups) [37]. The majority of graphene materials
obtained from GO exhibit a substantial number of holes,
curvatures, functional groups, and defects on carbon sheets,
resulting in a functionalized graphene with a C/O ratio less
than 1.5. Moreover, the defective graphene sheets obtained
through thermal and chemical reduction display high
agglomeration due to the presence of forces of attraction
between layers and the reduction in hydrophilicity [13, 14].

Although the past few years have experienced rapid
growth of 3D graphene materials and their several new
synthesis techniques, still, the clear explanation and classifi-
cation of 3D architectures have not yet been made. Further-
more, 3D graphene materials fabricated through various
methods show distinctive properties and varying levels of
performance for different applications. For tuning advanced
3D graphene structures for specific requirements, it is
important to infer the relationship between 3D graphene
properties and its performance, the mechanism involved in
its formation, and key components determining the proper-
ties. In the last few years, there have been excellent and
enormous review articles dealing with the synthesis of mac-

roscopic 3D graphene [4, 7, 9, 38–41]. The reviews generally
focus on 3D graphene-based materials concerning the spe-
cific applications [42–46]. An overview of the 3D graphene
family is still missing. Hence in this paper, we will discuss
recently developed engineering strategies for synthesizing
3D graphene. Considering that a lot of work has been pre-
viously published in the field, we will present a detailed col-
lection of advanced fabrication processes for 3D graphene.
The primary focus is on the design considerations, forma-
tion principles, and engineering of 3D graphene-based
architectures.

2. Synthesis of 3D rGO

2.1. Photoinduced Reduction. Photoreduction is a chemical-
free process for the reduction of GO with little physical con-
tact, high efficiency, and high processing speed. In early
2008, photon energy was employed for reduction of GO in
solutions with the involvement of semiconductor photocata-
lysts (like TiO2) under the irradiation of ultraviolet light
[22]. This technique came out to be successful for develop-
ing the graphene/semiconductor composite. Further, it was
established that GO reduction in a solution or over a sub-
strate can be done directly under ultraviolet light with the
side formation of CO, O2, H2O, and CO2 [47]. Meanwhile,
xenon lamp-equipped photographic camera lights and laser
lights were found to be capable of deoxygenating GO photos
thermally. In such early reports, photoreduction of GO in
dilute solutions only formed rGO suspension and not the
desirable 3D rGO [47, 48], whereas with photoreduction of
the GO film, a pore-rich 3D rGO was obtained. This also
showed high conductivity and an expanded interlayer spac-
ing [25–27].

Reduction of GO via photoenergy follows two types of
mechanisms, i.e., photothermal effect and photochemical
reduction. By principal, the GO reduction with irradiation
of ultraviolet light with wavelength less than 390nm is
referred to as photochemical reduction [47]. For wave-
lengths longer than 390nm, the reduction of GO follows
the photothermal effect. Because the photothermal effect
involves high temperatures of 200-230°C, the reduction of
GO becomes effective. In case of laser lights, it creates an
intensive heat zone by focusing the laser beam on the spe-
cific point. A large number of photons get absorbed upon
strong irradiation by a pulsed laser and get converted to
heat, leading to the rise of temperature on the sheet [49,
50]. However, photochemical processes can also occur via
laser at long wavelengths (i.e., 1064nm) because of strong
electron photon coupling and multiple photon absorption
[51]. In both the mechanism paths, strong excitation of the
GO surface renders the quick ejection of particles and leads
to formation of plasma plumes. When energy transfers from
plume to lattice, the oxygen group leaves GO with plume
expansion. Thereafter, with formation of CO and CO2 and
evaporation of internal water an interlayer pressure is pro-
duced which leads to the expansion of the rGO layer to form
a porous structure [27, 52, 53].

The photon-induced reduction is another method
applicable on chemically reduced GO films. The energy of
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photons decomposes the residual chemical substances
present in partially reduced GO. Among several sources of
photon energy, laser lights are widely used due to their
consistency, strong intensity, tunable power, and flexible
pattering [52, 54, 55]. Laser scribing can easily achieve syn-
chronous reduction with a GO film pattern [56, 57]. The
reduction degree of the GO film can be administered by
varying the laser-processing variables (i.e., intensity, shifting
pitch, scanning pitch) [58, 59]. The 3D graphene patterns
resulting from laser scribing have recently shown a great
potential in biomedical applications like tissue engineering
and cell culture [58]. Kaner and his research group [56, 57]
fabricated 3D porous graphene sheets via laser-induced
reduction of GO films. The process utilized a commercially
available LightScribe DVD optical drive. Figure 1(a) shows
the illustration for the whole process followed. Reduction
with LightScribe gave 3D exfoliated sheets of 1520m2/g spe-
cific surface area and 1738 S/m electrical conductivity.

Atmosphere is an important factor for laser-induced GO
reduction to control the degree of reduction of the resulting
rGO film. The degree of reduction can be highly improved in
an oxygen-free environment [60]. If the GO precursor is
immersed in liquid nitrogen for laser reduction, the thermal
expansion will be suppressed, resulting in a 3D rGO film
with fewer defects and high conductivity compared to the
film obtained in nitrogen [51]. Apart from the reduction of
dense GO films/foams, laser intensity can also be directly
employed for assembling 3G rGO in crystalline GO suspen-
sion. As shown in Figure 1(b), when the nematic lyotropic
liquid crystal GO sheet is used as the precursor to be dis-
persed and ordered, by adjusting the focus and intensity of
the laser, the arbitrary homogeneous 3D structures of the
inside surface can be noticed [54]. Complex 3D assemblies
like trefoil knots can be produced through voxel-by-voxel
micropatterning of laser beams in both simple plane and
across the thickness of the sample. This arrangement is dif-
ferent from laser-induced reduction of H2O-reduced GO
films and is favorable for error-free 3D localization in elec-
tronics and photonics.

2.2. Chemical Reduction. Reduction of GO through chemical
routes is another major facile approach. In early research,
hydrazine was used to obtain rGO dispersions to reduce
dilute GO suspensions [11, 14, 61]. At a later stage, 3D gra-
phene hydrogels/aerogels were synthesized with higher GO
concentrated colloidal solution under mild reducing agents
[35, 62, 63]. The reducing temperature is kept between 60
and 100°C. The residue (i.e., reagent) and absorbed water
are then removed by washing and lyophilization. A variety
of reducing agents have been used to simultaneously reduce
and construct 3D GO. These may include Na2S, HI [64],
H3PO4/I2 [65], gelatin, and sodium ascorbate [66]. Shi and
coworkers [64, 67] employed sodium ascorbate for the
reduction of GO to develop a 3D graphene framework. Chen
and Yan [64] and Zhang and Shi [68] used NaHSO3, Na2S,
Vit. C, HI, and hydroquinone for reducing GO into 3D
rGO. Both these researches claimed that the π-π interlinkage
among sheets may be a governing factor in deriving self-
assembly of chemically reduced GO. This observation came

in a similar manner to the hydrothermal approaches. Few
research groups also claimed that function groups attached
with reducing agents can be determined in 3D rGO sheet
construction [69–71]. As the covalent bonds form between
GO sheets and reducing agents, a few of the oxygen-
containing hydroxyl and epoxy groups are substituted and
the GO sheet is cross-linked [66, 72, 73]. To stimulate the
cross-linking, carboxylic groups of reducing agents (i.e., oxa-
lic acid and mercaptoacetic acid) can speed up the develop-
ment of interlayer hydrogen bonds [74, 75]. As stated by Liu
et al. [66], gelatin amino groups induce the electrostatic
attractions, ring opening reaction, and multiple hydrogen
bonds of epoxy groups to collectively enhance the 3D devel-
opment of rGO.

The evolution of CO and CO2 is usual in GO’s chemical
reduction. Evolution of favorable amounts of these gases
helps in restacking of GO and rGO sheets and modulates
the pore structure of 3D compounds. Furthermore, along
with interactions among GO and reducing agents, water
bubbles can additionally be introduced through a monitored
heating temperature [76]. The total number of bubbles is
important throughout the process. Less number of bubbles
fails to suppress the restacking, while excess numbers can
affect the self-assembly of rGO sheets. When GO/NaHCO3
suspension is heated at 100°C in an open beaker, the number
of bubbles accredited to the boiling of water is generated. On
using concentrated reducing agents (i.e., hydrazine and
NaBH4), microscopic voided irregular gels and rGO particles
were seen because of substantial generation of gases [64, 77].
Hence, hydrazine is more favorable in reduction of GO into
3D structure.

Active metals like Al, Cu, Al, Fe, and Co can also be used
as reducing agents for simultaneous reduction and forma-
tion of GO sheet 3D assembly on their surface. On the basis
of redox reactions among metals and GO, the process of
reduction, as well as assembly of GO, happens instantly at
room temperature. However, the temperature can be raised
to 60°C to speed up the process. Surprisingly, if a conductive
substance is placed on the active metal substrate, no reduc-
tion in the development of 3D rGO assembly is seen
(Figure 2) [78]. This favors the development of unique
graphene structures like microtubes and micropatterns.
Through slight tuning of the shape of metal deposited, these
further can be fabricated into binder-free high performance
rechargeable Li-ion batteries. In addition, flexible rGO 3D
thin film devices can also be prepared by depositing active
thin layers of metal substances on flexible substrates.

In addition, the vapors obtained from reducing agents
can also be effectively employed in the reduction of both
dried GO films and the sponges with side-by-side alterations
in 3D structures. When a dense GO film is used as a precur-
sor, its 3D configuration can be significantly altered during
vapor-based reduction. Niu et al. [79] performed the reduc-
tion of filtrated GO film by positioning it on the top of a
hydrazine monohydrate solution at 90°C for 10 hours
(Figure 3). By controlling the concentration of the hydrazine
monohydrate solution, the open pore structure can be tuned.

In spite of successful development of chemical reduc-
tion of GO, the changes involved in GO during the
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reduction process are still not fully understood. Hence, an
effective method to minimize the amount of noncarbon
impurities is required.

2.3. Electrochemical Reduction. This type of GO reduction is
a popular method to directly synthesize electrodes with 3D
graphene for electrochemical devices and electrochemical

DVD disc

Go film applied on
flexible substrate

Laser

LightScribe
DVD drive

Peeled off LSG film

Device fabrication
and manufacturing

Go

Laser scribed graphene

(a)

High intensity laser beam

Spacer Spacer

Glass substrate

Go liquid crystals

(b)

Figure 1: (a) A staggered representation of the laser-induced reduction of GO films. Adapted from [56], copyright 2012, American
Association for the Advancement of Science. (b) Representation of ordered lyotropic nematic liquid crystal dispersion with GO leaf as
precursor [54].
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oxidized to (Subn+) ions [78].
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Figure 3: The figure illustrates the fermentation process to prepare rGO foam. Reprinted with permission from [79], copyright 2012, Wiley-
VCH Verlag GmbH and Co. KGaA, Weinheim.
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modifications (Figure 4) [62, 80–82]. The dispersed GO elec-
trochemically reduces to precipitate on the cathode. Instead
of packing in a face-to-face manner, the layers reinforce each
other up, making a 3D graphene network rigidly stacked to
the electrode [62, 81, 83]. This is also referred to as the direct
growth of rGO sheets from the electrode surface. Producing
a 3D graphene scaffold instead of a solid graphite layer
means that a rapid reduction and acceleration process
between the initial hydrophobic rGO layer and the GO
hydrophobic layer is formed at a later stage. Along with this,
hydrogen evolution happens under bias voltage, developing
high porosity inside the deposited sheets [84].

Sheng and coworkers were the first ones to fabricate a
graphene web on silver foil under -1.2V and 3mg/mL GO
suspension with 0.1M LiCLO4. This prototype showed out-
standing performance in an electric layer double capacitor
having a capacitance of 283mF/cm2 [62].

In electrochemically prepared 3D rGO materials, the
electrodes are considered the most important components
for 3D frameworks. Different materials like stainless steel
mesh [82], Pt foil, Ni foam [81], and Au fiber [83] can be uti-
lized as electrode bases. When graphene paper was
employed as an electrode base, the highly porous rGO-
layered structure was tightly attached to the substrate. This
led to an all carbon electrode with excellent applications in
flexible devices. On using Ni foam as the electrode substrate,
the inner voids were filled with rGO, creating an orderly
porous structure having pore sizes in 100s of micrometers
or submicrometers in the case of rGO sheets. The 3D rGO
structures with varying hierarchical 3D frameworks can be
prepared through preobtained 3D rGO materials as elec-
trode bases.

The electrochemical method can also be employed to
reduce electrode-precasted GO films [84, 86]. By doing so,
the stacking of the GO sheet will be better controlled during
the casting step and will ensure that the electrochemical pro-
cess is effectively slowed down.

2.4. Thermal Expansion of GO Bulk. Thermal reduction or
annealing at temperatures between 800 and 1000°C is the
most standard, simple, and effective pathway to remove oxy-
gen functional groups from GO. In the case of 3D graphene,
annealing at high temperatures may result in thermal exfoli-
ation, which further results in an expansion of dried and
preshaped GO bulk precursors. GO precursors by thermal
exfoliation include granular GO [87], irregularly aligned
GO film [88], tape casting [10], and bulk GO materials [89].

In the process of thermal growth of bulk GO, the groups
having oxygen (carboxyl, hydroxyl, carbonyl, and ether) are
completely or partially eliminated or are transformed into
stable bonds (i.e., anhydrides, quinone, and lactones) with
the traces of CO2, CO, and H2O [90, 91]. The clear-up
amount of the graphene surface rises with increasing anneal-
ing temperature. At 1000°C, traces of C–O, OH, and C═O
are used to remove thermally unstable oxygen. Therefore,
the conductivity of the GO sheet is greatly improved. In
the meantime, the GO mass is transformed into the honey-
comb 3D nanostructures with microscopic sheets and abun-
dant pores. After undergoing this type of expansion, the

distinct surface area could be further enhanced. Based on
the precursor used and the reaction that followed, the sur-
face area of 3D rGO frameworks could be maintained
between 400 and 800m2/g [90, 91].

Thermal annealing is also employed for the reduction of
3D partially reduced GO and 3D GO architecture due to dry
treatment and strong reduction. In such cases, the tuning of
3D structures becomes secondary. However, subjecting GO
precursors instantly to high temperature regions by avoiding
the ramping procedure with violet gas evolution might result
in richer in-wall pores, resulting in high surface area. In cer-
tain situations, a thermal shock of 400°C can help crumpled
graphene spheres to obtain a surface area of approximately
567m2/g, and heating the sample at the same temperature
ensures a lower surface area of 344m2/g [92].

2.5. Solvothermal and Hydrothermal Reduction. This reduc-
tion process was first developed to reduce GO into rGO
sheets [23, 24]. As shown in Figure 5, Xu et al. [93] used a
concentrated GO suspension to see reduction as well as
self-assembly of GO in macroscopic 3D rGO hydrogels.
Since then, these methods (i.e., hydrothermal and solvother-
mal) became well-liked methods for 3D graphene monolith
production from GO sheets [34, 80, 94–96]. The reaction
temperature is generally between 100 and 250°C in auto-
clave. Thermally induced supercritical water acts as a reduc-
ing agent in hydrothermal processes [97].

At the beginning of the hydrothermal process, the reduc-
tion in surface changes is noticed due to less carboxylic
groups, attracting them to those with charges [98]. On
extending the time of reaction, majority of carboxylic groups
are removed and the hydrophobicity, π-π stacking interac-
tions, and electrostatic attractions are enhanced, making
the rGO sheet assembly tightly interconnected as a 3D
framework (Figure 6) [93]. As the oxygen-based groups
decrease, CO2 becomes a predominant product along with
traces of CO and fragments of organic acids [99, 100].

Although GO sheets are not completely removed after
water heat treatment, as a result, both hydrogen bonds and
π-π interactions among oxygen-functional groups add to
the cross-linking of 3D sheets in monoliths [101]. Also, the
size, concentration, and surface of GO sheets in the first
GO suspension could be significant in enhancing the density
and structure of final 3D rGO gels.

Replacing H2O with another organic solvent by solvent
thermal reduction of GO lowers the temperature and hardly
induces the self-assembly properties of the GO sheet [102,
103]. When compared to the hydrothermal technique, the
high self-generated pressure and low surface energy of the
solvent in solvothermal processes could result in high effi-
ciency fabrication and reduction of GO sheets [103, 104].
Hence, the 3D rGO materials resulting from solvothermal
reduction display higher conductivities with lower surface
areas and thick walls. Solvothermal reduction employing
ethanol as a solvent results in the development of 3D rGO
aerogel. An important observation noted was that the
super-elasticity and Poisson’s ratio of this material became
almost zero, which can never be achieved with water as a sol-
vent at the same reaction conditions [105]. However, the
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products manufactured by hydrothermal reduction of 2mg/mL GO at 180°C varying time limits. Reproduced from [93], copyright 2010,
American Chemical Society.

6 Journal of Nanomaterials



interaction mechanism between GO sheets and solvents in
the solvothermal process still remains to be explored.

The drying path of hydrothermally and solvothermally
reducing GO is an important factor in deciding the final
3D structure. If processed under general thermal conditions,
the 3D rGO hydrogel will bear the acute volume shrinkage
and structural cracking. This happens mainly because of
large capillary pressure from solvent evaporation and the
structural thickness. The capillary pressure is controlled by
either freeze-drying or supercritical CO2 drying. Here, H2O
is replaced by ice or supercritical CO2 liquid. This is all
because they do not react well with graphene walls [77].
The capillary pressure of solvent evaporation is correlated
with solvent surface tension, angle of contact, and pore
radius in accordance with the Laplace formula. Various
schemes can be implemented to achieve ambient drying
while maintaining the 3D structure. Meanwhile, the stiffness
of the materials depending on wall thickness and the inter-
sheet linkage firmness can be improved by resisting the cap-
illary pressure [106].

Further, the hydrothermal and solvothermal processes
are efficient in reducing and activating GO with performed
3D structures [107]. In such cases, the 3D structures will
be minutely affected by reduction, which normally are deter-
mined during the preshaping process. However, the degree
of reduction of final 3D rGO materials is slightly low due
to the low temperature of hydrothermal and solvothermal
reactions. To further eliminate the functional groups,
annealing or chemical reduction can be used as a posttreat-
ment reaction. This will also help to restore the π-conjuga-
tion and improve the electrical conductivity [105, 107].

The hydrothermal and solvothermal processes can also
be used to produce 3D graphene-based composites. This
may include 3D graphene doped with nanoparticles like
Fe3O4 and Co3O4 on a composite layer [108]. Compared
with the hydrothermal pathway, under the influence of the
solvent, the nanoparticles are more uniformly wrapped by
the solvothermal pathway in situ by binding with ethanol,
resulting in more intimate contact with 3D rGO.

2.6. Freeze-Casting Process (Pre- or Post-reduction). Freeze-
casting is a widely used, readily accessible solution phase
method for casting GO and partially rGO suspensions or
gel forms. It depends on the ice crystallization point. During
the procedure, phase separation leads to the repulsion of
GO/partially reduced GO sheets from developing ice crystals
and gets accumulated in a continuous 3D manner at the
interspaces between developed ice [109–111]. The concen-
tration of GO/partially rGO sheets must outgrow the perco-
lation threshold in order to build an interconnected
structure. After obtaining a porous GO monolith through
freeze-casting, further reduction is required to get a 3D
rGO framework. The reduction operation is important to
adjust the surface properties of the sheet. However, since
the porous composition of 3D rGO is stationed in the
freeze-casting process, this may slightly affect the micro-
scopic morphology.

In suspensions, the chemical properties of GO sheets
play another major role in the freeze-casting process. Direct

freezing yields GO randomly oriented brittle monoliths
[112, 113], while a super-elastic honeycomb-like cellular
orientation results when freeze-drying is done either for
GO-filtered gel or specific partially reduced GO dispersion
[106, 109]. This difference among monoliths of GO and
partially reduced GO occurs due to improved π-π attrac-
tions of partially reduced GO sheets [106]. Additionally,
as shown in equation (1), as per the lowest energy principle,
for GO or partially reduced GO particles hindered due to
the growth of ice, the free energy of interface related with
GO/partially reduced GO (σi) has to be greater than the
sum of both water-GO/partially reduced GO (σw) and ice-
water interface (σiw).

Δσ = σi − σw + σiwð Þ > 0: ð1Þ

After partial reduction, micro-3D partially reduced GO
architects were seen in place of lamellar 2D GO sheets.
Thus, a strong deriving force (Δσ) to accumulate building
blocks at ice solidification form was produced in the
arrangement with partially reduced GO (Figure 7). This
further helped in the super-elastic structure of the partially
reduced GO monolith [109]. Also, the hydrophobic proper-
ties of the partially rGO sheet can be adsorbed on the sur-
face of the ice by the abundant oxygen-containing groups
and dominate the growth of ice crystals [114, 115]. As the
water solidification in partially reduced GO suspensions
gets completed, the 3D crystals are positioned and will
interchange a little in thawing and future reductions. The
3D rGO prepared this way is able to maintain its structural
integrity with a load, i.e., 450,000 times its own weight with
instant recovery from 480% compression [106].

Also, the freezing point is essential to tune the 3D struc-
ture of freeze-casting rGO. It directly gets involved with the
manipulation of the growth behavior of ice crystals. At high
temperatures, the growth of crystals gets more favorable and
leads to the production of large lamellar ice crystals. How-
ever, at lower temperatures, nucleation of ice dominates
and spreads ice crystal nuclei throughout the material.
Hence, the wall thickness, total size, and pore structure
can be highly influenced by monitoring the freezing temper-
ature [116, 117].

In addition, through monitoring the temperature distri-
bution in the freezing system, Bai’s research group success-
fully developed a bidirectional freezing technology and
tried it on synthesizing 3D rGO with a biomimetic lamellar
structure [118, 119]. Recently, Wang and coworkers adopted
this unique bidirectional temperature control method to
achieve a fan-shaped arrangement of GO [115]. The vessel
used a copper rod with a cylindrical hole. Because the bot-
tom of the cylinder was immersed in liquid nitrogen, the
top was cold so the inside GO suspension had a two-way
temperature gradient (i.e., “bottom to top” and “outside to
inside”) (Figure 8). The distinctive temperature gradients
enabled the crystallization in a different manner than a con-
ventional freezing process. To get the desired GO aerogel
(i.e., radially aligned channels), a small quantity of ethanol
was further added. After reduction by hydrazine vapor and
drying in a complete vacuum, the prepared rGO aerogel
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displayed high porosity and specific pore orientation and
was highly ordered. After 1000 compression cycles with
50% strain, only 8% of the total structural permanent defor-
mation was noted. To further promote the surface activa-
tion, KOH solution was used to combine ultralightness and
excellent mechanical strength. This substance may selec-
tively adsorb organic pollutants present in water.

Additionally, other solvents can also be employed for the
freeze-casting process. These may include organic solvents
with high vapor pressure and melting point slightly higher
than the room temperature (for example room-temperature
freeze gelation) [120]. In comparison to freeze-drying using
water, the room-temperature freeze gelation highly reduces
the energy consumption. However, the cost of organic sol-
vents could be an issue for this to develop.

2.7. 3D Printing before Reduction. Compared to other strat-
egies, 3D printing prepares a 3D rGO architecture with
more complex shapes. Extrusion-based 3D printing is the
preferred printing strategy for 3D rGO synthesis [121,
122]. A newly developed technology, optical 3D printing,
controls structures more precisely down to the micrometer
scale [123].

2.7.1. Extrusion-based 3D Printing. This technique has
recently become popular in the on-demand engineering of
graphene and composite 3D macrostructures. 3D printing
can also be called robot-assisted deposition, robocasting,
direct ink writing, and continuous extrusion [124]. Wet-
spinning technology can be used for printing of 500 nm gra-
phene nanowires [125], but this is more often used to get
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compounded 3D structures through filaments extruded
from nozzles, which merge together via a “layer-by-layer
method” [126]. Procuring a GO suspension with specific
rheology is very important to use 3D printing to its fullest.
The extruded filaments are expected to behave as a shear-
thinning fluid with viscoelastic characteristics that adhere
with neighboring layers while maintaining the shape after
printing and pressing upon by printed filaments [122].

Fragment size and GO concentration play important
roles in the elastic properties of GO inks. The elastic prop-
erty (y) for a concentrated GO suspension is denoted by
[127, 128]

y = k
Φ ×Dsheet × Ssa × ρ

3 − 1
� �x

, ð2Þ

where k is the constant, x is the scaling factor, Φ is the
GO concentration, ρ is the density of the solvent, Dsheet is
the lateral size of the GO sheet, and Ssa is the specific surface
area of the GO sheet.

Zhu and team stated that the GO suspension with 150-
400nm lateral size behaves as a non-Newtonian fluid at a
20mg/mL concentration [121]. Increase in concentration
further improves the GO viscosity and enhances its print-
ability. At similar concentration, the 5-50μm flake size
GO shows high viscosity and forms a robust 3D structure
[129, 130].

In order to further improve the printability of GO sus-
pensions, modified GO suspensions together with additives
are widely used as printing inks [122, 131]. García-Tuñon
et al. [122] developed a pH-sensitive polymer functionalized
with GO suspension to apply in 3D printing for the prepara-
tion of the 3D rGO monolith. Therefore, the suspension can
be adjusted by adjusting the pH for accurate 3D printing.
Optimized suspension produces a branched polymer/GO
surfactant network formed by noncovalent interactions. This
network possesses shear-thinning behavior and predomi-
nates with solid-like characteristics up to 1% of strain,
enabling easy flow of gels in nozzles of diameter of 100μm.
Since silica powder can transmit additional shear-thinning
behavior and shear-yield stress, Zhu and coworkers further
used hydrophobic fumed silica powder as fillers to improve
the viscosity of GO ink [121, 131]. In addition, the team also
introduced basic compounds, such as (NH4)2CO3 and RF
catalyst compounds, to effectively regulate the cross-linking
of GO sheets by adjusting the surface charge and covalent
bond formation.

These polymers and solid additives can interfere with the
mechanical properties and conductivity of printed rGO
structures. Furthermore, treatments to recover the solid
add-ons are rather tedious. Hence, greener ionic additives
(i.e., Ca2+, Mg2+, Fe3+, etc.) are investigated to see the rheo-
logical behavior of the GO ink. A minute amount of Ca2+

ions enhanced the viscosity and viscoelasticity of GO disper-
sion [132]. With increasing Ca2+ concentration, the yield
modulus and storage of GO also increases. GO sheets with
mild ammonium-induced cross-linking can be obtained by
adding urea into the GO suspension [133]. These mixtures

are easily pushed and converted into tough filaments that
exhibit high viscosity and shear behavior.

Apart from adding additives, a special type of solvents
can also be employed to obtain printable GO ink. These sol-
vents are liquid and solid at moderately high temperatures
(i.e., 50-120°C) and room temperature, respectively [120].
Hence, just mild temperature monitoring is required for
tuning the rheology of the suspension to get the required
3D printing. Finally, the solvent is evaporated in a vacuum
(even at room temperature), leaving a pure GO framework.

The filaments in extrusion-based 3D printing nozzles are
typically extruded in air [122, 130] or liquid [121]. In liquid
baths, organic solvents are preferred due to their lesser den-
sity than water and immiscibility with aqueous ink [131].
Zhang et al. [134] used an ice bath at -25°C for the ink.
The low temperature quickly solidifies the ejected GO sus-
pension, so that a lower concentration of 110mg/mL of
GO precursor can be applied. This process achieves a fine
3D structure due to melting and fusion operations with
few voids.

2.7.2. Optical 3D Printing of rGO. The combination of pho-
toexcited polymerization with layer-by-layer 3D printing
can be used to synthesize complex macro-3D architectures
of rGO [123]. As shown in Figure 9, firstly, a 1wt.% dilute
GO dispersion was mixed with 12wt.% photocurable acry-
lates and 2-4wt.% photoinitiator to get a specific type of
photocurable resin. This resin is able to solidify instantly
under light-initiated polymerization. A thin layer of resin
forms on it when a substrate is placed on it. Then, the top
resin layer is cross-linked and solidified by patterned light
irradiation. A further top layer of suspension was seen for
further patterning and reduction targets. A light of 405nm
wavelength was rearranged with a spatial light-modulator
where the targeted 2D image patterns were sliced and 3D
structures were the input. Hence, such a process could lead
to arbitrary complex 3D structures with controlled size at
the micron scale. The resolution of the signal wire is main-
tained at approximately 10μm with a guide hole size of
60 nm [123].

2.8. Wet-Spinning before Reduction. The wet-spinning of GO
before undergoing chemical, hydrothermal, and thermal
reduction is a popular method for developing 3D rGO struc-
tures like 3D rGO fabrics, films, cylinders, spheres, and
fibers [86, 135–137]. Xu and Gao were the first ones to syn-
thesize continuous graphene fibers independent of any sup-
port surfactant or polymer through a wet-spinning GO
chiral liquid crystal technique in a coagulation bath contain-
ing 5wt.% NaOH/CH3OH solution. Further, a chemical
reduction method using 40% HI solution was followed.
GO’s liquid crystal follows the twisted boundary phase as
the model. The obtained graphene fibers exhibited 7.7GPa
Young’s modulus, 140MPa fracture strength, an approxi-
mate 5.8% fracture elongation, and 25,000 S/m of high con-
ductivity [138].

In the spinning process, the GO suspension concentra-
tion is an important factor for the development of continu-
ous fibers. The lamellar structured liquid crystals of GO
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enables the dispersion at high concentration, leading to
strong interactions among GO sheets, thus stimulating the
alignment and coagulation of formed sheets. Otherwise, brit-
tle fibers and collapsed belts can result from low concentra-
tions of GO. The spun liquids are targeted in the coagulation
bath, where they exert influence on external and internal for-
mations of spun GO fibers. Figure 10 proposes the mecha-
nism for the formation of graphene fibers. A multilayer
GO film is first produced through the repulsions among neg-
atively charged GO sheets. Further, as the charge neutralizes
between adsorbed low-concentration hexadecyltrimethy-
lammonium bromide solution and the GO sheets, the film
turns into a bent and folded form. Continuous curling and
folding eventually result in highly aligned fine particles.
Spinning liquid GO crystals in liquid nitrogen and
additional freeze-drying produces single-core dense-shell
graphene fibers [135]. The internal arrangement of the
GO/rGO sheet is uniform, and the porous fiber exhibits a
high specific surface area of about 884m2/g, a tensile
strength close to 188 kNm/kg, and a high electrical conduc-
tivity of 300 kNm/m of 4900 S/m.

From the perspective of wet-spinning instrument design,
the size and shape of the nozzle is an important factor to

define the comprehensive shape of final GO/rGO fibers
[135]. The 60μm nozzle generates porous graphene fibers
with a diameter of 100μm, while the 1 cm nozzle results in
1 cm diameter graphene hollow fibers (Figure 11). A double
capillary coaxial spinneret can produce graphene-based hol-
low fibers, while collar-shaped fibers can be obtained by GO
suspension (Figure 12) [128]. A geometrically confined flat
nozzle of line-shape can give continuous GO hydrogen films
[139, 140].

The rotation process can also be manipulated to obtain
3D graphene materials of various shapes and structures.
Figure 13 shows the blending of super-elastic graphene aero-
gel millispheres via spinning the liquid crystals of GO into a
rotating coagulation bath. The shear force on the small noz-
zle makes the outer surface of the hydrogel have an obvious
orientation, and after drying and annealing, a continuous
shell and core of the cellular structure are formed. The
resulting rGO millispheres show high mechanical strength
and pressure flight behavior, with high jumping speed. How-
ever, a low specific surface area of 37m2/g was seen, indicat-
ing the presence of bulky/graphene walls.

The reduction after wet-spinning is important for evalu-
ating the characteristics of 3D rGO materials [86, 109, 140].
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Optimization of the reduction process increased the spe-
cific surface area of hydrothermally activated graphene
fiber fabrics by 370% and also highly influenced its con-
ductivity [107].

2.9. Antisolvent and Capillary Shaping before Reduction.
Crushing one or several GO sheets into spherical particles
is another way to minimize sheet accumulation under com-
pression. In order to achieve crumpling, forces from the
external environment must be applied to the static GO sus-
pension. Desired particles can be obtained through antisol-
vent methods and the capillary compression [92, 141–143].

Antisolvent precipitation is considered as an effective
method to produce crumpled GO papers. The GO sheets
are randomly distributed in the aqueous solution, because
the oxygen-containing functional groups on the surface of

GO can physically and chemically bind with H2O molecules.
Later, after drying, these sheets are arranged in a uniformly
stacked GO film. Hexane is considered a nonpolar aprotic
antisolvent which prohibits interacting with functional
groups present on GO. On its addition into the GO/ethanol
suspension, it replaces the ethanol molecules present around
GO, resulting in sturdy in-plane interactions of functional
groups leading to crumpling of GO sheets; hence, the non-
stacked GO gets formed with a large pore volume [142].
The thermally reduced nonstacked rGO shows a stable
structure and 1435m2/g of surface area, which is much
higher than the rGO produced without using an antisolvent
(i.e., ∼311m2/g). Wu et al. [144] developed a similar antisol-
vent precipitation method using precursor as a GO-based
Na2SO4 mixture, alcohol as an antisolvent, and NaOH as a
neutralizer. After the experiment, it was concluded that not
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all combinations of solvents and antisolvents can be used to
generate robust crumpled rGO as the C6H14-C2H6O sys-
tem [142].

Capillary force can also be used to obtain crumpled GO
sheets. It is introduced during the evaporation process for
removing water from GO aerosols [92, 145, 146]. Figure 14
shows the typical apparatus for fabricating capillary crum-
pled GO/rGO [92]. The aerosolization of GO suspension

using spray techniques supplies separate GO sheet groups.
Meantime, the employed drying process induces the com-
pression of capillary to deform the GO sheets present in
aerosols. In evaporation, GO sheets undergo several mor-
phological changes (i.e., from the coffee ring design in aero-
sol → titles + clustered sheets → loosely packed + wrinkled
sheets having minor water quantities → dry + crumpled
ball-like structure having multiple ridges and vertices).
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Temperatures beyond 500°C can be used for simultaneous
reduction of GO. However, the reduction process affects
the crumpling conformations [146].

The GO/rGO structure obtained by capillary wrinkling is
stabilized by plastically deformed π-π stacked ridges. These
have a thickness of around 10s of nanometers and oppose
the unfolding and collapsing as normal GO sheets on
running under solution, microwave heating, compression,
vapor treatment with hydrazine, and thermal shock [92].
Controlled palletization within 55MPa may reduce the flat
graphene sheet surface area from 407m2/g to 66m2/g,
whereas the surface area during capillary crumpled rGO var-
ies only from 567m2/g to 255m2/g. The capillary crumpled
rGO balls show tight packing without any reduction in the
accessible surface area. This enables less dependence on
gravimetric capacitance in electrode mass loading [146].
However, the surface area loss caused by load-bearing com-
pression and large load-dependent capacitances still signifi-
cantly limited the use of expansion.

3. Conclusion and Future Research Directions

The past few decades have reported the evolution of (i) mac-
roscopic (macrofoams, millispheres, fibers, and films) and
(ii) microscopic (3D honeycomb-like graphene, hollow
spheres, strutted nanostructures, and crumpled sheets) 3D
graphene materials. The macroscopic 3D graphene struc-
tures can be employed as free-standing units, while the
microscopic ones can be turned into arbitrary forms without
detailing the restacking issue. As per preconstructed 3D
morphologies responsible for preventing the restacking of
sheets, the engineering 3D graphene structures and materials
are widely used in energy storage applications, environmen-
tal remediation, sensors, etc. The macroscopic structure,
convenient surface area, conductivities, pore distribution,
mechanical properties, and site density are crucial factors
in designing 3D graphene for particular application. The
3D structure prepared through 3D self-assembly and reduc-
tion is dominating because of its ease of manipulation. Fac-
tors like shape, microstructures, functional groups, and
dopants of 3D rGO can be achieved by manipulating the
GO precursor properties, controlling reaction and reduction
conditions, involving additives, and using templates. How-
ever, connections between stochastic physical sheets and
overstacking of sheets are some of the important issues of
the 3D rGO architecture.

Considerable efforts are needed to precisely manage the
defects in resulting 3D materials. Its unique topology and
external flaws serve as an active seat for a variety of applica-
tions. However, apprehending the role of various disordered
sites in different applications is undoubtedly limited. Fur-
thermore, there is still a point of doubt among rich active
sites, high conductivities (thermal and electrical), and strong
mechanical strength. An accurate control over faulty sites in
3D graphene-based material is key to stabilize this equilib-
rium and attain an optimum performance.

The versatility of 3D graphene also requires exploration
for new and promising application areas. 3D graphene films
can be utilized in thermal or electromagnetic cloaking. With

high transmittance, exceptional mechanical properties, and
low sheet resistance, the graphene materials are considered
next-generation conduction materials for developing trans-
parent electrodes to be applied into strain sensors, touch
screens, optoelectronic devices, organic resistive memory,
LCDs, LEDs, flexible electronics, and thin-film photovoltaics
[147–152]. However, the applicability of graphene layers in
other fields gets limited because the sheets tend to restack,
resulting in a decrease of surface area and unique characteris-
tics belonging to thin layers. The 3D graphene structures
deliberately eliminate the possibility of face-to-face restacking,
expanding the usage of graphene in a broad range of fields. 3D
graphene structures can be promising in electrochemical
applications like supercapacitors, sensors, fuel cells, hydrogen
storage, and flexible electronics [5, 153–160]. Furthermore, 3D
graphene materials can be effectively employed as support cat-
alysts in chemical and electrochemical reactions, especially in
environmental remedy, where macroscopic structures are
advantageous in recycling and recovery.

Also, the microscopic architectures can prove important
in scaling the future devices. Various 3D graphene materials
also show the scalability of the industry in terms of produc-
tion and utilization. More importance can be given towards
upscaling the lab-based facilities to minimize the production
cost. There are high possibilities for 3D graphene materials
to overtake markets in the coming years.
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In this work, graphene carbon sheets (BGS) were prepared from writing paper and lemon peel, and its polymer composite has a
higher surface area compared with the existing Vulcan carbon. Further, the use of lead as a promoter for the oxidation of alcohol
and CO on platinum-supported poly(amine-terminated cyclophosphazene-co-cyclophosphazene)-biobased graphene sheet
(Poly(AFCP-co-CP)-BGS) composite was demonstrated. The size, phase morphology, and distribution of metal nanoparticles
on Poly(AFCP-co-CP)-BGS composite as well as the formation of composite based catalysts were confirmed from TEM, XRD,
and FTIR studies. The catalytic activity and stability of the prepared catalysts were tested and compared to methanol, ethylene
glycol, glycerol, and CO in 0.5M KOH solution. The results conclude that the lead-doped Pt/Poly(AFCP-co-CP)-BGS catalyst
shows higher oxidation current with respect to onset potential and lower If /Ir ratio for alcohol as well as CO oxidation. In
addition, Pt-Pb/Poly(AFCP-co-CP)-BGS catalyst was checked for direct alkaline fuel cells and proved as a potent anode
catalyst in alkaline medium for real-time fuel battery applications. In addition, Poly(AFCP-co-CP)-BGS composite also
promotes the catalytic reaction compared to Poly(AFCP-co-CP) and BGS supports as noticed from methanol oxidation in
alkaline medium. The surface area of the prepared supporting material is 750.72 m2g-1, which is higher than the activated
carbon (250.12m2g-1). So, the prepared Poly(AFCP-co-CP)-BGS composite is a potent support for metal deposition,
electrooxidation, and single stack fuel cell constructions.

1. Introduction

The increasing population, development in technology, mod-
ern culture, and sophisticated modern appliances require
large quantity of power and increase the demand of power
day by day. Almost 70 to 80% demand of power is being
fulfilled by fossil fuel. However, the depletion of fossil fuel,
scarcity, and its high cost are tempting the scientists to search
some new energy resources. In this aspect, alkaline direct
alcohol fuel cells (ADAFCs) have received much attention
as they have more advantageous properties like improved

methanol oxidation kinetics in alkaline than that of the acidic
media. Further, they have low permeability of alcohol from
anode to cathode and low-cost membranes [1, 2].

The developments of anode and cathode catalysts with
better bustle as well as with decreased poison effects are the
emerging area of research. In most of the cases, platinum
and platinum-based nanoalloys (e.g., Pt-Ru, Pt-Au, Pt-Sn,
and Pt-Pd) are frequently used as electrocatalysts in ADMFCs
because of their high activities and stabilities [3–8]. But the
high cost, scarcity, and poisonous effect of platinum catalyst
limit its usefulness in commercial applications. In order to
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decrease the platinum loading and to increase electrochemical
performance for alcohol and CO oxidation, the studies are
being performed using non-platinum-based catalysts and plat-
inum loaded with appropriate support materials [9, 10]. The
catalyst’s activity and stability of alcohol oxidation in alkaline
medium depend not only on the presence of metal nanoparti-
cles but also on the properties of support material and interac-
tions between the metal particles and support materials.
Generally, conductive polymers [11]; carbon-based materials
like graphene, carbon nanotubes, carbon fibers, and mesopo-
rous carbon [12–15]; metal sulfides [16]; and zeolites [17]
are used as catalyst supports for various applications.

The mesoporous carbon, a relatively new type of carbon-
based material has become popular as an electrocatalyst sup-
port because of its large surface area, exceptional thermal
and chemical durability, and stupendous electrical conductiv-
ity [18, 19]. Various nitrogen-doped carbon materials have
been prepared recently as supports to promote the electrocat-
alytic activities of platinum-based catalysts for alcohol oxida-
tion reactions (AOR) and oxygen reduction reaction [20–25]
to be used in the applications of fuel cells. Recently, biobased
carbons are used in various applications such as polymer com-
posites [26–28], dye degradations, electromagnetic studies [29,
30], 3D printing [31], sensors, and electrocatalysts [32, 33].
Further, preparation, morphology, and electrochemical char-
acterization of electrodeposited nanocrystalline Ni-Co [34],
Au/Pt nanoanode [35], and ultrafine PtPd bimetallic nanopar-
ticles [36] are studied for alcohol fuel cell applications. Gener-
ally, it has been found that the most frequently used methods
for the preparation of nitrogen-doped carbon-based nanoma-
terials are pyrolysis and chemical vapour deposition (CVD).
Alternatively, the nitrogen-containing pioneers like poly(in-
dole), poly(pyrrole), and poly(aniline) have also been doped
with carbon based materials via in situ polymerization proce-
dure [37–41]. Advantages like uncomplicated preparation
technique, producing more anchoring sites, and resulting
improved conductivity can be derived from this procedure.

Having these points in mind, the present work has been
initiated to prepare a composite-based hybrid supporting
material containing both phosphorous and nitrogen along
with biobased graphene carbon sheet. Moreover, lead nano-
particles have been doped on Pt/Poly(AFCP-co-CP)-BGS
material to promote the catalytic activity of alcohol and
CO oxidation in alkaline medium.

Typically, poly(amine-terminated cyclophosphazene-co-
cyclophosphazene)-biobased graphene carbon sheet (Poly(-
AFCP-co-CP)-BGS) composite was prepared through an in
situ sonochemical method. To check the performance and
promotion of catalytic activity of the prepared Poly(AFCP-
co-CP)-BG composite, platinum nanocatalyst was coated on
BGS, Poly(AFCP-co-CP), and Poly(AFCP-co-CP)-BGS. Vari-
ous analytical methods such as X-ray diffraction (XRD),
energy dispersive X-ray analysis (EDX), transmission emis-
sion spectroscopy (TEM), and Fourier Transform Infrared
Spectroscopy (FTIR) were employed to characterized the
metal nanoparticle-deposited Poly(AFCP-co-CP)-BGS com-
posite catalysts. It was concluded from the electrochemical
studies that the lead-doped Pt/Poly(AFCP-co-CP)-BG com-
posite promotes both alcohol and CO oxidation reactions.

To add further, Poly(AFCP-co-CP)-BGS composite also
promotes the alcohol oxidation when compared with
Poly(AFCP-co-CP) and BGS supports. It is suggested by
the above results that both doping of lead as second metal
and Poly(AFCP-co-CP)-BGS composite as support material
promote the catalytic activity for alcohol and CO oxidation
in fuel cell applications.

2. Materials and Methods

2.1. Materials. Hexachloroplatinic acid hexahydrate
(H2PtCl6.6H2O), lead(II)acetate trihydrate (Pb(OAc)2·3H2O),
formaldehyde, resorcinol, N,N′dimethyl sulfoxide, HCl,
H2SO4, ethanol, methanol, ethylene glycol, glycerol, sodium
hydroxide (NaOH), and triethylamine were purchased from
SRL Chemicals, India. Hexachlorocyclotriphosphazene was
purchased fromAlfa Aesar, India. All the solvents were analyt-
ical grade and used as obtained from the chemical industries.

2.2. Preparation of Biobased Graphene Carbon Sheets. Using
a modified reported procedure [42], biobased graphene
carbon sheets (BGS) were prepared. BGS was prepared via
a hydrothermal method by carbonization of waste materials
such as waste writing paper (60%) and lemon peel (30wt.%)
using 50% dilute H2SO4 (170mL) at 448K. Typically, 6gm
waste writing paper and 4 g of waste lemon peel materials
was heated at 448K with 50% dilute H2SO4 (170mL) for
24 hours in an autoclave. When the hydrothermal reaction
was completed, the autoclave was cooled and resulted prod-
uct was filtered, washed with distilled water to remove excess
acid. The washing was repeated until the filtrate became
neutral. Finally, the resulted product was redispersed in the
double distilled water and centrifuged to remove the ash
material floating on the water if formed during the hydro-
thermal process. Finally, the filtered product was dried in a
hot air oven. The dried product was ground into powder,
and the resulted fine powder was immersed in KOH solu-
tion, which was then heated at 1093K for 3 h in an inert
atmosphere. The resultant biobased graphene powder was
also washed with 20% HCl (v/v) to remove the inorganic
impurities and then washed down with distilled water until
the washed liquid became neutral pH. The biobased
graphene carbon powder was dried in an oven at 70°C.

2.3. Preparation of Amine-Terminated Cyclotriphosphazene.
The amine-terminated cyclotriphosphazene monomer was
prepared as explained in our previous report [43, 44]. For this
preparation, 4-acetamido phenol (15.65 g, 0.1035mol) and
K2CO3 (21.09g, 0.15824mol) were dispersed in dry acetone
(200mL) and effectively stirred at an ambient temperature
for 45 minutes. To this mixture, hexachlorocyclotriphospha-
zene (5 g, 0.0143mol) was added and refluxed at 60-65°C for
4 days. The product obtained as the result of the chemical
reaction was cooled naturally to room temperature and
filtered. The impure resulted sample (CPAC) was further
purified using hexane and dried at 60°C for 3h. It gave a yield
of 63.8% and m.p. 253-256°C. The reaction mixture of
hexa(acetamidophenyl)cyclotriphosphazene (9.0 g), metha-
nol (180mL), and sulfuric acid (108mL) was taken in the
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round bottom flask and refluxed for 4h at 80-85°C. Then,
the resultant reaction mixture was cooled to 25°C and then
poured in to ice-cold water. To this, aqueous ammonia
solution was added drop by drop until to reach pH = 8.
The resulted solid product was filtered, washed with water,
and dried at 60°C for 48h.

2.4. Preparation of Poly(AFCP-co-CP)-BGS Composite.
Poly(amine-terminated cyclophosphazene-co-cyclopho-
sphazene)-biobased graphene carbon sheet (Poly(AFCP-co-
CP)-BGS) composite-based support material was prepared
using the modified procedure reported elsewhere [45]. For
this copolymer-biobased graphene carbon sheet composite
preparation, 58mg of amine-terminated cyclophosphazene,
and 116mg cyclophosphazene were dissolved in 100mL of
N,N′-dimethyl sulfoxide (DMSO) solvent. With this reac-
tion mixture, 10mg of biobased graphene carbon sheet was
added and dispersed utilizing ultrasonicator for 10 minutes.
Finally, 4mL of triethylamine was added to the above reac-
tion mixture to start polymerization over graphene carbon
sheet carbon, and the reaction was continued for another
12 hours under sonication (100W, 40 kHz) at 30°C. The
final resulted product was centrifuged, and the obtained
Poly(AFCP-co-CP)-BGS composite was washed with etha-
nol followed by double distilled water and then dried at
50-60°C for 12 hours.

2.5. Preparation of Pt and Pt-Pb Nanoparticle-Deposited
Poly(AFCP-co-CP)-Biobased Graphene Carbon Sheet
Composites. Platinum-lead nanoparticle-deposited Poly(-
AFCP-co-CP)-BGS catalyst (Pt-Pb/Poly(AFCP-co-CP)-
BGS) was prepared by the formaldehyde reduction method
[45]. For catalyst preparation, 70mg Poly(AFCP-co-CP)-
BGS composite was dispersed in 10mL distilled water using
an ultrasonic process for 30 minutes. 54mg H2PtCl6.6H2O
and 38mg Pb(OAc)2 3H2O dissolved in 40mL of distilled
water as a bimetallic catalyst precursor solution were added
to the above suspension in drop by drop method and then
pHwas adjusted to 11 with 2.5MNaOH solution. Stirring after
about 30 minutes, 4mL formaldehyde (37%) was added to the
above solution at 85°C. The reduction reaction was continued
for another five hours to dope platinum-lead nanoparticles
on Poly(AFCP-co-CP)-BGS composite through an in situ
codeposition method. The resulted Pt-Pb/Poly(AFCP-co-
CP)-BGS solid was filtered, washed with distilled water, and
then dried at 60°C for 8hrs. Similarly, the platinum nanoparti-
cles were deposited on Poly(AFCP-co-CP)-BGS composite
(30mg) by the HCHO (2mL) reduction method with 54mg
of H2PtCl6.6H2O precursor to form Pt/Poly(AFCP-co-CP)-
BGS catalyst by following same experimental procedure.
To compare the efficiency of Poly(AFCP-co-CP)-BGS com-
posite, the platinum nanoparticles were also deposited on
Poly(AFCP-co-CP), biobased graphene carbon sheet (BGS)
by following same experimental condition.

2.6. Fabrication of Working Electrodes. For the fabrication of
working electrode, 5mg of Pt-Pb/Poly(AFCP-co-CP)-BGS
catalyst was dispersed in a mixture of 100μL of 0.05% of
Nafion solution and isopropanol (1 : 1) solution. A measured

volume of 25μL of this suspension was dropped on the top
surface of the graphite electrode by using micropipette.
The modified electrodes were used as working electrode for
the electrooxidation of alcohol in alkaline medium. Simi-
larly, the other catalysts Pt/Poly(AFCP-co-CP)-BGS, Pt/
Poly(AFCP-co-CP), and Pt/BGS were also prepared by fol-
lowing the same procedure.

2.7. Characterization Techniques. To record the FT-IR spectra
of the prepared samples, Perkin Elmer 6X FT-IR spectrometer
was used. About 100mg of optical grade KBr was grounded
with sufficient quantity of the sample for making KBr pellets.
Wide-angle X-ray spectra of the prepared samples were
obtained using a Rich Seifert (Model 3000) diffractometer with
CuKĮ radiation (θ = 0:15418nm), and the spectra were
recorded from 0° to 80° at 2θ value. To characterize the size
and phase morphology of the prepared catalyst, the
AJEOLJEM-3010 analytical transmission electron microscope
was used, which was operated at 300 kV with a measured
point-to-point resolution of 0.23nm. The HRTEM samples
were prepared by dispersing the prepared catalyst in ethanol
mounted on carbon coated copper grids and dried for 24h
at 25°C. A standard three-electrode glass cell equipped with
prepared catalyst coated on graphite electrode was considered
working, saturated calomel electrode was taken as reference,
and platinum wire was used as counter electrode for the pres-
ent investigation. Further, the electrocatalytic activity of alco-
hol oxidation was investigated in 0.5M KOH and 0.5M
alcohol solution with a potential window of -1.0 to 0.3V.

3. Results and Discussions

3.1. Fourier Transform Infrared Analysis of Poly(AFCP-co-
CP) and Poly(AFCP-co-CP)-BGS Composite. Figure 1 shows
the FT-IR spectra of Poly(AFCP-co-CP) and Poly(AFCP-
co-CP)-BGS composite. The two bands observed at 3438
and 3338 cm-1 are corresponding to -NH stretching vibra-
tions; in fact, they also ascertain the presence of AFCP mate-
rial in Poly(AFCP-co-CP) copolymer (Figure 1). The peak
noticed at 3043 cm-1 is assigned to ring C-H stretching
vibration. The aromatic C-C stretching vibrations appear
at 1507 and 1621 cm-1. The typical stretching vibrations of
P-O-Ph, P-N-P, and P-O-C appear at 1256, 1178, and
952 cm-1, respectively. The aromatic C-H bending vibrations
are visualized at 832 and 695 cm-1.

Peaks with similar patterns are noticed for poly(amine-
terminated cyclophosphazene-co-cyclophosphazene)-gra-
phene carbon sheet composite. Further, it is noticed with a
small shift in the wave number, which is due to the coating
behavior of poly(amine-terminated cyclophosphazene-co-
cyclophosphazene) copolymer on a biobased graphene car-
bon sheet.

3.2. BET Surface Analysis of the Prepared Poly(AFCP-co-CP)-
BGS Supporting Materials. The surface area of biobased
graphene carbon sheet-conductive copolymer (Poly(AFCP-
co-CP)-BGS) was analyzed using the BET method. Figure 2
shows the N2 adsorption-desorption measurements of the
newly prepared biobased graphene carbon sheet-conductive
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copolymer composite. The adsorption-desorption curve in
Figure 2 reveals a linear increase at low P/P0 below 0.4. A hys-
teresis loop between P/Po = 0:5-0.9 is observed, which indi-
cates the presence of graphene carbon sheet. The specific
surface area of the BGS is determined to be 750.72m2 g-1 with
a total pore volume of 0.318 cm3 g-1 and an average pore diam-
eter of 6.6592nm.

According to a previous report [42], the specific surface
area of Vulcan carbon black was determined to be
250.12m2 g-1 with a total pore volume of 2.31 cm3 g-1. The
Poly(AFCP-co-CP)-BGS composite surface area was about
three times larger that of the Vulcan carbon black. The high
surface area determined by the BET method is correlated
with improved catalytic activity. Therefore, the present study
predicts that the catalytic activity of biobased Poly(AFCP-
co-CP)-BGS composite should be superior to that of the
Vulcan carbon blacks.

3.3. X-Ray Diffraction Analysis. XRD pattern of platinum
nanoparticle-deposited Poly(AFCP-co-CP)-BGS composite
shows three diffraction peaks at 2θ values of 39.25°, 45.25°,
and 66.84° (Figure 3), which are matching to (111), (200),
and (220) faces of the fcc platinum. The same type of pattern
is noticed for Pt-Pb bimetallic nanoparticle-deposited Poly(-
AFCP-co-CP)-BGS composite with the miniature shift to
lower 2θ values with respect to Pt/Poly(AFCP-co-CP)-BGS
composite. This is the atomic level displacement formation
of bimetal Pt-Pb catalyst, and no other diffraction peaks that
correspond to lead oxide/hydroxide are observed. Thus,
XRD results obviously demonstrate that Pt-Pb nanoparticles
are bimetallic and displacement in the crystalline structure is
in the atomic level [43, 44].

3.4. Transmission Electron Microscope Analysis. TEM images
of the platinum and platinum-lead nanoparticle-doped
Poly(AFCP-co-CP)-BGS composites are shown in Figure 4.
The prepared metal (Pt and Pt-Pb) nanoparticles have been

well deposited as black dots on Poly(AFCP-co-CP)-BGS com-
posite sheet without any aggregations. The presence of these
homogeneously distributed nitrogen species on the surfaces
of Poly(AFCP-co-CP)-BGS composite sheet could effectively
provide good anchoring sites for the deposition of metal nano-
particles during the reduction process of their respective pre-
cursor metal salts, which favors small metal (Pt and Pt-Pb)
nanoparticle formation with enhanced active surface area.

3.5. Cyclic Voltammetry Analysis. Cyclic voltammograms
of platinum and platinum-lead nanoparticle-deposited
Poly(AFCP-co-CP)-BGS electrodes have been carried out
in 0.5M KOH, 0:5MKOH + 0:5M methanol, 0:5MKOH
+ 0:5M ethylene glycol, and 0:5MKOH + 0:5 glycerol
solution at 50mVs-1 (Figure 5).

From Figure 5(a), no change in the electroactive sur-
face area of both Pt/Poly(AFCP-co-CP)-BGS and Pt-Pb/
Poly(AFCP-co-CP)-BGS catalysts is noticed and they are
nearly the same. Before entering into the detailed studies,
it is essential to prove that Poly(AFCP-co-CP)-BGS sup-
port is better than the other support Poly(AFCP-co-CP)
and BGS. To check the performances of the prepared
Poly(AFCP-co-CP)-BGS support, platinum nanoparticle-
deposited Poly(AFCP-co-CP)-BGS, Poly(AFCP-co-CP),
and BGS catalysts have been subjected to the electrooxida-
tion of methanol in alkaline medium.

Figure 5(b) shows the cyclic voltammograms of methanol
in alkaline medium on platinum-deposited Poly(AFCP-co-
CP)-BGS, Poly(AFCP-co-CP) and BGS catalysts. From
Figure 5(b), it is found that the methanol oxidation peak cur-
rent of Pt/Poly(AFCP-co-CP)-BGS catalyst is higher than that
of the Pt/Poly(AFCP-co-CP) and Pt/BGS (Table 1). In addi-
tion, the Pt/Poly(AFCP-co-CP)-BGS exhibits lower onset
potential than the Pt/Poly(AFCP-co-CP) and Pt/BGS cata-
lysts. It has been concluded from this result that the Poly(-
AFCP-co-CP)-BGS is a potent support than the Poly(AFCP-
co-CP) and BGS. It is because of the integrated properties
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resulted from noncovalent interaction between the BGS and
Poly(AFCP-co-CP) in Poly(AFCP-co-CP)-BGS composite
and the multifunctional groups (-NH, -O, and -P) present
on Poly(AFCP-co-CP)-BGS acts as a better anchoring site
for the uniform distribution of metal nanoparticles.

To promote the catalytic activity and to decrease the
onset potential, the second metal lead (Pb) is added with
Pt/Poly(AFCP-co-CP)-BGS catalyst. Hence, the prepared
bimetal Pt-Pb/Poly(AFCP-co-CP)-BGS catalyst is analyzed
for electrooxidation of methanol (Figure 5(b)). It has been
noticed from the cyclic voltammetry results of lead
particle-doped Pt/Poly(AFCP-co-CP)-BGS catalyst that
both improved oxidation peak current and reduced onset
potential values exist. The current density and onset poten-
tial of the prepared catalysts are given in Table 1. The
improved performance of Pt-Pb/Poly(AFCP-co-PC)-BGS

catalyst is because of the bifunctional mechanism of metal
catalyst, electronic effect, and competitive adsorption of
OH- on lead nanoparticles surface. Further, Pb-OH is easily
available near Pt-COads/Pt-OOCH rather than Pt-OH,
which can oxidize CO poison, HCOO-, etc., at lower poten-
tial range or level and results in more platinum free active
surface for further adsorption of alcohol and oxidation.

So, this work has been extended to the electrooxidation
of ethylene glycol and glycerol in an alkaline medium on
the prepared Pt/Poly(AFCP-co-CP)-BGS and Pt-Pb/Poly(-
AFCP-co-CP)-BGS catalysts (Figures 5(c) and 5(d)). The
electrochemical results confirm that Pt-Pb/Poly(AFCP-co-
CP)-BGS catalyst exhibits higher oxidation current and
lower onset potential for both ethylene glycol and glycerol
in alkaline medium compared to Pt/Poly(AFCP-co-CP)-
BGS catalyst (Table 1). Moreover, the oxidation current
observed for ethylene glycol is higher than that of the oxida-
tion current of methanol and glycerol. From the cyclic
voltammetry analysis results, it has been concluded that
the prepared Poly(AFCP-co-CP)-BGS composite is a good
supporting material for metal catalysts.

In addition, the prepared Pt-Pb/Poly(AFCP-co-CP)-BGS
catalyst shows better oxidation current for all the alcohols
like methanol, ethylene glycol and glycerol, which may be
due to the (i) electronic effect, (ii) interaction between metal
nanoparticles and Poly(AFCP-co-CP)-BGS composite, (iii)
ligand effect, (iv) low onset potential, (v) structural change
of platinum in Pt-Pb/Poly(AFCP-co-CP)-BGS catalyst, and
(vi) synergic interaction between the metal particles (Pt
and Pb) [46]. Table 2 gives the comparative information of
catalytic activity of the prepared catalysts and the literature
reports, which highlights the novelty and superiority of the
prepared composite electrodes.

3.5.1. Mechanism. Hand in hand with the previous literature
reports, the enhancement due to the bimetallic system can
be explained based on the byproduct formed during the
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electrooxidation of alcohols. According to previous reports
[54–56], the formic acid is the major by-product formed
during the electrooxidation of methanol, ethylene glycol,
and glycerol (Scheme 1).

The obtained formic acid and CO during the electrooxida-
tion ofmethanol, ethylene glycol and glycerol on the surface of
the metal nanoparticles can further undergo oxidation in the
presence of oxygen rich species such as Pt-OH or Pb-OH as

50μm

(a)

50μm

(b)

Figure 4: HRTEM images of (a) Pt/Poly(AFCP-co-CP)-BGS and (b) Pt-Pb/Poly(AFCP-co-CP)-BGS composites.
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Mmethanol, (c) 0:5MKOH+ 0:5M ethylene glycol, and (d) 0:5MKOH + 0:5 glycerol solution at 50mV s-1.
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given in the following equations (equations (1)–(4)), in accor-
dance with the previous report [49]:

HCOO − Pt ⟶Pt−OHCO2 + H2O ð1Þ

HCOO − Pt ⟶
Pt/Pb−OH

CO2 + H2O + 2e− ð2Þ

Pt + OH− ⟶ Pt −OHads ⟶
Pt−CO 2 Pt + H2O + CO2 ð3Þ

Pb + OH− ⟶ Pb −OHads ⟶
Pt−CO Pb + Pt + H2O + CO2

ð4Þ
Here, the rate of oxidation is higher than in the case of

bimetallic system (equations (2) and (4)) compared with
monometallic system (equations (1) and (2)). This might be
due to the easy formation of Pb-OH at lower potential and
reduction of competition OH- on platinum surface as in the
case of bimetallic system. These two processes are expected
to enhance the availability of oxygen near to a Pt-CO/Pt-
OOCH species and make more number of free active surface
area of platinum nanoparticles that are essential for adsorp-
tion and oxidation of further alcohol molecules [53].

3.6. Effect of Scan Rates. The diffusion property of alcohol
and OH-1 ions during the electrooxidation process was
checked for Pt- and Pt-Pb-deposited Poly(AFCP-co-CP)-
BGS catalysts (Figure 6). From Figure 6, it has been visual-
ized that the anodic oxidation current increases with the
increase in the scan rates without changing the onset poten-
tial. The insert image in Figure 6 shows a linear relationship
for anodic oxidation current obtained from forward CV

scans with respect to the square root of different sweep rate,
which means that the rate of electrooxidation of methanol,
ethylene glycol, and glycerol on Pt/Poly(AFCP-co-CP)-BGS
and Pt-Pb/Poly(AFCP-co-CP)-BGS catalysts are controlled
by a diffusion process [56].

3.7. Chronoamperometric Analysis. In addition to the above
electrochemical analysis, chronoamperometric analysis has
also been carried out to test the electrocatalytic activity and
stability of Pt and Pt-Pb nanoparticle-deposited Poly(-
AFCP-co-CP)-BGS catalysts (Figure 7). From chronoam-
perometric results, it has been noticed that the steady-state
oxidation currents have been observed within a few seconds
for methanol, ethylene glycol, and glycerol in alkaline
medium on both the electrodes. These results indicate that
the metal nanoparticle-deposited Poly(AFCP-co-CP)-BGS
composite shows good catalytic performance and stability,
which are due to the uniform distribution of metal nanopar-
ticles and chemical interaction between metal nanoparticles
and Poly(AFCP-co-CP)-BGS composite.

3.8. CO Oxidation on Pt-Pb/Poly(AFCP-co-CP)-BGS and Pt/
Poly(AFCP-co-CP)-BGS Catalysts. Further, CO oxidation
has also been carried out in alkaline solution, which can be
used to check the catalytic activity and CO resistance abilities
of the prepared lead nanoparticle-doped Pt/Poly(AFCP-co-
CP)-BGS catalyst at room temperature [57–60]. Figure 8
shows the CO electrooxidation on Pt-Pb/Poly(AFCP-co-
CP)-BGS and Pt/Poly(AFCP-co-CP)-BGS catalysts. The lead
nanoparticles doped Pt/Poly(AFCP-co-CP)-BGS catalyst
shows enhanced CO electrooxidation current along with con-
densed onset potential than that of the Pt/Poly(AFCP-co-CP)-
BGS catalyst. This observation substantiates that Pt-Pb/

Table 1: Oxidation peak current and onset potential of alcohol on various catalysts.

Catalysts
Methanol Ethylene glycol Glycerol

Current
(mAmg-1)

Onset potential
(V)

Current
(mAmg-1)

Onset potential
(V)

Current
(mAmg-1)

Onset potential
(V)

Pt/BGS 6.58 -0.49 — — — —

Pt/Poly(AFCP-co-CP) 8.62 -0.54 — — — —

Pt/Poly(AFCP-co-CP)-BGS 15.14 -0.62 17.08 -0.83 14.63 -0.90

Pt-Pb/Poly(AFCP-co-CP)-BGS 36.72 -0.80 38.80 -0.95 30.83 -0.92

Table 2: Comparative studies of the present catalysts with the previous reports, which are carried out under similar experimental conditions.

S. no. Catalysts Current density (mA/cm2) Reference

1. Pt/3D graphene 1.6 [47]

2. Pt/PDDA/graphene 2.53 [48]

3. Pt/3D graphene 2.5 [49]

4. Pt/PDDA/GO 3.82 [50]

5. Pt/CNT/graphene 11.1 [51]

6. PtFe/graphene 3.55 [52]

7. PtSn/graphene 16.21 [53]

8. Pt/Poly(AFCP-co-CP)-BGS 15.14 Present work

9. Pt-Pb/Poly(AFCP-co-CP)-BGS 36.72 Present work
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Poly(AFCP-co-CP)-BGS catalyst has more ‘CO’ tolerance.
This result of carbon monoxide oxidation in alkaline medium
also validate that the high catalytic activity and reduced poi-
sonous effect of the Pt-Pb/Poly(AFCP-co-CP)-BGS catalyst
compared to the Pt/Poly(AFCP-co-CP)-BGS catalyst.

3.9. Long-Term Stability and Storage Properties of the
Prepared Catalysts. For the practical point of view, long-
term stability of the prepared electrode materials is very
important. The long-term stability of the prepared Pt/Poly(-
AFCP-co-CP)-BGS and Pt-Pb/Poly(AFCP-co-CP)-BGS
electrodes was examined in 0.5M Methanol and 0.5M
NaOH solution (Figure 9) at a scan rate of 50 eV/s. It was
observed that the oxidation peak current remains constant
with the increase of the scan number at the initial stage. In
the case of Pt/Poly(AFCP-co-CP)-BGS catalyst, the oxida-
tion peak current starts decreasing (very small) after 100
numbers of scans.

The peak current density of the 500th scan is about
98.2% for Pt/Poly(AFCP-co-CP)-BGS catalyst than that of
the first scan. In general, the small loss of the catalytic activ-
ity after successive number of scans may result from the con-

sumption of methanol during the CV scan. It also may be
due to poisoning effect and the structure change of the plat-
inum nanoparticles as a consequence of the perturbation of
the potentials during the scanning in aqueous solutions, par-
ticularly in the existence of methanol or any other organic
fuel compounds [45, 61, 62]. Another characteristic might
be due to the dispersion process happening between the sur-
face of the electrode and the bulk solution.

With magnification of scan number, methanol dissemi-
nates gradually from the bulk solution to the surface of the
electrode materials. In Pt-Pb/Poly(AFCP-co-CP)-BGS elec-
trode, a sufficient enhancement was noticed, and the oxida-
tion peak current decreased (very small) only after 250
numbers of scans. In Pt/Poly(AFCP-co-CP)-BGS, still, the
electrode gets accumulated by COads poison, and hence,
the anodic oxidation current decreases after the 100th scan
itself showing a less stability. After the long-term electro-
catalytic oxidation experiments, the Pt-Pb/Poly(AFCP-co-
CP)-BGS and Pt/Poly(AFCP-co-CP)-BGS electrodes were
stored in double distilled water for a week and electrooxida-
tion of methanol was carried out. The excellent catalytic
activities for the alcohol oxidations are still observed, which

CH3OHad

CH2OHad

COad

HCOOHad

CO2+Energy
M-OH

ad

CH3Oad HCHOad

(a)

CH2OH
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Scheme 1: Proposed mechanism for the cleavage of (a) methanol, (b) ethylene glycol, and (c) glycerol during the electrooxidation on the
catalyst surface.
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Figure 6: Effect of scan rate on Pt- and Pt-Pb-deposited Poly(AFCP-co-CP)-BGS catalysts for (i) 0.5M methanol (a, b), (ii) 0.5M ethylene
glycol (c, d), and (iii) 0.5M glycerol (e, f) in 0.5M KOH solution. The inset graphs show the dependence of the anodic oxidation current
with respect to the square root of scan rates.
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indicate that the Pt/Poly(AFCP-co-CP)-BGS and Pt-Pb/
Poly(AFCP-co-CP)-BGS composites prepared in the pres-
ent experiment have good long-term stability and storage
properties.

3.10. Direct Alkaline Alcohol Fuel Cell Studies. The single
stack direct alkaline alcohol test fuel cell has been con-
structed to find out polarization and power density curve
using Pt-Pb/Poly(AFCP-co-CP)-BGS catalyst as an anode in

accordance with our previous report [61]. According to our
previous studies [45, 61–63], polarization and power density
have been measured at an optimum fuel concentration of
2.0M in 1.0M NaOH and at an optimum temperature of
70°C and their results are shown in Figure 10. The experimen-
tal results concluded that the direct alkaline ethylene glycol
fuel cell has showed the maximum power density of
190mWcm-2 at 70°C compared to methanol and glycerol,
which has good agreement with cyclic voltammetric results.
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Figure 8: The electrooxidation of CO on the newly prepared Pt/Poly(AFCP-co-CP)-BGS and Pt-Pb/Poly(AFCP-co-CP)-BGS catalysts.
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Hence, the prepared Pt-Pb/Poly(AFCP-co-CP)-BGS catalyst
can be used to construct the alkaline alcohol fuel battery for
commercial real-time practical applications.

4. Conclusion

Platinum-lead bimetallic nanoparticles have been loaded on
Poly(AFCP-co-CP)-BGS composite through codeposition
method to promote both electrooxidation of alcohol and CO
oxidation, which are essential processes for fuel cell applica-
tions. Various characterizations have been carried out to
determine the catalytic activity, particle size, shape, uniform
distribution, and dispersion over the catalyst support. Pt-Pb/
Poly(AFCP-co-CP)-BGS catalyst has shown enhanced oxida-
tion current and lower onset potential for methanol, ethylene
glycol, and glycerol oxidation in alkaline medium compared to
Pt/Poly(AFCP-co-CP)-BGS catalyst. Moreover, Pt/Poly(-
AFCP-co-CP)-BGS catalyst exhibits higher oxidation current
for methanol compared with Pt/Poly(AFCP-co-CP) and Pt/
BGS catalyst. It has been concluded from these results that
the prepared Poly(AFCP-co-CP)-BGS support has been iden-
tified as a promising potent for electrocatalyst. Further, lead
nanoparticle-deposited Pt/Poly(AFCP-co-CP)-BGS catalyst
has been shown to improve CO oxidation and lower onset
potential compared to Pt/Poly(AFCP-co-CP)-BGS catalyst.
Hence, the above studies conclude that not only the Poly(-
AFCP-co-CP)-BGS supporting material, but the introduction
of lead also shows significant oxidation current for both alco-
hol and CO oxidation at a lower onset potential itself and thus
reduces more CO catalytic poison effect.
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Carbon nanotube field-effect transistor (CNTFET) is a good option to replace silicon for low power consumption application.
Recent research shows that CN-FET thermal and electrical properties alter with length, diameter, and gate parameters.
Optimization of CNTFET design parameters helps control some of the factors. Double gate and cylindrical gate layouts are
introduced to overcome these facts. Carbon nanotubes have an intercapacitance between them that increases as their diameter
increases. Total capacitance and inductance of CNTFETs increase with nanotube count. In order to reduce the voltage drop
between semiconducting and metallic terminals, the diameter and pitch must be raised. This study employs response surface
methodology and ANOVA technique that were used to optimize CNTFET process parameters. Thickness, voltage, delay, and
power were all considered. The most affecting parameter was investigated.

1. Introduction

CNTFETs have been proposed as CMOS device change-
over. It only needs to be combined with high-k dielectric
CMOS technology to have other device characteristics.
CNTFET is a three-terminal device made up of semicon-
ducting nanotubes that connect the source and drain and
act as a carrier channel. It can be electrostatically con-
nected via the third contact (gate). Ding et al. investigated
an FDSOI nMOSFET manufactured using a similar tech-
nique under the same irradiation environment and bias
during irradiation comparison. They also explained how
to compare experimental and simulated curves for a fresh
TFET with a simulated curve for a TFET irradiated [1].
Sanchez Esqueda et al. demonstrated the development of
radiation-induced oxide trapped charge and the production

of interface traps in bulk MOSFETs, SOI MOSFETs, and
SOI MOSFETs. They also brilliantly explained that the
minimum data retention voltage (DRV) as a function of
PMOS stress-induced trap building got results from simu-
lations before and after including total ionizing dose
(TID) effects as edge leakage in NMOS devices [2]. Ning
and Zhang compared the off-state leakage current for I/O
FB and TB devices under ON and OFF bias settings. They
also looked at the back-gate threshold voltage shift for core
FB and TB devices when the bias was turned off. For the
core FB and TB devices, they specifically indicated simu-
lated body potential with the channel length (horizontal
direction) at the middle depth of the body area and simu-
lated electric field strength (EY) along with the depth (ver-
tical direction) at the middle depth of the BOX under OFF
bias condition [3].
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Cress et al. described ionizing dose-hardened CNT tran-
sistors with silicon oxynitride gate dielectrics. The irradia-
tion impact causes substantial error operation in the
CNTFET integrated circuit. The threshold voltage shift also
appears to confirm the device structure in a radiation envi-
ronment [4]. A CNT network between the source and drain
electrodes was irradiated with gamma rays. They exhibited
the device’s I-V characteristics before and after 50 kGy irra-
diation, with VGS ranging from -20 to +20V at VDS = −1V
and the averaged Vth dose-dependence. The averaged N
(difference between before and 10 hours after irradiation)
dose-dependency ranges from 5 to 50 kGy [5]. It was clearly

stated by Avouris et al. Carbon electronics has been identi-
fied as a promising candidate for the next generation of elec-
tronics and nanodevices [6]. Tang et al. demonstrated that
nanotube-based dosimeters could detect ionizing radiation
like 6 MV therapeutic X-rays with greater sensitivity than
MOSFET devices. They concluded that the gadget retained
its form and functionality after radiation exposure and that
the nanotubes were not damaged [7].

Schrimpf et al. convincingly demonstrated graphs of gate
voltage vs. drain current for various relationships and con-
cluded that total-ionizing-dose effects were, on average, less
severe for substantially scalable technologies as opposed to
preceding methods [8]. Cress et al. distinguished the transfer
properties of a back-gated graphene-FET with incremental
total ionizing radiation, the same device after 15 minutes
of air exposure, and the same device with an additional total
ionizing dose (TID). They also highlighted field-effect
mobility as a function of TID for a graphene-FET irradiated
in vacuum and air and the least amount conductivity for
transfer characteristics estimated in a vacuum. The graph
drain current vs. gate voltage also clearly demonstrated gra-
phene transistors exposed to varied total ionizing doses [9].
Zhang et al. precisely described how CNTFET devices
respond to electrical stress and cycling. They also demon-
strated the current drain ID as a function of gate voltage
VG for a variety of total doses using an irradiation gate bias
of +10V, as well as the postirradiation annealing time fol-
lowing irradiation to a whole dosage of 1Mrad (SiO2), like-
wise with a functional gate bias of +10V [10].

Baligidada et al. undoubtedly investigated the effects of
restrictions such as the thickness of layer, power derived
from the heater, and heater supply rate on properties like
storage modulus and loss modulus of several test samples.
They also recommended using CCD-RSM to optimize pro-
cess settings for better mechanical qualities of polyamide
parts [11]. Yang and Tarng used orthogonal array, signal-
to-noise ratio, and ANOVA to optimize cutting parameters
for turning operations and concluded that rotating
improved tool life and surface roughness. Tool life and sur-
face roughness were about 225% ideal cutting parameters
[12]. Lipin and Govindan briefly described Taguchi methods
for designing experiments and investigating records for opti-
mizing processing conditions utilizing orthogonal arrays.
They showed the influence of factors on MRR and surface
roughness. They concluded that the Taguchi approach could
improve tool life, surface roughness, cutting force, and over-
all productivity [13].

dos Santos et al. demonstrated that the independent var-
iables’ uncoded and coded levels were related to synthesis.
The independent variables and experimental values of
response variables for the central composite also demon-
strated that design was connected to synthesis. They stated
that they performed ANOVA on the degree of the variable
response of quarterization, intrinsic viscosity, and reaction
yield correlated to the synthesis of N-(2-hydroxy)-propyl-
3-trimethylammonium chitosan chloride, as well as on the
temperatures and corresponding weight losses related to
the thermal degradation of chitosan and samples, among
other things [14]. Tsao and colleagues described the primary

Table 1: Design of experiments for CNTFET.

Thickness (nm) Voltage (V)

32 0.2

32 0.4

32 0.6

22 0.2

22 0.4

22 0.6

10 0.2

10 0.4

10 0.6

Table 2: Design of experiment of CNTFET with outputs.

Thickness (nm) Voltage (V) Delay (Ns) Power (Nw)

32 0.2 1.25 4.789

32 0.4 1.29 4.6

32 0.6 1.34 4.897

22 0.2 1.27 4.9

22 0.4 1.28 4.91

22 0.6 1.97 4.9

10 0.2 1.87 4.91

10 0.4 2.4 4.92

10 0.6 2.15 4.9
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Figure 1: Main effect plot for means.
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elements experimentally impacting hole quality in drilling,
such as cutting speed, temperature, feed rate, and geometri-
cal parameters, and the influence of manipulating the cut-
ting conditions and temperature on the tool life [15].

2. Methods and Methodology

Response surface methodology (RSM) is a collection of
mathematics and arithmetic tools for assembling experimen-
tal representations. The goal of a suspicious proposal of
experiments is to maximize a response such as an output
variable subjective by numerous self-governing variables
such as input variables. A series of tests are conducted in
which the input variables are changed to identify the motiva-
tion for changes in the output response. In this configura-

tion, the input parameters were thickness and voltage,
whereas the desired output parameters were delay and
power. Table 1 displays the various thickness and voltage
input parameter ranges. The related delay and power values
of thickness and voltage for CNTFETs are shown in Table 2.

3. Result and Discussion

The findings of the experiment were analysed for CNTFET
based on the design of the experiment. Figure 1 depicts the
main effect plot for means, highlighting the relationship
between the mean of the mean and the thickness of the
CNTFET and the link between the mean of the mean and
the voltage utilized for the same. The mean was directly pro-
portional to voltage and inversely proportional to thickness
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based on this indication [16]. The preferred thickness and
voltage for the mean are 22nm and 0.4V, respectively, for
the mean. Figure 2 shows the SN ratio’s primary effects plot
about thickness and voltage for the SN ratio. According to
this graphical representation, the mean of the SN ratio fell
in response to an increase in voltage. The SN ratio values,
on the other hand, grow as the thickness of the CNTFET is
raised. As a result, the almost optimal thickness and voltage
were 20 nm and 0.6V, respectively, when measured in the
SN ratio.

Figure 3 depicts the responses of the SN ratio and resid-
ual values. Residual values gradually increase from negative
to positive. According to the graph, the response for this
configuration was close to the SN ratio in percentage terms.
The solid colour line displayed the average value.

The graphical representation of residuals and fits for
SN ratios is shown in Figure 4. The fitted values were listed
horizontally, whereas the residual values were listed verti-
cally. In response to SN ratios, residual values are arranged
between -0.3 and 0.2, and fitted values are in the negative
range.

Figure 5 shows various observation order for the residual
values. There were less than 50% of the values in this graph-
ical representation that was negative indicators, and more
than 50% of the values in this graphical representation were
positive indications. The options of rising and fall were
accessible; however, the residuals were almost identical in
the intermediate observation.

The normal probability plot about the residuals is
depicted in Figure 6. The block line represented the average
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value, and the residual values were roughly equal to the aver-
age values depicted in the image.

The residual values to the fitted values with matching
mean values are shown in Figure 7. The residual was in the
range of -0.10 to 0.15. The majority of the fitted values were
negative, accounting for almost 65% of the total, with the
remaining positive replies.

An illustration of the residual about an order for means is
depicted in Figure 8 in graphical form. There were residual
values that were predominantly negative, accounting for

roughly sixty-five percent of the total. However, the remaining
thirty-five percent of respondents gave a positive reaction.

Figure 9 depicts the relationship between residuals for
standard deviations and probability. This approach yielded
results such as all values being quite close to the average.
Figure 10 also depicts the responses of standard deviations
concerning residuals in the range of -0.25 to 0.21.

Similarly, Figure 10 depicts residuals versus fits for stan-
dard deviations. 65% of respondents gave a good answer,
while the remaining 35% gave a negative response.
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Standard deviations concerning residuals were in the range
of -0.25 to 0.2.

Figure 11 depicts residual values about fitted values related
to standard deviations. According to this graphical representa-
tion, the residual values ranged from -0.25 to 0.2, and the fitted
values ranged from 1.85 to 2.6. Figure 12 depicts a contour
plot of power vs. thickness and voltage, with significant colour
changes.When the thickness is greater than 30nm, the voltage
exceeds 0.3V, and power increases.

Figure 13 depicts the contour plot of delay vs. thickness
and voltage using various colour differences. When the
thickness value is increased (more than 17nm) and the min-
imum voltage is close to 0.2 to 0.3, the delay decreases.
Figure 14 shows a surface plot of power vs. thickness and
voltage in three dimensions. Thickness was mentioned in
the X-axis, power in the Y-axis, and voltage in the Z-axis.
Powers increase in response to a decrease in thickness as well

as an increase in voltage. Figure 15 depicts a surface plot rep-
resentation of delay vs. thickness and voltage. Thickness was
mentioned in the X-axis, latency in the Y-axis, and voltage
in the Z-axis. With the increasing thickness and decreasing
voltage, the delay decreased.

4. Conclusion

An examination of all of the parameters used in CNTFET
optimization has been performed. The mean of the SN ratio
fell in response to an increase in voltage. Optimal thickness
and voltage were measured as 20 nm and 0.6 V. Standard
deviations were observed in the range of -0.25 to 0.21. The
thickness of the CNTFET is the most influential parameter
to improve the results. The ideal thickness and voltage are
22 nm and 0.4V resulting in the maximum power and low-
est delay.
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Currently, numerous studies have shown that carbon nanofibres have mechanical properties that are replaced by other widely
used fibres. The high tensile strength of the carbon fibres makes them ideal to use in polymer matrix composites. The high-
strength fibres can be used in short form in a composite and mass-produced to meet the high demands of automotive
applications. These composites are capable of addressing the strength requirement of nonstructural and structural components
of the automotive industry. Due to these composite lightweight and high-strength weight ratios, the applications can be widely
varying. The research for these materials is a never-ending process, as researchers and design engineers are yet to tap its full
potential. This study fabricated phenolic resin with different wt% of carbon nanofibre (CNF). The percentage of the CNF
as a filler material is varied from 1 to 4wt%. Mechanical properties such as hardness, tensile strength, and XRD were
investigated. Phenolic resin with 4wt% of carbon nanofibre (CNF) exhibits maximum tensile strength and hardness of
43.8MPa and 37.8HV.

1. Introduction

Nanocomposites provide a new class of material having
combined properties of matrix and filler [1]. Nanocompos-
ites using different fillers such as carbon nanotubes, nanofi-
bres, silicates, clays, and metal nanoparticles can be prepared
and applied in different fields like biomedical engineering,
environmental applications, surface science, and the phar-
maceutical field [2]. High-performance engineering mate-
rials with innovative properties were prepared through
nanocomposite fabrication [3]. From the past few decades,
the potential of carbon nanofibres (CNFs) and carbon nano-
tube (CNT) has been expanding [4]. Researchers around the
globe are working to utilise the superior properties that these
nanocomponents possess for various applications. The
applications range from biosensors to new-age batteries

[5]. The high surface area with less volume of CNF is suit-
able to suppress the defects that can be raised [6]. For micro-
mechanical interlocking, the CNTs should exhibit some
surface defects. This may include bonds in the CNT struc-
ture due to nonhexagonal defects and variation in diameter
[7]. This kind of adhesion is very poor in CNT reinforced
polymer composites because CNTs possess an almost
smooth surface [8]. Chemical bonding includes ionic or
covalent bonding capable of making changes in the smooth
surface structure of CNTs. This helps to improve the effec-
tive stress transfer between the filler and matrix [9].

Depending on the carbon atom layer orientation in the
CNF, the properties have varied. Carbon sp2 filaments are
stacked, and the CNFs are formed [10]. Depending on the
stacking of the graphite planes, the CNF has different shapes
[11]. Magesh et al. developed MWCNT incorporated
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semitransparent composites from PVDF and studied its
electrical properties [12]. The distinctive arrangements of
the graphene layers depend on the geometric aspects of the
metallic nanoparticle catalyst and the feedstock of the gas-
eous carbon (CO or hydrocarbon gas) introduced during
the synthesis processing [13]. For the manufacturing of
VGCFNs, catalytic chemical vapour deposition (CVD) in
combination with heat- and plasma-assisted vapour deposi-
tion is the most often utilised approach. CNFs are grown via
chemical vapour deposition using gaseous hydrocarbon pre-
cursors and metal catalysts at high temperatures [14]. CNF
can be made using a mix of organic polymer electrospinning
and thermal aftertreatment in an inert environment [15].
Merneedi et al. studied the effect of MWCNT/graphite
nanoplate in polystyrene. The developed nanocomposite
which has application in the EMI shielding area showed
graphite nanoplate-MWCNT-graphite nanoplate network-

ing [16]. The creation of electrospun polymer nanofibres is
usually the first stage in the electrospinning process,
followed by stabilisation and carbonization treatments, the
latter of which is done in an inert atmosphere [17]. Avinash
et al. developed epoxy/MWCNT composites. They studied
the effect of the change in diameter, aspect ratio, and X-
band microwave absorption using three different commer-
cially available MWCNTs [18]. CNF features the intrinsic
qualities of traditional carbon fibres and huge surface-to-
volume ratios, making them particularly suited for applica-
tions involving environmental contact [19]. Surface features
of multifunctional CNFs must be changed depending on the
application [20]. The excellent intrinsic properties and high
aspect ratio make MWCNT favourable in the research and
industrial field [21]. The π-π interaction between MWCNT
and PTT makes the importance of MWCNT-based PTT
nanocomposites in the engineering application field [22].
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Figure 1: Overview of properties and applications of CNF.
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Figure 2: (a) Platelet type CNF; (b) tubular type CNF; (c) fishbone type CNF.
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Based on the assumption that this extended π-π interaction
will greatly influence the electrical properties and EMI
shielding capability of PTT/MWCNT nanocomposites, a
suitable mixing method was opted to prepare PTT/MWCNT
nanocomposites [23].

The present study is aimed at determining the best per-
centage of the CNF in the CNF-based epoxy composites
for obtaining optimal mechanical properties. The content
of CNF in the composite is varied from 1 to 4% concerning
the weight of the phenolic resin. The developed samples are
then tested for their tensile strength and toughness, and
micrographs are obtained using SEM.

2. Methodology

In this study, billets of CNF composites with phenolic resin
are prepared with dimensions 5mm diameter and 10mm
length [24]. CNF is procured with diameter dimensions of
10 nm and a length of 100nm [25]. CNFs with large aspect
ratios (length/diameter (L/D) ratios) agglomerate easily in
general [26]. An overview of the properties of CNF and
applications is shown in Figure 1.

Their aggregation decreases as the aspect ratios decrease.
Vibration milling was employed to dissolve the agglomera-
tion of CNFs and disseminate them uniformly in the matrix
[27]. The different shapes such as platelet type CNF, tubular
type CNF, and fishbone CNF type are shown in
Figures 2(a)–2(c). The CNFs were milled to lower their
aspect ratios throughout this operation [28]. The vibration-
milled CNFs were agitated using ultrasonication in distilled
water with polycarbon acid amine as a surfactant to improve
their dispersion [29].

The distributed CNFs were sensitised and activated in
SnCl2 and PdCl2 solutions at room temperature, respectively
[30]. The pretreated CNFs were then filtered and thoroughly
washed in distilled water [31]. CNF powder was combined

10 μm

(a)

10 μm

(b)

10 μm

(c)

10 μm

(d)

Figure 3: SEM micrographs of (a) 1% CNF, (b) 2% CNF, (c) 3% CNF, and (d) 4% CNF composites.
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Figure 4: XRD of CNF composites (JCPDS card no. 96-101-106).

Table 1: Microhardness (HV) of CNF composites.

Sample Trial 1 Trial 2 Trial 3

CNF 1% 27.6 29.1 25.4

CNF 2% 31.5 30.1 31.2

CNF 3% 35.2 36.1 35.7

CNF 4% 36.2 37.8 36.6
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with polyglycol-dissolved phenolic resin before making the
CNF composite [32]. The phenolic resin was a thermosetting
polymer made from phenol and formaldehyde with ammo-
nia as a catalyst [33]. The billets are prepared such that the
weight ratio of CNF varies between 1%, 2%, 3%, and 4%.
For each percentage of CNF, multiple billets are prepared
without changing the parameters. The mixed CNF and phe-
nolic resin are then cured in an oven at 160°C to obtain the
solidified billet sample [34]. For the developed samples,
microhardness is tested with microindenter, tensile strength
is calculated using UTM, and SEM micrographs are
obtained by FE-SEM [35]. The chemical analysis of the
CNF is done by using XRD analysis.

3. Results and Discussion

3.1. SEM Micrographs. The developed CNF composites are
tested under the FE-SEM setup for identifying the distribu-
tion of CNF in the composite. The developed SEM micro-
graphs are given below. It indicates that the CNF have
been dispersed uniformly in the matrix. All the CNF con-
tent percentages are dissolved uniformly in the composite
due to ultrasonic mixing before adding the resin [36]. The
CNF ratio has been reduced by milling before the mixing
with resin and improved the wettability of the fibres. No
agglomeration of CNF in the matrix has been found for

any of the developed composites. The four samples ana-
lysed for the SEM micrographs are given in Figure 3 and
have no voids or crack defects, and also, agglomeration of
fibres is absent.

3.2. XRD Analysis. Figure 4 exposes the peaks of graphitic-
like carbon which can be seen in the CNF composite XRD
diffraction pattern conforming JCPDS card no. 96-101-106.
In terms of XRD patterns, the CNF composite closely
mimics CNFs, implying that the graphite-like structure is
preserved after the CNF powder is formed with polymer
binder by pressing and then carbonized at high temperatures
[37]. In the XRD diffraction spectrum, the contribution of
polymer-derived carbon in the composite is undetectable.
This could be caused by the surface graphitization of ther-
mosetting resin during carbonization, resulting in a
graphite-like coating that is distinct from the bulk glassy car-
bon. Therefore, it can be said that the composite is unaf-
fected by any other contaminant or the curing medium or
gasses. And the properties obtained by further investigation
give the values of the CNF composite [38].

3.3. Mechanical Properties

3.3.1. Hardness. When a load is applied on a softer material,
the substrates elastically deform, and the hardness measured
is underreported. As a result, the results achieved in this case
are the matrix and CNF collective hardness, which consider-
ably reduced the composite attributes. Every sample has
been subjected to many trials, with an average hardness
value derived. The hardness of the composite is tested with
the microindenter with a 100 g load for each indentation.
Vickers indentation by Shimadzu has been used for the
assessment. The hardness of the composites is increasing
with an increase in the percentage of CNF in the composite.
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Figure 5: Hardness results of CNF composite.

Table 2: Tensile strength (MPa) of CNF composites.

Sample Trial 1 Trial 2 Trial 3

CNF 1% 31.5 30.8 32.6

CNF 2% 35.5 37.8 35.3

CNF 3% 39.2 39.8 41.3

CNF 4% 40.5 42.3 45.8
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1% CNF composite has a lesser hardness, and 4% has a
higher hardness than the other composites. The values of
the hardness obtained for each sample are given in
Table 1. All values are recorded for an indentation period
of 15 seconds. Figure 5 shows the hardness of CNF compos-
ites. The variation in the hardness values can be explained as
the distribution of CNF at the surface layers of the compos-
ite for the higher CNF percentage composites is high; hard-
ness is higher for the 4% CNF composites and gradually
reduced for the lesser CNF percentage composites.

3.3.2. Tensile Strength. The tensile strength of the composites
measured by UTM is given in Table 2. The composite with
higher CNF content has a higher tensile strength value com-
pared to other fabricated composites. The higher CNF in the
composite absorbs the load as the bonding between matrix
and CNF is sufficient without any voids. Figure 6 shows
the tensile strength of CNF composites. There is a 48%
increment in tensile strength for the composite when the
CNF content is increased from 1% to 4% in the composite
composition. The increment percentage is 22% when CNF
is increased from 1 to 2% in the composite [39]. The per-
centage is reduced to 5% for tensile strength increment when
CNF is bumped up to 3% from 2%. And from 3% CNF to 4%
CNF, the tensile strength is even lesser than 5%. This shows
that the increment in CNF content increases the tensile
strength, but the increment level reduces gradually.

4. Conclusion

Phenolic resin with different wt% of carbon nanofibre
composites was fabricated successfully. Among the com-
posites, the one with higher CNF content has superior
properties in terms of mechanical properties. The superior

mechanical properties of CNF have influenced greatly test-
ing composites.

(1) The XRD analysis revealed that there are no contam-
inants and other elements in the composite sample.
XRD peaks obtained that CNF and resin

(2) The increment in CNF content increases the tensile
strength, but the level of increment reduces gradually

(3) CNFs with 4wt% composite tensile strength results
were increased 48% compared to 1% of CNF
composite

(4) The gradual increase in the CNF content in the com-
posite will increase the strength of the composite and
hence is useful in the automotive industry
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This paper investigates the dry sliding wear behaviour of squeeze cast Al-Cu-Mg reinforced with nanographite metal matrix
composites. The experimental study employed the Taguchi method. The Taguchi method plays a significant role in analyzing
aluminium matrix composite sliding tribological behaviour. Specifically, this method was found to be efficient, systematic, and
simple relative to the optimization of wear and friction test parameters such as load (10, 20, and 30), velocity (0.75, 1.5, and
2.25m/s), and nanographite (1, 3, and 5wt%). The optimization and results were compared with the artificial neural network.
An orthogonal array L27 was employed for the experimental design. Analysis of variance was carried out to understand the
impact of individual factors and interactions on the specific wear rate and the coefficient of friction. The wear mechanism,
surface morphologies, and composition of the composites have been investigated using scanning electron microscopy with
energy-dispersive X-ray spectroscopy. Results indicated that wt% addition of nanographite and increase of sliding speed led to
a decrease in the coefficient of friction and wear rate of tested composites. Furthermore, individual parameter interactions
revealed a smaller impact. The interactions involved wt% of nano-Gr and sliding speed, sliding speed and normal load, and
wt% of nano-Gr and normal load. This inference was informed by the similarity between the results obtained ANN, ANOVA,
and the experimental data.

1. Introduction

In modern society, there is an increasing demand for new
hybrid composites. Particularly, the demand emphasizes
lightweight alloys. Most previous studies indicate that this
demand trend comes from construction price decrease, mass
construction reduction, and working life increase [1]. One of
the examples of the demand concerns the use of aluminium

and its associated alloys to substitute steel and materials sim-
ilar to the latter. Notably, the demand for aluminium alloys
has arisen from the affirmation that the alloys exhibit good
mechanical properties [2, 3]. However, some studies caution
that the alloys have poor tribological characteristics. Imper-
ative to highlight is that tribological characteristics concern
wear, lubrication, and friction of interacting surfaces, espe-
cially those found to be in relative motion [4].
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The demerit of poor tribological characteristics of alu-
minium alloy, although lightweight materials, has paved
the way for improvements. Related composite materials have
been developed in a quest to steer improvements to the
material tribological characteristics [3, 4]. An example of
composite materials is a case of Al-Si alloy (A356). Some
scholarly investigations have also analyzed the information
obtained from referent literature reviews concerning com-
posite material exploitation [5]. For these studies, findings
avow that the addition of specific reinforcements tends to
improve the aluminium alloy mechanical characteristics
[6]. Some of the reinforcements that have gained application
in the quest to improve the aluminium alloy mechanical
characteristics include Al2O3 and SiC.

Imperatively adding some volume amounts or masses of
reinforcements to the aluminium alloys has led to a problem
concerning the composite material mechanical treatment
[7]. To solve this problem, nanographite has been proposed
as an ideal material that could be added at a certain quantity.
For investigations that have examined the latter process,
most of the results concur that the resultant composite’s tri-
bological characteristics, due to nanographite addition, tend
to improve [6, 7]. When two or more reinforcements are
used to develop composite materials, the latter is translated
into hybrid composite materials [8]. Some of the areas that
have received attention relative to aluminium alloys and
the hybrid composite tribological behaviour include elec-
tronic industry, aircraft, and automobiles. Currently, com-
posite material production usage and annual growth lie at
6%, with the aluminium base on focus [9]. Different
methods have been applied to steer the development of
hybrid aluminium matrix composites (HMMC), which are
mostly achieved by combining soft graphite particles and
hard ceramic. Some of these methods include full factorial
and response surface, analysis of covariance (ANOVA),
and Taguchi [10–14]. The role of these methods has been
to provide information regarding the possible impact of dif-
ferent parameters, assuming hierarchical rank orders. The
methods mentioned above have tested the specific parame-
ters: the impact of graphite or reinforcement weight percent-
age, the sliding speed and distance, and the normal load on
hybrid AMCs’ friction and wear properties [15, 16]. Most
of the researchers have employed the ANOVA method and
an orthogonal array. For these studies, findings suggest that
in dry sliding conditions, the use of graphite particles proves
effective in decreasing friction and increasing the wear resis-
tance of AMCs [17].

For hybrid Al/SiC/Gr composite materials, the tribolog-
ical behaviour has been investigated. For these investiga-
tions, graphite content with 2.5 and 8wt% and SiC content
with 10wt% have been considered. The base used has been
aluminium alloy Al 2024, with the semisolid powder densifi-
cation method aiding in making composites [18]. Also, the
metal matrix Al-Si7Mg composite’s tribological behaviour
has been investigated [16–19]. The reinforcement for the lat-
ter investigation has been achieved via 10% SiC and graphite
particles without lubrication. With full factorial design gain-
ing application, the central objective has been to unearth the
impact of reinforcement content in terms of sliding distance,

sliding speed, load, and percentage on the wear of Al alloy/
SiC/graphite composite materials, Al alloys/SiC, and Al
alloy/graphite. In the finding, these experimental studies
suggest that hybrid composite material exhibits the best
characteristics.

Imperative to note is that the decision to incorporate
approaches such as factorial and surface response and Tagu-
chi, which constitute the design of experiment (DOE) con-
cepts, has been informed by the need to gain insights into
the impact of different parameters, with the results obtained
in terms of hierarchical rank order [20]. The techniques have
also proved important by providing room for establishing
correlation terms and the analysis of the parameters’ com-
bined effects [21]. Some investigations have focused on
graphite (Gr) and silicon carbide (SiC) as reinforcements
to understand the different behaviour of hybrid composites.
For these studies, aluminium base Al 2219 has been used.
The liquid metallurgy synthesis approach has been
employed during the making of the hybrid composites
[22]. With the Taguchi method embraced, a major focus
has been to analyze the impact of reinforcement content in
wt%, sliding distance, sliding speed, and normal load [20,
21]. For the latter investigations, findings indicate that in
wt%, where reinforcement is done via the increase of graph-
ite content, there is likely to be an increase in the hybrid
composites’ resistance to wear.

Imperatively, the aluminium bases used in most previous
studies have been Al 2219 and Al 2024 [22]. Also, the major-
ity of the studies have focused on hybrid AMCs or alumin-
ium hybrid composites under dry sliding conditions
[20–22]. It is also worth noting that from the critical review
of the current literature, the majority of the investigations
have used techniques such as Taguchi and ANOVA to estab-
lish hierarchical rank orders of test parameters indepen-
dently [23]. Some of the test parameters considered include
the weight percentage of graphite or reinforcements, the
sliding speed and distance, and the normal load. As such,
most of the experiments have not focused on the combined
impact that the parameters pose on wear and friction.
Therefore, the main aim of the current study is to find out
the tribological behaviour of aluminium hybrid composites
with Al-Cu-Mg reinforced nanographite. It is also impera-
tive to highlight that the investigation employs the Taguchi
method.

2. Experimental Details

2.1. Materials. In this study, Al-Cu-Mg is used as the base for
metal matrix composite. The squeeze casting process is used
to fabricate the composite specimens. Figure 1 shows the
squeeze casting machine. The materials used in squeeze cast-
ing include nanographite with each stretching to 10 nm. The
experiment also involved overheating and melting the
matrix alloy to ensure that it was clean of slag. The overheat-
ing and melting procedure extended to 650°C. This process
preceded the compocasting procedure. Homogenous mixing
was done with nanographite powders. With the process con-
ducted in the solid state, the preheating stage that followed
extended to 150°C. The procedure followed involved the
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cooling of the alloy matrix, which was brought down to a
range of 597°C–603°C. Imperative to note is that the latter
temperature range was maintained for 10 minutes. With a
semisolid melt obtained, a plate mixer was introduced,
followed by a five-minute isothermal stirring procedure.
This procedure was set at 500 rpm. Also, a squeeze casting
procedure was conducted. The procedure lasted 15 seconds,
and pressure was set at 90MPa.

The nanographite particle was filled in the metal cap and
melt in a squeeze casting furnace. The novel encapsulated
metal cap is shown in Figure 1. The motivation to increase
the temperature was informed by the need to promote the
infiltration process with the secondary phase particle addi-
tion making the semisolid matrix increase in velocity. The
temperature was also increased to 610°C in response to the
increasing particle amount.

Figure 2 shows the Pin on Disc wear testing machine. On
completing the infiltration procedure, the moving process
that followed was in two stages. The initial stage lasted two
minutes and was aimed at stabilizing the moving process.
At this point, 1000 rpm was the rotation speed of the plate
mixer. Similarly, this initial stage was marked by a restora-
tion of temperature back to 600°C. The stage that followed
was conducted in five minutes. Particularly, 1500 rpm was
the rotation speed of the plate mixer, taking place in an iso-
thermal context.

To ensure that the semisolid melts were cast successfully,
the experiment employed a mold. This mold had been pre-
heated to 500°C. Later, a special tool was set at 570°C and
used to hot press the obtained castings. The hot pressing also
involved a 100MPa pressure. Particularly, commercial T6
heat treatment was the platform to which the experiment’s
specimens were subjected. Wear specimens are shown in
Figure 3. Parameters of commercial T6 included artificial
ageing and water quenching for 6 h and at 160°C, and the
solution is heat-treated for 4 hr and at 540°C. Table 1 illus-

trates the chemical properties or composition of the Al-
Cu-Mg used.

2.2. The Case of Wear and Friction Tests. The wear and fric-
tion tests focused on material tribological behaviour. The
ASTM G77 standard governed the investigation whereby
block-on-disc contact geometry dominated the procedure.
Also, TPD 93, a computer-aided tribometer, formed a plat-
form for testing the tribological behaviour. As the experi-
ment proceeded, the thickness of discs and blocks was
6.35mm, which marked the initial contact. Ra = 0:2μm

Figure 1: Squeeze casting setup and novel encapsulated metal cap.

Figure 2: Pin on Disc wear testing machine.
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constituted the surface roughness of the tested composite
materials, which formed the blocks.

On the other hand, Ra = 0:3μm reflected the disc’s sur-
face roughness. Also, 90MnCrV8 steel was selected for the
disc. The hardness of this disc stretched from 62 HRC to
64 HRC. The lubricant employed in this study involved
ISO VG 46 hydraulic oil. The selection of this form of oil
was informed by its recommended industrial application in
situations involving high-pressure mechanical systems such
as roller bearings, chain gears, and gearboxes. The submer-
gence of the selected discs (into the oil) extended to 3mm.

As the friction and wear tests progressed, the lubricated
conditions involved five major sliding speeds. These speeds
included 0.75, 1.5, and 2.25m/s. Also, the normal loads
embraced included 10, 20, and 30N. Regarding the sliding
distances, the study focused on nanographite such as 1, 3,
and 5wt% for the speeds and loads above, respectively.
The choice of these ranges of normal load and sliding speed
arose from their wide practical applications at roller bear-
ings, chain gears, and gearboxes. The tribological behaviour
of the selected materials have measured wear tracks, and the
coefficient of friction was read continuously at the end of the
respective tests. Dry sliding wear parameters and their levels
are exposed in Table 2. Imperative to note is that each test or
experiment was repeated thrice.

2.3. Experimental Design: Taguchi Method. The Taguchi
method is employed in controlled settings, and its purpose
is to analyze the impact that process variables are likely to
have on other specific variables. The specific variables under
investigation are usually unknown functions of process var-
iables. After implementing the Taguchi method, the findings
are used to inform industrial designs of improved and qual-
ity systems [24]. Practically, the Taguchi method has been

applied by many previous researchers to understand alumin-
ium metal matrix composites’ sliding wear behaviour.
Hence, the Taguchi method supports the creation of stan-
dard orthogonal arrays responsible for accommodating the
influence of different variables on target values. To study
the impact of parameters on the independent variables,
ANOVA was used to analyze the results and make the Tagu-
chi method meaningful [25].

When experimental results are established after applying
the Taguchi method, they are usually converted into signal-
to-noise (S/N) ratios. The Taguchi method incorporates sta-
tistical analyses of variance to predict optimal combinations
that could be used based on the test parameters. As avowed
by other studies, the latter procedure seeks to define or
establish parameters that are deemed statistically significant
and worth considering [26, 27].

With Taguchi giving the “smaller the better” characteris-
tics relative to the wear rate ratio (S/N),

S/N = −10 log 1
n
〠
n

i=1

1
y2

 !
larger is betterð Þ: ð1Þ

In equation (1), n represent the number of observations
made while y1, y2,⋯, yn reflect sliding wear responses.
Table 3 summarizes the average of characteristics associated
with various levels of experimental factors.

3. Results and Discussion

This study sought to establish the most significant parame-
ters and parameter combinations that are likely to exhibit
the greatest impact on the coefficient of friction and the wear
rate. By establishing these parameters, the experiment would
then give an insight into how their values could be reduced
to the minimum. The orthogonal array governed the tests
to connect the impacts of nanographite wt%, sliding speed
(S), and load (L). These parameters were also used due to
their capacity to define the composite tribological behaviour
and important influence on this process. Tables 4 and 5
show the signal-to-noise ratio for wear rate and coefficient
of friction response.

3.1. ANOVA and the Resultant Impact of Factors or
Parameters. The variance analysis (ANOVA) aided in ana-
lyzing the experimental results. ANOVA sought to give an
insight into percentage factors that tend to influence the fric-
tion coefficient and wear intensity individually. Tables 6 and
7 highlight the ANOVA results. At P < 0:05, the results

Figure 3: Wear samples.

Table 1: Chemical composition of Al-Cu-Mg.

Element Al Mg Si Fe Cu Mn Cr Zn Ti

Weight % 97.81 0.95 0.54 0.22 0.17 0.13 0.09 0.08 0.01

Table 2: Dry sliding wear parameters and their levels.

Controllable factors Level 1 Level 2 Level 3

Load (N) 10 20 30

Velocity (m/s) 0.75 1.5 2.25

Nanographite wt% 1 3 5
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suggest that the interactions of the experimental factors pose
a statistically significant impact on the performance mea-
sures examined. Tables 6 and 7 illustrate both the percentage
influence of individual factors and the role they play in shap-
ing the overall outcome.

The values were also converted to the S/N ratio to deter-
mine the quality of characteristics. Also, the S/N ratio was
established after determining the process’ control factors’
role on the friction and wear rate coefficient. From
Tables 4 and 5, nanographite addition forms the main
parameter influencing the wear rate. Those that follow
include normal load and sliding speed. Similarly, nanogra-
phite addition is the main factor influencing the coefficient
of friction, but sliding speed and normal load follow, respec-
tively. The last two parameters are different from the case of
the wear rate in which normal load precedes sliding speed.
Hence, Tables 6 and 7 illustrate the ANOVA results relative
to the composites tested, giving an insight into the friction
and wear rate coefficient.

The analysis in Tables 6 and 7 shows the nanographite
addition, which translates into the load and poses the

Table 3: Experimental design using L27 (33) orthogonal array.

Sample
Id

Load
(N)

Velocity
(m/s)

Nanographite
wt%

Wear rate
×10-3 (mm3/m)

COF
S/N ratio for wear

rate
S/N ratio for

COF
ANN wear

rate
ANN
COF

S1 10 0.75 1 0.323 0.4146 9.8159 7.6474 0.3230 0.4254

S2 10 0.75 3 0.3186 0.3162 9.9351 10.001 0.3200 0.3148

S3 10 0.75 5 0.3611 0.3651 8.8475 8.7518 0.3579 0.3598

S4 10 1.5 1 0.331 0.5477 9.6034 5.2291 0.3310 0.5582

S5 10 1.5 3 0.4166 0.3126 7.6056 10.1 0.4168 0.2980

S6 10 1.5 5 0.438 0.4955 7.1705 6.0991 0.4380 0.5019

S7 10 2.25 1 0.3568 0.5539 8.9515 5.1314 0.3568 0.5599

S8 10 2.25 3 0.3959 0.5168 8.0483 5.7335 0.3959 0.5347

S9 10 2.25 5 0.451 0.6258 6.9165 4.0713 0.4510 0.6460

S10 20 0.75 1 0.321 0.3256 9.8699 9.746 0.3214 0.3441

S11 20 0.75 3 0.2766 0.3569 11.163 8.9503 0.2766 0.3584

S12 20 0.75 5 0.4116 0.4038 7.7105 7.8767 0.4116 0.4218

S13 20 1.5 1 0.333 0.3904 9.5511 8.1698 0.3330 0.3966

S14 20 1.5 3 0.3016 0.3654 10.411 8.7446 0.3016 0.3598

S15 20 1.5 5 0.3766 0.4214 8.4824 7.5071 0.3754 0.4241

S16 20 2.25 1 0.358 0.4624 8.9223 6.6996 0.3571 0.4506

S17 20 2.25 3 0.3794 0.4915 8.4181 6.1695 0.3794 0.4972

S18 20 2.25 5 0.487 0.5125 6.2494 5.8061 0.5958 0.5306

S19 30 0.75 1 0.4023 0.4558 7.909 6.8245 0.4023 0.4329

S20 30 0.75 3 0.392 0.4262 8.1343 7.4077 0.3920 0.4222

S21 30 0.75 5 0.4327 0.5588 7.2763 5.0549 0.4327 0.5577

S22 30 1.5 1 0.4073 0.4351 7.8017 7.2282 0.4073 0.4191

S23 30 1.5 3 0.391 0.4195 8.1565 7.5454 0.3910 0.4247

S24 30 1.5 5 0.438 0.53 7.1705 5.5145 0.4380 0.5422

S25 30 2.25 1 0.4137 0.632 7.6663 3.9857 0.4137 0.6619

S26 30 2.25 3 0.396 0.6141 8.0461 4.2352 0.3960 0.5539

S27 30 2.25 5 0.4502 0.6545 6.9319 3.6818 0.4502 0.6542

Table 4: Signal-to-noise ratio for wear rate—smaller is better.

Level Load (N) Velocity (m/s) Nanographite wt%

1 8.544 8.962 8.899

2 8.975 8.439 8.880

3 7.677 7.794 7.417

Delta 1.298 1.168 1.482

Rank 2 3 1

Table 5: Signal-to-noise ratio for coefficient of friction—smaller is
better.

Level Load (N) Velocity (m/s) Nanographite wt%

1 6.974 8.029 6.740

2 7.741 7.349 7.654

3 5.720 5.057 6.040

Delta 2.021 2.972 1.614

Rank 2 1 3
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greatest impact on the wear rate (F = 44:71). The other two
factors affect the wear rate in terms of load (F = 19:31) and
sliding speed or velocity (F = 10:82). The implication is that
the need to pay more attention to this factor cannot be
overemphasized.

3.2. Focusing on the Impact of the Test Parameters on the
Coefficient of Friction and Wear Rate. Figures 4 and 5 illus-
trate the impact of different parameters on the coefficient of

friction and wear rate. In situations where a given parame-
ter’s line was closer to horizontal, it was inferred that it did
not exhibit a significant impact. On the other hand, in situ-
ations where lines for certain parameters showed the highest
degree of inclination, it was inferred that the effect was the
most significant. Indeed, nanographite addition depicted
the strongest impact on the rate of wear. Therefore, it was
established that an increase in normal load tends to increase
the wear rate. However, nanographite addition accompanied

Table 6: Analysis of variance for the signal to noise for wear rate.

Source DF Seq SS Adj SS Adj MS F value P value Contribution

Load (N) 2 0.013342 0.013342 0.006671 15.90 0.002 19.23%

Velocity (m/s) 2 0.011273 0.011273 0.005637 13.43 0.003 16.25%

Nanographite wt% 2 0.025750 0.025750 0.012875 30.69 0.001 37.11%

Load Nð Þ ∗ velocity (m/s) 4 0.007357 0.007357 0.001839 4.38 0.036 10.60%

Load Nð Þ ∗Gr wt% 4 0.006542 0.006542 0.001635 3.90 0.048 9.43%

Velocity m/sð Þ ∗Gr wt% 4 0.001762 0.001762 0.000441 1.05 0.440 2.54%

Residual error 8 0.003356 0.003356 0.000420 4.84%

Total 26 0.069383 100.00%

Table 7: Analysis of variance for signal to noise for coefficient of friction.

Source DF Seq SS Adj SS Adj MS F value P value Contribution

A 2 0.055604 0.055604 0.027802 19.31 0.001 21.32%

B 2 0.128709 0.128709 0.064354 44.71 0.001 49.34%

C 2 0.031144 0.031144 0.015572 10.82 0.005 11.94%

A ∗ B 4 0.011470 0.011470 0.002867 1.99 0.189 4.40%

A ∗ C 4 0.016552 0.016552 0.004138 2.87 0.095 6.35%

B ∗ C 4 0.005852 0.005852 0.001463 1.02 0.454 2.24%

Residual error 8 0.011516 0.011516 0.001439 4.41%

Total 26 0.260846 100.00%
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Figure 4: S/N plot for wear rate.
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by increased sliding speed depicted a decrease in wear rate.
At the highest sliding speed, nanographite addition, and
the lowest normal load, the wear rate was the lowest.

From Figures 4 and 5, it was also evident that for the
curve of nanographite addition, the largest slope was the
most significant factor affecting the coefficient of friction.
With a decrease in sliding speed and nanographite addition,
the coefficient of friction was found to decrease. As the nor-
mal load increased, the coefficient of friction also increased.
The interactions between the analyzed parameters and their
impact on the friction and wear rate coefficient are illus-
trated in Figures 6 and 7.

3.3. Multiple Linear Regressions. MINITAB 18 software was
used to establish a multiple linear regression model with
the experiment’s linear dependence occurring between

values of nanographite addition, sliding speed, and normal
load. ANOVA analysis led to the establishment of the linear
regression equation, setting the nanographite addition, slid-
ing speed, and normal load values:

Wear rate = 0:1807 + 0:00641A + 0:0539B + 0:0201C
− 0:00187AB + 0:00559BC − 0:000590CA:

ð2Þ

For the coefficient of friction (COF), the regression equa-
tion was

COF = 0:232 + 0:00243A + 0:1359B − 0:0122C
− 0:00156AB + 0:0007BC + 0:00104CA:

ð3Þ

M
ea

n 
of

 S
N

 ra
tio

s

Load (N) Velocity (m/s) Gr wt%

Main effects plot for SN ratios
data means

Signal-to-noise: smaller is better

8.0

7.5

7.0

6.5

6.0

5.5

5.0
10 20 30 0.75 1.50 2.25 1 3 5

Figure 5: S/N plot for COF.

9.9

8.7

7.5

9.9

8.7

7.5

9.9

8.7

7.5

10 20 30 1 3 5

0.75 1.50 2.25

Load (N)

Velocity (m/s)

Gr wt%

Interaction plot for SN ratios
data means

Signal-to-noise: smaller is better

Load (N)

Velocity
(m/s)

Gr wt%

10
20
30

0.75
1.50
2.25

1
3
5

Figure 6: Interaction plot for S/N ratio wear rate.

7Journal of Nanomaterials



10 20 30 1 3 5

0.75 1.50 2.25

Load (N)

Velocity (m/s)

Gr wt%

Interaction plot for SN ratios
data means

Signal-to-noise: smaller is better

8

6

4

8

6

4

8

6

4

Load (N)

Velocity
(m/s)

Gr wt%

10
20
30

0.75
1.50
2.25

1
3
5

Figure 7: Interaction plot for S/N ratio COF.

99

95
90

80
70
60
50
40
30
20

10
5

1
−3 −2 0 1 2 3−1

Standardized residual

Pe
rc

en
t

Normal probability plot
(response is wear rate)

Figure 8: Normal probability plots of residuals for wear rate.

99

95
90

80
70
60
50
40
30
20

10
5

1
−3 −2 0 1 2 3−1

Standardized residual

Pe
rc

en
t

Normal probability plot
(response is COF)

Figure 9: Normal probability plots of residuals for COF.

8 Journal of Nanomaterials



From the coefficients obtained in equations (2) and (3)
above, the study established that when each factor was con-
sidered individually, the impact posed on the coefficient of
friction and wear rate of the composites under examination
differed. As the normal load increased, the coefficient of fric-

tion and wear rate increased. However, the friction and wear
rate coefficient decreased with an increase in nanographite
content and sliding speed. The eventuality is that the models
developed to predict the coefficient of friction and wear rate
relative to the composites that were tested proved adequate,
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as shown in equations (2) and (3), with the points in
Figures 8 and 9 confirming this result because they lie
closer to the estimated line perceived to exhibit small
disintegration.

3.4. Experimental Confirmation. Focus on the eventual
impact of the control parameters examined. In this case,
the role of experimental confirmation is to verify the results
accruing from the Taguchi method. The experimental con-
firmation is also used to ensure that the quality characteris-
tics are tested. Also, the optimal impact factor levels are used
to establish values of the optimal friction coefficient and
wear rate. Total error losses are considered to estimate the
optimal levels. ANN mean square error and training state
plot are shown in Figure 10.

Equation (4) was used to predict the optimal rate of wear
rate and considered individual effects of nanographite (R),
sliding speed (S), and load (L). The equation was

Wr = Tw + L1 − TWð Þ + S3 − TWð Þ + R3 − TWð Þ: ð4Þ

Levels of the factors under examination were used to
predict the optimal coefficient of friction. With personal
effects of the respective factors governing the predicted opti-
mal friction coefficient development, equation (5) was used:

µ = Tµ + L1 − Tµ

� �
+ S3 − Tµ

� �
+ R3 − Tµ

� �
: ð5Þ

3.5. The Case of Artificial Neural Network (ANN). In this
experiment, ANN training and testing were achieved via
MATLAB R2016a. From the results, this study established
that a reasonably good performance arises from the trained
ANN. The inference was informed by the similarity between
the test and validation curves. It is also worth highlighting
that the ANN training would extend to the 4th epoch, but
epoch 1 formed the point associated with optimal or the best
validation performance. At this point (epoch 1), a value of
0.0078254 was obtained.

On the other hand, a value of 1:8374 × 10−9 was obtained
for the case of epoch 4, illustrating a value closer to zero.
Another notable trend was that as the number of epochs
increased, the gradient value decreased. Table 8 summarizes
the results of the confirmation experiments for the wear rate
and coefficient of friction.

The regression equation was obtained upon employing
the ANN output of training and ANOVA analysis before
comparing the findings with experimental data. Figure 11
shows the findings after comparing the study’s coefficient
of friction and wear rate with the experimental data. Indeed,
the analysis of the data obtained revealed that the two
methods are highly reliable. Particularly, there was a close
similarity between the findings established by ANN training
and the experimental data. As such, the ANN was highly
efficient relative to the prediction of the coefficient of friction
and wear rate.

3.6. Analysis of the Worn Surface. Energy-dispersive spec-
troscopy (EDS) and scanning electron microscopy aided in
testing and analyzing the tested composites’ worn surfaces.

In most of the composites, the main mechanism of wear
was similar. This dominant mechanism involves combina-
tions of light abrasion and wiping or light adhesion iden-
tified in Figures 12(a)–12(d). Also, the backscattered
electron image (BEC) aided in illustrating the morphology
of the alloy, while the secondary electron image (SEI)
aided in presenting the worn surface. Imperative to high-
light is that the EDS analysis revealed the presence of
nanographite particles.

Over the worn surface, the particles were randomly dis-
tributed. Hence, they were avowed to account for relatively
high values of the coefficient of friction. It was also observed
that silicon carbide is more brittle compared to the rest of
the composite matrix. The EDS analysis also confirmed that
all composite contact surfaces experienced counterbody
material transfer. Notably, the majorities of counterbody
materials transferred were in front of and around the nano-
graphite particles (Figure 12(b)).

Figure 13 shows the worn surface of hybrid composite
(sample S11) SEM with corresponding EDS analysis results.
From the observations about the EDS analysis that focused
on transferred material, it was established that counterbody
material, oxides, and nanographite constituted the mixture
in the transferred material, reflecting a mechanically mixed
layer similar to that which is mostly observed in AMCs that
have been examined under experimental settings with dry
sliding conditions [22]. In the AMCs, the layer exists as a
thin lubricant film occurring between the disc surface and
the counterpart block. Effects of this layer include reductions
in the coefficient of friction, wear, and heat generation
because of the friction [20, 21]. Nanographite has also been
found on the worn surfaces of hybrid composites. During
the compocasting or composite preparation process, nano-
graphite particles were fragmented to form small and fine
particles. As such, they could not be detected in the form
of large particles.

4. Conclusion

The Taguchi method plays a significant role in analyzing
aluminium matrix composites’ sliding tribological behav-
iour. The Taguchi method offers an efficient, systematic,
and simple methodology for optimizing wear and friction
test parameters. This study established that wt% addition
of nanographite and an increase of sliding speed tend to
decrease the coefficient of friction and wear rate of tested

Table 8: Results of the confirmation experiments for wear rate and
coefficient of friction.

Prediction Experimental ANN

Wear rate 10-5 (mm3/m)
L1, S3, R3 0.118 0.195 0.125

S/N ratio (db) 18.56 17.12 17.56

Coefficient of friction
L1, S3, R3 0.062 0.058 0.060

S/N ratio (db) 24.15 24.731 24.315
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composite tends. On the other hand, findings suggested that
the increase of normal load leads to an increase in friction
and wear rate coefficient. In the hybrid composites, minimal
friction coefficient and wear rate were observed to be at max-
imal sliding speed and minimal load for the case of nanogra-
phite. The study concluded that sliding speed and normal

load factors exhibit the lowest effect on wear rate while
wt% of nanographite exhibits the largest effect. Also, individ-
ual parameter interactions revealed a smaller impact (inter-
actions involving wt% of nanographite and sliding speed,
sliding speed and normal load, and wt% of nanographite
and normal load). From the results of MATLAB R2018
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Figure 11: Comparison of results for (a) wear rate and (b) coefficient of friction.
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10 𝜇m ETH = 10.00 kV
WD = 12.0 mm

Signal A = SE1 Date = 12 Sep 2018
Mag = 2.00 KX Time: 10:56:54

(a) Al-Cu-Mg/nanographite at S7

20 𝜇m ETH = 10.00 kV
WD = 10.5 mm

Signal A = SE1 Date = 12 Sep 2018
Mag = 2.00 KX Time: 11:51:46

(b) Al-Cu-Mg/nanographite at S12
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Mag = 2.00 KX Time: 11:54:34

(c) Al-Cu-Mg/nanographite at S11
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(d) Al-Cu-Mg/nanographite at S19

Figure 12: Worn surface of hybrid composite.
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Figure 13: Worn surface of hybrid composite (sample S11) SEM and corresponding EDS analysis results.
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software, ANN proved efficient in predicting the coefficient
of friction and wear rate because the results obtained by
ANN and ANOVA were similar to the experimental data.
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This investigation reports the use of agrowaste pomegranate peels as an economical source for the production of fluorescent
carbon dots (C-dots) and their potential application as an antimicrobial agent. The carbon dots were prepared through
low-temperature carbonization at 200°C for 120min. The obtained C-dots were found to be small in size and exhibited
blue luminescence at 350 nm. Further, the synthesized C-dots were characterized with the help of analytical instruments
such as DLS, UV-visible, FT-IR, TEM, and fluorescence spectrophotometer. Antimicrobial activity of the C-dot PP was
estimated by the agar diffusion method and MIC. S. aureus and K. pneumoniae are showing susceptibility towards C-dot
PP when compared to the standard and showing a moderate activity against P. aeruginosa and resistance towards E. coli.
The obtained C dot PPs were found to be around 5-9 nm in size confirmed from DLS analysis and supported by TEM.
The synthesized C-dots were investigated to understand their microbial efficiency against pathogens and found to have
antimicrobial efficiency. These results suggest that pomegranate peels are a potential source of carbon dots with
antimicrobial efficiency.

1. Introduction

Nanoparticles (NPs) have become indispensable in biologi-
cal research due to long-term fluorescence imaging and
identification of their properties. Photobleaching resistance,
improved signal brightness, larger absorption coefficients,
light emission, and simultaneous stimulation of multiple
fluorescence colours are just a few of the unique properties
of QDs that make them indispensable [1]. Guan et al. cre-
ated bright C-dots by using folic acid molecules as both
nitrogen and carbon donors [2].

Carbon dots are promising oxygenous carbon nanoparti-
cles that exhibit photoluminescence properties. These dots
can replace quantum dots in semiconductor devices and

some future nanodevices because of their high water solubil-
ity, tiny size (<10nm), intense brightness, high photostabil-
ity, lesser cytotoxicity, and biocompatibility [3, 4]. The
applications of carbon dots are diverse and found to be pro-
lific in nature starting from pollutant detection to battery
electrodes and markers [5–8]. However, the production of
carbon dots involves tedious processes that are detrimental
to the environment and ecosystems. The previously reported
methods have many drawbacks such as the use of chemicals,
high temperature, and low product yield. Researchers are
always in search of new and better ways of producing
C-dots [9]. In a growing number of publications, plant
by-products such as exotic fruit by-products as a source
of food additives, fruit by-product extracts as antioxidants
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and antibacterial [10]. Plant wastes are appealing starting
materials for CQDs because of their biocompatibility, low
cost, and low toxicity [11].

Agrowastes are one of the potential sources for the pro-
duction of carbon dots, and many fruit wastes are explored
for this purpose [12–15]. Since the fruit wastes are easily
available, low-cost, and eco-friendly, they have gained signif-
icance in the synthesis of carbon dots [14]. In continuation
of the above, here, we report a new agrowaste fruit peel-
based material (pomegranate peel) for the synthesis of car-
bon dots. Pomegranate is a delicious fruit with hard outer
cover that is carbonaceous in nature. The peels are usually
discarded, and this carbonaceous material can be a great pre-
cursor for the carbon dots.

The aim of this investigation is to produce C-dots from
pomegranate peels through a low-temperature carbonization
and filtration process. This method is extremely environ-
ment-friendly, and it does not involve any toxic or harmful
chemical. The materials used for the synthesis are cheap
and easily available and biowaste. The obtained C-dots are
water soluble and highly fluorescent and have been investi-
gated for antimicrobial activity.

2. Experiment

2.1. Synthesis of Fluorescent C-Dots. The fresh pomegranate
peels sourced from local fruit vendors were cut into tiny
pieces and dried in the sunlight to remove the moisture
contents. The sun dried samples were then carbonized at
200°C for 2 hours. One gram of carbonized pomegranate
peels was weighed and dispersed in 100ml ultrapure water
and sonicated for 15 minutes. The sonicated solution was
later filtered with the help of a filter paper to obtain the
supernatant solution containing carbon dots. Then, the
superannuated solution was centrifuged, and the resultant
supernate containing luminescent C-dots was analysed by
various analytical methods.

2.2. Characterization

2.2.1. UV-Vis Spectral Analysis. The experimental absorption
spectrum of compounds in the 200–700 nm regions in
unpolarised light was obtained by using a JASCO V-670
UV-visible spectrophotometer. The estimated and observed
absorption spectra demonstrate the accuracy of the derived
model calculations.
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Figure 2: UV-visible absorption spectrum of C-dots prepared from
pomegranate peels.

Figure 1: Fluorescence exhibited at 350 nm by carbon dots.
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2.2.2. Fluorescence Spectroscopy. A Hitachi F-7000 fluores-
cence spectrometer was equipped to obtain the fluorescence
spectra as it has a high sensitivity measurement due to a
design that prohibits fluorescence detecting along the flow
channel.

2.2.3. FT-IR Analysis. FT-IR spectroscopy has proven to be a
worldwide, sensitive, and highly repeatable physicochemical
analytical approach that uses infrared absorption to identify
the functional groups. FT-IR spectrum was obtained with an
IR Affinity-1 (Shimadzu) between 400 and 4000 cm-1. The
samples were recorded on a KBr disc prepared freshly.

2.2.4. Particle Size and Zeta Potential. Using a Malvern Zeta-
sizer Nano ZS (Malvern Instruments, Ltd., Malvern, Wor-

cestershire, UK) equipped with a Ne-He laser, particle size
was determined by dynamic light scattering (633 nm).
According to the equipment specifications, measurements
were taken at a fixed angle of 173° from 0.6 nm to 6m. PC
samples (5mgml-1) were diluted to 1 : 100 in Milli-Q water
and placed in disposable polaroid containers.

2.2.5. TEM (Transmission Electron Microscope). TEM was
recorded with a JEOL JEM 2100F instrument operated at
200 kV. The diluted solution was placed over carbon-
coated copper grids and dried outside. A total of ten sites
on the TEM grid were examined.

2.2.6. Antimicrobial Activity. Four isolates such as Staphylo-
coccus aureus, Klebsiella pneumoniae, Pseudomonas
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Figure 4: FT-IR spectrum of C-dots prepared from pomegranate peels.
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Figure 3: Emission spectra of C-dots prepared from pomegranate peels.
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aeruginosa, and Escherichia coli were collected from the
Department of Microbiology and Pathology, VIT, Tamil
Nadu, India. The collected isolates were stocked and stored
at -20°C in glycerol.

2.2.7. Agar Diffusion Method. Agar well diffusion on Mueller
Hinton Agar, a popular method for antimicrobial screening,
was adopted for pathogenic strains [15]. The incubation of
isolates was carried out at 37°C for 24 hours in a nutrient
broth with turbidity 0.5 adjusted with a spectrophotometer.
The MHA plates were selected for the investigations, and
wells were made with a sterilized gel borer and bacterial iso-
lates of Actinobacteria were inoculated with the help of cot-
ton. The solvent and carbon dot solution were tested against
a test pathogen by adding 100μl of test solutions into each
well and ampicillin (30μg/ml) as the standard. After incuba-
tion, the zone of inhibition developed around the wells in all
the plates was examined [15].

2.2.8. Minimum Inhibitory Concentration (MIC). A tube
dilution method was adopted to understand the MIC of
the potent Actinobacteria. Carbon dot solution was diluted
in 10% DMSO to obtain various concentrations ranging
from 5 to 100μg/ml of test solutions. Inoculation of
0.05ml of bacterial culture was done by the addition of
5ml of sterile Mueller Hinton Broth. To all the test tubes,
1ml of C-dot PP solution was added and incubated for
24 h in order to observe any development of turbidity. The
minimal concentration that could inhibit complete growth
is considered MIC [16].

3. Results and Discussion

Carbon quantum dots (CQDs) have received a lot of atten-
tion in recent years because of their outstanding physical
and optical properties. There are numerous types of carbon
sources used in various fields, but CQDs used in the food
industry must meet tighter safety standards. As a result,
using 24 natural resources to prepare CQDs without involv-
ing humans is the best alternative [17]. Quantum dots,
which range in size from 1 to 10 nanometers, are luminous
semiconductor nanocrystals with complicated surface chem-
istry and unique optical properties (QDs). C-dots have opti-
cal features that allow them to reflect hits from particles of
varying sizes in the sample [1].

The successfully synthesized C-dots from pomegranate
peels were characterized for it properties with various ana-
lytical techniques. Preliminary investigations were made to
confirm the formation of carbon dots with the help of the
UV chamber. The samples were placed in the UV chamber,
and UV light (354 nm) was passed on the tube containing
carbon dot solution. A blue fluorescence was noticed at
354 nm which confirmed the presence of carbon dots. In
the absence of UV light, ordinary solution was observed to
have no fluorescence (Figure 1). Further, UV-vis analysis
was carried out to observe the absorption spectra. An
absorption peak at 214, 253, 275, and 358 nm was observed
for the carbon dot solution; the peaks at 214 and 253nm
confirm the presence of carbon dots and light absorption
due to sigma-sigma transitions (Figure 2). The absorption
peak at 358nm observed could be due to the presence of

5 nm

Figure 6: TEM image of C-dots prepared from pomegranate peels.
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Figure 5: DLS pattern of C-dots prepared from pomegranate peels.
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C=O n‐π∗ transition. The result showed consistency with
previous reports on the synthesis of C-dots [18, 19]. Further,
the emission characteristics of C-dots obtained from the
pomegranate peel were investigated with a photolumines-
cence spectrophotometer with excitation at 300nm, and C-
dots exhibited a fluorescence emission band at 390nm
(Figure 3). These observations are in accordance with the
results reported in literature [20]. The stability of the carbon
dots at various pH was also investigated to understand the
application potential of carbon dots, and it was observed to
be stable in acidic pH and an emission band constantly
observed at 390 nm for the carbon dots in the 2-7 pH range.
However, the emission bands disappear or diminish with the
increase in pH in the base medium. These could be due to
protonation and deprotonation of hydronium ions from
the surface of the carbon dots. These findings help in the
detection of pH and as biomarkers in acidic medium.

FT-IR spectroscopy was used for the identification of
functional groups present on the C-dots. C-dots obtained
from the pomegranate peel showed absorption peeks at
3342.64 and 1650 cm-1 (Figure 4). These two peaks are due
to the hydroxyl groups of the water molecule, and there were
no any other major peaks observed in the spectra. This con-
firms that the solution contains only carbon dots and no
other impurities are present in the solution. The particle size
was obtained from DLS which showed a range of 5-9 nm
(Figure 5). This confirms that C-dots were present in nano-
form. The size distribution of carbon dots was seen to be
from 1nm to 50nm; however, the higher quantity of carbon
dots was found to be between 5 and 9nm in scale. These

small-sized carbon dots are very much helpful in applica-
tions of carbon dots as biomarkers.

The transmission electron microscope was equipped to
estimate and understand the size and shape of the carbon
dots. It is observed that the carbon dots were found to be less
than 10nm in scale and shapes of the carbon dots were seen
as spherical in nature (Figure 6). The size obtained through
the TEM images supports the size confirmed through DLS.
These results are in accordance with the production of car-
bon dots reported in literature [14, 21].

Microbial contamination of products from the farm to
the table is a major source of concern in agriculture, as it
costs producers money and puts the health of the final con-
sumer at risk. Various investigations on the antibacterial
effects of nanoparticles are currently being conducted [22].

The synthesized C-dots from pomegranate peels were
investigated for their antimicrobial efficiency towards 4 path-
ogenic bacterial strains. The C-dot PP exhibits potent activity
against selected isolates as shown in Figure 7, showing suscep-
tibility towards S. aureus and K. pneumoniae, whereas it has
moderate effect towards P. aeruginosa and resistance to E.coli
when compared to ampicillin. MIC test results are represented
in Table 1. The MIC was found to be high at 1000μg/ml. The
extracts were efficient towards three isolates such as S. aureus
(MIC-67μg/ml), K. pneumoniae (MIC-72μg/ml), and P. Aer-
uginosa (MIC-84μg/ml). However, it did not show any effi-
cacy towards E. coli. These results suggest that C-dots have
efficacy as antimicrobial agents towards certain pathogens.
The main processes implicated in C-dots’ antibacterial effects
are likely associated with the generation of reactive oxygen
species, according to available data (ROS). Reactive oxygen
species (ROS) are produced by C-dots and have been found
to kill or inhibit bacteria [23]. The mechanism of action
includes C-dot adhesion to the bacterial surface, photoinduced
production of ROS, disruption and penetration of the bacterial
cell wall/membrane, induction of oxidative stress with
DNA/RNA damage, which leads to changes or inhibitions of
important gene expressions, and induction of oxidative dam-
age to proteins [24].

Table 1: MIC test results of bacterial strains tested.

Microorganisms MIC (μg/ml)

S. aureus 67

K. pneumoniae 72

P. aeruginosa 84

E. coli 89
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Figure 7: Zone of inhibition of microbial isolates.

5Journal of Nanomaterials



4. Conclusion

This study reported the effective utilisation of the agrowaste
pomegranate peel as a prolific precursor for the production
of carbon dots. The production of C-dots was investigated
via a low-temperaturemethod and was characterized with var-
ious analytical techniques. The synthesized C-dots were found
to be around 5-9nm in size which is of great advantage. The
synthesized C-dots were investigated for their antimicrobial
efficiency against pathogenic bacteria and found to have very
strong activity. These results confirm that pomegranate peels
are capable of producing C-dots for antimicrobial activity.
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Carbon nanotubes are established as a superior form of carbon. These have superior characteristics in terms of mechanical and
chemical properties when compared to the other fibres available. High-strength fibres can be employed in a composite in a
short form and mass-produced to fulfil high demands in composite applications. These composites can meet the strength
requirements of nonstructural and structural components in a wide range of industries. Because of their light weight and
excellent strength-to-weight ratio, these composites can be used in a wide range of applications. With Young’s modulus as high
as 1 TPa and tensile strength up to 63GPa, they are among the stiffest and strongest fibres. There is currently a lot of interest
in using carbon nanotubes in a matrix to take advantage of these features. There have been a variety of polymer matrices used,
and nanotube/ceramic and nanotube/metal composites are gaining popularity. The study of these materials is an ongoing
process, as researchers and design engineers have yet to realize their full potential. Carbon nanotubes (CNTs) are used in this
study to create the composite with the resin. The percentage of CNT used as a filler material in the composite is varied from 1
to 4 percent, with the best percentage chosen for optimal mechanical properties.

1. Introduction

Carbon nanofibres (CNF) and carbon nanotubes (CNT)
have had increasing potential in recent decades. Researchers
from all around the world are attempting to apply the better
qualities of these nanocomponents to a variety of applica-
tions [1]. The application range between biosensors and bat-

teries of the new age CNTs has outstanding mechanical
properties due to the two-dimensional arrangement of car-
bon atoms in a graphene sheet [2]. Due to this, massive
out-of-plane distortions will happen while the strength of
carbon-carbon in-plane bonds keeps the graphene sheet
extremely strong against any in-plane distortion or fracture
[3]. CNTs have a high aspect ratio and excellent electrical
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and physical properties [4]. CNTs also have a high aspect
ratio [5], as well as good electrical and physical properties
[6]. Because of its unique characteristics, carbon nanotubes
have been used in nanoscale electron devices namely field
emission displays [7], atomic force microscope tips, and
hydrogen storage cells [8]. According to both experimental
and theoretical research, CNTs (both single walled and mul-
tiwalled) have remarkable mechanical properties, such as a
high aspect ratio, lightweight [9], high thermal properties
[10], excellent waviness characteristics, high melting point,
low density, good electrical conductivity [11], larger surface
area, remarkable biological properties, excellent hydrogen
storage, and higher corrosion resistance [12]. Because of its
symmetric structure, a typical CNT has a hexagonal arrange-
ment of carbon atoms in the shape of tubes and offers
extraordinary features [13]. Their performance is fully deter-
mined by their helical nature, and as a result, they operate as
either a semiconductor or a metal [14].

Delogu et al. observed that a hybrid composite material
can be formed by compression moulding of advanced sheet
metal (ASMC) and unidirectional (UD) prepregs [15]. Ma
et al. investigated the impact of nylon6 on cure behavior
and mechanical properties of CF-nylon6 epoxy composites,
produced by the hand lay-up process [16]. Kupski et al.
manufactured two distinct configurations of the carbon/e-
poxy system; tests are carried out under quasistatic tension
and it was found that mechanical properties vary with the
thickness and length of the overlapping ply blocks [17].
Fotouhi et al. observed that in the case of UD all-carbon
epoxy hybrid composites, delamination occurs from the
outer high strength carbon layers subjected to uniaxial ten-
sile loading [18]. Yogeshwaran et al. prepared a laminated
CF-reinforced epoxy composite by hand lay-up and auto-
clave process, and the residual stresses are calculated using
the incremental slitting method [19]. Based upon the
build-up of the nanotubes, these are classified as two types
[20], the single-walled carbon nanotube and the multiwalled
carbon nanotube [21]. The single-walled carbon nanotube
has one layer of carbon atoms as the wall of the tube,
whereas in the multiwalled carbon nanotube, there are mul-
tiple layers of carbon as walls of the nanotube [22]. These
multiwalled nanotubes can be considered as single-walled
nanotubes inserted in one another [23]. Depending on the
number of layers and the shape of the carbon tubes, the

properties of the nanotubes vary [24]. There are numerous
research publications on the synthesis of CNTs using diverse
methodologies [25]. Currently, a wide range of carbon pre-
cursors, catalyst nanoparticles, carrier gases, and substrates
may be used to produce CNTs in various crystallographic
configurations [26].

CNTs have been used as extremely strong nanoreinfor-
cements for composites, which possess extremely high
strength with low weight and moderate electrostatic dis-
charge properties [27]. Due to its highly adhesive, low
weight, and good chemical resistance, epoxy-based compos-
ites are increasingly used in aerospace and car manufactur-
ing as structural components [28]. The relatively weak
mechanical characteristics of epoxy have however prevented
its application in components which require high mechani-
cal stability [29]. Recently, the use of MWNT as the polymer
matrix filler has attracted considerable concern due to its
mechanical, thermal, and electrical characteristics. Epoxy
composite nanotubes were manufactured through different
processes of purification and dispersion [30]. The amount
of carbon nanotubes (CNT) in the present study composite
varies from 1 to 4% of the total weight of the phenolic resin.
This research is aimed at carrying out the fraction of CNT to
use in CNT-based epoxy composites to get the greatest
mechanical performance. The tensile strength and toughness
of the prepared samples are then tested, and SEM micro-
graphs are obtained to study the characteristics of CNT
composites.

2. Methodology

Multiwalled CNTs have been procured from Iljin Nanotech
Co. The chemical vapour deposition process synthesizes this
MWCNT. The procured MWCNT have an average diameter
of 25 nm, and the size is 10 microns. The SEM micrograph
of MWCNT is shown in Figure 1. These MWCNT are
cleaned for removing carbon particles, graphite, and other
particles. A solution of 65% H2SO4/HNO3 with 3 : 1 ratio is
used for 30min at 100°C to purify CNT.

CNTs with a large L/D ratio are bound to agglomerate
together and make it difficult to disperse uniformly in a
polymer matrix. The properties of the composite cannot be
enhanced as the CNTs are not uniformly distributed, and
on top of that, the agglomerated CNT acts as a defect and
initiates a crack in the composite. SnCl2 and PdCl2 solutions
were used to sensitize and activate the dispersed CNTs at
room temperature. The CNTs were then filtered and thor-
oughly washed in distilled water after being pretreated.
Before creating the CNT composite, CNT powder was mixed
with polyglycol-dissolved phenolic resin. The phenolic resin
was a thermosetting polymer created from phenol and form-
aldehyde with a catalyst of ammonia. The CNT weight ratio
in the billets varies between 1 percent, 2 percent, 3 percent,
and 4 percent. Multiple billets are prepared for each % of
CNT without modifying the specifications. To obtain a
solidified billet sample, the combined CNT and phenolic
resin is cured in an oven at 160°C. Microhardness is deter-
mined using a microindenter, tensile strength is computed
using UTM, and SEM micrographs are generated using a

5.0 kV 9.1 mm ×90.0 k SE (M) 500 nm

Figure 1: SEM of MWCNT.
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FE-SEM. XRD analysis is used to analyse the chemical com-
position of the CNT composite.

3. Results and Discussion

3.1. Micrographs. To determine the CNT dispersion in the
composite, the generated CNT composites are examined
using a FE-SEM apparatus. The SEM micrographs that have
been developed are shown below. It signifies that the CNTs
have been evenly distributed across the matrix. Due to ultra-
sonic mixing before adding the CNTs to the resin, all of the
CNT content percentages are dissolved uniformly in the
composite. Milling before combining with resin dropped
the CNT ratio and enhanced the wettability of the fibres
[31]. For any of the produced composites, no aggregation
of CNT in the matrix has been discovered. There is no frac-
ture of the matrix at the interface of the CNT and matrix in

the composite. The CNTs have a good bond with the matrix,
and there is no slipping of the fibre with the matrix.

The SEM micrographs of the all the composites have
shown the same pattern without any significant difference
to observe. The section that has been sliced for the compos-
ites has shown CNT at the cross-section and has a similar
tendency of interaction between CNT and the matrix.
Hence, a single micrograph is presented for all the four
grades of the composites tested in Figure 2. The matrix is
also uniform throughout the composite without any air bub-
bles trapped or any cracks detected. There is no slippage
between CNT and the matrix. As the ultrasonic mixing is
employed in the mixing of CNT, there is no agglomeration
of CNT detected in the composite, and hence, the CNT is
uniformly distributed. This gives the composite fine
strength.

3.2. XRD Analysis. The graphitic-like carbon peaks can be
seen in the CNT composite XRD diffraction pattern in
Figure 3. The CNT composite closely resembles CNTs in
terms of XRD patterns, implying that the graphite-like struc-
ture is conserved after the CNT powder is produced with a
polymer binder and then carbonized at high temperatures.
The contribution of polymer-derived carbon in the compos-
ite is undetectable in the XRD diffraction spectrum. Due to
the surface graphitization of thermosetting resin during car-
bonization results in a graphite-like layer separate from the

5.0 kV 9.1 mm ×100 k SE (M) 5.0 kV 9.1 mm ×80.0 k SE (M)500 nm 500 nm

Figure 2: SEM micrograph of CNT composite.
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Figure 3: XRD graph of the CNT composite.

Table 1: Microhardness (HV) of CNT composites.

Sample Trial 1 Trial 2 Trial 3

CNF 1% 29.5 25.2 25.4

CNF 2% 33.4 34.5 29.9

CNF 3% 34.6 36.4 36.6

CNF 4% 38.4 38.8 40.1
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bulk glassy carbon. There is no mix-up of CNT and matrix
polymer during curing, and no unwanted material has been
observed. The XRD diffraction graphs obtained for the all
samples developed gave the similar pattern and have no sig-
nificant difference to be discussed individually, and hence,
only one graph is provided for all the samples. The peak is
consistent for all the samples, and no peak of the secondary
carbon is detected consistently for all the samples detected.

3.3. Mechanical Properties

3.3.1. Hardness. When a load is applied to a softer material,
the substrates deform elastically, resulting in an underre-
porting of hardness. As a result, the matrix and CNT collec-
tive hardness was obtained in this situation, significantly
reducing the composite characteristics. Every sample has
been put through a series of tests, yielding an average hard-
ness value. The composite hardness is determined using a
microindenter and a 100 g force for each indentation. Shi-
madzu’s Vickers indentation was employed for the evalua-
tion. The hardness of the composites increases as the
percentage of CNT in the composite increases. The hardness
of the 1% CNT composite is lower than the other compos-
ites, whereas the hardness of the 4% CNT composite is
higher. The hardness values obtained for each sample are
listed in Table 1. For a 15-second indentation time, all values
are recorded. The hardness of CNT composites is seen in
Figure 4. The variation in hardness values can be explained
by the fact that the distribution of CNT at the surface layers
of the composite is high for composites with a higher CNT
percentage; hardness is higher for composites with a 4-

percent CNT percentage and gradually decreases for com-
posites with a lower CNT percentage.

3.3.2. Tensile Strength. Table 2 shows the tensile strength of
the composites assessed by UTM. Compared to other pro-
duced composites, the composite with a higher CNT con-
centration has a higher tensile strength value. Because the
connection between matrix and CNT is sufficient and there
are no vacancies, the higher CNT in the composite absorbs
the load. The tensile strength of CNT composites is shown
in Figure 5. When the CNT concentration in the composite
is increased from 1% to 4%, the tensile strength of the com-
posite increases by 27%. When CNT is increased from 1% to
2% in the composite, the percentage increase is 13 percent.
When CNT is increased to 3 percent from 2 percent, the per-
centage for tensile strength increment is reduced to 9%. This
indicates that increasing CNT content enhances tensile
strength, but the increment level decreases over time.
Figure 6 shows the graphical presentation of the tensile
strength of the CNT composites developed.

3.3.3. Elastic Modulus. The elastic modulus of the samples
has been determined while testing for the tensile strength
of the samples on UTM. While the tensile strength has
increased almost linearly after addition of MWCNT, at the
same time, it has reduced the elastic modulus of the compos-
ite. The least modulus has been registered for the 4% CNT
composite while the highest modulus is registered for the
1% CNT composite. The total measurements of the modulus
for the samples are given in Table 3 below. The highest mod-
ulus registered is for 1% of CNT at 1025MPa and the lowest
recorded for 4% CNT is 952MPa. There is a total of 7%
reduction in Young’s modulus when CNT is increased from
1% to 4%. The graphical presentation of elastic modulus is
given Figure 5.

4. Conclusions

Phenolic resin with different wt% of multiwalled carbon
nanotube composite was fabricated successfully. Among
the composites, the one with higher CNT content has
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Figure 4: Hardness for CNT composites.

Table 2: Tensile strength (MPa) of CNF composites.

Sample Trial 1 Trial 2 Trial 3

CNF 1% 47.2 45.2 46.3

CNF 2% 53.5 54.1 54.0

CNF 3% 58.4 57.9 58.2

CNF 4% 60.1 60.3 60.8
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superior properties in terms of mechanical properties. The
superior mechanical properties of CNT have influenced
greatly testing composites.

(i) The XRD examination confirmed that the compos-
ites sample contains no impurities or other mate-
rials. CNT and resin produced XRD peaks

(ii) The tensile strength increases as the CNT concen-
tration increases, but the rate of increase decreases

over time. CNT with 4wt% composite tensile
strength results were increased 27% compared to
1% of CNF composite

(iii) The hardness of the composite is increased when
the CNT content is increased from 1% to 4%

(iv) The elastic modulus of the composite is reduced
from 1% CNT to 4% CNT by over 7%

(v) The gradual increase in the CNT content in the
composite will increase the strength of the compos-
ite and hence is useful in the automotive industry

Data Availability

The data used to support the findings of this study are
included in the article. Should further data or information
be required, these are available from the corresponding
author upon request.
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Figure 6: Tensile strength of CNT composites.

Table 3: Elastic modulus (MPa) of CNT composites.

Sample Trial 1 Trial 2 Trial 3

CNF 1% 1020 1024 1025

CNF 2% 1005 1003 1001

CNF 3% 978 975 976

CNF 4% 952 953 956
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Figure 5: Graphical representation of elastic modulus of CNT composites.
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This work is focused on design and simulation of microelectromechanical system (MEMS)/nanoelectromechanical system
(NEMS) rotational devices such as micro/nanothermal rotary actuator and micro/nanogear. MEMS/NEMS technologies have
allowed the development of advanced miniaturized rotational devices. MEMS/NEMS-based thermal actuator is a scaled
version of movable device which will produce amplified motion when it is subjected to thermal forces. One of the
applications of such thermal micro/nanoactuator is integrating it into micro/nanomotor that makes a thermal actuated
micro/nanomotor. In this work, design and simulation of micro/nanothermal rotary actuator are done using MEMS/NEMS
technology. Stress, current density, and temperature analysis are done for microthermal rotary actuator. The performance
of the device is observed by varying the dimensions and materials such as silicon and polysilicon. Stress analysis is used to
calculate the yield strength of the material. Current density is used to calculate the safer limit of the material. Temperature
analysis is used to calculate the melting point of the material. Also, in this work, design and simulation of microgear have
been done. Micro/nanogears are devices that can be used to improve motion performance. The essential is that it
transmits rotational motion to a different axis.

1. Introduction

MEMS technology is a representation of microscopic imple-
mentations of sensors and actuators which are fabricated
using microfabrication techniques. MEMS/NEMS devices
generally fall in the range between 1 and 1000 nanometers
in size. MEMS/NEMS technologies are developed for the
fabrication of integrated circuits (IC). MEMS/NEMS devices
can be categorized in to sensors and actuators in μ scale,
which can be further used in macroworld. They have wide
applications in the fields as diverse as microsatellites, auto-
motive, aerospace, telecommunication, biomedical, wind
tunnel instrumentation etc. MEMS/NEMS has strong multi-
disciplinary character. MEMS/NEMS devices have the fol-
lowing advantages like less power consumption, small size,

improved performance, increasing reliability, lesser weight,
and less cost than devices which are working on similar fun-
damental principle in macrosize. MEMS/NEMS-based
devices are fabricated using IC fabrication techniques along
with special techniques to fabricate three dimensional (3D)
structures. It has high precision and high aspect ratio. It
scales the size of the device without changing the property
of the materials.

MEMS-based thermal actuator is an electromechanically
actuated device which works based on Joules’ law of electro-
thermal heating. Amplification of thermal force may be done
in design of thermal actuator. Electrothermal actuator fabri-
cated using single crystal silicon or polysilicon as a compli-
ance structure. Atre and Boedo [1] analyzed the variation
of tip deflection of actuator with respect to the applied
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voltage. The thermal behavior of the polysilicon material
and its relationship in the calculation of deflection by analyt-
ical methods are studied. The experimental and simulation
results of six different actuator designs are compared. At
high voltages, the finite element model overestimates exper-
imentally determined values. Thermal conductivity of poly-
silicon plays an important role in predicting actuator
deflection. Geisberger et al. [2] discussed about the influence
of dopant concentration in electrical and thermal conductiv-
ity. Investigating the static and transient response of the ther-
mal actuator at different excitation frequency and voltage, the
simulated and measured data are compared. Relatively poor
fit of simulation data using constant conductivities explains
the importance of thermal properties of the material. Heo
and Kim [3, 4] designed a robust to maximize the actuator
deflection with respect to applied voltage and baseline design
by the topology optimization method. Optimize the thermal
actuator design, which is robust to noise factors.

Heo and Kim [5] described the optimal design to maxi-
mize the rotation angle of the actuator for fixed input power.
Element connectivity parameterization formulation method
is used to eradicate numerical instabilities. Haefner et al.
[6] evaluated the lifetime evaluation of microgears, which
depend on the geometry shape deviations (tooth deforma-
tion) and finite element model-based prognostic method.
Islam and Islam [7] analyzed the finite element method of
stress, contact stress, and bending stress for spur gears, used
in the hybrid vehicle power transmission system. Arefin
et al. [8] implemented both PV module and wind turbine
in internal combustion engine-based vehicle. Wind turbine
blade design was simulated using ANSYS CFD. Jin et al.
[9] designed impact of upstream deflector parameters (rotor
distance influence, width influence, distance influence, and
height influence) in vertical axis wind turbines. Compare
with the simulated and experimental results with and with-
out deflector, Deflector reduces negative torque and
increases efficiency of wind turbine.

Arefin and Islam [10] studied about noise characteristics
and emission characteristics of micro gas turbine, which is
used as range extender for electric truck. Suitable tempera-
ture of operating the micro gas turbine for maximum power
is studied. Noise reduction methods are proposed at higher
speed, output power is increased, and vibration (noise) and
CO emission are reduced. Karbosi et al. [11] compared the
properties of two microactuators such as distribution of tem-
perature, power consumed, and actuation of two microac-
tuators. Analysis of two designs is like design a—different
beam lengths and design B—different beam sections and
flexure part, to produce maximum deflection. GA Optimal
design produces 70% increase in tip deflection. Lo et al.
[12] modeled the electrothermal-mechanical system into a
combination of electrical, thermal, and mechanical model
using the lumped model technique. Deflection and fre-
quency bandwidth are analyzed to attain and determine
static gain.

Dhinakaran et al. [13] demonstrated the combination of
electrothermal and electrostatic actuation mechanisms. It
gives pull-in behavior at low voltage and makes hybrid actu-
ator and hybrid bidirectional actuator perfect for switching

applications. Chiorean et al. [14] analyzed the effect of geo-
metrical parameters on the output force of Chevron actua-
tors. The authors also considered the effect of thermal
expansion of substrate. It studies about the impact of
substrate silicon deformation due to forces in anchors and
thermal expansion of substrate silicon or effect of central
shaft expansion in actuator displacement. Suocheng et al.
[15] studied bimetal film thermal expansion-based micro-
thermal actuator variation of actuator displacement at
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different voltage values and temperature ranges. Time taken
to achieve maximum displacement (response time) at differ-
ent voltage levels is also investigated. Potekhina and Wang
[16] designed hot and cold arm type actuators where differ-
ential thermal expansion is achieved by various geometrical
shapes like changing beam shape, modifying electrical
parameters like selective doping, modified resistance, or
topological parameter changes like multimode or bidirec-
tional operation. Sun et al. [17] explained about the single
walled carbon nanotube (SWCNT) electrothermal actuators
thermal expansion that is based on the following parameters
such as amount of joule heating and coefficient of thermal
expansion, induced stress relaxation mechanism and post-
secondary curing. Li et al. [18] studied the application of
series of V-beam thermal actuator amplification for MEMS
applications in specific areas like safety and arming. Yogesh-
waran et al. [19] discussed about the temperature distribu-
tion dynamics and displacement and its impact on the
device dimensions and properties of material and applied

Table 1: Parameters used.

Sl. No. Parameters Values

1. Coefficient of thermal expansion of polysilicon (α) 2:7 × 10−6 K−1

2. Electrical specific resistance of polysilicon at room temperature (ρ0) 2 × 10−3 Ω − cm
3. Thermal conductivity of polysilicon (kp) 32W-m-1-K-1

4. Thermal conductivity of air (ka) 0.006W-m-1-K-1

5. Thermal conductivity of silicon(kn) 2.25W-m-1-K-1

6. Thickness of polysilicon (tp) 2000 nm

7. Thickness of air (ta) 2000 nm

8. Thickness (tp0) 2000 nm

9. Thickness of silicon (tn) 2000 nm
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Figure 5: Temperature analysis of silicon (circular disc 5 μm).
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Figure 6: Temperature analysis of silicon (square arm 10μm).
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voltage. Kim et al. [20] designed and fabricated the multilay-
ered structure with platinum heater. Ni-Co-based flexible
substrate as thermal bimorph actuators and thermal insula-
tion (isolation) layers are also employed. Ulkir [21] designed
bidirectional electrothermal actuator which displaces in two
directions. Authors compared the fabrication process of 2
photon polymerization (2PP) and digital light processing
(DLP) methods, which are 3D printing techniques. Steiner
et al. [22] studied the relation between actuator area and
deflection distance based on V-shaped Chevron type beams.

Duzng [23] modeled the V-shaped thermal actuator
using ordinary differential equations. Author studied about
the thermal inertia of the system, if the applied voltage is
in the form of square pulse, the output is in form of concave
trapezium. Li et al. [24] discussed the application of thermal
actuator in testing the fracture strength of thin films. Voltage
is applied to thermal actuator, which creates the thermal

expansion; due to thermal expansion force that is created
which is used to fracture the test structure. Suryanarayanan
et al. [25] compared experimental results, and simulation
results are correlated using back propagation neural net-
work. Simulation results fitted with neural network provide
a cost-effective model for V-shaped thermal actuator. Gong
et al. [26] studied the relation between length of flexure
and thermal deflection of bimorph thermal actuator. The
author proposes that the length of flexure would not increase
the stress on the arm length, and it also increases the lifetime
of actuator. López-Walle et al. [27] discussed heat transfer
characteristics that are important in improving the perfor-
mance of thermal actuator. Kim et al. [28] discussed the
application of bimorph thermal actuators in rotation control
of micromirrors. Two bimorph actuators produce vertical
displacement of 25μm at 10V, which rotates micromirror
by 20°.
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Figure 7: Temperature analysis of silicon (square arm 25 μm).
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2. Importance of Microthermal Rotary Actuator

Electrostatic actuation and thermal actuation are methods to
obtain actuation in MEMS. This method of actuations is
very popular since this actuation provides simplicity, fast
actuation rates, and low power consumption, and it uses sil-
icon as its material. This type of actuation method is a com-
mon method of driving MEMS devices because it is
compatible with microfabrication.

Thermal microactuators have the following advantages
like higher force, lesser operating voltages, and less suscepti-
bility to adhesion failures compared to electrostatic actua-
tors. Microthermal actuators do require more power, and
their switching speeds are limited by cooling times. It pro-
duces higher displacement and higher force than electro-
static actuators.

3. Types of Microthermal Rotary Actuator

3.1. A-Symmetric (Bimorph). A bimorph is a microcantilever
based thermal actuator used as an actuator or sensor which
consists of two metal layers. In some applications, it also
has a passive layer between the two active layers. The term
bimorph is most commonly used with thermal bimorphs.
The first theory about the bending of thermally actuated
bimorph was given by Stoney. In Figure 1, schematic dia-
gram of A-symmetric (bimorph) is shown. It has generally
a single material. The deflection is produced here due to
asymmetry in the shape. This type of thermal actuator is also
called as hot-cold beam actuator.

3.2. Symmetric (Bent Beam, Chevron). Chevron-shaped actu-
ators are one of the most popular actuators in the MEMS
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Figure 9: Temperature analysis of polysilicon (square arm 10 μm).
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community (also called V-beam thermal actuator). Its prin-
ciple is based on the thermal expansion of a single material
to generate the motion, which is amplified using different
geometric constraints. The V-beam thermal actuators are
capable of producing high output force for low operating
voltage. The output force (displacement) depends on the
inclination of the beam. In Figure 2, Chevron beam actuator
is shown.

3.3. Designing of Microthermal Rotary Actuator. Designing
of microthermal rotary actuator is done using structural
mechanics. For designing the microthermal rotary actuator,
the important parameters used are materials and dimen-
sions. Finite element method (FEM) software used to design
the thermal actuator. Here, COMSOL is used for simulation.
The actuator’s operation involves three coupled physics phe-

nomena: electric current conduction, heat conduction with
heat generation, and structural stresses and strains due to
thermal expansion. In COMSOL, the joule heating model
uses the heat equation given in equation as the mathematical
model for heat transfer in solids.

3.3.1. Dimensions. Microthermal rotary actuator is done
using structural differ from varying its length and shape of
the cold disc. Length of the hot arm is varies from 500nm
to 2500 nm. Height of the cold beam is 500nm, and the
diameter of the cold beam is 200 nm. Figure 3 shows the
microthermal rotary actuator structure.

3.3.2. Materials. Materials used for designing of microther-
mal rotary actuator are silicon and poly silicon. Each mate-
rial has a unique property which makes them to use in
designing the microthermal rotary actuator.
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Figure 11: Current density analysis of silicon (circular disc 5μm).
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3.4. Theoretical Analysis

3.4.1. Electrothermal Analysis. The above Figure 4 shows the
1D of actuator. According to joule’s heating,

rate of heat input = rate of heat going out

Qin +Qjoule =Qout,arm +Qout,sub: ð1Þ

Since

Qin = −kpwtp
dT
dx

� �
x

;Qjoule = J2ρwtpdx,

Qout,arm = −kpwtp
dT
dx

� �
x+dx

;Qout,sub = Sdxw
T − T sub

RT
,

ð2Þ

where T is the temperature at any given location of the
actuator. Tsub is the substrate temperature. ρ is the resistivity
of material. kp is the thermal conductivity of material. J is
the current density of hot arm or cold disc. S is the shape fac-
tor. RT is the thermal resistance between the device and the
substrate.

Substitute above values in Equation (1), and we get

−kpwtp
dT
dx

� �
x

+ J2ρwtpdx =

−kpwtp
dT
dx

� �
x+dx

+ Sdxw
T − T sub

RT

ð3Þ

Thermal resistance between the device and the substrate
is given by

Rt =
ta
ka

+
tp0
kp0

+ tn
kn

, ð4Þ

where ta, tp0 , and tn are the thickness of the element

above the polysilicon layer, thickness of polysilayer, and
thickness of silicon layer. ka, kp0, and kn are the thermal con-
ductivity values of air, polysilicon and silicon, respectively.

Substitute the needed values to Equation (4) from
Table 1. After calculating thermal resistance obtained, it
isRt = 7:7205 × 10−5.

Current density is the amount of current by unit area. The
current density of hot arm and cold disc is calculated from

Jh =
I

wptp
, ð5Þ

Jc = :
Using the above equation, the calculated current density

value is Jh = 7:5 × 1011 and Jc = 15 × 1011. The calculated
values almost match with the values obtained from simula-
tion; so, the device can be able to fabricate.

Shape factor of the hot arm is given by

S =
tp
wh

2ta
tp

+ 1
" #

+ 1: ð6Þ

The obtained shape factor is S = 1:6 μm.
Resistivity is calculated by using the Van der paw

method:

ρ = 2:971 × 10−2
� �

T + 20:858: ð7Þ

At room temperature, the resistivity is ρ = 21:5 μΩ.
Simplifying the Equation (3), we get

d2T xð Þ
dx2

= S T xð Þ − Tsubð Þ
kptpRT

−
J2ρ
kp

: ð8Þ

3.4.2. Rotational Analysis.

ΔLh = Rδ: ð9Þ
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Figure 13: Current density analysis of silicon (square arm 25μm).
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where R is the radius of the disc. ΔLh is the total expan-
sion of the free end. δ is the angle of rotation.

Here, taking R as 10 and the angle of rotation as 3.90,
then ΔLh = 3900 nm.

4. Results and Discussion

4.1. Stress Analysis. Stress analysis is conducted to find the
deformation of microthermal rotary actuator for the given
pressure. Normal pressure for the stress analysis is about
7GPa which is the yield strength of the silicon material
and 8.4GPa for poly silicon.

4.2. Von Mises Stress Analysis. This analysis is used in micro-
thermal rotary actuator. So, when the stress is given, the

material starts to yield after the critical value of yield
strength which depends on von Mises stress.

4.3. Current Density Analysis. Current density is defined as
the amount of charge per unit time that flows through a unit
area of a chosen cross-section. Here, expected current den-
sity of a MEMS/NEMS thermal rotary actuator should be
less than the electric field for fabrication.

4.4. Temperature Analysis. Temperature is a physical prop-
erty of matter that quantitatively defines hot and cold. It is
the indication of thermal energy present in all matter, which
is the source of occurrence of heat, which is a flow of energy,
when a body is in contact with another one which is cooler.
The obtained temperature plot should be less than melting
point of the material used there, and the devices is simulated
under room temperature 298K.
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Figure 16: Current density analysis of polysilicon (square arm
25 μm).

273

2.2305×107
×107

2

1.5

1

0.5

Figure 15: Current density analysis of polysilicon (square arm
10μm).

4500

4000

3500

3000

2500

3000

1500

1000

500

4893.6

297.98

Figure 14: Current density analysis of polysilicon (circular disc 5 μm).

8 Journal of Nanomaterials



4.4.1. Temperature Analysis. Figure 5 shows the temperature
plot of silicon actuator at room temperature. Here, center
arm experiences high heat because the current value is high.
Figure 6 shows the temperature of silicon actuator at room
temperature.. If the area of the centre arm is increased, tem-
perature is high but less compared to previous square arm of
10μm. Figure 7 shows the temperature of silicon actuator.
The obtained value is 298K. Polysilicon and silicon are
behaving similar in temperature analysis. If the square arm
size is 5μm, temperature developed is so high. Figure 8
shows the temperature of polysilicon actuator. The obtained
value varies from 297.98K to 4893.6K. As discussed in
silicon-based rotary actuator, here, also, if size of arm is
increase, then temperature rise is reduced.

Figure 9 shows the temperature of polysilicon actuator.
The obtained value varies from 273K to 2:2305 × 107.
Figure 10 shows the temperature of polysilicon actuator.
Here, the thickness is increased; hence, heat developed is
decreased. The obtained value varies from 298K to 350.51K.

4.4.2. Current Density Analysis. Figure 11 shows the current
density of silicon actuator. The obtained value is 298.
Figure 12 shows the current density of Silicon actuator.
The value of bending is 298. Figure 13 shows the current
density of silicon actuator. The value of bending varies from
298 to 350.51. Figure 14 shows the current density of poly Si
actuator. The value of bending varies from 297.98 to 4893.6.
Figure 15 shows the current density of poly silicon actuator.
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The value of bending varies from 272 to 2:2307 × 107.
Figure 16 shows the current density of poly silicon actuator.
The value of bending varies from 272 to 350.

4.4.3. Stress Analysis. Figure 17 shows the von Mises stress of
silicon-based actuator. Its range varies from 0 to 7:9144 ×
10−9. Figure 18 shows the von Mises stress of silicon-based
actuator. Its range varies from 0 to 8:403 × 10−9. Figure 19
shows the von Mises stress of silicon-based actuator. Its
range varies from 0 to 8:4303 × 10−8. Figure 20 shows the
von Mises stress of polysilicon actuator. The value of bend-
ing varies from 0 to 4.709. Figure 21 shows the von Mises
stress of silicon-based actuator. Its range varies from 0 to
1:3664 × 104. Figure 22 shows the von Mises stress of
silicon-based actuator. Its range varies from 8:0636 × 105 to

4:7792 × 107. Thermal rotary microactuators are a favorable
solution to the need for large displacement, low-power
MEMS actuators. It is confirmed to be a robust actuation
method in surface micromachined devices. Such devices
have been used in variety of different applications like

(i) Micromechanical switches

(ii) Micromotors

(iii) Microscale tensile testing

4.4.4. Micro/Nanogear. A micro/NEMS gear is a part of
rotating machine which is having cut teeth or, in the case
of a cog wheel, it is having inserted teeth (called cogs), which
wire with another toothed part which is used to transmit
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Figure 20: Von Mises stress of polysilicon (circular disc 5 μm).

Surface: Total displacement (𝜇m)

80

70

60

50

40

30

20

10

0
0

8.4303×10–3

×10–4

Figure 19: Von Mises stress of silicon (square arm 25 μm).

10 Journal of Nanomaterials



torque. Geared devices can change the speed, torque, and
direction of a power source. Gears always used to change
torque, through their gear ratio, and they are considered as
a simple machine. The teeth on the two interlocked gears
have the same shape. Two or more meshing gears, working
in a sequence, are called a gear train or a transmission. A

gear can mesh with a linear toothed part, called a rack, pro-
ducing translation instead of rotation.

4.5. Dimension.Microgear design has been done in Figure 23
using the parameters such as inner dimension that is 171μm
and outer dimensions that are 40μm. The number of teeth is

Surface: Total displacement (𝜇m) 1.3664×104
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Figure 21: Von Mises stress of polysilicon (square arm 10 μm).
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Figure 22: Von Mises stress of polysilicon (square arm 25 μm).
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17μm, its width is about 14μm, and the width is about
50μm. This design is done by using material called cast iron.

4.6. Eigen Frequency Analysis. When the gear is vibrating at
eigen frequency, the gear structure deforms into a corre-
sponding shape which is called eigen mode. An eigen fre-
quency analysis of Figure 24 can only provide the shape of
the mode, not the amplitude of the physical vibration. Eigen
analysis is done to find the structural behavior of the rotary
actuator. If the structure deformation is less, then it is con-
cluded that the designed device will work safely.

5. Conclusion

This work presents the out of plane microthermal rotary
actuator with different structures and different dimensions.
Stress analysis of microthermal rotary actuator shows its
stress bearing capacity for different structures that are differ-
ent. Current density and temperature analysis show that the
safer limit and melting point of the actuator are the same at
the every point in the actuator. Also, in microgear eigen fre-

quency analysis is done, it shows that the total displacement
of the microgear is same as every point of the design.
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Present technology has been evaluated greatly over the past decades, where new particles are being designed and fabricated to
fulfill specific needs. The field of nano- and micromaterials has prospered in many disciplines. It has been recently used in
reinforced concrete in the production of high-strength, high-performance concrete. Microsilica (MS) and nanosilica (NS)
particles have proven to be highly profitable to the concrete mix. Concrete has become denser with considerable
improvement in their mechanical characteristics, particularly compressive strength. This proposed method includes a
comparative study of the flexural bending behavior of conventional reinforced concrete (without MS or NS) slabs with other
slabs. Each has various mixes of MS and NS particles incorporated into the concrete mix. The material content utilized in
the slabs is kept constant by replacing a portion of the cement with an equivalent amount of either NS or MS particles or
both. MS particles are altered from 0, 5, and 10% while NS particles are altered from 0, 0.5, and 1.0%. It cracks the widths
and has higher final load-bearing capacity.

1. Introduction

Present-day modern concrete mixes now not satisfy the
growing desires for advanced strengths and outstanding
durability. Constructions have invaded severe exposure con-
ditions such as those in arid, coastal, and marine environ-
ments, where sizable deterioration of systems has been
recorded. The need for highly priced restoration and rehabil-
itation measures has boomed to hold structures to function
successfully, at some stages inside the live carrier lives. An
evolving need for denser and higher electricity concrete is
to be fulfilled nicely by using new contemporary materials
that are probably designed and fabricated on a micro- and
nanoscale. Material advances have superior micro- and

nanosilica that have been efficiently followed to reap immod-
erate and extremely high-energy concrete that displays
exceptional sturdiness characteristics. Cement is the most
used advent commodity in some unspecified time in the
future of the world. Still, its production consequences in
excessive gasoline consumption levels and sizable tiers of sur-
roundings’ pollutants are alarming that many European
countries have banned its manufacturing [1].

In addition, when emitted into the environment, micro-
silica (a by-product of industry) leads to high levels of air
pollution. The essential strategy is to rid the environment
of microsilica emission and reduce cement consumption,
hence obtaining superior concrete mixes that are more dura-
ble and denser and provide much higher mechanical
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strength [2]. Silica fume is collected, refined, and used in con-
crete mixes in the form of microsilica or nanosilica as a partial
substitute for cement, effective on both levels, reducing cement
consumption and reducing environmental pollution [3]. Silica
fume either nano- or microparticles is pozzolanic in nature.
Microsilica (MS) is a polymorph (amorphous) silicon dioxide,
but nanosilica (NS) is made up of an amorphous silica (SiO2)
core with a hydroxyl surface [4].

The amorphous structure of nanomaterials such as
nanosilica physically affects the hydrate products. Still, the
pozzolan material reacts with the carbon hydroxide (CH)
generated from the reaction of water with both dicalcium sil-
icate (2CaO). SiO2 and tricalcium silicate (3CaO·SiO2). In
this process, nanosilica (NS) with particle sizes ranging from
1 to 500nm is amorphous silicon dioxide, which can acceler-
ate the wetting rate of bonding materials due to their high
surface area and amorphous nature [5]. In addition, NS
has a relatively high pozzolanic activity, which aids in addi-
tional CSH gel formation, as working NS is intended to be a
site for CSH gel growth and speeds up the hydration of fly
ash and cement [6]. Also, NS particles are smaller than
cement and fly ash particles, improving particle packing
and purification of porous structures [7–9]. Ultrahigh
strength concrete is achieved with minimal pores as the
hydrates work to harden between the cement paste and the
aggregate particles [10]. It is worth noting that incorporating
the methods of nanosilica (NS) in the mix, either by addition
or replacement, and the method of its mixing in its either
wet or dry condition, both have considerable influence on
the mechanical properties of concrete [11]. Effective dis-
persion of nanosilica particles in concrete mixtures leads
to better mechanical and durable properties, resulting in
high-strength concrete [12, 13]. Much recent research has

been done on the use of nanomaterials in concrete. Still, only
a few studies have examined the use of a mixture of nanosi-
lica and microsilica in concrete [14].

The disadvantages of using micro- and nanoparticles in
concrete include the high specific surface area of the binding
material. The specific surface area for microsilica is 17m2/g
(70 times greater than OPC), while that for nanosilica is
25m2/g (100 times greater than OPC). The introduction of
nanosilica particles (finer than microsilica) increases the sur-
face area of the mixture’s reactive powders, which causes a
further decrease in the consistency and operability of the
mixture [15]. Consequently, using an effective high-range
water reducer is inevitable to maintain consistency and
workability of the mix and elevate strength to ultrahigh
levels [16, 17]. On the mortar level, micro- and nanosilica
cement mortars are highly superior to traditional cement
mortars when mixed and cured under high temperatures
[18, 19]. Ultrasonic technology under high temperatures is
a very effective dispersion technique used in mixing nanosi-
lica particles. Mortar analysis indicates better homogeneity
of the mix and superior mechanical strength and superb
durability resulting in ultra-high-strength and ultra-high-
performance concrete [20–22]. Also, previous researchers
mentioned a decrease in porosity and permeability of the
slurry as nanomaterials [23] replaced the cement. The study
focused on the partial replacement of cement by NS, MS,
and a combination of both and their effect on the flexural
behaviour of supported one-panel slabs subjected to uni-
formly distributed loads.

2. Experimental Program

Detailed descriptions of materials used by this investigation,
particularly cement, aggregates, steel bar, microsilica, nano-
silica, water, and chemical admixtures, are given in this
section.

2.1. Material Properties

2.1.1. Cement. Ordinary Portland Cement (OPC) (CEM I
52.5 N) was produced by Beni Suef Cement Factory. The
chemical analysis of the used cement supplied by the

Table 1: Chemical analysis of used OPC.

Oxides Al2O3 SiO2 Fe2O3 CaO MgO SO3 L.O.I Insoluble residue

% 4.78 20.38 3.93 62.85 1.95 2.18 2.68 0.69

Steel 𝛷 6 mm

140 mm

70
 m

m

750 mm

Figure 1: Slab mold and reinforcement details.

Table 2: Physical properties of microsilica and nanosilica.

Property Microsilica Nanosilica

Surface area (cm2/gm) 170000 240000

Particle size
1.0 μm

(1 × 10−6 m)
5 to 20 nm

(5 to 20 × 10−9 m)

Specific gravity 2.20 2.40

Unit weight (kg/m3) 345 505

Colour Grey White
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manufacturer and the limits according to the Egyptian Stan-
dard Specification (ESS) (4756-1/2009) are presented in
Table 1.

2.1.2. Aggregates. The coarse aggregate used is crushed dolo-
mite with a specific gravity of 2.6 and a water absorption of
0.95% with a maximum nominal size 10mm. The fine aggre-
gate is siliceous sand with a specific gravity of 2.57, a fineness
modulus of 3.11, and a dry unit weight of 1.78 t/m3 accord-
ing to the Egyptian Standard Specification—ESS 1109(2002).
All aggregates used in this research are locally available from
quarries in Andhra Pradesh, India.

2.1.3. Reinforcement Bars. Reinforcement steel rods were
used with a nominal diameter of 6mm and having a yield
stress of 269MPa and ultimate tensile strength of 386MPa
(Figure 1).

2.2. Mineral Admixtures (Pozzolans)

2.2.1. Microsilica. The microsilica used in this research as a
mineral admixture is imported from Sisco Research Labora-
tories (SRL)—Chennai. The manufacture data sheet contains
the physical composition, properties, and shape (Table 2 and

Figure 2(a)). The chemical composition of microsilica
depends strongly on raw materials and the production pro-
cess parameters. According to the international standard
ASTM 1240-01, pr EN 13263-1 is shown in Table 3).

2.2.2. Nanosilica. The used nanosilica consisting of silicon
dioxide with a purity of 99.9% is a product of Sisco Research
Laboratories (SRL)—Chennai. The physical properties and
shape are obtained from the manufacture data sheet
(Table 2 and Figure 2(b)). The chemical analysis of NS used
supplied by the manufacturing company is shown in
Table 3.

2.2.3. Superplasticizer. The high-performance plasticine mix-
ture Sikament NN was used in this work, which is a third-
generation upper plasticizer for homogeneous concrete with
a density of 1.185 kg/L and pH value of 8. It meets superior
requirements of plasticizers according to ASTMC-494 Types
A and F and EN934-2:2001. By using this kind of superplas-
ticizer, we can get very high percentage of water reduction
resulting in high density and strength. It also improves
shrinkage, creep behavior, and water permeability. The dose
used of the superstable plasticizer was maintained at 2.5% by
weight of cement for all mixtures.

2.2.4. Test Specimens. Several blends were examined in order
to achieve target properties. The pilot program included
nine mixtures, all of which were engineered based on the
absolute volume of the components in a saturated dry sur-
face condition. All slabs are 750 × 750 × 70mm in dimen-
sions, reinforced with 6mm diameter steel bars distributed
at 140mm spacing which was maintained (Figure 1). The
mixes (M0N0) include a control mix without any mineral
admixture additives. Two other mixes (M5N0 and M10N0)
consist of cement replaced by 5% and 10% of microsilica,
respectively. Another two mixes (M0N0.5 and M0N1.0)
consist of cement replaced by 0.5% and 1.0% of nanosilica,
respectively. These previous mixes illustrate the effect of
replacing cement by either micro- or nanosilica alone with-
out their combined effect. Another four mixes include

100 nm

(a)

100 nm

(b)

Figure 2: Transmission electron microscope (TEM) images of micro- and nanosilica.

Table 3: Chemical analysis of microsilica and nanosilica.

Oxides
Microsilica Nanosilica
Result (%) Result (%)

Al2O3 1.10 7.39

SiO2 96% 92.5

Fe2O3 1.45 0.08

CaO 1.2 0.06

MgO 0.18 0.21

SO3 0.25 0.20

Na2O 0.45 0.02

K2O 1.20 0.04

L.O.I — 0.15

H2O 0.85 —
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different combinations (M5N0.5, M5N1.0, M10N0.5, and
M10N1.0). The first consists of 5% microsilica and 0.5%
nanosilica, the second consists of 5% microsilica and 1.0%
nanosilica, the third consists of 10% microsilica and 0.5%
nanosilica, and the fourth consists of 10% microsilica and
1.0% nanosilica. These four mixes illustrate the combined
effect of replacing the cement with a combination of both
micro- and nanosilica. The cementitious content of all
high-strength concrete mixes is kept constant at 450 kg/m3

(Table 4); then, twelve cubes with dimensions (100 × 100
× 100mm) are casted and tested throughout this study to
reach the target compressive strength. A constant dose of
2.5% high-range water reducer (superplasticizer) by weight
of cementitious materials along with a fixed water/cementi-
tious ratio of 0.4 is maintained for all mixes.

2.2.5. Mixing Procedure. All concrete components were
mixed using a horizontal mixer. For mixes without nanosi-
lica, coarse and fine aggregates and cementitious materials
(cement and microsilica) were added into the mixer in their
dry state and mixed for 2 minutes. The mixing water and
superplasticizer were added gradually and mixed for another
3 minutes to get uniform and homogeneous mix consistency
and texture. The fresh concrete properties were measured
immediately after mixing, and the concrete was removed
from the mixer and placed in the slab formwork with the
rebar rods distributed correctly and with reasonable cover.
Concrete slabs and cube samples were kept in molds for

24 h in air and then removed from the formwork and cured
daily by wetting with fresh water for 28 days (Figure 3). For
mixes with nanosilica, coarse aggregate, fine aggregate, and
cement materials (cement and microsilica) were loaded into
the mixer and mixed dry for 2 minutes. Three-fourth of the
water content is gradually to dry mix and mix it more for
another 1 minute. The superplasticizer dose is added to the
remaining quarter of the water content; then, the required
amount of nanosilica is added to the water and the super-
plasticizer and mixed well in an ultrasonic device
(Figure 4) for a duration of ten minutes at a temperature
of 40°C for achieving the best possible dispersion of nano-
particles in solution and preventing the possibility of any
agglomeration. Then, it is added to the wet mixture and then
mixed for another four minutes until a homogeneous con-
crete mixture is obtained.

2.2.6. Setup and Testing. The compressive strength test
was conducted on the cured cube specimens (100 × 100 ×
100mm) at ages 28 and 56 days. All cubes exhibited a typical
failure mode of a cube (Figure 5) which indicates proper
loading of the cube specimens.

The bending test of all panels is performed with a
hydraulic jack mounted on the frame of the testing machine.
A load cell is placed beneath the jack drum which is con-
nected to a data logger that records readings of simultaneous
load and deflection measured with variable linear differential

Table 4: Test program and contents of mixtures.

Slab no.
Cement
(kg/m3)

Coarse aggregates
(kg/m3)

Fine aggregates
(kg/m3)

Microsilica
(kg/m3)

Nanosilica
(kg/m3)

Water
(kg/m3)

Superplasticizer
(kg/m3)

Notes

M0N0 450 1176 588 0 0 180 11.25 Control

M0N0.5 447.75 1176 588 0 2.25 180 11.25 0.5% NS

M0N1.0 445.5 1176 588 0 4.5 180 11.25 1.0% NS

M5N0 427.5 1176 588 22.5 0 180 11.25 5% MS

M5N0.5 425.25 1176 588 22.5 2.25 180 11.25 5%MS + 0:5%NS
M5N1.0 423 1176 588 22.5 4.5 180 11.25 5%MS + 1:0%NS
M10N0 405 1176 588 45 0 180 11.25 10% MS

M10N0.5 402.75 1176 588 45 2.25 180 11.25 10%MS + 0:5%NS
M10N1.0 400.5 1176 588 45 4.5 180 11.25 10%MS + 1:0%NS

Figure 3: Slabs before testing.

Figure 4: Ultrasonic device for mixing nanoparticles.
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transformers (VLDTs) located at the center of the slab. A
series of I-shaped beams and slabs are stacked in a pyramid
shape to transfer the concentrated drum load to a uniformly
distributed load on the upper face of the slab (Figure 6).

3. Experimental Results and Discussion

3.1. Compressive Strength. The compression test was con-
ducted on all ratios, the comparison was made between the
lowest value of compressive strength M0N0 (control speci-
men) and the highest value of compressive strength that
has the high proportions of the replacement ratio M10N1.0
(10%MS + 1:0%NS) at ages 7 and 28 days. Values of com-
pressive strength are recorded, and the average of three spec-
imens is calculated and values are 27.5MPa and 30.6MPa
for M0N0 and M10N1.0 at 7 days and 36.6MPa and
40.7MPa at 28 days, respectively. Early strength improve-
ment effect of nanosilica-modified concrete is more obvious,
which was due to the higher pozzolan activity of nanosilica
particles [24, 25].

3.2. Flexural Strength. Samples M0N0, M0N0.5, and M0N1.0
all contain 0% microsilica, with a binder content of
450 kg/m3, a water-cement ratio of 0.4, and a superplastici-
zer dose of 2.5% cement weight, with 0, 0.5, and 1.0% nano-

silica, respectively. The bending strength at the load causing
the initial cracking increased significantly from M0N0 by
7.8% and 15.7% for nanosilica 0.5% and 1.0%, respectively,
indicating some resistance to initial cracking of the concrete
(Figure 7(a)), whereas the final failure strength has slight
increment from M0N0 by 0.42% and 1.26% for 0.5% and
1.0% nanosilica, respectively. This slight improvement in
early bending resistance results from simple replacement of
cement with nanosilica (Figure 7(b)).

Specimens M0N0, M5N0, and M10N0 that all possessed
0% nanosilica and water-cement ratio 0.4, and the plasticizer
superdose is 2.5% by weight of cement, with 0, 5, and 10% of
microsilica, respectively.

According to the literature, the microsilica improves the
packing properties of the matrix and thus have a noticeable
effect on the bending strength. Flexural strength at the initial
cracking load increased significantly by 58.6% and 88.0% for
5% and 10% microsilica, respectively, indicating great resis-
tance to initial cracking of the concrete (Figure 7(c)),
whereas the final failure strength has increased marginally
by 2.1% for 5% microsilica and 4.2% for 10% microsilica
(Figure 7(d)). Other researchers note this apparent improve-
ment in the early bending strength of concrete; at 28 days,
the microsilica content increases from 5% to 10% [26]. The
addition of mineral admixtures results in an increase in all

Figure 5: Hydraulic machine used in a compressive test and mode of a crushed cube.

Hydraulic jack

Load cell

Steel IPE

Steel IPE

Steel IPE

Iron plates

LVDT

Tested Slab

Roller support

Figure 6: Test preparation and instrumentation.
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concrete strengths including compressive, split-tensile, and
flexure [27].

A comparison was made between the flexural strength
for mixes M5N0, M5N0.5, and M5N1.0 at cracking and fail-
ure states, respectively. The cement content in mixes was
450 kg/m3, the silica fume content was 5%, and the content
of nanosilica was 0, 0.5, and 1.0%, respectively. The data in
figures clearly show a remarkable increase in flexural
strength at both cracking and failure states due to a marginal
implementation of nanosilica [28]. The flexural strength at
cracking increased by 9.9 and17.3% for nanosilica contents
0.5 and 1.0%, respectively (Figure 7(a)), while the flexural
strength at failure increased by 6.6 and 9.5% for nanosilica
contents 0.5 and 1.0%, respectively (Figure 7(b)). Similar
results are recorded for the specimens M10N0, M10N0.5,
and M10N1.0 which have the same aggregate, w/c ratio, sil-
ica fume content, and curing conditions [29]. The data in
figures clearly show an improvement in bending strength
as a result of adding nanosilica by 0.5 and 1.0%, where the
strength at cracking was increased by about 9.4 and 22.9%
(Figure 7(a)), while the strength at failure was increased by

about 10.9 and 23.0% for M10N0.5 and M10N1.0, respec-
tively (Figure 7(b)).

Apparently, the results of implementing nanosilica in the
combination or presence of microsilica indicate extra
improvement and much higher flexural strengths as com-
pared to nanosilica specimens with no microsilica added
[30]. In this study, specimen with 10% microsilica and
1.0% of nanosilica replacement of cement show a superior
performance, where the flexural strength of the slab
increased by about 131.2% at the cracking state and 28.2%
at the failure state as compared to that of the control
slab [31].

3.3. Load Deflection Behavior. Incorporation of microsilica
alone showed a better pattern of load deflection
(Figure 8(a)), compared to incorporating nanosilica alone
(Figure 8(b)). As higher loads are achieved with lower
deflection values, this may be attributed to the fact that the
microparticles together with the cement particles result in
better packing characteristics than the nanoparticles with
the cement particle [32]. This conclusion is better reinforced
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Figure 7: Nano- and microsilica effect on flexural strength of RC slabs.
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when a blend of both nano- and microsilica is used with the
cement particle where a better grading of the binding mate-
rials is available; hence, a more improved packing result is
achieved (Figures 7(d) and 8(c)). Results of the specimen
that incorporates 10% microsilica in addition to 1.0% of
nanosilica show a superior load deflection curve where
higher loads are achieved at lower deflections [33].

This indicates the improved strength of the concrete
matrix which is able to resist more compression above the
neutral axis of the slab hence considerably affecting its flex-
ural capacity. This improvement can be attributed to the
effect of nanosilica and microsilica fillings that have a large
surface area which improves chemical reaction because of
pozzolanic activity. Hence, additional C-S-H gel was formed
for generating more force resulting in less deflection [34].

3.4. Crack Patterns. The reference slab specimen M0N0
exhibited initial cracking at much lower loads, with wider
intervals and small width (Figure 9(a)). These cracks
extended in length due to the load propagation till the slab
failed in flexure at a lower failure load due to the compres-
sion failure of the concrete in the top fibers of the slab
[35–38]. In addition to silica cement replacing mineral

admixtures either nano- or microparticles, it is realized that
the initial cracks occur much later at much higher loads
indicating better concrete resistance to cracking
(Figures 9(b)–9(i)). These cracks are few in number and
wider, which is noticeable when the plate fails, which occurs
at a much higher load due to the better performance of the
concrete compression area [39–41]. Accordingly, the bend-
ing ability of the slab is greatly improved. Similar results
have been reported [42] whereas the presence of nanocrystal
line silica greatly changes the hardness.

Properties of C-S-H calcium silicate hydrate of the con-
crete matrix thus improve the bending ability of the reinforced
slabs. All previous research has indicated that nanoparticles
can improve fresh and hardened-state properties [43].

4. Conclusions

In this research, the experimental program was implemented
for studying the effect of using microsilica as well as nanosi-
lica on properties of reinforced concrete slabs. Based on the
results obtained, the following main conclusions can be
drawn:
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Figure 8: Effect of nanosilica and microsilica on the values of deflection.
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Figure 9: Continued.
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(i) Substituting 5% and 10% of cement with microsilica
significantly increases bending resistance in both
the cracking and failure phases

(ii) Substituting 0.5% and 1.0% cement with nanosilica (in
the absence of microsilica) shows good improvement
in bending strength of 7.8 and 15.7% in the crushing
stage and slight improvement in bending strength of
0.42 and 1.26% in the failure stage, respectively

(iii) Replacing a portion of cement by a combination of
nanosilica and 5% microsilica reveals an enhanced
improvement in flexural strength of 9.9 and 17.3%
at the cracking state and 6.6 and 9.5% at the failure
state of 0.5% and 1.0% nanosilica, respectively

(iv) Replacing a portion of cement by a combination of
nanosilica and 10% microsilica reveals an enhanced
improvement in flexural strength of 9.4 and 22.9%
at the cracking state and 10.9 and 23.0% at the fail-
ure state of 0.5% and 1.0% nanosilica, respectively

(v) Reinforced slabs with 10% microsilica and 1.0% of
nanosilica replacement of cement show a superior
performance indicated by the load deflection curve
where higher loads are achieved at lower deflections.
Hence, the concrete matrix can resist higher com-

pressive strength above the neutral axis by 30.6MPa
and 40.7MPa at 7 and 28 days, respectively, which
considerably affects its flexural capacity, where the
flexural strength of the slab increased by 131.2% at
the cracking state and 28.2% at the failure state as
compared to that of the control slab

(vi) Addition of mineral admixtures of either micro- or
nanosilica or a combination of both affects the crack
pattern of the slab where cracks are less in number
and get wider at failure which occurs at a much
higher load due to the better performance of the
concrete compression zone

Data Availability
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The diamond-like carbon- (DLC-) coating technique is used in the sliding parts of automotive engines, among other applications,
to reduce friction and wear. In this work, DLC has been coated on the Aluminium 5051 sample to assess the mechanical and
tribological properties. A sputtering deposition mechanism is used, and the DLC is coated using a graphite target. The
developed DLC coatings are tested for adhesion strength, hardness, chemical composition using XRD, and wear behaviour.
The developed DLC thin films have considerably increased the wear behaviour of the Aluminium 5051 sample and have
fulfilled the objective of this study. The XRD data indicated the presence of amorphous carbon in the coating with a threefold
increase to the hardness of the naked aluminium. This study provides insight into improving the aluminium wear resistance by
developing a considerably hard coating.

1. Introduction

In today’s machinery sector, surface engineering is critical.
Hard coatings extend the service life of tools and moulds,
yet hard coatings are difficult to apply to machine parts built
of soft materials such as aluminium [1]. Thin films with high
hardness can bear higher loads, but as the substrate is a soft
material, the substrate fails the coating and the thin film too
shall fail [2]. Surfaces take up a very little area in a matter
when compared to the bulk. Still, they are extremely difficult
to investigate [3] due to the very asymmetric nature of the
forces acting on the surfaces. Pristine surfaces are highly sus-
ceptible to impurities and flaws. When two extremely pure
surfaces come into contact, adhesive force is created, and

energy is used to separate those surfaces [4]. Adhesion
energy is the energy exerted by atoms on the outer surfaces
of nearby atoms when they come into contact with each
other [5]. A simple van der Waal, covalent, ionic, or electro-
static force can be used as adhesive forces [6]. Cohesive
forces hold atoms together in bulk materials. Atoms are held
together by a cohesive force, and it takes a lot of force to rip a
substance in half [7]. The breaking of cohesive links between
atoms causes the metal to tear. The atoms with broken cohe-
sive bonds on the new surfaces generated after breaking the
parent material will be readily attracted to the new atoms
[8]. Surface energy is the excess free energy per unit area
on a crystal’s surface. It is denoted by and plays a crucial role
in thin-film adherence to the substrate. Surface tension
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values of liquid metals can be extrapolated to absolute zero,
or crystal cleavage can be used to compute this [9]. Other
than the actual approaches, there are several theoretical ways
to calculate surface energy. There are disparities between
practical and theoretical values, and no theoretical value
equates to a practical value. The presence of numerous faults
and impurities in a chosen crystal is the primary source of
this mismatch, and obtaining a crystal-free of defects or
impurities is difficult [10]. Bazan et al. concluded that the
CF-reinforced epoxy composites exhibit 14% reduction in
ILSS, when the samples are aged hydrothermally at 60°C
and at 95% humidity for 1200 hours, and this is due to the
crack initiation at the interface which is caused by thermal
stress [11]. Shrivastava and Singh concluded that the UD
and BD CF-reinforced epoxy composites exhibit 20%and
75% increase in flexural strength, respectively, due to the
growth of CNTs on the surface thereby resulting in good
adhesion with the matrix [12]. An et al. found that the CF-
reinforced epoxy composites with CNTs grown by an
aerosol-assisted CVD process exhibit 94% increase in IFSS
and 210% increase in surface area because of the formation
of the 3D structure on the surface of the fiber, and also,
the fiber diameter is increased from 7 micrometres to 20
micrometres [13].

In general, adhesion can be attributed to the sticking of
two surfaces with each other. Technically, adhesion is
defined as the transfer of mechanical energy in shear
between two surfaces without any damage to the surfaces
or the interface by a slip or inelastic displacement [14].
The most difficult aspect of thin-film adhesion is determin-
ing the strength of the adhesion between the thin film and
the substrate. Even though numerous approaches have been
created, it is critical to select the appropriate process based
on the nature of the coating, substrate, and type of bonding
between the two [15]. There is a wealth of information for
thin-film adhesion on the many types and adhesion mea-
surement methods. Simple pull tests, scratch tests, X-ray
spectroscopy, nanoindentation scratch, and laser spallation
are among the methods used. According to Tamtögl et al.,
theoretical approaches measure theoretical forces at the
atomic level [16]. The observations include the nucleation
rate, island density measurement, critical condensation,
and residence time of depositing atoms. Adhesion between
substrate and coating can be viewed on an atomic scale as
adsorption energy between substrate surface atoms and
coating atoms. Breaking the links between these atoms suf-
fices to remove the coating from the substrate [17]. So, by
measuring the total adsorption energy between atoms and
relating it to all atoms, these approaches measure the total
adsorption energy present between atoms to break the bond.
A smooth round stylus is drawn on a hard-coated sample in
a scratch test by gradually increasing the load. When the
coating breaks and peels away from the substrate, the stylus
is halted and the critical load recorded [18]. Even though it
appears like a simple compression force applied by the stylus
and the substrate is separating the coating, many complex
forces are at work in this test. The load causes plastic defor-
mation of the substrate, while the stylus penetrates the
coating and causes shear strain. This process increases ther-

momechanical reactions with the viscoelastic flow, interfa-
cial failure, and bulk fracture [19]. Scratch tests are difficult
to test to study as a result of this. A direct tensile force is
imparted to the film by pulling it off the substrate with a
pin or rod attached in the usual direction. This approach
can be used to attach thin films, as well as other sticky sur-
faces and objects. The failure that occurs at the substrate-
thin-film contact is referred to as adhesion force [20].

Butler invented the toppling test by modifying the direct
pulling method. Instead of using the conventional force, he
used a brass rod with two legs to impart force laterally to
the thin sheet. When a load is applied, one leg applies com-
pressive force while the other exerts tensile force, causing the
film to peel. Karapappas et al. observed that the CF-
reinforced epoxy composites incorporated with 0.1% CNT
exhibit reduced mechanical properties and 1% incorporation
of CNT leads to enhancement of fracture energy by 45 to
75% [21]. Konuru et al. reported that the CF-reinforced
epoxy composites exhibit incremental IFSS by 70 to 200%,
depending on CNT deposition time on the CF surface [22].
Yogeshwaran et al. found that the CF-reinforced epoxy com-
posites with CNTs grown on the surface possess 150 to 300%
increased toughness due to different aspect ratios of the
CNT [23]. Surface modification of many metals is done with
DLC (diamond-like carbon) thin film. These thin films have
good wear resistance along with corrosion resistance and
hardness. DLC films are amorphous carbon materials con-
taining sp3 and sp2 bonds that are metastable. DLC films
have received much attention among all surface treatment
materials because of their exceptional tribological properties.
The DLC film is increasingly being used as a protective layer.
It is associated with the percentage of sp3 bonds in the films,
and for example, it has a low coefficient of friction and good
wear resistance. On the other hand, it is critical to reducing
the friction and wear of the inner wall surface of many
industrial components with undetectable holes, such as dies,
bushings, and pipes, as a type of industrial application. DLC
has high mechanical properties like high wear resistance and
low friction, which are highly desirable for industrial appli-
cations. DLC nanocoated Aluminium 5051 is mainly used
to reduce the sliding friction of moving parts.

Novel in the research work is that DLC has been coated
on the Aluminium 5051 sample to assess the mechanical and
tribological properties. A sputtering deposition mechanism
technique is used in this research work. The developed
DLC coatings were tested for adhesion strength, hardness,
chemical composition using XRD, and wear behaviour.

2. Methodology

The RF sputtering procedure was used to place graphite tar-
gets on aluminium. Graphite targets with a purity of 99.99%,
a diameter of 50mm, and a thickness of 3.0mm were pro-
cured from Testbourne and utilized for the current study.
Figure 1 depicts a schematic design of the experimental
system. The magnetron on which the target material to be
coated is placed is connected to the RF power supply
through an impedance matching network. The magnetron
serves as an electrode, and the entire chamber is grounded.
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In this experiment, the sputtering power was changed in
stages of 100W from 100 to 400W.

Aluminium is cut into 10 × 20 × 3mm substrates and
ground to a high level of precision of order 0.5m using var-
ious grades of abrasive papers and diamond polish. Alumin-
ium 5051 plates are shown in Figure 2. With acetone
solution, aluminium samples are cleaned and etched in Ar
plasma for 10 minutes before sputtering. Working pressure
is maintained at 10-2 bar in the vacuum chamber and used
for the turbopump. The temperature of the substrate is mon-
itored and can be adjusted manually by the substrate holder.
For the temperature-dependent adhesion qualities, two dif-
ferent substrate temperatures were used: room temperature
and 500 degrees. A total thickness of the film 1200nm is
achieved for the DLC thin films.

The nanoindentation procedure is used to measure the
hardness and elastic modulus. At a specified temperature
and working pressure, samples are mounted on resin for sta-
bilization. The nanoindentation machine with model G200
from Agilent Technologies is utilized for Berkovich indenter
indentations in nanoindentation operations. A scratch test is
done on the samples for estimating the adhesion of the
developed DLC coatings. The same machine used for nano-
indentation is used for the scratch analysis with the Berko-
vich indenter. Load is gradually increased to identify the
critical load at which the DLC coating peels off. This load

is taken as the ultimate load and is considered as adhesion
strength of the film.

The pin on disk is carried out to find the wear and fric-
tion of the samples; the pin is the aluminium sample without
any coating, and the disk is aluminium coated with DLC.
XRD analysis is done on the DLC samples to find the chem-
ical composition of the coating. A load of 100 gm is used for
the test, and a total of 500 is carried out.

3. Results and Discussion

3.1. Hardness. Tables 1 and 2 show the hardness and modu-
lus values of the developed thin films measured by nanoin-
dentation by the load vs. deflection method. The Berkovich
indenter was used to apply a load in the micronewton range.

The hardness of the coated hard thin films is hard to
measure as the soft substrate takes away all the load, so an
underreported value is measured. It is difficult to detect the
hardness and elastic modulus of the coating using regular
indentation. The substrate effect is unavoidable in this sce-
nario, regardless of whether the 10% thickness criterion is
implemented. The soft substrate cushioned the rigid thin-
film coating. The DLC coating is extremely rigid, and it
directly applies the load to the substrate. When a load is
applied, elastic deformation occurs on the substrate, and
the hardness under the load is measured. As a result, the

Gas tank (Ar/O2)

Generator (RF/DC)

Magnetron sputter head

Target

Substrate

Sample holder

Turbo molecular

Shutter

Pump

Rough pump

++

M

Figure 1: Schematic representation of sputtering machine.

Table 1: Measured hardness values of samples deposited at room
temperature along with modulus values.

Sample 100W 200W 300W 400W

Hardness (GPa) 10.6 13.5 18.2 12.3

Modulus (GPa) 51.3 70.2 120 68.1

Table 2: Measured hardness values of samples deposited at 500
degrees along with modulus values.

Sample 100W 200W 300W 400W

Hardness (GPa) 15.1 20.8 22.5 20.1

Modulus (GPa) 76.2 111.2 130.5 100.6
Figure 2: Aluminium 5051 plate (10 × 20 × 3mm).
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findings achieved in this situation are the coating and sub-
strate’s combined hardness, which considerably reduced
the coating’s ensuing qualities. On each sample, many trials
were conducted, and the average hardness and modulus of
elasticity were computed. The area is calculated when the
load is withdrawn to identify the sample’s exact hardness.
At the maximum load, all trials were assigned a holding time
of 15.0 seconds.

The hardness of the samples is calculated, and the high-
est hardness is measured for samples deposited at higher
substrate temperature conditions. For the samples deposited
at room temperature conditions, the hardness is less com-
pared to other samples. As the deposition power increases
from 100W to 400W, the hardness increases up to 300W.
It decreases for 400W. This trend is observed for both room
temperature and high-temperature deposition conditions
[24]. The highest hardness increment found for the room
temperature deposition condition is 71%, as the sputtering
power is increased from 100W to 300W. In contrast, the
hardness increment is 42% when the deposition power is
increased from 100W to 300W. Figure 3 shows the load
vs. displacement diagram achieved using nanoindentation
data. Figures 4 and 5 represent hardness and modulus data
of samples in graphical form.

2000

1500

80
Depth (nm)

100 120

1800

Lo
ad

 (μ
N

)

Figure 3: Load vs. displacement curves developed by
nanoindentation data.
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Figure 4: Hardness and modulus values of samples deposited at
room temperature.
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Figure 5: Hardness and modulus values of samples deposited at
500 degrees.

Table 3: Adhesion strength of DLC films.

Sample Room temperature 500-degree heat

100W 35.2 41.2

200W 38.9 45.6

300W 42.3 49.1

400W 32.1 33.5
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Figure 6: Adhesion strength of DLC films.
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Figure 7: XRD graph of DLC coating.
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3.2. Adhesion Strength. The adhesion strength of the DLC
films is measured by using a nanoscratch test. The values
of the results obtained are given in Table 3. The adhesion
strength of the samples increases with the increment in the
substrate power up to 300W. From 300W to 400W, the
adhesion strength is found to decrease drastically [25]. This
trend is observed for both room temperature deposited and
high temperature deposited samples. The decrement in the
adhesion can be attributed to the high stresses developed
in the film deposition process when the sputtering power
increases.

As the power increases, the depositing atoms come with
higher energy and strikes the depositing material; this causes
stress at the atom strike site. Before these stresses dissipate,
other atoms get deposited on top of it causing stress concen-
tration [26]. The adhesion strength is higher for the samples
deposited at higher temperatures than the room temperature
deposition samples. The reason for the higher adhesion is
the stress-relieving phenomena taking place during the sub-
strate heating process [27]. The substrate temperature acts as
annealing during the deposition process and relieves stress,
thus increasing the adhesion strength. The graphical repre-
sentation of the adhesion strength is given in Figure 6.

3.3. XRD Analysis. The XRD analysis shows the presence of
amorphous carbon in the DLC coating. The XRD graph is
presented in Figure 7. The sample is kept in an XRD
machine and swept from 20° to 90° angles for analysis [28].
There are no other peaks other than carbon, and the
detected carbon is in amorphous graphite without crystalline
diamond form. It indicates there are sp2 bonds in the devel-

oped films but not sp3, which helps in a further increase in
the hardness of the film [29].

3.4. Wear Test. The coating samples were put through a dry
wear test in a pin-on-disk mode with an aluminium pin as
the counter body. Figure 8 shows the wear track of the
DLC coating. The samples’ coefficients of friction (COF)
range from 0.10 to 0.15. The COF of the high temperature-
DLC sample is marginally greater than the COF of the room
temperature-DLC sample at the same test load [30]. The
COF curves of the SNC-DLC sample have some variations.
During the test, it appears that this sample suffers from abra-
sion wear. Despite this, the COF for both coating samples
(COF0.15) is very low [31].

3.5. Raman Spectroscopy. Raman spectroscopy is a common
technique for identifying diamonds, graphite, and other
carbon-based materials. The Raman spectra have two large
peaks for amorphous carbon: 1200–1450 cm-1 for the D
mode and 1500–1700 cm-1 for the G mode. The G band is
attributed to sp2 graphite-like microdomain graphite-like
layers, whereas the D band is attributed to the bond-angle
disorder in the sp2 graphite-like microdomains.

The tested sample which is used for XRD has been tested
for the Raman spectroscopy. The sample showed the pres-
ence of sp2 bonds majorly in the DLC and the traces of
sp3. The Raman spectra in Figure 9 shows two broad peaks
centred around 1348 cm-1 (D-line) and 1600 cm-1 (G-line).
The peak about 1600 cm-1 could be noticeably different from
the crystalline graphite’s characteristic sharp peak around
1580 cm-1. It demonstrates that the film is a normal DLC
film with a combination of sp2 and sp3 carbon structures.

Figure 8: Wear track of DLC coating.
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4. Conclusion

The DLC thin films have been successfully developed on the
Aluminium 5051 samples by the sputtering deposition
method. The substrate heating during the deposition process
plays a crucial role in the adhesion of the film and its hard-
ness. By changing the sputtering deposition power, the films’
hardness and adhesion can be tailor-made. A total hardness
increment of 71% can be achieved by changing the sputter-
ing power in the deposition. By incorporating substrate heat
and 300W power, the highest hardness can be achieved for
the given aluminium DLC thin film. The adhesion is also
influenced by the substrate temperature as well as power,
and the highest adhesion strength can be achieved for sub-
strate heating and 300W power DLC thin film. XRD and
Raman spectroscopy indicated the presence of amorphous
graphite in the DLC films rather than the crystal diamond
form and is mainly due to the formation of sp2 bonds in
the DLC rather than sp3 bonds.

Data Availability

The data used to support the findings of this study are
included in the article. Should further data or information
be required, these are available from the corresponding
author upon request.

Disclosure

This study was performed as a part of the Employment of
the College of Engineering and Technology, Mettu Univer-
sity, Ethiopia.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

The authors thank Saveetha School of Engineering, SIMATS,
Chennai, for providing characterization support to complete
this research work.

References

[1] M. Aamir, K. Giasin, M. Tolouei-Rad, and A. Vafadar, “A
review: drilling performance and hole quality of aluminium
alloys for aerospace applications,” Journal of Materials
Research and Technology, vol. 9, no. 6, pp. 12484–12500, 2020.

[2] L. Patnaik, S. R. Maity, and S. Kumar, “Mechanical and tribo-
logical assessment of composite AlCrN or a-C:Ag-based thin
films for implant application,” Ceramics International,
vol. 47, no. 5, pp. 6736–6752, 2021.

[3] L. H. Hu and Y. K. Wang, “Silicon carbonitride ceramic
surface-modified nanoporous aluminum alloy by preceramic
polysilazane precursor for surface strengthening,” Materials
Science and Engineering: B, vol. 267, article 115113, 2021.

[4] I. Suresh Kannan and A. Ghosh, “Anti-friction and wetting
behavior of a new polymer composite coating towards alumin-
ium and dry machining of AA2024 alloy by coated end mills,”
Journal of Materials Processing Technology, vol. 252, pp. 280–
293, 2018.

[5] G. S. Goindi and P. Sarkar, “Dry machining: A step towards
sustainable machining - Challenges and future directions,”
Journal of Cleaner Production, vol. 165, pp. 1557–1571, 2017.

4000

0.0025

0.0050

Ra
m

an
 u

ni
ts

0.0075

0.0100

26
22

15
95

12
97

G peak

D peak

3750 3500 3200 3000 2750 2500 2250 2000 1750 1500
Wavenumber/cm–1

1250 1000 750 500 250

Figure 9: Raman spectra of DLC film.

6 Journal of Nanomaterials



[6] X. Wang, B. Zhang, Y. Qiao, and F. Sun, “Chemo-mechanical
abrasive flow machining (CM-AFM): a novel high-efficient
technique for polishing diamond thin coatings on inner hole
surfaces,” Journal of Manufacturing Processes, vol. 69,
pp. 152–164, 2021.

[7] C. S. S. Anupama, L. Natrayan, E. Laxmi Lydia et al., “Deep
learning with backtracking search optimization based skin
lesion diagnosis model,” Computers, Materials & Continua,
vol. 70, no. 1, pp. 1297–1313, 2022.

[8] F. S. F. Ribeiro, J. C. Lopes, E. C. Bianchi, and L. E. de Angelo
Sanchez, “Applications of texturization techniques on cutting
tools surfaces—a survey,” International Journal of Advanced
Manufacturing Technology, vol. 109, no. 3–4, pp. 1117–1135,
2020.

[9] N. M. El Basiony, E. E. Badr, S. A. Baker, and A. S. El-Tabei,
“Experimental and theoretical (DFT&MC) studies for the
adsorption of the synthesized Gemini cationic surfactant
based on hydrazide moiety as X-65 steel acid corrosion
inhibitor,” Applied Surface Science, vol. 539, article 148246,
2021.

[10] P. Sesták, M. Friák, D. Holec, M. Všianská, and M. Sob,
“Strength and brittleness of interfaces in Fe-Al superalloy
nanocomposites under multiaxial loading: an Ab initio and
atomistic study,” Nanomaterials, vol. 8, no. 11, p. 873, 2018.

[11] P. Bazan, P. Nosal, A. Wierzbicka-Miernik, and S. Kuciel, “A
novel hybrid composites based on biopolyamide 10.10 with
basalt/aramid fibers: mechanical and thermal investigation,”
Composites Part B: Engineering, vol. 223, p. 109125, 2021.

[12] R. Shrivastava and K. K. Singh, “Interlaminar fracture tough-
ness characterization of laminated composites: a review,” Poly-
mer Reviews, vol. 60, no. 3, pp. 542–593, 2020.

[13] F. An, C. Lu, Y. Li et al., “Preparation and characterization of
carbon nanotube-hybridized carbon fiber to reinforce epoxy
composite,” Materials and Design, vol. 33, no. 1, pp. 197–
202, 2012.

[14] R. Chatzimichail, A. Christogerou, S. Bebelis, and
P. Nikolopoulos, “Surface and grain boundary energies as well
as surface mass transport in polycrystalline MgO,” Journal of
Materials Engineering and Performance, 2021.

[15] M. M. Shaban, A. M. Eid, R. K. Farag, N. A. Negm, A. A.
Fadda, and M. A. Migahed, “Novel trimeric cationic pyrdi-
nium surfactants as bi-functional corrosion inhibitors and
antiscalants for API 5L X70 carbon steel against oilfield forma-
tion water,” Journal of Molecular Liquids, vol. 305, article
112817, 2020.

[16] A. Tamtögl, E. Bahn, M. Sacchi et al., “Motion of water mono-
mers reveals a kinetic barrier to ice nucleation on graphene,”
Nature Communications, vol. 12, no. 1, pp. 4–11, 2021.

[17] L. Natrayan and A. Merneedi, “Experimental investigation on
wear behaviour of bio-waste reinforced fusion fiber composite
laminate under various conditions,” Mater. Today Proc.,
vol. 37, Part 2, pp. 1486–1490, 2021.

[18] A. S. Mitko, D. R. Streltsov, P. V. Dmitryakov, A. A. Nesmelov,
A. I. Buzin, and S. N. Chvalun, “Evolution of morphology in
the process of growth of island poly(p-xylylene) films obtained
by vapor deposition polymerization,” Polymer Science, Series
A, vol. 61, no. 5, pp. 555–564, 2019.

[19] B. von Boehn, C. Penschke, X. Li et al., “Reaction dynamics of
metal/oxide catalysts: methanol oxidation at vanadium oxide
films on Rh(1 1 1) from UHV to 10−2 mbar,” Journal of Catal-
ysis, vol. 385, pp. 255–264, 2020.

[20] M. Yang, Y. Liu, T. Fan, and D. Zhang, “Metal-graphene inter-
faces in epitaxial and bulk systems: a review,” Progress inMate-
rials Science, vol. 110, article 100652, 2020.

[21] P. Karapappas, A. Vavouliotis, P. Tsotra, V. Kostopoulos, and
A. Paipetis, “Enhanced fracture properties of carbon rein-
forced composites by the addition of multi-wall carbon nano-
tubes,” Journal of Composite Materials, vol. 43, no. 9, pp. 977–
985, 2009.

[22] S. L. K. Konuru, V. Umasankar, B. Sarkar, and A. Sarma,
“Microstructure and mechanical properties of tungsten and
tungsten-tantalum thin film deposited RAFM steel,”Materials
Research Innovations, vol. 24, no. 2, pp. 97–103, 2020.

[23] S. Yogeshwaran, L. Natrayan, G. Udhayakumar, G. Godwin,
and L. Yuvaraj, “Effect of waste tyre particles reinforcement
on mechanical properties of jute and abaca fiber- epoxy hybrid
composites with pre-treatment,”Materials Today: Proceedings,
vol. 37, Part 2, pp. 1377–1380, 2021.

[24] A. Salman, D. Catur, I. Made Septayana, and M. Dani Master-
awan, “Tensile strength and bending analysis in producing
composites by using vacuum resin infusion (VARI) method
for high-voltage insulator application,” in 2018 2nd Interna-
tional Conference on Applied Electromagnetic Technology
(AEMT), pp. 39–43, Lombok, Indonesia, 2018.

[25] M. Wang, Z. Wang, X. Gong, and Z. Guo, “The intensification
technologies to water electrolysis for hydrogen production - a
review,” Renewable and Sustainable Energy Reviews, vol. 29,
pp. 573–588, 2014.

[26] M. B. Ali, R. Saidur, and M. S. Hossain, “A review on emission
analysis in cement industries,” Renewable and Sustainable
Energy Reviews, vol. 15, no. 5, pp. 2252–2261, 2011.

[27] K. Aarthi and K. Arunachalam, “Durability studies on fibre
reinforced self compacting concrete with sustainable wastes,”
Journal of Cleaner Production, vol. 174, pp. 247–255, 2018.

[28] Z. Yuan, F. Tao, J. Wen, and Y. Tu, “The dependence of micro-
structural evolution and corrosion resistance of a sandwich
multi-layers brazing sheets on the homogenization annealing,”
IEEE Access, vol. 7, pp. 121388–121394, 2019.

[29] C. W. Tan, Z. G. Jiang, L. Q. Li, Y. B. Chen, and X. Y. Chen,
“Microstructural evolution and mechanical properties of dis-
similar Al-Cu joints produced by friction stir welding,” Mate-
rials and Design, vol. 51, pp. 466–473, 2013.

[30] D. D. Gorhe, K. S. Raja, S. A. Namjoshi, V. Radmilovic,
A. Tolly, and D. A. Jones, “Electrochemical methods to detect
susceptibility of Ni-Cr-Mo-W alloy 22 to intergranular corro-
sion,” Metallurgical and Materials Transactions A, Physical
Metallurgy and Materials Science, vol. 36, no. 5, pp. 1153–
1167, 2005.

[31] Q. Lin, W. Dong, Z. Wang, and D. Xue, “Research on galling
behavior in square cup drawing of high tensile strength steel,”
in 2010 International Conference on Digital Manufacturing &
Automation, pp. 212–215, Changcha, China, 2010.

7Journal of Nanomaterials



Research Article
Nanotechnology-Based Sensitive Biosensors for COVID-19
Prediction Using Fuzzy Logic Control

Vikas Maheshwari,1 Md Rashid Mahmood,1 Sumukham Sravanthi,2 N. Arivazhagan,3

A. ParimalaGandhi,4 K. Srihari ,5 R. Sagayaraj,6 E. Udayakumar,4 Yuvaraj Natarajan,7

Prashant Bachanna,8 and Venkatesa Prabhu Sundramurthy 9

1Dept. of ECE, Guru Nanak Institutions Technical Campus, Ibrahimpatnam, Dist R.R., Hyderabad Telangana State 501506, India
2Dept. of CSE, Kakatiya Institute of Technology and Science, Warangal, India
3Department of Computational Intelligence, SRM Institute of Science and Technology, SRM Nagar, Kattankulathur 603203, India
4Dept. of ECE, KIT-Kalaignarkarunanidhi Institute of Technology, Coimbatore, India
5CSE, SNSCT, India
6Department of EEE, Muthayammal Engineering College, Namakkal, India
7Research and Development, ICT Academy, 600096, Chennai, India
8Dept. of ECE, Bharat Institute of Engineering and Technology, Hyderabad, Telangan 501510, India
9Department of Chemical Engineering, Addis Abada Science and Technology University, Ethiopia

Correspondence should be addressed to Venkatesa Prabhu Sundramurthy; venkatesa.prabhu@aastu.edu.et

Received 4 September 2021; Revised 22 September 2021; Accepted 7 October 2021; Published 3 November 2021

Academic Editor: Lakshmipathy R

Copyright © 2021 Vikas Maheshwari et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Increasing the growth of big data, particularly in healthcare-Internet of Things (IoT) and biomedical classes, tends to help patients
by identifying the disease early through methods for the analysis of medical data. Hence, nanotechnology-based IOT biosensors
play a significant role in the medical field. Problem. However, the consistency continues to decrease where missing data occurs in
such medical data from nanotechnology-based IOT biosensors. Furthermore, each region has its own special features, which
further lowers the accuracy of prediction. The proposed model initially reconstructs lost or partial data in order to address the
challenge of handling the medical data structures with incomplete data. Methods. An adaptive architecture is proposed to
enhance the computing capabilities to predict the disease automatically. The medical databases are managed by unpredictable
environments. This optimized paradigm for diagnosis produces the fuzzy, genetically categorized decision tree algorithm. This
work uses a normalized classifier namely fuzzy-based decision tree (FDT) algorithm for classifying the data collected via
nanotechnology-based IOT biosensors, and this helps in the identification of nondeterministic instances from unstructured
datasets relating to the medical diagnosis. The FDT algorithm is further enhanced by using genetic algorithms for effective
classification of instances. Finally, the proposed system uses two larger datasets to verify the predictive precision. In order to
describe a fuzzy decision tree algorithm based upon the fitness function value, a modified decision classification rule is used.
The structure and unstructured databases are configured for processing. Results and Conclusions. This evaluation of test
patterns helps to track the efficiency of FDT with optimized rules during the training and testing stages. The proposed method
is validated against nanotechnology-based IOT biosensors data in terms of accuracy, sensitivity, specificity, and F-measure.
The results of the simulation show that the proposed method achieves a higher rate of accuracy than the other methods. Other
metrics relating to the model with and without feature selection show an improved sensitivity, specificity, and F-measure rate
than the existing methods.
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1. Introduction

As medical knowledge grows, the electronic health record
(EHR) subsequently grows dramatically. The COVID-19
prediction has become a major factor in big data analytics
as data increases in size. Classification algorithms were devel-
oped to improve medical diagnosis accuracy [1]. The classifi-
cation method in big data analysis leads to the classification
of datasets according to the diagnostic application with
machine learning algorithms.

Efficient techniques are employed in large data analytics
to find insights, correlations, and cached patterns from input
data collected from the nanotechnology-based IoT biosen-
sors. The data analytics provides improved decision-making,
cost reductions, and development of new items to meet the
customer requirements. Hence, it addresses the challenges
of various applications, such as health care, plants, and bio-
informatics, with wide advantages [2]. The problems are
addressed via machine learning strategies that include rule-
based and decision-making. Most classification algorithms
only take structured data into account. In the processing of
unstructured data, structured and unstructured information
is generally combined [3, 4] to reduce the disease-prediction
risk. The combination of the information eases the cost of
processing and reduces the redundant information.

Artificial Intelligence (AI) is a troublesome technology
used as smarter technology on wide varied applications,
ranging from automobile industry to healthcare industry.
AI was additionally used to track the virus spread, to identify
the patients with high risk areas and antiviral drug in con-
trolling the pandemic in real-time environment. AI predicts
the risk of mortality rate by analyzing the patient datasets.
This application of AI can help in screening the population,
notification, medical help, and suggestion on infection con-
trol. It further assists in treatment, planning, and prediction
of disease spread and outcomes of patients using AI
evidence-based tool.

AI is a powerful intelligence method in the fighting the
pandemic, and it has scrambled the AI on healthcare analyt-
ics. AI with predefined datasets can predict and track the
infectious spread on timely manner across various regions.
The challenges include problems associated with forecasting
the pandemic over unbiased and historical data for training
the AI. It includes panic activities among humans and the
statistics difference from existing pandemics (Spanish flu,
H1N1 influenza, and AIDS). The lack of proper datasets
and big data is considered problematic in finding the infec-
tious spread.

Therefore, the classification of unstructured data using
classification algorithms is important to classify separately.
The risk of disease prediction based on qualified classifiers
is reduced in this manner. Structured data treatment method
is proposed in the [5] for unstructured medical image data.
Integrated structure systems [6] for medical text documents
are structured using a Bayesian classifier for extracting the
attributes. In addition, k-means identifies the data and
ensures optimum data classification. The search method [7,
8] is used to classify the connections through which unstruc-
tured medical data is organized. This proposed technique

produces improved accuracy results than the other tech-
niques based on the SVM [9–13]. Some of the methods are
listed in Table 1.

The above-mentioned methodology cannot identify
medical datasets through a rule-based system. The process-
ing of datasets from the input nanotechnology IoT sensitive
biosensors [14–16] was done using a rule-based method to
minimize redundant data. The rule-based framework with
its rule base and systems unregulated data removes redun-
dant data. In order to improve the risk of accuracy in classi-
fication, the rule set is needed.

In this paper, we propose a fuzzy decision tree (FDT)
method for classification, thereby enhancing the novelty
using the genetic algorithm (GA) to improve decision-
making on a rule-based basis in broad unstructured datasets
from nanotechnology-based IoT biosensors.

The main contribution of the paper is as follows:

(i) The work uses a normalized classifier namely the
fuzzy-based decision tree (FDT) algorithm to iden-
tify the nondetermined instances relating to the
medical diagnosis due to the unstructured nature
of the datasets from nanotechnology-based IoT
biosensors

(ii) The genetic algorithm(GA) is used to improve the
FDT algorithm’s classification rule collection

(iii) The evaluation of test patterns helps to track the
efficiency of FDT with optimized rules during the
training and testing stages

(iv) Finally, the proposed system uses two larger data-
sets to verify the likelihood of predictive precision.

In this proposed work, Section 2 provides the concept of
the article. Section 3 discusses the FDT with GA to design
the predictive problem. Section 4 validates the entire work.
Section 5 concludes the paper with possible directions of
future scope.

2. Basic Concept

This section provides the basics of the hesitant fuzzy algo-
rithm (HFA) that eliminates the hesitations associated with
fuzzy set assignment and membership degree to process
the data from nanotechnology-based IoT biosensors. The
following provides the HFA preliminaries:

Table 1: List of AI-based classification.

Classification model Dataset Accuracy

3D CNN model 498 CT scans 70.02

Desenet201 1260 images 96.21

3D CNN 413 CT images 93.01

ResNet-50 60,457 CT images 98.81

RF and SVM 626 CT images 83.77

DL model 219 images 86.72
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For a fuzzy set D with reference set (Y) is generally
represented in terms of a function hDðyÞ, where Y produces
a subset ½0, 1�, when D is applied over the Y :

D = y, h yð Þh i y ∈ Yjf gwhere y ∈ Y, ð1Þ

where the membership degree of y⟶ A is defined as differ-
ent values set hDðyÞ. Hence, for simplicity, the hðyÞ is gener-
ally referred to as a fuzzy set element.

3. Fuzzy Decision Tree (FDT)

In this section, we provide FDT details and how the genetic
algorithm provides the optimized rule for FDT as illustrated
in Figure 1.

3.1. Data Balancing. Unbalanced datasets collected from
nanotechnology-based IoT biosensors. The former model
tends to reduce the high-dimensional samples and do not
take useful information from the account. Samples for the
small class can be oversized by the latter procedure. At first,
k-means collects the samples from several classes in various
clusters. A number of pseudoclasses were marked or numer-
ated for the classes of balanced dataset collected from
nanotechnology-based IoT biosensors.

3.2. Construction of FDT. Instances with differential mem-
bership are permitted to use FDT from ½0, 1� to multiple
branches. Using fuzzy rules, the node conditions of a branch
are specified. The cases are degraded by different member-
ship levels as they fall at different nodes. If the information
or noise is incomplete, the downfall of the cases is consid-
ered beneficial. However, FDT is slow to use, but the ranking
is better than an ordinary tree.

The FDT consists of construction of tree and nodes for
optimal decision-making. FDT is a fuzzy logic algorithm,
which uses language terms to change the attributes of the
data on medical training. The knowledge gained is used for
attribute evaluation on the connected node. It also uses a
fuzzy dataset that includes membership, input, and target
attributes. The child node set includes all instances of parent
nodes that delete branch attributes. Furthermore, in all cases,
the main distinction occurs in the fuzzy membership.

Consider an input preprocessed dataset (S) collected
from collected from nanotechnology-based IoT biosensors

with an attribute (Ai), where the study uses fFð1Þ
i ,⋯, FðriÞ

i g.
The membership degree of is given by

μ
S F jð Þ

i

� � Xeð Þ = μ
F jð Þ
i

x ið Þ
e

� �
× μS Xeð Þ, ð2Þ

where μSðXeÞ is defined as the membership degree of Xe,

μ
Fð jÞ
i
ðxðiÞe Þ is defined as the membership degree of xðiÞe with a

fuzzy term FðjÞ
i , and S½FðjÞ

i � is defined as the child node.
The algorithm takes the branch attribute into consider-

ation, based on Figure 2, based on the maximum data gain
fuzzy value indicating the fuzzy entropy.

E Sð Þ = 〠
m

i=1
−

Sy=ci
�� ��
Sj j log2

Sy=ci
�� ��
Sj j : ð3Þ

Information gain is given by

IG Ai, Sð Þ = E Sð Þ − 〠
ri

j=1
wjE S F jð Þ

i

h i� �
, ð4Þ

where EðSÞ is defined as the entropy function of S, EðS½FðjÞ
i �Þ

is defined as the child node (j) entropy, and wj is defined as
the child node (j) instances and it is given as follows:

wj =
S F jð Þ

i

h i��� ���
∑ri

j=1 S F kð Þ
i

h i��� ��� : ð5Þ

The above algorithm illustrates the FDT implementation
process. The implementation of the FDT uses a stopping cri-
terion. The standardised maximum IG ½28�method is used as
a stopover criterion.

FDT

Rule
generated

GA

Optimized
ruleset

Training
dataset

Training
dataset

Nanotechnology based
IoT bio‑sensors for

data collection

Classified
results

Figure 1: Proposed classification framework.

A1

A2

A2 = F2

Leaf_1

Leaf_2

(2)

A2 = F2
(1)

A1 = F1
(2)

A1 = F1

C1 = 0.2
C2 = 0.8

C1 = 0.6
C2 = 0.4

C1 = 0.3
C2 = 0.7

(1)
Leaf_3

Figure 2: Fuzzy decision tree.
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The FDT builds the decision tree using discrete proce-
dure in which a fuzzy system is specified for a certain attri-
bute Ai:

B = Ai, eB Aið Þh i Ai ∈ Ajf g: ð6Þ

Finally, the HIG over an attribute Ai on a dataset (S) is
given by

HIG Ai, Sð Þ = 0:2 IG f uf Ai, Sð Þ
� �2

+ IG f in Ai, Sð Þð Þ2
� �

: ð7Þ

Here, Equation (7) is computed using two energy values:
(i) merging and (ii) uniform discretization.

eB Aið Þ = IG f uf Ai, Sð Þ
� �

, IG f in Ai, Sð Þð Þ
n o

ð8Þ

FðAi, SÞ is defined as the predicted drop of entropy due
to an attribute Ai.

f inðAi, SÞ is defined as the predicted drop in entropy
(discretization merge) due to an attribute Ai.

f uf ðAi, SÞ is defined as the predicted drop in entropy due
to an attribute Ai (uniform frequency).

The generated intervals of parameter n are considered
the same and represent a controlled process. In this node,
the fuzzy discretization method based on the information
gain is selected using discrete methods.

3.3. FDT Inference Engine. The decision tree is considered a
rule in the form of leaves. This condition contributes to the
combined history and is classified as a leaf. The rule set is
regarded as consistent when a single classification is per-
formed between the leaves. The main significant for a rule
is also known as consistent training information and a set
of appropriate characteristics. However, when the fuzzy set
is inconsistent, the nonnull membership function results
from its fuzzy value over a single fuzzy set.

The FDT is then transformed into a fuzzy decision trees
in Figure 2. The fuzzy rule fits every leaf. The approximate
reasoning operates under four different categories that

include (i) firing strength, (ii) compatibility degree, (iii) cer-
tainty degree, and (iv) overall output.

3.4. Membership Function Generation. In this paper, two dis-
cretizing methods are used for the cutting points and trian-
gular membership functions. The SD membership feature
transforms the left/right functions into trapezoidal ones,
where the left and right median values are the same. Finally,
both discretization functions generate and build up a mem-
bership function.

4. Rule Optimization Using GA

The decision-making with fuzzy cannot change the mem-
bership rules in order to obtain maximal results. As a result,
the genetic algorithm is used as a primary factor to optimize
rules using FDT output optimization.

The FDT will be used first in this article to generate clas-
sification rules. The GA builds the fitness function based on
the advantages of classification and precision. The rule will
be optimized if the genetic value is greater and vice versa.
To optimize fitness with the crossover and mutation func-
tion, the fitness function is modified. With this change, the
rules get simplified.

4.1. Coding for the Rule. GA uses the binary code, which is a
fixed-long bitcode used in strings with the f0, 1g symbol as
the human symbol. The encoding length is determined by
the attributes value which affects the various GA bitcodes.
If k-means values in an attribute, they are distributed into
k bits having a value. The chromosomes are long and easier
to convert in GA.

The key disadvantage of the FDT tree is the absence of
discrete and numerical characteristics. A number of second-
ary steps must therefore be taken in conjunction with the
binary code. The chromosome is set by the law of classifica-
tion of instances. As the problem can be resolved by some
chromosomes, its consistency would determine the rule set.
If the rule set recognises a new sample, the GA selects the
best rule, and GA selects next rule if the rules set does not
recognise a new sample. Hence, if the rules do not recognise
the new model, then the GA classifies this instance as a

Inputs: membership function, training data, threshold value.
Membership function is set as unity.
Generate root node using fuzzy set.
For a node (N).

Check if the end criteria is reached,
Assume the existence of a leaf N .
Mark the record N belongs to a class is labelled.

Else if end criteria is not reached, then,
Estimate the IG.
Estimate maximum IG.
Find child nodes.

End.
End

Algorithm 1: FDT algorithm.
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default situation. There are a number of regulations based on
its genetic priority; the chromosome is competitive with
other chromosomes.

The proposed model provides the details of the genes in
terms of fixed length and chromosomes:

(i) Weight. Boolean variable of an attribute

(ii) Value. Attribute value: continuous or discrete

(iii) Operator. Genes conjunction: continuous or
discrete

(iv) Gain ratio. Information gain (IG).

The rules are thus obtained with the four characteristic
with a fixed and variable length of chromosome.

4.2. FDT Optimization Using GA. When rules are created by
FDT over a subset with few rules on attaining a higher
classification rate, the optimization process is applied. The
aim is, therefore, to improve the accuracy of FDT by reduc-
ing the fitness function. The fitness function at GA tests the
rule consistency. The fitness function is divided into four
classes based on the rules established:

(i) Class_A predicts true value as true and false value as
true

(ii) Class_B predicts true value as true and false value as
fault

(iii) Class_C predicts true value as fault and false value
as true

(iv) Class_D predicts true value as fault and false value
as fault.

Therefore, the accuracy defines the fitness function:

Accuracy orA = Class A + Class D
T + F

, ð9Þ

where T is defined as the true data sample and F is defined
as the fault data sample.

The precision is capable of producing the correct results
for classification:

Support or S = Class A + Class C
T + F

: ð10Þ

The rule is larger if the value of the support is higher in
dataset and the fitness is estimated as

fitness or f = Natt + nr att

Natt
, ð11Þ

where Natt is defined as the total attributes and nr att is
defined as the total attributes in a rule.

The rule is easy to understand if the individual fitness is
high. Finally, it is calculated by the maximum function as
well:

f itnessmax = x × f + y × s +w × a + z × I−G, ð12Þ

where x, y, w, and z are defined as the variable weights lying
in ½0, 1� and

x + y +w + z = 1: ð13Þ

4.2.1. Crossover and Mutation Operations. The sample data-
set collected from nanotechnology-based IoT biosensors is
coded using code rules, creating new successful individuals.
Search space will then be reduced significantly, and process-
ing speed will be increased.

This paper uses a 2-point crossover and generates an
interval of random numbers ½0, 1�. The parents are selected
randomly for crossover operation if the chance of a cross-
over exceeds the random number. In the same way, a ran-
dom number is generated by an interval ½0, 1�, resulting in
a mutation that exceeds a random number.

The genes consist of four components that must be effec-
tively designed. It is a three-way transmission and one oper-
ator benefit ratio, which is shown in Figures 3–5, which is as
follows:

(i) Operator mutation. If the original gene attributes
are changed, the gene will mutate into the gene
and vice versa

(ii) Weight mutation. Count the weight of the new gene
to be zero, and vice versa. The gene attribute does
not occur in this article if the weight changes from
one to zero

1 = 01 01 = 10

0 ≠ 01 01 = 10

Figure 3: Operator mutation.

1 01 01 = 10

0 01 01 =

=

= 10

1 01 01 = 10

0 01 01 = 10

=

=

Figure 4: Weight mutation.

1 01 01 = 10

0 00 01 = 10

=

=

Figure 5: Value mutation.
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(iii) Value mutation. In the case of a different attribute,
the initial gene replaces the gene value. Likewise,
when a decimal value is created at random, the dec-
imal value will be changed to + or - in the event of
continuing attributes.

5. Experimental Results and Discussion

This section presents the validation of FDT used to collect
data from nanotechnology-based IoT biosensors, where the
sensors are supplied with the data from cord-19 dataset
(available at https://www.kaggle.com/allen-institute-for-ai/
CORD-19-research-challenge). Performance metrics of the
proposed method are evaluated as accuracy, sensitivity,
specificity, and F-measure. In other classifiers, such as
SVM or Bayes, the performance is measured. Parameters
are chosen based on the fuzzy model setup. It means that
the algorithm, while learning, optimizes these coefficients
(according to a given optimization strategy) and returns an
array of parameters which reduces the error.

The proposed model is evaluated using an Artificial
Immune Recognition System based on support vector
machine, SVM-genetic algorithm, SVM-Fuzzy, Latent
Dirichlet allocation, Bayesian classifier, dictionary-based
linguistic rules decision models, and natural language
processing, as shown in Tables 2–7.

The results show that the FDT (Table 8) is more accurate
than conventional methods. The principal reason for the

Table 5: Evaluation of sensitivity.

Algorithms With FS Without FS

Proposed 0.944444 0.699522

SVM-AIRF 0.943764 0.669993

SVM-GA 0.935083 0.696346

SVM-Fuzzy 0.93642 0.67885

BC 0.927023 0.695057

LDA 0.927023 0.686166

LR 0.675202 0.725076

DMDA 0.666434 0.698569

NLP 0.691306 0.716806

Table 6: Evaluation of specificity.

Algorithms With FS Without FS

Proposed 0.996367 0.999931

SVM-AIRF 0.996327 0.999959

SVM-GA 0.997306 0.999834

SVM-Fuzzy 0.997293 0.974218

BC 0.998183 0.975927

LDA 0.998183 0.975825

LR 0.99887 0.976826

DMDA 0.999476 0.97635

NLP 0.999434 0.977293

Table 7: Validation of infections developing in a patient w.r.t risk
factors (RF).

Patient
Unchangeable

RF
Changeable

RF
Controllable

RF
Likelihood
of infection

1 0.6438 0.6071 0.5946 0.6124

2 0.3241 0.4017 0.3339 0.3439

3 0.5096 0.6256 0.6842 0.6399

4 0.4389 0.3392 0.5057 0.451

5 0.696 0.6609 0.7347 0.6908

6 0.6408 0.6396 0.6725 0.6513

Table 4: Evaluation of precision.

Algorithms With FS Without FS

Proposed 0.826911 0.998376

SVM-AIRF 0.825347 0.998985

SVM-GA 0.869621 0.996198

SVM-Fuzzy 0.869147 0.544712

BC 0.903521 0.568991

LDA 0.903521 0.569417

LR 0.972014 0.58184

DMDA 0.986919 0.574265

NLP 0.986401 0.589668

Table 3: Evaluation of F-measure.

Algorithms With FS Without FS

Proposed 0.881778 0.822648

SVM-AIRF 0.880592 0.802064

SVM-GA 0.901165 0.819711

SVM-Fuzzy 0.90153 0.604428

BC 0.915121 0.625737

LDA 0.915121 0.622364

LR 0.796866 0.645609

DMDA 0.795615 0.630347

NLP 0.812901 0.647051

Table 2: Evaluation of accuracy with and without feature selection
(FS).

Algorithms With FS Without FS

Proposed 0.99543 0.982747

SVM-AIRF 0.995378 0.981016

SVM-GA 0.996133 0.981992

SVM-Fuzzy 0.996146 0.96138

BC 0.996901 0.963646

LDA 0.996901 0.96293

LR 0.981094 0.966107

DMDA 0.98082 0.964219

NLP 0.982174 0.965951
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improvement is that the genetic algorithm is present to opti-
mize the rules for structuring the large dataset collected from
nanotechnology-based IoT biosensors. In the testing and
training phase, the proposed method manages incomplete
data. The FDT-classifier effectively manages the missing data
during the preprocessing operation, which produces better
results and outweighs conventional classifiers. This method
also reduces the disparity in classification decisions based
on their respective decision-making treaties. A new record
is effectively classified on the basis of HDFT. In prediction,
the presence of the feature selection method is significant
in comparison with the standard methods. As the informa-
tion gain is selected by its entropy values for the correspond-
ing data, consequently, the results are increased and
correctly diagnosed.

6. Conclusion

In this paper, we propose technique to improve the risk pre-
diction for COVID-19 new classification technique incorpo-
rating FDT in genetic algorithms for rule optimization. The
proposed solution is much more likely to be diagnosed by
physicians compared to traditional prediction algorithms.
Moreover, by using metaheuristic methods, the proposed
work can be strengthened to refine the rule set of the deci-
sion tree.

Future methods can rely on finding the confirmation of
real-time data over polymerase chain reaction of a viral

agent. AI-based ML/DL/RIL methods can be used for find-
ing the polymerase chain reaction in finding the viral medi-
cine. The studies can be developed on collection of datasets
that can provide a balance between public health and data
privacy with AI interactions. The privacy of the data using
blockchain technology can enable secured transactions of
healthcare data and embedding AI for data analytics to pre-
dict the future of infectious spread.
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The mechanical properties of TiAlN deposited on the steel are explained in this study. Thin films are deposited by RF magnetron
sputtering on the steel substrates to improve the wear resistance and hardness of the samples. Due to their improved
microstructure and nanograins, the nanofilms have improved the mechanical properties of the steel substrate surface. The thin
film deposited has improved the wear resistance by 80% and has improved the hardness by 95%. The deposited thin films are
tested for hardness by nanoindentation and wear test by the pin-on-disk test. SEM has tested films for their microstructure
and adhesion by nanoscratch test.

1. Introduction

Titanium aluminium nitride (TiAlN) films have grown due
to several notable mechanical characteristics, such as excep-
tional hardness, wear resistance, and corrosion resistance
[1]. TiAlN films have several other advantages as well [2].
TiAlN also has a low thermal expansion coefficient and a
high conductivity coefficient [3]. These coatings are used in
various industries, including the semiconductor device busi-
ness, where they serve as an electrode barrier to protect
semiconductor devices from damage [4]. TiAlN films are
also being used in bioapplications as coatings for bioim-
plants [5]. Titanium-based implants made using DMLS
(direct metal laser sintered) technology are relatively new
to the biomedical profession [6]. Even though cobalt-based
and nickel-based alloys are still in use in the medical profes-
sion [7], titanium and its alloys are becoming increasingly
popular in the field [8].

PVD coatings are responsible for both the gradient
diffusion layer’s thickness and the layer’s adherence to the
substrate [9]. Utilizing PVD methods for nitride layer for-
mation to improve the properties of biomaterials or machin-
ing tools is a fairly popular method of improving
performance [10]. This metal nitride is extremely resistant
to oxidation due to the formation of a sublayer of titanium
dioxide (TiO2) and protective aluminium oxide (Al2O3) pro-
tective film [11]. TiAlN thin film has already been applied
using a variety of deposition techniques, including physical
vapour deposition (PVD), thermogradient reactive deposi-
tion process (TRD), and magnetron sputtering [12]. Other
deposition techniques, such as physical vapour deposition
(PVD), thermogradient reactive deposition process (TRD),
and magnetron sputtering process, are used [13]. Faults,
such as interstitial faults, emptiness, and point defects, can
occur in the design process [14]. When a coating is applied,
residual stress and other defects impact the coating’s
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performance [15]. Kishi et al. investigated and found that the
adhesion between polystyrene and CF reinforced epoxy ply
should be improved for better flexural properties [16]. Cho
et al. observed that incorporation of GO in to CF reinforced
epoxy composites improves the interfacial strength between
matrix and reinforcement due to hydrogen bonding and
mechanical interlocking [17]. Kumar et al. found that the
carbon black modified CFs possess better surface energy,
due to the topology of the CFs than the untreated CFs and
also observed that carbon black modified CF epoxy compos-
ites have better interfacial adhesion due to the wettability
between matrix and CF [18]. Yogeshwaran et al. investigated
and found that carbon fabric reinforced epoxy composite
exhibits better shear response than UDCF reinforced epoxy
composites because of the energy absorption capacity of fab-
ric at ultimate levels of stress and strain [19].

AISI 304 is one of the most widely used modern struc-
tural materials [20]. These properties allow it to be welded,
making it highly corrosion resistant and capable of with-
standing mechanical stress [21]. However, only wear and
cavitation erosion resistance is protected by this cap (CER)
[22]. To strengthen the wear resistance of SS, apply several
types of hard coatings, such as TiN, CrN, TiAlN, AlTiN, or
AlCrN. As a result of advances in TiAlN or AlTiN technol-
ogy, current TiAlN or AlTiN hard films are now extensively
used to manufacture machine tools or machine components

to reduce tribochemical and adhesive wear or to enhance
their resilience to extreme heat conditions [23]. Therefore,
if metal components undergo severe wear processes, their
overall wear resistance can be enhanced by utilizing AlTiN
and TiAlN coatings, with various Al/(Ti +Al) ratios.
Another benefit of TiAlN or AlTiN-based universal ternary
coating systems is their ability to significantly improve
tribological properties, as well as resistance to cavitation
erosion [24].

TiN and CrN hard thin film coatings have a higher CER
on their steel substrates than steel substrates that have not
been coated with hard thin films. When it comes to mechan-
ical properties, ternary film systems are often preferable to
binary coating processes in most cases. Furthermore,
according to the literature, for CER and PVD coatings, film
characteristics and substrate mechanical properties are criti-
cal considerations. In addition to this, research is looking
into using an aluminium alloy coated with a thin TiAlN
layer as a structural component [25]. The constant evolution
of the metal machining industry has resulted in the intro-
duction of continuous cutting and interrupted cutting
methods of cutting. When milling is interrupted during cut-
ting, the mechanical impact and heat induce mechanically
and comb cracks to form in the material. Damage resistance
and adhesion are critical for a successful application.
Because coated milling tools are subjected to fractures that

Figure 1: Sputtering machine.

Figure 2: Agilent G200 nanoindenter and nanoscratch device.

Table 1: Hardness values of TiAlN thin films.

Sample
100W-
TiAlN

150W-
TiAlN

200W-
TiAlN

250W-
TiAlN

Hardness (HV) 28.1 30.5 32.1 30.2

Table 2: Elastic modulus values of TiAlN thin films.

Sample
100W-
TiAlN

150W-
TiAlN

200W-
TiAlN

250W-
TiAlN

Modulus (GPa) 510 545 555 530

Figure 3: TiAlN thin film on steel.
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originate and propagate throughout the milling process,
their cutting capabilities are severely limited. When the
tool’s surface layers are alternately extended and contracted
when the tool is being used, this is a highly common source
of cracks in the tool. Since the tool coating promotes numer-
ous comb cracks and the fact that the multilayered TiN/TaN
combination allows the tools to interact with each other,
stainless steel that is milled using cemented carbide tools
coated with multilayered TiN/TaN and single-layered TiN
and TaN tends to suffer from higher rates of failure when
milled with tools with these coating combinations [26].
Cutting tools with high hardness, high toughness, high oxi-
dation resistance, and high hot hardness are ideal for inter-
rupting processes in the manufacturing process.

In this study, HSS steel of grade M35 is selected for the
study and is coated by TiAlN by using RF sputtering deposi-
tion process. Samples were tested for their hardness, micro-
structure, wear resistance, and adhesion. Coatings are tested
with nanoindentation, SEM, pin-on-disk, and nanoscratch
test that were evaluated.

2. Materials and Methods

The RF sputtering procedure was used to coat TiAlN targets
on steel to get a uniform coating. This material, which has a
purity of 99.99%, a diameter of 50mm, and a thickness of
3mm were obtained and used in the current study. The
experimental system is depicted in Figure 1. A magnetron
is connected to the power source through an impedance

matching network to hold the target material in place. In
order to serve as an electrode, the chamber is connected to
the ground, resulting in a fully functional circuit. Sputtering
power is varied from 100W to 250W in steps of 50W.

Steel is cut into 10 × 10 × 1mm substrates and ground
down to a degree of precision of order 0.2m by utilizing sev-
eral grades of abrasive papers and diamond polish to achieve
this precision level. Steel samples that have been cleaned and
etched are submerged in an acetone solution for ten
minutes, after which they are sputter-etched in oxygen
plasma for the remaining ten minutes [27]. Turbo pumps
are used to keep the operating pressure in the vacuum cham-
ber constant at 10-12 bar at all times. The total thickness of
TiAlN films is 1000 nm. The nanoindentation procedure is
used to investigate the mechanical behaviour of thin films
(hardness, elastic modulus). Temperature and pressure are
always maintained as constant. Figure 2 shows the nanoin-
dentation instrument, which is used for both hardness and
adhesion tests [28].

The scratch test is performed on the samples to deter-
mine the adhesion of the DLC coatings that have been devel-
oped. Furthermore, the scratch analysis of the film is carried
out using the nanoindentation machine with Berkovich
indenter. The critical load of coating peels offload gradually
increased over a period of time. This load is considered the
adhesion strength of the film, and it is considered the maxi-
mum load [29].

The scanning electron microscope (SEM) is used in the
examination of the thin film microstructure. Pin-on-disk
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Figure 4: Hardness variation in samples.
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method is used for the wear resistance measurement. Pin
made of uncoated steel samples is used to measure wear
and friction in the laboratory. For the test, 100 gm of the
load is utilized, and 5000 revolutions are completed.

3. Results and Discussions

Tables 1 and 2 exhibit the developed thin film modulus and
hardness values, determined using nanoindentation testing
with a load vs. deflection measurement method [30]. A
micro-Newton load was applied using the Berkovich
indenter. Figure 3 shows the TiAlN thin film on a steel
substrate.

As the soft substrate takes away all the load, the underre-
ported value is difficult to measure. It has hard to discern the
hardness and elastic modulus of the coating with ordinary
indentation. The soft substrate cushioned the rigid thin film
coating. The DLC coating is extremely rigid, and it directly
applies the load to the substrate [31]. When a load is applied,
elastic deformation occurs to the substrate, and the hardness
under load is measured. When a load is applied, the sub-
strate exhibits elastic deformation, and the load-hardness
relationship is examined. These findings resulted in the
combined hardness of the coating and substrate, which
degraded the quality of the coating. Many trials were per-
formed on each sample, and the average hardness and elas-
ticity modulus were determined. The exact hardness of the
sample area is determined under the condition of unplug-
ging the load. When the maximum load was reached, each
trial was held for 15 seconds [32].

The hardness values of the thin films calculated are pre-
sented in Table 1. The highest hardness has been measured
for the sample, which is coated at 200W substrate power.
The highest hardness is 14% higher than the least hardness
measured. Although the nanohardness of the TiAlN sample
is measured, there are high chances of getting defective mea-
surements due to the presence of defects under the subsur-
faces of the surface [33].

Due to these defects, the nanoindentation method is not
suitable for bulk materials. However, the modulus of the
materials can be compared. The modulus of M35 steel is
207GPa, whereas the highest measured modulus in this
study is 555GPa. TiAlN is 168% higher than the M35 steel.
Figures 4 and 5 expose graphical representations of hardness
and modulus values of thin films deposited. It indicates that
the TiAlN thin film has considerably increased the hardness
and modulus of the substrate [34].

4. Microstructure

SEM micrograph of the TiAlN sample deposited at 200W
sputtering power is shown in Figure 6. The deposited thin
film has a microstructure of size 5-6 nm. The microstructure
is uniform in nature and has very few pinholes and defects.
The nature of the film as it has nano-sized grains is respon-
sible for the increase in hardness. The structure is similar to
all the samples [35]. The remaining samples have the same
microstructure but with higher defects. Due to these defects,
it can be said that the hardness has been reduced for the

other samples. The TiAlN particles are evenly distributed
in the thin film. The defects present in the thin film are gen-
erated due to the stresses developed during the deposition
process. As the incoming atoms come with high energy,
the impact of the particles causes stresses in the film. There
is no stress-relieving mechanism employed during the
deposition like annealing. There is no film peel off that has
been observed indicating the good affinity of the film with

Figure 7: TiAlN deposited at 100W power.

Figure 8: TiAlN deposited at 150W power.

Figure 6: SEM micrograph of TiAlN thin film.
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the sample [36]. For comparison purposes, the SEM micro-
graphs of films deposited at 100 and 150 are given in
Figures 7 and 8.

4.1. Wear Test. The coating samples were tested using pin-
on-disk wear testing after being placed on a steel pin and
subjected to wear. Wear values in the samples ranged
between 0.02 and 0.04. There are some differences in the
COF curves of the two samples. It means that the sample
was subjected to abrasion wear during the testing process.
Despite low COF concentrations, it is still possible to detect
them. Figure 9 gives the wear rate behaviour of the sample
tested.

All coating samples exhibited no signs of film chipping
or peeling, indicating that the TiAlN coating adhered to
the substrates effectively under the conditions used in the
current test.

4.2. Adhesion Test. The nanoscratch test is used to determine
the adhesion strength of TiAlN films. The values that are
included in the results are shown in Table 3. The samples’
adhesive strength increases in direct proportion to the
increase in substrate power up to 20W. When the power
output is increased from 200W to 250W, the adhesion
strength decreases significantly. When the amount of sput-
tering energy supplied to an atom increases, so does the
amount of energy transferred from that atom to the impact
point, causing increased stress. Following the nondissipation
of this stress, additional atoms are deposited on top of it,
resulting in a stress build-up. The stress in the film increases
as the sputtering power increases, resulting in a loss of adhe-
sion between the film and the substrate.

5. Conclusion

TiAlN thin films are successfully deposited onto the H35
steel substrate. The TiAlN thin films have remarkably
improved the hardness and the modulus of the substrate.
The modulus has increased by 168% compared to the sub-
strate by the thin film application. The thin film generated
has a microstructure of order less than 10nm with a uniform
surface. Further study is needed to make the film error-free
with pinholes and cracks. The adhesion of the film is better
when the sputtering power is maintained at 200W. Overall,
to obtain better adhesion and hardness along with wear
resistance suggested maintaining sputtering power at 200W.

Data Availability

The data used to support the findings of this study are
included within the article. Should further data or informa-
tion be required, these are available from the corresponding
author upon request.

Disclosure

It was performed as a part of the Employment of Kombolcha
Institute of Technology, Wollo University, Kombolcha,
Amhara, Ethiopia.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

The authors thank Saveetha School of Engineering, SIMATS,
Chennai, for providing characterization supports to com-
plete this research work.

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

1000 revolutions 2000 revolutions 3000 revolutions 4000 revolutions

Wear rate g/Nm

Figure 9: Wear rate of TiAlN thin film.

Table 3: Elastic modulus values of TiAlN thin films.

Sample
100W-
TiAlN

150W-
TiAlN

200W-
TiAlN

250W-
TiAlN

Adhesion strength (GPa) 32.1 38.6 41.3 34.3
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In this article, the photovoltaic thermal collector (PVT) have designed and fabricated using nanoparticle nanofluid. The cause of
this is to check out the effect of using water and water-based totally graphene nanoplatelets at an awareness of 0.05wt% on the
performance of PVT structures. Outdoor assessments have been performed at quantity along with the float prices of 0.5 L/min
and 1.0 L/min for the aforementioned nanofluids, respectively, using water as a reference fluid. The results that have been
analyzed from an active angle confirmed and determined that, graphene water nanofluid achieved higher in phrases of
photovoltaic active conversion, than water that might generate the first-class thermal performance sooner or later of the peak
period of sun radiation and high mobile temperature. The inclusion of water in the PVT collector increases average daily
electrical efficiency by 7.8%, and 8.5%at flow rates of 0.5 LPM and 1.0 LPM, respectively. Furthermore, using water in the PVT
collector increases average daily thermal efficiency by 24.9%, and 26.3%at flow rates of 0.5 LPM and 1.0 LPM, respectively.

1. Introduction

Renewable energy such as solar, wind, hydro, biogas, tidal,
and waves plays a vital role all over the world. Solar energy
is one of the eminent renewable power resources that offer
future technology properly [1]. The critical software of solar
strength can be labeled into two kinds: sun thermal device,
which renovates sun electricity to thermal energy, and pho-
tovoltaic (PV) device, which transfigures solar electricity to
electric power [2]. Usually, the structures are used after the
opportunity [3]. The combined shape of sun thermal and
photovoltaic (PV) is thought to be a photovoltaic thermal
(PVT) system [4]. A noteworthy study which works on
PVT structures has been completed in the past 50 years [5,

6]. Increasing the temperature of a solar panel by way of
one degree Celsius has been shown to result as zero [7, 8],
five percent lower in electric performance for silicon cells
[9]. As an end result, solar panels can be cooled using an
expansion of coolants, along with water and nanofluids.
The following arethe number of most trendy research that
have been tested in this literature. Wolf [10] provided an
idea of PV/T creditors for the first time and large observa-
tion has been carried out at the general performance of the
module using experimental and theoretical techniques, with
water-cooled flat-panel PV/T lenders, being frequently used .

Natrayan and Merneedi [11] pioneered the use of water
or air as a fluid medium in a sun thermal collector. Sardar-
abadi et al. [12] performed a test in PVT systems using
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water, due to the fact that bottom fluid and Sio2 nanofluid at
adaquate concentrations. They observed that, standard over-
all performance come to be 3.6 percent for 1 wt percentage
and 7.9 percent for 3 wt percentage whilst in evaluation to
PVT water. Ghadiri et al. [13] tested diverse portions of
water and ferro fluid (Fe3O4/water) in an indoor PVT
device. In comparison to a PV gadget, the overall modified
performance is proven to be 45 percent. Sardarabadi and
Passandideh-Fard [14] combined three types of nanodebris
(Al2O3, TiO2, and ZnO) with deionized water at an attention
of 0-2wt%. The authors concluded that TiO2 and ZnO had
higher electrical performance, and ZnO had higher thermal
performance.

Al-Shamani et al. [15] investigated with the glide prices
on diverse nanofluids together with SiO2, TiO2, SiC, and
water as a base fluid. According to the results, SiC had the
very fantastic electric-powered performance around thir-
teen, fifty percent and usual performance of 81.73 percent.
Soltani et al. [16] accomplished experimental research in a
PVT device using a Fe3O4/water nanofluid. It was concluded
that preferred typical performance and electricity technology
had been advanced by using the use of 13% and 52%, respec-
tively. The authors additionally confirmed that, using SiO2
stepped forward trendy, overall performance and electricity
output is 3.35 percent and 54.29 percent, respectively.

Al-Waeli et al. [17] experimentally studied 3 varieties of
water-based totally nanofluids consisting of Al2O3, CuO, and
SiC on photovoltaic thermal creditors. It ends up locating that
SiC had better thermal conductivity than the alternative nano-
fluids. Natrayan et al. [18] achieved an experiment having an
observation on the silica/water nanofluid and its overall per-
formance in a PVT system. It is determined that overall per-
formance and exergy might be stepped forward by way of
7.9% and 24.3%, respectively. For lengthy-term stability,
Ag/water nanofluid turn out to be dealt with through
electric-powered explosion of wire [19, 20] and the device
modified into evaluated the usage of thermodynamics, spe-
cifically power and energy performance.

This test turned into carried out with varied concentra-
tions and glide regimes. The intention of this check is to
draw interest to the use of carbon nanomaterials in improv-
ing the general performance of PVT systems. To the great-
ness of the author’s understanding, graphene nanoplatelet
nanofluid grows to be experimentally explored in this paper
for nonconcentrating PVT tool and evaluates its typical
overall performance. The authors examined in contrast the
electric and thermal efficiency of water and the use of nano-
fluids on a PVT collector.

2. Analytical Methodology

Two kinds of energy analysis were carried out in this study
such as electrical and thermal performance of PVT collector
[21] as given below.

2.1. Electrical Energy Analysis. The electrical efficiency of a
PV/T system is typically used to decide its electric overall
performance [22]. The most viable performance at a given
solar intensity is received, through dividing the maximum

appropriate electric-powered energy output of the PV mod-
ule, with the useful resource of the sun intensity accomplish-
ing the PV module’s glazing surface [23].

ηelec =
Pmax
Qs

, ð1Þ

where Pmax is the maximum electrical energy output from
the PV module and may be calculated using Equation (2).
The rate of solar energy received by the panel, which can
be calculated using Equation (3).

Pmax = ImpVmp, ð2Þ

where Imp denotes the maximum current (amps) and maxi-
mum voltage (volts) of the panel.

Qs = AcolIG, ð3Þ

where Acol is the area of the collector (m
2) and IG is the solar

intensity (W/m2).

2.2. Thermal Energy Analysis. The term thermal efficiency is
commonly used to describe the thermal performance of a

Table 1: Technical specification of PV panel.

Specification Values

Pp 260W

Vmp 30.18V

Imp 7.96A

Voc 36.72V

Isc 8.99A

T lc 0.045%K-1

Single-cell dimension 156mm × 156mm
Single-module dimension 1640mm× 992mm × 35mm

Figure 1: Photographic view of experimental setup.
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PV/Tsystem [24]. The low temperature heat is created from
the rear side of the solar panel (as shown by the equation
below).

ηther =
Qu

Qs
, ð4Þ

where Qu is the rate of useful low temperature heat attained
by the solar panel, which can be drawn from

Qu =mCpΔT =mCp To − Tið Þ, ð5Þ

where m is mass flow rate of the fluid (Kg/s), Cp is specific
heat capacity of the fluid (kJ/kgK), ΔT is difference in tem-
perature (K), To is the outlet fluid temperature (K), and Ti is
the inlet fluid temperature (K) [25].

2.3. Experimental Methodology. A photovoltaic thermal sun
collector is made from a storage tank, a nanofluid tank, a
water pump, a temperature gauge, and a pressure gauge

[26]. The outdoor dimensions of the PV/STSC tool are
1640mm in period, 992mm in width, and 35mm in peak,
with serpentine copper tube diameter and top of 6.35mm
and 1600mm, respectively [27]. The technical characteristics
of the PV panel evaluated in these studies are confirmed in
Table 1. A storage tank with an indoor diameter of 300mm
and a top of 500mm becomes built out of chrome steel [28].

Glass wool insulation with a thickness of 0.07m was put
around the storage tank’s perimeter and associated pipes.
The flow rate of the HTF, as well as the system’s intake
and outlet pressure differential, was monitored with a rota-
meter and a pressure gauge. The temperature of the heat
transfer fluid, as well as the system’s current and voltage,
was measured every 30 minutes. The experimental testing
facilities are depicted in Figure 1.

Pressure
gauge_3

Pressure
gauge_2

Nano
fluid
tank

Pump

Pressure
gauge_1

Rotameter

Storage
water
tank

Solar panel

PVT collector

Usable
water

Data
logger

Charge
controllerSun Battery

Figure 2: Schematic view of experimental setup.

Figure 3: Preparation of nanoparticle and nanofluid during the
laboratory.
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Figure 4: Average results of the solar radiation, ambient
temperature, and wind speed at the experimental set up.
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The experiment was carried out from June to August
2020, with the system-oriented East-West. The photographic
view of experimental setup is shown in Figure 1. Schematic
view of the architectural design details is displayed in
Figure 2. Preparation of nanofluid and its related things
are depicted in Figure 3.

3. Results and Discussion

The collected data is averaged and provided for further
computations and examination at every 15 seconds. The
trial days’ climatic parameters, solar intensity, and ambient
temperature have been accumulated and displayed in
Figure 4. The distribution of sun radiation for the duration
is a bell form, with the highest rate at 12:00 pm being
1017.07W/m2 and the lowest values being 307.18W/m2 at
7:00 am and 229.29W/m2 at 17:00 pm, in step with this

graph. The day-by-day common place ambient temperature
climbs from 29.36°C at 09:00 A.M. to 34.23°C at 17:00 P.M.
The consequences of electrical energy on water and nano-
fluid waft charges of 0.5 and 1.0 litres in line with minute
are shown in Figure 5. Electrical energy grew with time until
12 pm because of developing solar intensity, however, then
declined. The common electrical electricity for water is with
glide quotes of 0. 5 LPM and 1.0 LPM have become around
46.43W and 50.34W, respectively. Similarly, the common
electric-powered electricity for water primarily based gra-
phene nanofluids with 0.05 percent concentrations of 0.5
and 1. Zero LPM becomes 51.81W and 53.28W, respec-
tively. The electrical power of PV panels grew in proportion
to the flow rate [21, 22].

Figure 6 depicts the impact of electrical efficiency on
water and nanofluid flow rates of 0.5 and 1.0 liters per
minute. Electrical power decreases with time until 12 p.m.
due to increased solar intensity, then increases. The average
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Figure 5: Electrical power generation of the water and nanofluid
with different flow rates.
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Figure 6: Electrical efficiency of the water and nanofluid with
different flow rates.
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Figure 7: Heat energy gained of the water and nanofluid with
different flow rates.
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electrical efficiency for water flow rates of 0.5 and 1.0 LPM
was around 13.03 percent and 14.19 percent, respectively.
Additionally, the average electrical efficiency of water-
based graphene nanofluids with 0.05 percent concentrations
of 0.5 and 1.0 LPM was 14.92%, and 15.93%, respectively.
Electrical efficiency, like electrical power, and coolent flow
rate increased [29]. Figure 7 exposed that, the heat energy
gained of the water and nanofluid with different flow rates.

Thermal overall performance of PVT collector with
water primarily based on nanofluids has been located at par-
ticular drift charges. As seen from Figure 8, maximum ther-
mal overall performance for water at 0.5 LPM turn out to be
56.7%, and 61.2%, respectively. Similarly, a bent had been
found for 1.0 LPM for water-based totally graphene nano-
fluids with 0.05% attention modified into determined to be
66.3% and 69 and 5%, respectively. Thermal normal perfor-
mance of PVT device changed into more first-class through
increasing flow charge due to the reality at higher glide fee
temperature distinction among inlet and outlet of PV/T
device becomes extra due to excessive warmth absorption
of nanofluid from tool [29].

4. Conclusion

The overall performance of a PVT collector accomplished
through water and graphene nanoplatelets-water nanofluid
with a concentration of 0.5wt% has acheved in this experi-
mental studies. It changed into tested from the factor of view
of the first regulation of thermodynamics at regular coolant
together with the flow prices of 0.5 L/m and 1.0 L/m, which
may be compared. The use of water in the PVT collector com-
plements not unusual each day electric-powered performance
with the aid of 8.5%, while using water-based totally gra-
phene nanofluids inside the PVT collector boosts common
each day thermal overall performance thru manner of 26.3%.
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The data used to support the findings of this study are
included within the article. Should further data or informa-
tion be required, these are available from the corresponding
author upon request.

Disclosure

This research was performed as a part of the Employment of
College of Engineering and Technology, Mettu University,
Ethiopia.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

The authors thank the Management of Lakireddy Bali Reddy
College of Engineering, Sreenidhi Institute of Science and
Technology, SV Engineering College, VR Siddhartha Engi-
neering College, and College of Engineering and Technology

Mettu University for providing research supports to com-
plete this research work.

References

[1] B. J. Brinkworth, B. M. Cross, R. H. Marshall, and H. Yang,
“Thermal regulation of photovoltaic cladding,” Solar Energy,
vol. 61, pp. 169–178, 1997.

[2] S. Yogeshwaran, L. Natrayan, S. Rajaraman, S. Parthasarathi,
and S. Nestro, “Experimental investigation on mechanical
properties of Epoxy/graphene/fish scale and fermented spin-
ach hybrid bio composite by hand lay-up technique,” Mate-
rials Today: Proceedings, vol. 37, pp. 1578–1583, 2021.

[3] J. Ji, J. Han, T. Chow et al., “Effect of fluid flow and packing fac-
tor on energy performance of a wall-mounted hybrid photo-
voltaic/water-heating collector system,” Energy and Buildings,
vol. 38, pp. 1380–1387, 2006.

[4] K. Hemalatha, C. James, L. Natrayan, and V. Swamynadh,
“Analysis of RCC T-beam and prestressed concrete box girder
bridges super structure under different span conditions,”
Materials Today: Proceedings, vol. 37, pp. 1507–1516, 2021.

[5] H. M. Bahaidarah, A. A. Baloch, and P. Gandhidasan, “Uni-
form cooling of photovoltaic panels: a review,” Renewable
and Sustainable Energy Reviews, vol. 57, pp. 1520–1544, 2016.

[6] M. Sandeep Kauthsa Sharma, S. Umadevi, Y. Sai Sampath
et al., “Mechanical behavior of silica fume concrete filled with
steel tubular composite column,” Advances in Materials Sci-
ence and Engineering, vol. 2021, 9 pages, 2021.

[7] A. Chauhan, V. V. Tyagi, and S. Anand, “Futuristic approach
for thermal management in solar PV/thermal systems with
possible applications,” Energy Conversion and Management,
vol. 163, pp. 314–354, 2018.

[8] R. Suryanarayanan, V. G. Sridhar, L. Natrayan et al.,
“Improvement on mechanical properties of submerged fric-
tion stir joining of dissimilar tailor welded aluminum blanks,”
Advances in Materials Science and Engineering, vol. 2021, 6
pages, 2021.

[9] A. Merneedi, N. Mohan Rao, L. Natrayan, L. Yuvaraj, and
P. Paramasivam, “Free vibration analysis of thick rectangular
and elliptical plates with concentric cut-out,” Advances in
Materials Science and Engineering, vol. 2021, article 7212075,
pp. 1–14, 2021.

[10] M. Wolf, “Performance analyses of combined heating and
photovoltaic power systems for residences,” Energy Convers,
vol. 16, pp. 79–90, 1976.

[11] L. Natrayan and A. Merneedi, “Experimental investigation on
wear behaviour of bio-waste reinforced fusion fiber composite
laminate under various conditions,” Materials today: proceed-
ings, vol. 37, no. 2, pp. 1486–1490, 2021.

[12] M. Sardarabadi, M. Passandideh-Fard, and S. Z. Heris, “Exper-
imental investigation of the effects of silica/water nano fluid on
PV/T (photovoltaic thermal units),” Energy, vol. 66, pp. 264–
272, 2014.

[13] M. Ghadiri, M. Sardarabadi, M. Passandideh-fard, and A. J.
Moghadam, “Experimental investigation of a PVT system per-
formance using nano ferrofluids,” Energy Conversion and
Management, vol. 103, pp. 468–476, 2015.

[14] M. Sardarabadi and M. Passandideh-Fard, “Experimental and
numerical study of metal oxides/water nanofluids as coolant in
photovoltaic thermal systems (PVT),” Solar Energy Materials
and Solar Cells, vol. 157, pp. 533–542, 2016.

5Journal of Nanomaterials



[15] A. N. Al-Shamani, K. Sopian, S. Mat, H. A. Hasan, A. M. Abed,
and M. H. Ruslan, “Experimental studies of rectangular tube
absorber photovoltaic thermal collector with various types of
nano fluids under the tropical climate conditions,” Energy
Conversion and Management, vol. 124, pp. 528–542, 2016.

[16] S. Soltani, A. Kasaeian, H. Sarrafha, and D. Wen, “An experi-
mental investigation of a hybrid photovoltaic/thermoelectric
system with nanofluid application,” Solar Energy, vol. 155,
pp. 1033–1043, 2017.

[17] A. H. Al-Waeli, M. T. Chaichan, H. A. Kazem, and K. Sopian,
“Comparative study to use nano-(Al2O3, CuO, and SiC) with
water to enhance photovoltaic thermal PV/T collectors,” Energy
Conversion and Management, vol. 148, pp. 963–973, 2017.

[18] V. Paranthaman, K. Shanmuga Sundaram, and L. Natrayan,
“Influence of SiC particles on mechanical and microstructural
properties of modified interlock friction stir weld lap joint for
automotive grade aluminium alloy,” SILICON, pp. 1–11, 2021.

[19] S. Aberoumand and A. Jafarimoghaddam, “Mixed convection
heat transfer of nanofluids inside curved tubes: An experimen-
tal study,” Applied Thermal Engineering., vol. 108, pp. 967–
979, 2016.

[20] D. Veeman, M. V. Shree, P. Sureshkumar et al., “Sustainable
development of carbon nanocomposites: synthesis and classifi-
cation for environmental remediation,” Journal of Nanomate-
rials, vol. 2021, 2021.

[21] B. Srimanickam and A. Saranya, “Thermal performance of sin-
gle glazing flat plate photovoltaic thermal hybrid system with
various air channels,” Journal of Testing and Evaluation,
vol. 49, no. 3, pp. 2119–2150, 2019.

[22] B. Srimanickam, M. M. Vijayalakshmi, and E. Natarajan,
“Energy and exergy efficiency of flat plate PVT collector with
forced convection,” Journal of Testing and Evaluation,
vol. 46, no. 2, pp. 783–797, 2017.

[23] D. Veeman, M. S. Sai, P. Sureshkumar et al., “Additive
manufacturing of biopolymers for tissue engineering and
regenerative medicine: an overview, potential applications,
advancements, and trends,” International Journal of Polymer
Science, vol. 2021, 20 pages, 2021.

[24] M. R. Salem, M. M. Elsayed, A. A. Abd-Elaziz, and K. M.
Elshazly, “Performance enhancement of the photovoltaic cells
using Al2O3/PCM mixture and/or water cooling-techniques,”
Renewable Energy, vol. 138, pp. 876–890, 2019.

[25] A. H. Al-Waeli, K. Sopian, M. T. Chaichan, H. A. Kazem, H. A.
Hasan, and A. N. Al-Shamani, “An experimental investigation
of SiC nanofluid as a base-fluid for a photovoltaic thermal
PV/T system,” Energy Conversion and Management, vol. 142,
pp. 547–558, 2017.

[26] N. E. Hjerrild, S. Mesgari, F. Crisostomo, J. A. Scott, and
R. Amal, “Hybrid PV/T enhancement using selectively absorb-
ing Ag–SiO2/carbon nanofluids,” Solar Energy Materials &
Solar Cells, vol. 147, pp. 281–287, 2016.

[27] V. Paranthaman, K. Shanmuga Sundaram, and L. Natrayan,
“Effect of silica content on mechanical and microstructure
behaviour of resistance spot welded advanced automotive
TRIP steels,” Silicon, vol. 1, pp. 1–10, 2021.

[28] A. H. Al-Waeli, H. A. Kazem, J. H. Yousif, M. T. Chaichan, and
K. Sopian, “Mathematical and neural network modeling for
predicting and analyzing of nanofluid-nano PCM photovoltaic
thermal systems performance,” Renewable Energy, vol. 145,
pp. 963–980, 2020.

[29] A. Hassan, A. Wahab, M. A. Qasim et al., “Thermal manage-
ment and uniform temperature regulation of photovoltaic
modules using hybrid phase change materials-nanofluids sys-
tem,” RenewableEnergy, vol. 145, pp. 282–293, 2020.

6 Journal of Nanomaterials



Research Article
Improved Carbon Nanotube Field Effect Transistor for Designing
a Hearing Aid Filtering Application

K. Mohana Sundaram ,1 P. Prakash,2 D. Karthikeyan,3 and Wubishet Degife Mammo 4

1Department of EEE, KPR Institute of Engineering and Technology, Coimbatore 641402, India
2Department of ECE, Madha Engineering College, Chennai 600070, India
3Department of EEE, SRM Institute of Science and Technology, Kattankulathur, Chennai 603203, India
4Mechanical Engineering Department, Wollo University, Kombolcha Institute of Technology, Kombolcha, South Wollo,
208 Amhara, Ethiopia

Correspondence should be addressed to K. Mohana Sundaram; mohanasundaram.k@kpriet.ac.in
and Wubishet Degife Mammo; wubishetdegife7@gmail.com

Received 8 September 2021; Revised 9 October 2021; Accepted 18 October 2021; Published 31 October 2021

Academic Editor: Lakshmipathy R

Copyright © 2021 K. Mohana Sundaram et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Designing a hearing aid device is one of the challenging applications recently, since it is useful for the people with hearing loss. For
this purpose, various circuit designing procedures such as MOSFET and carbon nanotube field effect transistor (CNTFET) are
introduced in the existing works. But it mainly lacks the following drawbacks: increased leakage current, not highly efficient,
and increased area and power consumption. In order to mitigate these issues, this paper is aimed at designing an improved
CNTFET (ECNFET) for hearing aid filtering application. The major objectives of the proposed work are leakage current
minimization and the improvements in transconductance and mobility. At first, the layout is designed with 10 layers based on
the specific dimensionalities, and different materials are placed in each and every layer. It includes gold, silicon, silicon dioxide,
bismuth telluride, and carbon tube. Then, the parameters such as band gap, electron concentration, hole concentration,
electron mobility, hole mobility, and insulator breakage voltage are verified to determine the efficiency of the layout. If all the
parameters are satisfied, the characteristics such as voltage current, leakage current, mobility, and transconductance are
validated. If all measures are satisfied, the library is created for the designed ECNFET layout by using the Comsol tool.
Furthermore, the operational amplifier is designed based on the generated library function. After amplification, the hearing aid
filter is designed with the use of the proposed ECNFET layout. The experimental validation of the proposed work and
comparison with the existing method based on the measures of area consumption, power consumption, speed, and frequency
range confirm the effectiveness of ECNTFET in filtering applications.

1. Introduction

In today’s world, approximately 10% of people suffer due to
the hearing loss in which a small amount people use hearing
aid devices. The result of wearing this device is highly effi-
cient with minimum noise and distortion. Moreover, a vari-
ety of digital signal processing algorithms is required to
design the hearing aid device. Traditionally, some of the
existing research works are aimed at developing a hearing
aid filter by using the VLSI circuit designing technology.
But it poses several challenges like increased power and area

consumption, when compared to other portable devices. So,
the layouts such as MOSFET and CNTFET [1] are developed
to design this filtering application. The MOSFET is an inte-
grated circuit that is capable of both voltage gain and signal
power gain, in which the MOS capacitor is the main part,
and then, the application of gate voltages changes the semi-
conductor operation from p-type to n-type. Furthermore, it
functions based on the deflection mode and the enhancement
mode [2]. But it has the major constraints such as process
variations, short channel effect, and high leakage current
issues. Thus, a CNTFET [3] is developed that is the next
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generation of MOSFET [4], which uses the carbon nanotube
between the source and drain. The major reasons for design-
ing CNTFET are reduced size, high-performance channel
material, and mobility enhancement. Normally, the CNT is
considered as a rolled-up sheet of graphene, in which the
electrical properties are dependent on the chirality of the dis-
tortion direction [5]. In CNTFET, the core of integrated cir-
cuit is implemented in a single chip that contains four
terminal units, namely, source, drain, gate, and body as
shown in Figure 1. A CNTFET relates to a FET that uses sin-
gle or multiple carbon nanotubes as channel being a substi-
tute for bulk silicon found in the conventional MOSFET
[6]. Here, the power supply is provided to the source and
drain; then the triggering is enabled for the gate. If it is high,
the layout goes to on state; otherwise, it goes to off state.

1.1. Problem Definition. The procedure of CNTFET [7, 8] is
the same as that of MOSFET, in which the source terminal
supplies the electrons and it is collected by the drain termi-
nal. The CNTFET is the most widely used technology for
the past decades [9]. The dimensional criticality in the sili-
con material reduced the utilization level for the transistor
fabrication [10]. Hence, the research studies focused on the
identification of alternatives to improve the density and
recital of electronic information system [11]. The gate termi-
nal controls the current intensity [12]. If the transistor is in
off stage, there is no gate voltage is supplied [13]. However,
it also has some major limitations [14] such as increased area
consumption and power consumption, reduced speed and
frequency range, and increased leakage current [15]. So, it
is highly important to determine whether the hearing aid
device is good for the hearing loss patients [16]. To mitigate
the issues, this article explores the development of a novel
hearing aid filtering application by implementing the
CNTFET layout.

1.2. Objectives. The objectives modelled from the problem
identification are listed as follows:

(i) To reduce the leakage current

(ii) To increase the transconductance

(iii) To increase the electron mobility

(iv) For these objectives, an enhanced CNTFET (ECN-
FET) layout is designed and implemented in the
hearing aid filtering application

(v) The novelty behind the proposed work lies in fol-
lowing cases:

(i) The design of CNTFET-based hearing aid filter in
2 nm technology with the thickness of 0.6m

(ii) The minimization in layer thickness and the design
technology reduce the leakage current compared to
the existing models

(iii) The reduction of thickness of the layering initiates
the thin material design and increases the opera-
tional speed simultaneously

1.3. Organization. The article is structured as follows: the
existing filtering applications and field effect transistor lay-
outs with its advantages and disadvantages are surveyed in
Section 2. The detailed description about the proposed
ECNFET-hearing aid filtering application is presented in
Section 3. The measured results of both available and pro-
posed filtering applications are evaluated in Section 4.
Section 5 provides the overall summary and the future
enhancement.

2. Associated Works

The existing available FET layout designs used for hearing
aid filters are surveyed with their advantages and disadvan-
tages here. The compensation of hearing loss utilizes the
device, namely, hearing-aid system, which contains several
processes such as amplification, noise removal, suppressing
the feedback, and automatic program switching. The ampli-
fication of sounds and transferring such sounds to the
human ear are the major operations of hearing-aid system.
The adjustments of speech signals were performed through
the filter bank-based algorithms. Wei and Wang [17] pro-
posed an adjustable filter bank to achieve wave composition
based on hearing loss. The changes in 4-bit control signal
provide the adjustments in number of subbands and their
location. The size optimizing of filter used in hearing-aid
system turned the research studies to make the fast-
efficient filter with low-power consumption. Kotha et al.
[18] discussed the 4 : 2 compressors for finite impulse
response (FIR) design. The realization gate level-17 order fil-
ter was illustrated by using Hardware Description Language
(HDL). The UMC-90 technology was used to implement the
architectures with the integration of Cadence compiler.
Recently, the revolution in wireless communications systems
changes the people lifestyle and leads to the numerous smart
device utilization. Based on the application areas such as
environmental monitoring and healthcare monitoring, the
frequency ranges were defined. Trivedi et al. [19] pointed
out the maximum frequency range for the hearing aid is
6 kHz. Under different biasing conditions, the power dissipa-
tion among the components was investigated with the sub-
threshold operation. In some cases, the degree of hearing
loss was worse against the time variations. For the severe
hearing loss, the acoustic-based amplification was insuffi-
cient to restore the satisfactory result [20]. Based on these
operational constraints, the design of hearing aid filter was
the next stage of research FET-based models which was
employed to design several models. Under the temperature
variations, power and delay consumed by the operating
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GateSi
SiO2

Figure 1: Source, drain, and gate of ECNFET layout.
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phases were high and hence, the reduction mechanisms were
required.

Nguyen et al. [21] developed a new sensing system,
namely, Low cost In-ear Bioelectrical Sensing (LIBS) for pro-
viding a solution to healthcare applications. It automatically
captured the signal from the ear canal based on the process
of data acquisition and signal separation. Also, a Nonnega-
tive Matrix Factorization (NMF) method was introduced
to decompose the signal for separation. Yogeshwaran et al.
[22] investigated the drain current and delay of the hearing
aid device. Here, the relationship between these measures
was validated based on the features of ON and OFF. Kuo
et al. [23] implemented an ANSI S1.11 filter for designing
a digital hearing aid device. The intention of this application
was to cancel the echo, reduce the noise, and enhance the
speech. The stages involved in this design were filter bank
architecture formation, low power optimization, computa-
tion reordering, clock gating, and operand isolation. Guo
et al. [24] implemented an acoustic feedback cancellation
approach for eliminating the probe noise in a hearing aid fil-
ter. The intention of this paper was to reduce the conver-
gence rate with the use of probe noise enhancement filters.
Here, two different probe noise-based approaches were eval-
uated for analyzing the suitable approach with increased
convergence rate and reduced steady-state error. However,
this design strategy failed to reduce the computational
complexity.

Kalathil and Elias [25] designed a nonuniform cosine-
modulated filter, and the aim of this application was to fulfill
the requirements of hearing-impaired people with the use of
uniform filter and transition filter. The merits observed from
this paper were increased flexibility, reduced complexity,
and improved performance. Pandey and Matthews [26]
implemented a Spectral Gain Shaping Method (SGSM) for
hearing loss compensation with dynamic range compression
and noise suppression. Also, the unwanted effects of the long
and broadband path delays were reduced with the use of
hearing aid signal processing algorithms. Moreover, the
spectral gain shaping capability of the hearing aid system
was analyzed for reducing the delay. Ngo et al. [27] designed
an improved prediction error filter for modelling the acous-
tic feedback and estimating the feedback signal in a hearing
aid system. Here, the correlation between the near-end sig-
nal and loudspeaker signal was identified with the use of
Prediction Error Method (PEM). Moreover, an energy-
based voiced and unvoiced detection was performed by
using the Zero Crossing Rate (ZCR) feature. Pandey and
Mathews [28] employed an adaptive filtering technique to
enhance the sound quality of hearing aid device. The aim
of this paper was to increase the hearing aid gain and to
reduce the perceptual distortion. Here, the amplification
process was controlled and the frequency components were
automatically identified. The use of CNTFET sensors in bio-
medical applications is growing at a rapid pace [29–31].

3. Suggested Method

The clear description about the proposed hearing aid filter-
ing application using ECNFET layout is provided here. The

design of a hearing aid filter with an enhanced CNTFET lay-
out is the major objective of this paper. In this design, the
single-walled nanotube is used for providing high current
conductivity. It mainly focused to reduce the leakage current
and increase the transconductance and electron mobility.
For these purposes, an ECNFET layout is designed based
on the dimensionalities of length, width, height, CNT thick-
ness, CNT length, and CNT diameter. After designing the
circuit, the required materials such as gold, silicon, silicon
oxide, bismuth telluride, and carbon are used. Then, the
parameters such as band gap, electron concentration, hole
concentration, electron mobility, hole mobility, and insula-
tor breakage voltage are considered.

After verifying these parameters, the characteristics such
as voltage current, mobility, leakage current, and transcon-
ductance of the layout are validated. If the characteristics
are satisfied, the library is created by using the Comsol tool.
Furthermore, the operation amplifier is designed by using
the ECNFET layout for increasing the efficiency of filtering
application. Finally, the hearing aid filter is designed by
implementing this ECNFET layout. To demonstrate the
superiority of the suggested application, the evaluation
parameters such as area, power, frequency, and speed are
considered during the evaluation. ECNFET flow is shown
in Figure 2.

3.1. Physical Design Based on the Dimensionality Analysis. At
first, the ECNFET layout is designed based on the specific
dimension of each layer. It contains 10 layers, in which dif-
ferent materials are placed in each layer. Layers 1 and 3 are
termed as intralayers, and layer 2 is termed as interlayer.
Then, layer 5 acts as a source, layer 8 acts as gate, and layer
10 acts as a drain. Also, layers 4, 7, and 9 act as either p-
substrates or n-substrates; finally, the CNT is placed in
layer 6. The layout design is represented in Figure 3, in
which the dimensionalities are determined based on rules
of circuit designing. The rules specified that the entire lay-
out should contain the minimum width of 2 λ and height
of 1.5 λ, if the layout design does not follow these rules, it
is termed as a worst case design. In the proposed design,
the height of the ECNFET is 1 λ and the width is 2 λ. Also,
each and every layer should follow some dimensionalities
for a good design. The intralayers (i.e., D1 and D3) have
the height of 0.2 nm and width of 2 nm, because these
dimensions provide an increased doping concentration.
Also, it has a minimum opening for allowing the current
conductance from electrons to holes and holes to electrons.
Then, the inter layer (i.e., D2) has the height of 0.2 nm and
width of 2 nm, because it offers an increased conductance
and peak doping concentration. The p-type and n-type sub-
strates (i.e., D4, D9, and D7) have the height of 0.2 nm and
width of 0.7 nm, because it controls the materials based on
the resistance. Moreover, the source, drain, and gate layers
(i.e., D5, D8, and D10) have the height of 0.1 nm and width
of 0.4 nm, because they offer a high-level implant and
energy. Finally, the CNT that is placed in D6 has the height
of 0.1 nm, width of 0.6 nm, and diameter of 0.6 nm, which
is placed between the source and drain for increasing the
conductivity.
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3.2. Material Selection. After designing the layout, different
materials are placed in each and every layer, which includes
gold, silicon, quartz, bismuth telluride, and carbon nano-
tube. The main reasons of using gold are it increases the con-
ductivity of semiconductor and accuracy and improves the
movement of electrons to holes and holes to electrons. This
material is placed in the layers of D1, D5, D8, and D10. The
silicon is considered the second-best material that is placed
in D2, which provides little flow electricity when it acts as
a semiconductor. Then, the silicon dioxide is placed in D3
and D7, which provides an increased dielectric strength
and acts as an excellent insulator. Also, it can function even
in high temperature. Bismuth telluride is placed in D4 and
D9, which provides low lattice thermal conductivity. More-
over, it acts as a power generation device and is used in both
p-type and n-type substrates. Finally, the single-walled thin
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Figure 2: Flow of the ECNFET-based hearing aid filtering.
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CNT is placed in D6, which reduces the diameter size by
using the single graphite sheet. Due to this, the size of tran-
sistor component is reduced to 2nm.

3.3. Parameter Verification. After selecting the materials, the
parameters such as band gap, electron concentration, hole
concentration, electron mobility, hole mobility, and insula-
tor breakage voltage are validated [32]. As for band gap,
the energy band gap of the circuit is highly depending on
the materials that are used for circuit designing.

The materials or insulators having the energy gap of 1 eV
are termed as semiconductors. It is calculated as follows:

Eg = Ec − Ev, ð1Þ

Eg = 1:210 − 3:60 × 10−4 × T eV, ð2Þ

where T indicates the temperature, eV indicates the electron
volts, Eg represents the energy band gap, Ec is the conduc-
tance band, and Ev is the valence band.

3.3.1. Electron Concentration. The electron concentration is
defined as the concentration of electrons in the conduction
band. Here, the intrinsic concentration is calculated for both
n-type and p-type transistors, which is shown below:

ni =Nce
EF−Ecð Þ/kTð Þ, ð3Þ

where Nc = ð2πmekT/h
2Þ3/2.

3.3.2. Hole Concentration. The hole concentration is defined
as the concentration of electrons in the valence band, which
is calculated as follows:

pi =Nve
Ev−EFð Þ/kTð Þ, ð4Þ

whereNv = 2ð2πmhkT/h
2Þ3/2, whereNcis effective density of

states in the conduction band, Nv is effective densities of
states in the valence band, k is Boltzmann constant, T is
temperature, EF is Fermi energy, Ev is valence band level,
Ec is conduction band level, mh is effective mass of a hole,
me is effective mass of an electron, and h is Planck constant
6:624 × 10−34 Js.

3.3.3. Electron Mobility. The movement of electrons through
a semiconductor or metal is characterized by using the elec-
tron mobility. It is estimated as follows:

vd = μE: ð5Þ

3.3.4. Hole Mobility. Typically, there is an analogous quan-
tity for holes in a semiconductor, which is generally lower
than the electron mobility. It is estimated as follows:

vd = μH, ð6Þ

where μ represents the mobility, E is the electric field, H rep-
resents the holes, and vd is the drift velocity.

3.3.5. Insulator Breakage Voltage. This should be minimum,
because it causes some portion of an insulator as an electri-
cally conductive. It is calculated as follows:

Vbreakdown = B × p × d
C + In p × dð Þð Þ , ð7Þ

where p is pressure of the gas, d represents the distance
between two conducting plats, and B and C are the constants
that are determined based on the experiments. Based on
these parameters, the effectiveness of the layout is deter-
mined; if these measures are fully satisfied, the characteris-
tics of the layout are validated.

3.4. Characteristic Validation. After verifying the measures,
the major characteristics of the layout is validated; this
includes voltage current, mobility, leakage current, and
transconductance. The controlling of voltage and flow of
current between the source and drain through the proposed
ECNFET model reduced leakage current [33].

3.4.1. Voltage Current. It is defined as the amount of current
taken for the movement of electrons to holes and holes to
electrons. It is calculated as follows:

I = μWci ×
VGS − VTð ÞV

L
, ð8Þ

where μ is the mobility and I indicate the current.

3.4.2. Transconductance. The transconductance is also called
as mutual conductance, in which the electrical characteris-
tics are related to the output current through the device
and the input voltage across the device. Also, the conduc-
tance is represented as the reciprocal of the resistance.

gm =
dId
dVGS

�
�
�
�
VDS, ð9Þ

where gm is transconductance, Id is drain current, VGS is
gate source voltage, and VDS is drain source voltage.

3.4.3. Leakage Current. It is an important conduction of PN
junction diode, in which the width of the depletion region is
increased, when a diode is reverse biased. This condition is
required to restrict the current carrier accumulation. The
depletion region acts as an insulator, if the majority of cur-
rent carriers are primarily negated. It is calculated as follows:

I = I0e
−Ee/2kT : ð10Þ

I0 is the initial current, E defines the electrons, and e is
the permittivity. Here and mainly, the leakage current reduc-
tion is concentrated, because it leads to the band-to-band
tunnelling leakage.

3.5. ECNFET Layout Design and Library Creation. After trig-
gering, the transistors are enabled by using the analytic
doping model, in which the P, N, and P are substrates in
the P-type transistor, and the N, P, and N are substrates in
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the N-type transistor. In this layout, the semiconductor is
placed in between the source and drain under the oxide layer
domain. Furthermore, the application of positive and nega-
tive voltages on gate terminal switches the operation
between n-type and n-type transistors. Here, the holes across
the oxide layer are pushed downward to the substrate, when
the positive gate voltage is applied. Then, the bound negative
charges populate the deflection region with the acceptor
atoms. The current flows freely once the voltage is applied
between the drain and source; then, the electrons in the
channel are controlled by the gate voltage. The hole channel
is made under the oxide, when the negative voltage is sup-
plied. The designed ECNFET layout is shown in Figure 4,
and its 3D representation is shown in Figure 5. After that,
the library is generated for both p-type and n-type transis-
tors by using the Comsol tool. Then, the generated libraries
are given to the input of filtering for noise removal.

3.6. Operational Amplifier Design. The ECNFET is a kind of
semiconductor device that is mainly used to amplify the
signals in the electronic devices. Figure 6 shows the opera-

tional amplifier [34] with the 7 ECNFETs which are used as
a p-type transistor, and 5 ECNFETs are used as an n-type
transistor. Also, one capacitor is used to avoid the current
loss, which is 0.1μf. This layout gets the low-level fre-
quency as input and provides an improved frequency as
output. In this design, theVdis taken as 10mw andVgis
taken as 2 v.

The op-amp design using the proposed ECNFET oper-
ates at the constant common mode voltage close to source
voltage. The input to the op-amp stage is simplified with
the Miller-compensated simplified voltage supply. The pro-
posed op-amp comprises the cascaded Miller-compensated
stage and output stage to minimize the power intake. The
input and output waveforms with frequency variations are
illustrated in Figure 7.

With the linear increase of frequencies from 2kHz to
10 kHz, the voltage variations are graphically depicted in
Figure 7. The stable operating point for the voltage and cur-
rent is observed after the frequency range 2 kHz.

The major benefits of the ECNFET-hearing aid filter
shown in Figure 8 are as follows:

It helps to increase the speed of transistor.
It avoids the current loss by designing the capacitor with

0.1μf.
It efficiently reduces the noise by designing the hearing

aid using the ECNFET layout.
The output voltage waveform variations with respect to

the time period clearly demonstrate the operation of filter
design using the ECNFET model. It is shown in Figure 9.

For the minimum time period (50 ns), the output voltage
is in maximum state. When the simulation period is linearly
increased from the minimum to maximum value (500 ns),
the voltage value is decreased to low value due to the reduc-
tion in drain current under the constant drain-to-source
voltage.

4. Performance Analysis

The results of both existing and proposed hearing aid fil-
tering applications are measured and equated depending
on the measures of leakage current, mobility, transconduc-
tance, voltage current, voltage current, area consumption,
power consumption, speed, and frequency. The software
tools used to implement the proposed work are Comsol
5.0, Electric 9.07, and H-spice J2014. The operating phases
of the proposed CNTFET-based hearing aid filter design
are layout design, library creation for electric properties,
and the performance evaluation. Initially, Comsol 5.0 is
used to design the layout with the material specification.
In general, there are five materials employed to design
the CNTFET such as gold, silicon, graphite, carbon, and
SiO2. But, gold and SiO2 are used for our proposed work.
Then, the electrical properties are defined as the library
which is performed by the software electric tool. The lay-
out is considered as the base for the electric property’s dec-
laration. Once the layout and electric properties are
completed, the numerical variations of current, voltage,
and the mobility for the design are investigated to state
the effectiveness of the proposed work. This is achieved
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by using the H-spice simulation tool. Hence, the integra-
tion of three software tools is the major requirement for
our proposed work.

4.1. Leakage Current. Figure 10 graphically illustrates the
leakage current of the proposed ECNFET design with
respect to the gate voltage. The leakage current can flow
between the source and drain, which is linearly increased
with the increase of the gate voltage by minimum leakage
current in nanoamps (nA) [33]. In the proposed application,
the overall leakage current is reduced to 0.02 nA by using the
ECNFET layout.

Figure 11 represents the drain current variations for the
proposed ECNFET. With respect to gate-to-source voltage,
there is a linear increase of gate-to-source voltage. The
graphical variations of drain current show that it increased
to 1.65mA by using the ECNFET layout. On the basis of

the threshold and saturation, the overall peak value of the
current is estimated.

4.2. Mobility. The mobility defines the movement of elec-
trons and holes from n-substrate to p-substrate, in which
the electron conductivity and electron charge carrier are
increased, when compared to the holes. The mobility of
the proposed ECNFET layout is shown in Figure 12. The lin-
ear increase in gate voltage from 0 to 2V increases the
mobility values linearly.

4.3. Transconductance. Typically, the transconductance of
ECNFET is based on the current of output device and the
voltage of input device. Figure 13 shows the transconduc-
tance of the ECNFET design. From the evaluation, it is
observed that the transconductance is improved with respect
to the varying gate source voltage and is evaluated in terms
of VGS.
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4.4. Area, Power, Frequency, and Speed. Table 1 provides the
area consumption, power intake, frequency, and speed of
both the existing CNTFET-based filtering design and the
proposed ECNFET layout-based filtering design. Here, the
amount of area and power required to design the layout is
drastically reduced with the increase in the frequency range
and speed. In this design, the best materials are used in this
circuit design, which reduces the area and power consump-
tion. Also, the operational amplifier improves the frequency
range by amplifying the ECNFET layout. Moreover, the
hearing aid filter improves the overall efficiency and speed
of the system. Based upon the results, it is found that the

suggested ECNFET-based hearing aid filtering design pro-
vides the better performance, in comparison to the available
filtering design.

4.5. Comparative Analysis. Table 2 shows the threshold volt-
age of existing CNTFET and proposed ECNFET layouts
based on varying temperatures. Due to the less heat dissipa-
tion mechanism, the heating effect of ECNFET is lower than
that of CNTFET, in which the highest value appears in both
source and drain, because the heat is nonuniformly distrib-
uted. Here, the threshold voltage is calculated with respect
to various temperature values, which evaluates the optimized
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usage of voltage by the proposed layout. Moreover, different
temperatures from 27°C to 227°C are taken to analyze the
threshold voltage. For minimum temperature values
(27°C), the threshold voltage values for CNTFET and ECN-
FET are 0.210 and 0.205V, respectively. Similarly, they are
0.164 and 0.160V for maximum temperature values 227°C,
respectively. The comparative analysis between the proposed
ECNFET with the CNTFET shows that the proposed model
reduces the threshold voltage values by 2.38 and 2.44%,
respectively.

Table 3 compares the threshold voltage of CNTFET and
ECNFET with respect to gold and silicon dioxide materials.
The threshold voltage variations on CNTFET and ECNFET
corresponding to gold and SiO2 are illustrated in Table 3. In
this analysis, various materials are used for estimating the
threshold voltage, because each layer has separate voltage.
So, selecting an appropriate material for each layer is an
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important process. For gold material, the threshold voltage
values for CNTFET and ECNFET are 0.210 and 0.205V,
respectively. Similarly, they are 0.240 and 0.230V for SiO2.
The proposed design reduces the voltage values by 2.38
and 4.17%, respectively.

Table 4 compares the drain voltage of the existing
CNFET and proposed ECNFET with respect to varying
dielectric constants and drain current. The necessity of the
drain voltage is decreased for a specific drain current in an
ECNFET device. Here, the electric constant is varied for esti-
mating the current value; based on this, the current con-
sumption of the proposed ECNFET layout is calculated.
Also, the voltage consumption is highly depending on the
current consumption or resistance, so the current consump-
tion must be reduced. Here, the current consumption is
reduced with the increase of electric constant.

The reduction of gate layer thickness of 0.6 nm in the
proposed layout design reduces the drain voltage further
compared to CNTFET models. For the high value of drain
current (80μA) and dielectric constant (19), the drain volt-
age for CNTFET and ECNFET is 0.40 and 0.39V, respec-
tively. The comparative analysis between the proposed
ECNFET with the existing CNTFET models shows that the
proposed ECNFET provides the 2.5% reduction compared
to the CNTFET model, respectively.

4.5.1. Limitations of CNTFET

(i) When modelling CNTFETs, a consistent model that
is suitable for both analogue and digital applications
and capable of mass production must be developed

(ii) The fault tolerance of CNTFET circuits should be
investigated

(iii) Scalability of CNTFETs should be thoroughly
investigated

(iv) It is necessary to discover new materials for the syn-
thesis and integration of CNTFETs
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Table 1: Performance analysis of ECNFET.

Measures Existing CNTFET filter
Proposed ECNFET hearing

aid filter

Area [35] 151 components 134 components

Power [36] 58.96μw 26.03μw

Frequency 1.9 × 103 Hz 2 × 103 Hz

Speed [37] 2.8 × 109 m/s 4 × 1011 m/s

Delay [37] 7.4e−12 6.63e−14

Table 2: Threshold voltage with respect to temperature.

Temperature (°C)
Threshold voltage (V)

CNTFET ECNFET

27 0.210 0.205

47 0.210 0.205

67 0.210 0.204

87 0.210 0.204

107 0.202 0.198

127 0.198 0.197

147 0.194 0.193

167 0.191 0.186

187 0.187 0.182

207 0.180 0.174

227 0.164 0.160

Table 3: Threshold voltage with respect to different materials.

Materials
Threshold voltage (V)

CNTFET ECNFET

Gold 0.210 0.205

Silicon dioxide (SiO2) 0.240 0.235
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5. Conclusions

This paper designs a new hearing aid filtering application by
using an ECNFET layout. Here, five different materials such
as gold, silicon, silicon dioxide, bismuth telluride, and single-
walled carbon nanotube are placed in the layers, which are
selected based on their specific advantages. After selecting
these materials, the parameters such as band gap, electron
concentration, hole concentration, electron mobility, hole
mobility, and insulator breakage voltage are validated. If all
the parameters are satisfied, the characteristics of the layout
are validated for proving the effectiveness of the proposed
design. It includes voltage current, transconductance, mobil-
ity, and leakage current, which are all satisfied; the library is
created for the corresponding ECNFET layout by using the
Comsol tool. After that, the operational amplifier is designed
based on the generated library function, which is used to
improve the level of frequency. Finally, the hearing aid filter
is implemented with the use of ECNFET layout that
improves the accuracy of filter by efficiently reducing the
noise. The experimental results evaluate the performance
of this application based on different performance measures
such as area consumption, power consumption, frequency
range, and speed. The proposed ECNFET-hearing aid filter
provides the better performance in drain voltage, current,
threshold voltage, and mobility compared to the existing lay-
out designs.

The proposed ECNFET layout can been used to some
other applications such as head phone, telephone, and bio-
medical devices in the future. The parameter estimation of
CNTFET could be investigated further using other cutting-
edge intelligent optimization algorithms. The most recent
materials may be incorporated into the design of a CNTFET
in order to identify the one that will yield the longest life of
the CNTFET as well as the best performance.
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Wood is a wide flexible material appreciated extremely for its cost-effectiveness, great quantity, and biocompatibility. In addition,
naturally existing materials possess prominent biomedical applications, and they can withstand efficiently when compared to
other materials like glass, steel, and plastics. The present study revealed the prepared chitosan, silver nanoparticles
incorporated with Borassus flabellifer trichome, and fabrication of Prosopis juliflora wood-based biomaterial. A characterization
study was done by UV-visible spectroscopic analysis, FTIR analysis, and SEM analysis expressing and confirming a significant
characteristic and morphological property of the prepared biomaterial.

1. Introduction

Wood is a wide natural reusable material which is important
in different industries making the researchers to work on it
[1]. The naturally existing porous wood acts as a good car-
rier to build a functional composite that is still rarely used.
Nanotechnology is a promising area to enhance the effi-
ciency and effectiveness towards different bioremediation
processes. Its improved reactivity and increased surface area
to volume ratio had great impact when compared with those
bulk materials [2]. The physical characteristic of chitosan is
its flexibility, and studies regarding its properties have been
performed and the outcome is very positive [3]. This latest
material has its durability, biodegradability, biocompatibil-
ity, nontoxicity, and adsorption in pharmaceuticals, agricul-
ture, forestry, skincare products, and food and water

treatment applications. Still, it is emerging as an innovator
in textiles, health care and pharmaceuticals [4].

In India, the palmyra tree is the official tree of Tamil
Nadu. In tradition, it is called askarpaha, a celestial tree,
nudged and extremely cherished by the people, and consid-
ered a god [5]. Borassus flabellifer includes innumerable
essential constituents, gums, fats, albuminoids, carbohy-
drates were investigated [6]. Silver nanoparticles are consid-
ered to have a strong and wide range of therapeutic
applications, and even low concentration of silver nanopar-
ticles has been found, in some cases, to possess strong poten-
tial to treat a variety of diseases [7]. A nanocomposite is one
of the unusual composite materials that are shown to possess
a capability of being used as a biometric sensor as well as in
numerous treatment protocols. Silver nanoparticle (AgNP)
incorporation has a great impact on the water purification
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process due to its stability, chemical catalytic ability, low toxic-
ity to humans, and effective antimicrobial property [8].

The present investigation strongly focused on the prepa-
ration and characterization of the Borassus flabellifer tri-
chome and Prosopis juliflora wood, silver nanoparticles
(AgNPs), and chitosan with different proportions by UV-
visible spectroscopic analysis, FTIR analysis, and SEM
analysis.

2. Materials and Methodology

2.1. Chemicals and Samples. From Sigma-Aldrich Chemical
Company, USA, the required fine chemicals like silver
nitrate were purchased and all other requirements are of
first-class analytical grade.

2.2. Preparation of Chitosan Solution (Ch). The purified
chitosan was significantly obtained by performing alkaline
deacetylation of chitin from crab shells. The mixture was
obtained by dissolving 1 gram of chitosan in 100ml of
0.25N hydrochloric acid.

2.3. Preparation of the Borassus flabellifer Trichome-
Chitosan Biocomposite (TC-Ch). In 50ml double distilled
water, 1 g of Borassus flabellifer trichome and 1% chitosan
(Ch) were mixed to this solution [9]. The pH of the solutions
was adjusted to 7.0, and the resultant materials were used for
further use. It was denoted as TC-Ch [10].

2.4. Preparation of Silver Nanoparticle (AgNP) Solution. Sil-
ver nanoparticles were prepared by using a modified method
of Turkevich. In brief, 30ml of 1mM silver nitrate solution
was boiled and kept in a magnetic stirrer. Once it starts to
boil, add 3ml of 10mM trisodium citrate in the ratio of
one drop per second and wait till it change into brown color.
Finally, it is denoted as AgNPs [11].

2.5. Preparation of the Wood Sample (W). The wood pieces
were collected from Prosopis juliflora, and the hardwood of
the plant was finely powdered. The obtained finely powdered
wood sample was collected, and it is denoted as W [12].

2.6. Incorporation of AgNPs and W into the TC-Ch
Biocomposites (TC-Ch-AgNPs-W). The prepared TC-Ch bio-
composite was soaked in solution having 0.01% of AgNPs
and wood sample for about 24 hrs. Silver nanoparticle-
(AgNP-) and wood-integrated TC-Ch was taken and dried
at 37°C [13]. The obtained material was expressed as TC-
Ch-Ag-W.

2.7. Characterization Studies. The characterization studies
were performed for Prosopis juliflora wood (W), Borassus
flabellifer trichome- (TC-) prepared AgNPs, Ch, TC-AgNPs,
TC-W, TC-Ch, TC-Ch-AgNPs, and TC-Ch-AgNPs-W [14].

2.8. UV-Visible Spectrometric Analysis. A UV-visible spec-
trum was obtained for different samples observed using a
UV-visible spectrophotometry analysis for authentication
of availability of the desired/formed molecule. The deionized
water was used as a blank.

2.9. FTIR Analysis. IR provides significant data on the rota-
tional and vibrational motion of the specific molecules, and
it improves the effective identification and characterizations
of the obtained composite interactions evaluated under FTIR
to observe structural conformation [15]. All the required
measurements were carried out in the range of 400 to
4000 cm−1.

2.10. Morphology Observation. The morphological experi-
ment was performed for TC-Ch-AgNPs and TC-Ch-
AgNPs-W by using a JEOL JSM-7401F scanning electron
microscope.

3. Result and Discussion

From the present investigation, Prosopis juliflora wood (W),
Borassus flabellifer trichome (TC), silver nanoparticles
(AgNPs), and chitosan (Ch) with incorporation of TC-
AgNP, TC-W, TC-Ch, TC-Ch-AgNP, and TC-Ch-AgNP-
W composites have been prepared by a modified method
of the available literature and were systematically partially
characterized by UV spectroscopy, FTIR spectroscopy, and
SEM analysis, and the obtained results were interpreted with
the available literature.

3.1. UV-Visible Spectroscopic Analysis. The optical properties
of TC, AgNPs, Ch, W, TC-AgNPs, TC-W, TC-Ch, TC-Ch-
AgNPs, and TC-Ch-AGNPs-W were experimented by using
UV-visible spectroscopy, and the obtained results are shown
in Figures 1–3. The obtained spectrum broad absorption
band intensity was compared with that of different propor-
tions like TC, AgNPs, Ch, W, TC-AgNPs, TC-W, TC-Ch,
TC-Ch-AgNPs, and TC-Ch-AGNPs-W [16].

The UV-visible spectroscopy analysis for TC, W, Ch,
and AgNPs is represented in Figure 1 with the absorptive
peak at 282nm, 285nm, 320nm, and 400nm in the UV
region.

The UV-visible spectroscopy analysis was performed for
TC-W, TC-Ch, and TC-AgNPs and is represented in
Figure 2. Here, Borassus flabellifer trichomes (TC) act as a
base for Ch, W, and AgNPs. From the obtained results, the
absorptive peak was observed at 280nmin in all three differ-
ent compositions [17].

The biocomposites TC-Ch-AgNPs and TC-Ch-AGNPs-
W were subjected to UV-visible spectroscopy analysis to
determine the optical property which is represented in
Figure 3. It indicated that TC-Ch-AgNPs is not showing
any absorptive peak and TC-Ch-AGNPs-W exhibits a peak
at 300nm [18].

From Figure 3, it represents that when four different
components (TC, Ch, AgNPs, and W) were mixed, the inter-
action between one and other molecules with the 1 : 1 ratio
has been successfully achieved to form a single bionanoma-
terial [19]. From the above results, the absorptive peak con-
firmed that TC acts as a base for the incorporation of Ch,
AgNPs, and W.

3.2. FTIR Spectroscopic Analysis. The significant vibrational
patterns acquired from FTIR spectroscopic analysis offer
the existing functional groups such as nitrogen, carbon,
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and oxygen in different samples (TC, Ch, W, TC-AgNPs,
TC-W, TC-Ch, TC-Ch-AgNPs, and TC-Ch-AGNPs-W).
The FTIR spectroscopic analysis was performed, and the
characteristic peak was obtained in the range between 4000
and 500 cm−1. The obtained results are presented in
Figures 4–6, and they were interpreted with the available lit-
erature [20].

For the chief functional groups for chitosan, a character-
istic peak was obtained at 3500 to 3300 cm−1 and was attrib-
uted to the O-H group of vibrational spreads. Figure 4 shows
the FTIR spectroscopy analysis for TC, W, Ch, and AgNPs.
The C-H bending vibration of the alkyl group and the N-

H bending vibration of the protonated amino (−NH2) group
are attributed to absorption peaks at 1630 cm and
1531 cm−1. The peaks at 1059 and 886 cm−1 by the glucopy-
ranose ring of the chitosan matrix and antisymmetric deten-
tion vibration of C-O-C-bridges are allocated.

The FTIR analysis (Figure 5) for W has shown O-H
vibrations with approximately 3200-3600 cm-1. Carboxylic
acids of the O-H stretch occur at 290836 cm-1 of the P. juli-
flora and 173845 cm-1 of the C=O stretch. The 1373 cm-1

peak is designed for W with an aromatic amino group of
strong C-N stretches. Populations were collected in the C-
N alcohol stretch at 1158 cm-1, 1111 cm-1, and 1053 cm-1
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Figure 1: UV-visible spectroscopy analysis for TC, W, Ch, and
AgNPs.
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Figure 2: UV-visible spectroscopy analysis for TC-W, TC-Ch, and
TC-AgNPs.

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Ab
so

rp
tio

n

TC-Ch-Ag NPs
TC-Ch-Ag NPs-W

200 400 600
Wavelength (nm)

800 1000 1200

Figure 3: UV-visible spectroscopy analysis for TC-Ch-AgNPs and
TC-Ch-AGNPs-W.

80

60

40

20

Tr
an

sm
iss

io
n 

(%
)

Ch
W 
TC

Wavenumber (cm–1)
4000 3500 3000 2500 2000 1500 1000 500

Figure 4: FTIR spectroscopy analysis for TC, W, Ch, and AgNPs.
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[21]. The 1400-600 cm-1 area has a peculiar pattern of
absorption in this region, which is often called a region of
fingerprinting because the fingerprints of an individual are
unique. Carboxylic acids, amines, and compounds are
responsible for hydroxy replacements.

The characteristic FTIR analysis exhibits the TC peak as
the parameter went up in 3500 cm–1, the chitosan molecule
shifted to 3000 cm–1, and a simple O-H stretching vibration
was observed, attributable to the NH stretching of the main
functional group. Figure 5 shows the FTIR spectroscopy
analysis for TC-W, TC-Ch, and TC-AgNPs. The presence
of absorption peaks at 1750 to 1.5 to 3.5H to 15.5 cm-1 was
triggered by the stretching of the N-protonated amino group

and alkyl-group bending from 17.5 to 18.5 cm to 19.5 ppm.
When the remaining amide groups have a bond stretching
intensity of intermolecular bonds, the groups have an N-H
vibration at a frequency of 1663.5 cm-1, and when intermo-
lecular bonds are involved, it is at 1500 cm-1. The amide I
peak at 1429.9 cm-1, IH2N deformation, 1451.1 cm-1, and
14.2 cm-1 NH2 is given a lifetime of 79μs which is long
[22]. The absorption peak occurs at 1405-680 cm-1 due to
the asymmetric vibration of the C-O-C bonds in the chito-
san matrix and is interpreted as a glucosyl group due to
the glucose rings.

For all three samples, TC-AgNPs, TC-W, and TC-Ch,
the characteristic FTIR analysis shows the most similar peak
with minor alteration. The three peaks at 3500 to 3000 cm-1

were expressed having the main functional group of chito-
san, which are due to the O-H group of stretching vibra-
tions. The N-H bending vibration of the protonated amino
group and C-H bending express the alkyl groups that are
responsible for the peaks at 1750 to 1500 cm-1. At
1663.5 cm-1 and 1500 cm-1 and 1659.5 cm-1, respectively,
the existing amide frequencies consist of the remaining acet-
amido groups’ -C-O bond stretch and the N-H bending
vibrations of the -NH2 groups. -NH2 deformation is respon-
sible for the peaks at 1429.9 cm-1, 1451.1 cm-1, 1418.2 cm-1,
and 1419.1 cm-1.

The characteristic FTIR analysis (Figure 6) shows that
TC-Ch-AgNPs and TC-Ch-AGNPs-W show most similar
peaks with slight modification. The changes were observed
that TC-Ch-AgNPs peak was sharp compared then TC-
Ch-AgNPs peak, and it was expressed that there was a for-
mation of strong peak with a précised functional group at
the peak which represented the above proportions.

3.3. SEM Analysis. SEM investigation gives strong impact to
visualize the significant size and shape of the prepared
biomaterial with the composition of TC-Ch-AgNPs and
TC-Ch-AgNPs-W. The SEM images of these two composites
are shown in Figures 7(a) and 7(b).

Figures 7(a) and 7(b) show the improved surface mor-
phology of the prepared biomaterials TC-Ch-AgNPs and
TC-Ch-AgNPs-W.

From Figures 7(a) and 7(b), one can clearly see the
fibrous nature of chitin with the crumbles, as well as the sil-
ver particles and woody texture of the cuticle, particularly
under a microscope. The trichome size ranges from 10 to
20m particles that make up the vast majority of the surface

(a) (b)

Figure 7: SEM images of (a) TC-Ch-AgNP and (b) TC-Ch-AgNP-
W biocomposites.
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Figure 5: FTIR spectroscopy analysis for TC-W, TC-Ch, and TC-
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having a spherical shape, while some particles on the surface
appear as single units, but the majority of the rest appears to
be aggregated. At the lowest concentrations, silver particles
are just about 45 nanometers in size, and the average size
of the aggregated particles is about 64 nanometers. The
wood sample size is around 55.54 nm, and the chitosan size
is around 85.4 nm. SEM images clearly depict the presence of
different molecules in the incorporated biomaterial.

4. Conclusion

The present investigation of UV and FTIR characteristic
peaks was obtained for TC, Ch, W, TC-AgNPs, TC-W,
TC-Ch, TC-Ch-AgNPs, and TC-Ch-AGNPs-W. The UV
spectroscopic results expressed a significant peak confirming
the presence of molecules. From the FTIR graph, the differ-
ent functional groups were observed, and it was confirmed
that the improved and strong peak was in TC-Ch-AGNPs-
W. The SEM images for TC-Ch-AgNPs and TC-Ch-
AGNPs-W improved the surface area scanning electron
microscopic investigation. It shows the incorporation of Ch
and AgNPs to W and TC. The morphograph exhibits fibrous
nature with an improved surface area. From the prepared
materials, it may have a great impact on the different appli-
cations. In addition, it also may offer different bioremedia-
tion processes with ecofriendly nature.
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Currently, many scholars are looking for renewable biomass sources for the isolation of nanomaterials that have a sustainable
property and are ecofriendly. Thus, effectively synthesize and characterization enset fiber nanocellulose using acid hydrolysis
with sonication is focus of study. Additionally, process optimization for isolation of nanocellulose (CNCs) from raw enset fiber
using RSM-CCD and characterizations of obtained CNCs was explored. The quadratic model was selected, and optimized values
for CNCs yield (77.69%) that were acquired to be H2SO4: 51.6 wt. %, reaction temperature: 47°C, and time: 66.5min. Chemical
composition analysis, XRD, FTIR, PSA, SEM, and TGA were used for characterizing CNCs. The particle size distribution of
CNCs is 66 nm. It has a crystalline index of 80.91% and excellent thermal stability. FTIR and chemical composition result
indicated the reduction and removal of lignin and hemicellulose components that are usually available in the raw enset fibers.
The SEM analysis reveals the structure and arrangement of the fiber bundles inside the raw material to nanocellulose. This
property shows its endowing as a possibly consistent load-bearing material. This study could be given a noteworthy thought for
designing and emerging CNC isolation, optimization, and industrial application.

1. Introduction

Recently, many scholars are searching for renewable biomass
sources for the production material which is an ecoenviron-
mentally friend and most of all sustainability. In this context,
biomasses containing lignocellulosic compounds are the
largest access as they are capable of being renewable raw
materials for the synthesis of biobased cellulosic nanomater-
ials, and more than a few researchers have discovered the
potential lignocellulosic biomass for supersede fossil-based
feedstocks [1–5]. Plants have plenty of cellulose which is
the renewable raw material for most biopolymers, and this
sight availability of cellulosic material is very abundant as

such wood to agricultural waste can be used [6–8]. Ethiopia
is one of the fewest countries which are blessed with having
more than enough cellulosic-rich materials such as agricul-
tural products, byproducts, and wastes.

Currently, rising attention is being seen in the field of
nanotechnology synthesis from potential green-based raw
materials which have sustainability [3, 7, 8]. Thus, cellulose
nanocrystals (CNCs) synthesized from the plant have wide
practical use in various areas due to their physical character-
istics, namely, aspect ratio, strength, rheology, lightweight,
low density, opticality modification, modification rich
hydroxyl group, inexhaustibility, and environmentally friend
[9]. Other extraordinary properties of CNCs are their
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simplicity for modification and dissolvability in water. The
surface of CNCs can be improved with numerous chemical
treatments in the direction of any anticipated surface adjust-
ment owing to the profuse hydroxyl groups on the surface of
CNCs which provide them reactive. This can successfully
make the CNSs ultra practicable and facilitate the integra-
tion and dispersion of CNCs into various matrices of poly-
mer. CNCs show great potential in the various applications
including a barrier in the separation process of hazardous
waste, biomedical products, electronic sensors, paints, and
coatings, as the thickener in cosmetics, biodegradable pack-
age, and CO2 adsorbent, as filler of special textiles, food
wraps, and texturing agent which replace the nonbiodegrad-
able plastics, and as fillers and rheology modifiers in differ-
ent fields like foams, aerogels, and polymer electrolytes [9].
It can also be used as nanocomposite materials in polymer
science to improve the mechanical, thermal, and ionic con-
ductivity properties of the polymer [4, 8]. For this interesting
material, lignocellulosic biomass from different sources has
become the most potential renewable and promising feed-
stock [8, 10]. The cell wall structure of lignocellulosic bio-
masses mainly consists of components such as cellulose,
hemicellulose, lignin, and additionally some extractable
components. Agricultural residues, forest residues, and
energy crops have been used as raw materials for CNCs.
Some of the raw materials for the isolation of cellulose are
sugar cane bagasse [11], wheat straw [12], pineapple leaf
[3], corn cob [4], arecanut husk fiber [1], water hyacinth
[5], and other plants [8]. Among other plants, Enset ventri-
cosum (E. ventricosum) of the steam fiber major compo-
nents is cellulose (69.51%) and the small quantity of lignin
(5.7%) contents while the leaf has cellulose (37.96%) and a
high quantity of lignin (18.93%) content [13]. The chemical
method has been used for the isolation of fibrotic nanocellu-
lose material from agricultural residues by removing their
hemicellulose and lignin components [1, 2, 4, 5, 14]. Com-
monly, the isolated nanocellulose is a colloidal suspension
with transparent optical property [5].

To obtain a fiber with nanosize, several studies have eval-
uated the use of mechanical treatment for instance sonica-
tion, high-speed blender, high-pressure homogenization,
ultrafine grinder, and ball mill [3, 5, 11]. Nevertheless, this
treatment by itself is not efficient to separate hemicellulose,
cellulose, and lignin. The combination of sonication and
chemical treatment can yield pure CNCs. Among the differ-
ent mechanical treatments, the sonication method has been
proved to be the simplest technique to produce pure Cs
fibers in combined with chemical treatments [5].

Enset ventricosum, commonly known as enset, is a
monocarpic perennial flowering plant native to Ethiopia. It
is a drought-resistant plant that is cultivated in more than
200,000 hectares in a wider range of altitude 1100-3000m
of central, southern, and southwestern parts of Ethiopia. It
is harvested as food in most of Ethiopia especially in the
southern part where it is utilized as nutritional food [13].
As they prepared it for food, a large amount of biomass res-
idues is generated in the process mainly from the enset
steam, (i.e., many bundles of fiber are obtained from the leaf
sheath and the steam after being scrapped to produce Bula

and Kocho which are starchy food) and stack of inflores-
cence. According to the report by Berhanu et al., 2021, about
150,000 tons of fiber bundles residue are produced annually
from enset in Ethiopia. Thus, this enormous quantity of
fibers residue could be used to produce CNC products. Sev-
eral studies have evaluated responses to enset in growing cat-
tle and horses, and its potential has been proven on the
production of different products, namely, pulp and paper,
food, and medicinal application [15–17]. To date, beyond
these studies, no work has been carried out concerning enset
fiber-based cellulosic nanomaterial. Keeping the view on the
significance of CNCs, there is an immense need for
researches on CNC production from an economical source
which involves extracting fiber and process optimization
for improved production of cellulose nanocrystal. Conse-
quently, enset fiber, lignocellulosic biomass, is the largest
reservoir of renewable cellulose source in Ethiopia, and cel-
lulose nanocrystal can be isolated from it.

Up to date, no significant study has been done on the
production of cellulose nanocrystal from enset fiber (E. Ven-
tricosum). Thus, the focuses of this study are as follows: (I)
novel synthesis of cellulose nanocrystal form enset fiber
using chemical hydrolysis technique coupled with sonica-
tion, (II) the investigation of the chosen prosses parameters,
namely, acid concentration reaction time, and reaction tem-
perature, on the significant of hydrolysis on the yield of cel-
lulose nanocrystal, and (III) the interaction effect of the
designated factors was designed with five-level response sur-
face central composite design approach (RSM-CCD); fur-
ther, the obtained nanocellulose was characterized using
different techniques.

2. Materials and Methods

2.1. Materials. Enset ventricosum plant was obtained from
enset harvesting area located at Kefa, southwest, Ethiopia.
Bundles of enset fiber (EF) are obtained from the stem and
leaf sheath after the enset has been scrapped. Sodium chlo-
ride (NaCl-99%), toluene (C7H8-99%), ethanol (C2H5OH-
98%), sodium hydroxide (NaOH), sodium hypochlorite
(NaOCl), acetic acid (CH3CH2OOH), sulfuric acid
(H2SO4), and distilled water were used in EF preparation.
The chemical reagent used in this study was analytical grade,
and they were obtained from the Department of Material
Engineering, Jimma Institute of Technology, Jimma Univer-
sity, Jimma, Ethiopia.

2.2. Preparation of Enset fiber. As described in the material
section, the fiber is isolated from the enset, and it was dried
under the sun for five days. The dried fiber was chopped,
grounded, and sieved through a mesh size of 60 (250μm).
Finally, the acquired fiber powder was put in a polyethylene
bag and stored in a desiccator till further experimental work.
The dewaxing process was carried out, 2 : 1 v/v mixture ratio
of toluene and ethanol and in sox-let apparatus at 120°C
using oil bath for 5 h to get rid of extractive components
such as wax, debris, pectin, and oils. The dewaxed fiber
was rinsed with distilled water and ethanol frequently and
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finally, it was filtered using a 45μm sieve to remove solvents
and at last, it was dried in the oven at 45°C for overnight.

2.3. Alkaline Pretreatments of Enset fiber. To remove lignin
and hemicellulose from EF, alkaline treatment was carried
out accordingly. The dewaxed EF was treated with 15%
NaOH solution in the ratio of 1 : 20 in a high-pressure auto-
clave at 4 bars for 6 hr and 130°C under steady agitation of
500 rpm. The treated EF was excessively washed with dis-
tilled water till the pH is neutral and dried under the sun-
light for three days till it has constant weight.

2.4. Bleaching of Enset fiber. The dried EF was bleached by
soaking it in a 4 : 1 v/v ratio mixture of acetic acid and 6%
sodium hypochlorite solution under a pH of 4 for 2 hr and
60°C. Throughout the process of bleaching, the color of EF
changed to clear white. The processed fiber came to neutral-
ize by rinsing it with distilled water successively. Lastly, cel-
lulose was put in a deep freezer to obtain powder cellulose.
The powder cellulose was sealed in a polyethylene bag and
kept in a desiccator till further experimental work. Bleaching
was done to remove the remaining hemicellulose and lignin
completely from the EF.

2.5. Cellulose Nanocrystal Isolation from Enset fiber Using
RSM. The bleached cellulose was hydrolyzed in different
concentrations of H2SO4 with a 1 : 15 v/w ratio of acid, and
the reaction time and temperature were also varied accord-
ing to the central composited design experiment set up
(Table S.1) and the bleached cellulose, under a controlled
condition and continuous agitation at 500 rpm. The
reaction was quenched by adding ice to the mixture to halt
the reaction, and the resulting mixture was then cooled to
room temperature [18]. The hydrolyzed cellulose was
washed frequently with distilled water till the pH is
neutral. Furthermore, the hydrolyzed cellulose was dialyzed
against deionized water via a cellulose membrane for five
days to neutralize and fully remove the remaining acid and
other unwanted chemicals. Subsequently, the dialysis
suspension of CNCs was sonicated at 20 kHz of frequency
and 600W power supply for 1 hr in an ultrasonic crusher
to get aqueous homogenized dispersion, and the resulting
nano cellulose was labeled as the CNCs suspension.

For the hydrolysis process, three parameters (Table S.1)
were selected after the survey of previous related works
from different works of literature [14, 19, 20]. For the RSM
study, the experiment set up of chosen parameters was
determined using CCD. This statistical tool technique
guarantees that each factor and its relations are
systematically studied [21].

Using CCD and experimental data, a polynomial Eq. (1)
as a process model can be fitted. The statistical analyses of
the experimental data can be performed by using Design
Expert 12.0, Stat-Ease, Inc., Minneapolis, MN.

Y = β0 + 〠
k

j=1
βjX j + 〠

k

j=1
βjjX

2
j +〠

i

〠
k

<j=2
βjiXiX j + ei, ð1Þ

where Y is the yield of CNCs [ðW1/W2Þ × 100%)]. W1 and

W2 refer to the dry weight of bleached fiber after and before
hydrolysis sonication, respectively; Xi and Xj represent
parameters (i and j ranging from 1 to k). β0 represents the
intercept coefficient. βj, βjj, and βij are known interaction
coefficients for the corresponding terms, k is the number of
selected independent variables (k = 3 in this study), and ei
is an error term [22].

Moreover, the constraints were optimized using numer-
ical optimization to maximize the yield. Analysis of variance
(ANOVA) was accustomed to check the competence of the
model for the experimental response. It is a statistical tool
applied for analyzing any variation in the average perfor-
mances of tested constraints [23]. The optimal values of
the selected constraints were reached through analyzing
the equation of regression. Effects of interaction between
the parameters were examined through developing response
surfaces [24]. The developed model was validated through
prediction using the feature of prediction point of the
Design-Expert software, and experimental runs were carried
out in triplicate.

2.6. Characterizations of Enset fiber and
Cellulose Nanocrystal

2.6.1. Chemical Composition. The enset fiber was character-
ized in terms of its physiochemical properties. American
Society for Testing and Materials (ASTM International)
standard methods and Technical Association of the Pulp
and Paper Industry (TAPPI) were used for characterization
of the enset fiber. Three grams of the prepared dried material
was used for testing each sample according to the standard
test.

2.6.2. Particle Size Determination of CNCs. The particle size
of CNCs which is diluted in distilled water was determined
using dynamic light scattering (DNS) by the Malvern Zeta
Nano (ZE3600) system. This method is also described as
photon correction spectroscopy in that sample’s particle size
that is analyzed by measuring arbitrary variations in scat-
tered light intensity from a solution. The measurement was
carried out at 25°C with a calibration time of 60 sec. The
obtained data were then processed by using Malvern Zeta
sizer software.

2.6.3. Scanning Electron Microscope (SEM). SEM (FEI,
INSPCT-F50, Germany) was utilized to investigate the sur-
face image of EF, bleached cellulose, and CNC samples. This
operation was done under a vacuum at an accelerating volt-
age of 2 kV.

2.6.4. X-Ray Diffraction (XRD). The alteration in crystallinity
of the samples from EF to cellulose nanocrystals was deter-
mined by X-ray diffraction ((XRD – BTX, inXitu, inc,
USA) patterns. The powder of EF, bleached cellulose and
CNCs samples were scanned at room temperature with an
angle in the range of 5o to 80o and a step size of 0.03o. The
crystallinity percentage area (Eq. (2)), d-spacing (Eq. (3))
and average crystallite size (Eq. (4)) from XRD data were
found by using the Scherrer equation (1). Origin Lab pro-
gram (Origin Pro-2018) was used for processing peak
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observed data.

Crystallinity CIð Þ %ð Þ = Area ofcrystalline peaks
Area of all peaks Crystalline + Amorophousð Þ × 100,

ð2Þ

d − spacing Å
� �

= Kλ
β cos θ , ð3Þ

D nmð Þ = kλ
β cos θ , ð4Þ

where D is the crystallite size in nm, K is 0.9 (Scherrer con-
stant), λ is 0.15406 nm which is the wavelength of the X-ray
sources, β is the full width of half maximum (FWHM) in
radians, and θ is the peak position in radians.

2.6.5. Fourier Transform Infrared Spectroscopy (FTIR). FTIR
(FTIR- iS50 ABX, Germany) analysis was carried out in
order to investigate the functional groups of EF, bleached
cellulose, and CNC samples. The samples were analyzed
with a spectrum wavenumber range of 400 cm-1 to
4500 cm-1 and an average scanning rate of 250. KBr pellet
technique was accustomed to accomplish FTIR analysis.

2.6.6. Thermographic Analysis (TGA). Thermogravimetric
analysis (TGA) was used to analyze the thermal decomposi-
tion properties of enset fiber, bleached cellulose, and nano-
cellulose. Before the analysis, the fibers were dry for 24 h at
65°C and saved in a desiccator. These fibers are cut into fine
parts and then analyzed by using an aluminum pan from
25°C to 600°C under the atmosphere of inert nitrogen
through 100ml/min of flow rate and 10°C/min of heating
rate.

3. Result and Discussion

3.1. Isolation, Interaction Effect, and Parameter Optimization
of CNCs via CCD-RSM. The interaction of factors with each
other and the optimum operating conditions for the isola-
tion of nanocellulose from raw enset fiber via using acid
hydrolysis were examined using a central composite design.
The observed and predicted results are presented in Table 1.

3.1.1. Model Fitting and Analysis of Variance. The weight of
each factor for all models was assessed via analysis of vari-
ance (ANOVA). From the various choices of models, a qua-
dratic model is selected after studying R2 values, P values,
and lack of fit, and the quadratic model of mathematical
equations for the estimation of CNCs yield is given in Eq.
(5).

Yield %ð Þ = +77:04 + 3:96 × A + 3:39 × B + 2:56 × C

− 0:875AB − 2:03AC − 0:355BC − 11:24A2

− 11:02B2 − 17:46C2:

ð5Þ

The summarized ANOVA is presented in Table S.2. The
outcomes gotten in Section 3.1 are explored, coefficient

determination (R-squared) for the yield of CNC response
from the raw enset fiber weighed 0.9930, and this signified
that 99.30% of the response was agreed upon and it could
be described amid of the quadratic model. Better yet, the
model has inconsistency predicting the response with only
0.70% of extent. Therefore, the higher R-square implied
that the predicted value by the quadratic model and the
actual response values were very close to one another [25],
and this information is also supported by predicted vs.
actual data (Figure S.1). Again, the model was very
consistent to be promising in investigating the data since
Adj R-square is 0.9877, and the pred R-square is 0.9579
proving that they were reasonably in agreement with one
another since their difference is less than 0.2 [21].

The consequence of the constraints was examined using
F-value and p-value. And, the lesser p-value and higher F-
value indicated that the chosen model is extremely signifi-
cant [21, 26]. Thus, the quadratic model has an F-value of
170.61 and a p-value of less than 0.0001. The terms of the
model can be significant if the p-value is less than 0.05
[27]. Accordingly, the process parameters for the isolation
of CNCs from raw enset fiber, A, B, C, AC, A2, B2, and C2

were obtained to be quite significant. The lack of fit P value
for isolation yield of CNCs was 0.0543 which was not note-
worthy compared to the pure error. Signal-to-noise ratio was
determined via Adeq precision, and its values were observed
to be 34.9332 which indicated an adequate signal for the
production of CNCs. it signifies the reputation of the qua-
dratic model if the ratio was more than four. Thus, this
model for CNC yield is capable of being considered to use
for the navigation of design space. Besides, the coefficient
variation (4.35) wants to be smaller since a lower value of
it favors the precision with which the experiments were car-
ried on [28].

The model accuracy can be tested by comparing and
contrasting the actual value with the predicted value as
shown in Figure S.1. It can fairly be inferred from the
graph that both values, experimental and predicted data,
are close enough to each other. Correspondingly, the
smaller predicted residual sum of squares (PRESS) statistic
indicates the wellness of data points fit the model [23].
Normal probability plots are too an appropriate graphical
technique for analyzing the normality of the residuals [26].
A normal plot of residuals among the normal probability
(%) and the internal student zed residuals was gotten to
analyze how well the model satisfies the assumptions of
ANOVA. The internally student zed residuals can also be
used to measure the standard deviations separating the
experimental and predicted values [23]. Figure S.1
illustrates the association between the normal probability
(%) and the internal student zed residuals. The straight
line specifies that neither any transformation of response is
required nor outward problem with normality.

3.1.2. Analysis of Interaction Effects of the Parameters. Using
the support of the RSM-CCD method, the significant effects
of the process constraints, namely, reaction time, reaction
temperature, and H2SO4 concentration, were investigated
on the isolation yield of CNCs. By putting one variable
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constant, the interaction effect of two variables at a time on
CNC yield was determined and presented as following using
3D response surface plots (Figure 1).

The interaction effect of acid concentration (H2SO4, wt.
%) and reaction temperature (°C) is shown in Figure 1.
Based on the plots obtained, it is seen that the yield increases
as H2SO4 concentration is from 33.18 to 50wt. % and reac-
tion temperature 20 to 45°C, but the further increment of
both parameters has a negative response to the CNC yield.
As it is given from the response variable of the coded equa-
tion, the combined interaction effect of reaction time and the
temperature has a negative effect on the yield of CNC isola-
tion with the coefficient of -0.8750 (Eq. (5)). In another
word, higher acid concentration and reaction temperature
result in low isolation yield. The pick for isolation yield
was obtained at 50wt. % of H2SO4 and 45°C of reaction
temperature.

The interaction effect of acid concentration (H2SO4, wt.
%) and reaction time (min) on the isolation yield of CNCs
is depicted in Figure 1. The efficiency of isolation became
increased with increasing reaction time until it reaches 65
minutes for an acid concentration of 50wt. %. Further
increases in both resulted in low CNC yield. As it is pre-
sented from the quadratic equation of the response (Eq.
(5)), the interaction effect of acid concentration and reaction
time of raw enset fiber has a negative effect on isolation yield
with a coefficient of -2.03. The maximum isolation yield is

attained at a reaction time of 65 minutes and an acid con-
centration of 50wt.%.

The interaction effect of reaction temperature (°C) and
time (min) of enset raw fiber on CNC yield is shown in
Figure 1. As it is illustrated through the 3D, it is well
observed that the isolation yield of CNCs from the raw enset
fiber increases with increasing the reaction temperature
from 20 to 45°C and reaction time from 23 to 65 minutes.
The combined interaction effect of reaction temperature
and time affects the isolation yield negatively with the coef-
ficient of – 0.3550 (Eq. (5)). The maximum isolation yield
of CNCs is gotten at the reaction temperature of 45°C and
a reaction time of 65 minutes.

H2SO4 concentration, reaction temperature, and time
are the utmost significant parameters on the synthesis of
CNCs during the acid hydrolysis isolation process. Reaction
time affects various CNCs characterization such as crystal-
linity index, size, and most of all, the yield. This is due to
as reaction time increases, some hydrolyze crystalline sur-
faces will, in turn, decrease the yield and as time is lower,
the polymerization rate will be high due to undispersed fiber,
and also the obtained nanocellulose will have an amorphous
structure and larger diameter. According to different previ-
ous studied data, reaction time varies from 30min to 4 hr
[1, 14, 19, 20, 29]. The concentration of sulfuric acid has a
potential effect on synthesizing of CNCs. H2SO4 concentra-
tion can range from 40 to 60wt. %, and it has been widely

Table 1: CCD experimental design matrix of the three factors and corresponding response.

Run
Factor 1 Factor 2 Factor 3 Response: CNCS yield %

A: H2SO4 Conc (wt. %) B: reaction temperature (°C) C: reaction time (min) Actual value (mean + SD) Predicted value

1 60 60 90 45:18 ± 0:05 43.94

2 40 60 40 35:52 ± 0:05 33.39

3 60 60 40 45:08 ± 0:025 43.62

4 50 45 107 30:59 ± 0:033 31.96

5 50 45 65 77:68 ± 0:05 77.04

6 50 45 65 75:52 ± 0:05 77.04

7 50 45 65 78:65 ± 0:075 77.04

8 50 45 23 20:94 ± 0:05 23.36

9 40 30 40 25:61 ± 0:05 24.14

10 50 45 65 78:23 ± 0:0667 77.04

11 50 45 65 76:94 ± 0:0333 77.04

12 33 45 65 36:12 ± 0:667 38.58

13 40 30 90 35:12 ± 0:033 34.03

14 67 45 65 50:56 ± 0:05 51.89

15 50 45 65 75:85 ± 0:025 77.04

16 50 70 65 49:12 ± 0:033 51.57

17 60 30 40 39:05 ± 0:1 37.87

18 40 60 90 43:36 ± 0:1 41.86

19 60 30 90 40:19 ± 0:02135 39.64

20 50 20 35 38:82 ± 0:0333 40.16

SD: standard deviation.
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used for the isolation of nanocellulose from residues of agri-
culture. The other parameter which has a significant role in
the yield increment of nanocellulose is reaction temperature.
At low temperatures, most of the process reactions takes a
long time to get the desired yield and at high temperatures,
the reaction is hard to control. The temperature can range
from 25 to 70°C. Previous works on the isolation of nanocel-
lulose via acid (H2SO4) hydrolysis are briefed in Table 2.

3.1.3. Optimized Condition for CNC Yield and Parameter
Validation. The experiment has been performed, pretreat-
ments, and interaction via the aid of RSM. The sole purpose
of all of these is an examination for optimum operating con-
ditions but nothing more. The isolation process of CNCs
from raw enset fiber is governed by at least the three vari-
ables that were discussed in the above sections. The search

for optimum numerical values of these variables on isolation
yield was summarized in Table S.3.

Grounded on the criteria set in Table S.3, the optimum
values of H2SO4 concentration, reaction temperature, and
reaction time for isolation of CNCs from raw enset fiber
come out to be 51.6wt. %, 47°C, and 66.5 minutes,
respectively, and with these parameters, the isolation yield
of CNCs was 77.69% with a desirability of 0.983. Finally, to
validate the parameters, a triplicate experimental run was
conducted at optimum conditions and showed a good
agreement with the predicted isolation yield (4.27% error).

3.2. Characterizations

3.2.1. Chemical Composition Analysis. The compositional
characteristics of EF after each step of treatment are pre-
sented in Table 3. The raw enset fiber contains 32.68%
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Figure 1: 3-D illustrations of response surface curve for the interaction of effect. (a) H2SO4 (wt. %) concentration and reaction temperature
(°C). (b) H2SO4 concentration and reaction time (min). (c) Reaction temperature and reaction time on CNC production from EF.
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hemicellulose, 40.09% cellulose, and 10.53% lignin. Before
the treatment of EF, the content of lignin is very high due
to the bonding between hemicellulose and lignin that is
close. Most agriculturally based raw materials have similar
cellulose content such as teff straw (36.7%) [31], arecanut
husk fiber (34.18%) [1], coffee husk fiber (41.34%) [32],
straw of wheat fiber (43.2%) [12], Laminaria japonica
(42%) [2], and sisal fiber (50%) [20].

The purpose of alkaline pretreatment and digesting of EF
is to break down the bond between hemicellulose and lignin
and as a result, it decreases the proportion of hemicellulose
and lignin content in the raw enset fiber [1, 33, 34]. The
result after the treatments validates that the process effec-
tively removed hemicellulose and lignin as has been estab-
lished in works of literature. The results were also
reinforced by FTIR and SEM characterization.

Alkaline pretreatments followed by digesting and hydro-
lysis coupled with sonication result in a higher increment of
celluloses of the enset fiber from the raw enset fiber. This is
due to the disintegration of hydrogen bond linkage among
hemicellulose and cellulose chains and also hemicellulose
decomposition [1, 35, 36]. This process has increased the
crystallinity of the material. The XRD characterization and
previous works are in agreement with these results [5, 20].

3.2.2. Particle Size Distribution. DLS is commonly accus-
tomed for the measurement of particle size in colloids, sus-
pensions, polymer, emulsions, etc. The lead of this system
is it has a significant up to 1nm in measuring the particle
size. The particle size distribution of CNCs prepared by the
process of acid hydrolysis coupled with sonication is pre-
sented in Figure 2. The result reveals that the fiber isolated
from enset is in the range of nano (66nm), and it has an
intensity of 100%.

Britannica reported that the nanoparticle sizes can vary
between 1nm to 100nm ranges [37]. [38, 39] reported that
the nanocellulose size of 115 nm and 70nm, respectively.

[40] reported that the size distribution of nanocellulose is
about 100nm with a unimodal peak. Determining the distri-
bution of particle size by laser diffraction produces the most
promising results [41].

3.2.3. SEM Analysis. The dimension and the morphology of
the enset fiber are affected by acid hydrolysis and sonication
treatment. Figure 3 presents the SEM morphology of the
enset fiber at different steps of treatments.

Figure 3(a) presents the SEM morphology of raw enset
fiber. The untreated raw enset fiber surface is accredited to
the existence of lignin, hemicellulose, wax, pectin, oil, etc.
Succeeding treatment with alkali and bleaching of enset
fibers produces surface morphology that confirms removal
of lignin, hemicelluloses, and other extractives components
(Figure 3(b)). The effect bleaching treatment with the mix-
ture of acetic acid and sodium hypochlorite solution was
manifest through the assessment of surface morphology in
Figure 3(b). This phenomenon is also supported by physio-
chemical composition analysis. It is observed that the enset
fiber separated into individual fibers and finally, the CNCs
were isolated from it using acid hydrolysis and sonication
of the fibers (Figure 3(c)). Further, it indicates that practi-
cally all of the components that attach the fibril bundle
assembly of the enset fibers were eliminated under the
strong chemical treatment and sonication.

The obtained result also demonstrates the effectiveness
of the parameters used during hydrolysis and also validates
that CNCs’ aqueous suspensions contained individual nano-
crystals. From these images (Figure 3(c)), it is also observed
that the chemical treatment coupled with mechanical treat-
ment affects the morphological structure of the fibers con-
cerning the size.

3.2.4. XRD Analysis. The XRD intensity curve of raw enset
fiber, encet fiber cellulose, and CNCs is presented in
Figure 4. Peaks at 2θ=15.58 and 22.13 have appeared in

Table 2: Different works on the isolation of nanocellulose using acid hydrolysis.

Raw materials
Condition

Yield
%

Crystalline index
(%)

Particle size
(nm)

ReferencesH2SO4 concentration
(wt. %)

Reaction
temperature (°C)

Reaction time
(min)

Sugar cane
bagasse

60 50 40 65 65.37 — [30]

Sisal fiber 60 45 30 — 75 30.9 [20]

Laminaria
japonica

51 30 70 52.3 69.4 — [2]

Rice hulls 63.7 45 60 — 70 100 [19]

Corncob 62 44 90 23.5 79.3 70 [14]

Table 3: Chemical compositions of EF for each stage of processing.

Sample Cellulose (%) Hemicellulose (%) Lignin (%) MC (%) AC (%) VM (%)

Raw EF 40.09 32.68 10.53 15.76 4.15 8.46

Pretreated and bleached 51.37 22.26 5.8 — — —

Hydrolysis 80.91 14.53 2.91 — — —
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Figure 4, which signifies the characteristics features of the
crystalline region. This typicality is alike to cellulose type-I
material. According to previous literature works, these crys-
tallographic planes epitomize the CNC sample in structural
category of cellulose Iβ [42]. There is a valuable difference
in the intensity of peak between the three samples which
indicates the difference in index of crystallinity. The crystal-
linity area of the raw enset fiber (Table 4) was much lower
than that of the bleached and acid hydrolysis-treated enset
fiber. This phenomenon is due to the removal of lignin
and hemicelluloses components in alkaline, the bleaching
treatment, and acid hydrolysis. This result was endured by
chemical composition and FTIR analysis.

As presented in Table 4, the highest crystallinity percent-
age was obtained after the hydrolysis treatment. This is due
to the amorphous components of enset fiber that was acid
hydrolyzed; lignin and hemicellulose components were
removed in turn increase the yield of cellulose nanocrystals
[1, 33, 34]. The space between atoms’ lattices was decreased
after each treatment step. The obtained data was reinforced
by the area value of the domain crystalline structure.

As seen from Table 4, the crystallinity index has a direct
relationship between crystallites thickness. After hydrolysis
reaction and sonication, the thickness of the crystals has
increased that indicates the contact surface area increment

of the crystalline structure. Different researchers who have
worked on nanocellulose material isolated from agricultural
residues reported similar results [1, 5].

3.2.5. FTIR Analysis. Amorphous hemicellulose, lignin, and
crystalline cellulose are the main components of natural
fiber, and with the aid of FTIR, their functional groups can
be characterized [5, 18, 20]. Raw enset fiber, bleached enset
fiber cellulose, and CNC FTIR spectra are given in Figure 5.

The FTIR spectrum acquired cellulose nanocrystal iso-
lated from enset fiber corresponds to the characteristic spec-
trum of natural nanocellulose material (Figure 5). The
typical broad peak in the province of 3330-3408 cm-1 con-
firms the existence of stretching motion hydrogen-bonded
-O-H. The small peak in the zone of 2897 cm-1 corresponds
to C-H stretching of the alkane group. Strong alkane com-
pound (C-H stretching) functional group found in the
region of 2911 cm-1. These clusters of peaks signify that all
of them have aliphatic saturated functional groups.

The detected peak around 1435 cm-1 in all samples indi-
cates that the existence of -OH bending absorbed water. The
raw enset fiber has lower transmittance than the bleached
cellulose and cellulose nanocrystal. It also has a characteris-
tics peak at 1250 cm-1 and 1527 cm-1 because of the presence
of streaking C=O double bond. This reveals the existence of
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lignin and hemicellulose in the untreated fiber [5]. This peak
did not appear after pretreatment and acid hydrolysis of the
enset fiber.

The characteristics peak at 1644 cm-1 shows the presence
of the hemicellulose or the ester linkage of the carboxylic
group of ferulic and p-coumaric acids of lignin and hemicel-
luloses [40]. This was disappeared after the treatment
process.

The peak observed at 895 cm-1 shows the presence of β-
glycosidic linkages in cellulose [43]. These results were con-
firmed by chemical composition investigation too.

3.2.6. Thermal Stability Analysis. The thermal stability
behaviors of raw enset fibers, bleached cellulose, and CNC
samples were analyzed using TGA. The results of TGA and
DTG curves for each sample are presented in Figure 6. Pre-
vious literature works regarding fiber and fiber-based nano-
cellulose categorize the thermal degradation stages as two
main parts [5].

The temperature range from 25 to 185°C covers the ini-
tial weight loss, and it is called stage I. In stage I, the weight
loss of the samples is 7.1%, 7.15%, and 3.77% that corre-
sponds to raw enset fiber, bleached cellulose, and CNCs,
respectively (Figure 6(a)). The equivalent stages of the

DTG graph also show a minor trough of about 102°C for a
similar reason. As observed in DTG curves (Figure 6(b)),
also, the raw enset fiber had a sharper V-shaped than the
curves of bleached cellulose and CNCs. The maximum
weight loss observed at stage I was 7.43% owing to a more
swollen and less compact characteristic structure. The
treated enset fiber with alkaline treatment, digesting, and
acid hydrolyzed lost a few weight since the hemicellulose
and lignin components have been eliminated as stated in dif-
ferent literature works [2, 5, 20].

The temperature from 190 to 395°C (active pyrolysis) is
called stage II. At this stage, substantial weight losses are
recorded. Previously studied data shows that lignin and
hemicellulose degrade mainly in the temperature range of
200 to 315°C [5]. Stage II is further divided into two parts,
(190-350°C) and (350–395°C). Raw enset fiber, about
279°C temperature of degradation, losses a large amount of
its weight at starting of stage II or in the stage of pyrolysis
than bleached cellulose and CNC.

4. Conclusions

In the present work, RSM was used to determine the opti-
mum value of parameters that could maximize the yield of
CNCs during the acid hydrolysis and sonication treatment.
Accordingly, second-order polynomial predicts the yield of
CNCs. The predicted and actual values are in respectable
agreement with each other (R2 = 99:3%). ANOVA analysis
showed the effects of process parameters, and their interac-
tions influence significantly on the CNC yield. The values
of optimum isolation (77.69% of CNCs) levels are H2SO4
concentration (51.6wt. %), reaction temperature (47°C),
and reaction time (65.5min). The present study undoubt-
edly indicated that the isolation of CNCs from raw enset
fiber can be ameliorated using optimized process parame-
ters, and the obtained CNCs showed excellent properties
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Figure 4: XRD pattern of samples after different treatment steps.

Table 4: Crystallinity percentage of enset fiber with different
treatments.

Treatments
Index of

crystallinity
Average crystalline

size (nm)
d-spacing

(Å)

Raw enset
fiber

10.4264% 0.06437 4.2585

Bleached
cellulose

63.9827% 0.23265 4.0186

CNCs 80.91% 1.56888 3.9734
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regarding crystallinity index and crystallite domain and
thermal stability. FTIR, XRD, TGA, PSA and chemical com-
positions investigation support the claims made in this
study. The SEM morphology of CNCs reveals the structure
and arrangement of the fiber bundle inside of enset. XRD
study indicated that the crystallinity of yielded products
had been improved after each successive treatment subjected
to the treated fiber. The crystallinity index of bleached cellu-
lose and CNCs was 63.98% and 80.91%, respectively. And
the average crystalize size was obtained at 66 nm. FTIR spec-
trum indicated that the reduction and removal of lignin,
hemicellulose, and other amorphous parts found in raw
enset fibers. These remarkable findings of enset fiber nano-

cellulose indicate that CNCs could be utilized as striking
reinforced material for a biobased film.

Data Availability

The data used to support the findings of this study are
included within the article.

Disclosure

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

500 1000 1500 2000 2500 3000 3500 4000

Wave numbers (cm–1)

10

20

30

40

50

60

70

80

90

100

Tr
an

sm
itt

an
ce

 (%
)

10
83 12
50

13
85

15
27

16
44

28
97

33
30

33
3229
11

16
33

12
81

10
72

34
0828

9114
35

12
07

10
3789

5

Raw enset fiber
Bleached cellulose
CNCs

Figure 5: FTIR spectra of samples after different treatment steps.

Stage-I

Stage-II

0

20

40

60

80

100

0 100 200 300 400 500

Sample temperature (°C)

W
ei

gh
t l

os
s (

%
)

Raw enset fiber
Bleached cellulose
CNCs

(a)

D
TG

 (%
/m

in
ut

e)

0 100 200 300 400 500

Sample temperature (°C)

–14

–12

–10

–8

–6

–4

–2

0

2

Bleached enset fiber
CNC
Raw enset fiber

(b)

Figure 6: (a) TGA and (b) DTG curves of raw enset fiber, bleached cellulose, and CNCs.

10 Journal of Nanomaterials



Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Corresponding author ensures that the descriptions are
accurate and agreed by all authors. Surafel Mustefa Beyan
(first author and corresponding author) contributed to the
primary data collection and carried out experimental work,
designed the experimental setup and do characterization of
the samples, and contributed to draft formulating, draft
checking, and manuscript writing and finalizing. Temesgen
Abeto Amibo designed the experiment and provided neces-
sary facilities. Venkatesa S. Prabhu edited the paper and
assisted in writing papers and overall improved the manu-
script. Abraham A. Getahun assisted in the characterization
of the sample.

Acknowledgments

The authors would like to extend their sincere appreciation
to the Department of Material Engineering at Jimma Uni-
versity for providing facilities and laboratories for this
research.

Supplementary Materials

Table S.1: levels of the three independent variables studied.
Table S.2: table ANOVA analysis for response surface qua-
dratic model. Table S.3: summary of the optimization pro-
cess. Figure S 1: predicted Vs actual velues (a) and normal
plot residual (b) of response values. (Supplementary
Materials)

References

[1] C. S. Julie Chandra, N. George, and S. K. Narayanankutty,
“Isolation and characterization of cellulose nanofibrils from
arecanut husk fibre,” Carbohydrate Polymers, vol. 142,
pp. 158–166, 2016.

[2] Z. Liu, X. Li, W. Xie, and H. Deng, “Extraction, isolation and
characterization of nanocrystalline cellulose from industrial
kelp (Laminaria japonica) waste,” Carbohydrate Polymers,
vol. 173, pp. 353–359, 2017.

[3] M. Mahardika, H. Abral, A. Kasim, S. Arief, and M. Asrofi,
“Production of nanocellulose from pineapple leaf fibers via
high-shear homogenization and ultrasonication,” Fibers.,
vol. 6, pp. 1–12, 2018.

[4] H. A. Silvério, W. P. Flauzino Neto, N. O. Dantas, and
D. Pasquini, “Extraction and characterization of cellulose
nanocrystals from corncob for application as reinforcing agent
in nanocomposites,” Industrial Crops and Products, vol. 44,
pp. 427–436, 2013.

[5] M. Asrofi, H. Abral, A. Kasim et al., “Isolation of nanocellulose
from water hyacinth fiber (WHF) produced via digester-
sonication and its characterization,” Fibers and Polymers,
vol. 19, pp. 1618–1625, 2018.

[6] A. García, A. Gandini, J. Labidi, N. Belgacem, and J. Bras,
“Industrial and crop wastes: a new source for nanocellulose

biorefinery,” Industrial Crops and Products, vol. 93, pp. 26–
38, 2016.

[7] M. Rajinipriya, M. Nagalakshmaiah, M. Robert, and S. Elkoun,
“Importance of agricultural and industrial waste in the field of
nanocellulose and recent industrial developments of wood
based nanocellulose: a review,” ACS Sustainable Chemistry &
Engineering, vol. 6, pp. 2807–2828, 2018.

[8] M. Alle, R. Bandi, S.-H. Lee, and J.-C. Kim, “Recent trends in
isolation of cellulose nanocrystals and nanofibrils from various
forest wood and nonwood products and their application,” in
Nanomater, Agric. For. Appl, H. Azama and J. Mohammad,
Eds., pp. 41–80, Elsevier, 2020.

[9] A. Chakrabarty and Y. Teramoto, “Recent advances in nano-
cellulose composites with polymers: a guide for choosing part-
ners and how to incorporate them,” Polymers, vol. 10, no. 5,
p. 517, 2018.

[10] H. V. Lee, S. B. A. Hamid, and S. K. Zain, “Conversion of lig-
nocellulosic biomass to nanocellulose: structure and chemical
process,” Scientific World Journal, vol. 2014, article 631013,
20 pages, 2014.

[11] Y. Wang, X. Wei, J. Li et al., “Homogeneous isolation of nano-
cellulose from eucalyptus pulp by high pressure homogeniza-
tion,” Industrial Crops and Products, vol. 104, pp. 237–241,
2017.

[12] A. Alemdar and M. Sain, “Isolation and characterization of
nanofibers from agricultural residues – wheat straw and soy
hulls,” Bioresource Technology, vol. 99, pp. 1664–1671, 2008.

[13] H. Berhanu, Z. Kiflie, I. Miranda et al., “Characterization of
crop residues from false banana/ensete ventricosum/in Ethio-
pia in view of a full-resource valorization,” PLoS One, vol. 13,
pp. 1–21, 2018.

[14] F. I. Ditzel, E. Prestes, B. M. Carvalho, I. M. Demiate, and L. A.
Pinheiro, “Nanocrystalline cellulose extracted from pine wood
and corncob,” Carbohydrate Polymers, vol. 157, pp. 1577–
1585, 2017.

[15] H. Berhanu, D. Neiva, J. Gominho et al., “Bio-refinery poten-
tial of enset/ensete ventricosum/fiber bundle using non-
catalyzed and alkali catalyzed hydrothermal pretreatment,”
Waste and Biomass Valorization, vol. 12, pp. 663–672, 2021.

[16] C. Mizera, D. Herak, P. Hrabe, M. Muller, and A. Kabutey,
“Mechanical behavior of Ensete ventricosum fiber under ten-
sion loading,” Journal of Natural Fibers, vol. 14, pp. 287–296,
2017.

[17] A. Bosha, A. L. Dalbato, T. Tana, W. Mohammed, B. Tesfaye,
and L. M. Karlsson, “Nutritional and chemical propertie s of
fermented food of wild and cultivated genotypes of enset
(Ensete ventricosum),” Food Research International, vol. 89,
pp. 806–811, 2016.

[18] H. Sadeghifar, I. Filpponen, S. P. Clarke, D. F. Brougham, and
D. S. Argyropoulos, “Production of cellulose nanocrystals
using hydrobromic acid and click reactions on their surface,”
Journal of Materials Science, vol. 46, pp. 7344–7355, 2011.

[19] P. Nascimento, R. Marim, G. Carvalho, and S. Mali, “Nanocel-
lulose produced from rice hulls and its effect on the properties
of biodegradable starch films,” Materials Research, vol. 19,
pp. 167–174, 2016.

[20] J. I. Morán, V. A. Alvarez, V. P. Cyras, and A. Vázquez,
“Extraction of cellulose and preparation of nanocellulose from
sisal fibers,” Cellulose, vol. 15, pp. 149–159, 2008.

[21] S. M. Beyan, S. V. Prabhu, T. T. Sissay, and A. A. Getahun,
“Sugarcane bagasse based activated carbon preparation and

11Journal of Nanomaterials

https://downloads.hindawi.com/journals/jnm/2021/7492532.f1.docx
https://downloads.hindawi.com/journals/jnm/2021/7492532.f1.docx


its adsorption efficacy on removal of BOD and COD from tex-
tile effluents: RSM based modeling, optimization and kinetic
aspects,” Bioresource Technology Reports, vol. 14, p. 100664,
2021.

[22] P. S. Venkatesa, G. Girma, A. K. Gizachew, B. M. Surafel, and
G. Ramesh, “Biosolubilization of Cr (VI) from tannery sludge:
process modeling, optimization, rate kinetics and thermody-
namics aspects,” International Journal of Recent Technology
and Engineering, vol. 8, no. 4, pp. 4808–4816, 2019.

[23] W. Kidus Tekleab, S. M. Beyan, S. Balakrishnan, and
H. Admassu, “Chicken feathers based keratin extraction pro-
cess data analysis using response surface-box-Behnken design
method and characterization of keratin product,” Current
Agricultural Science and Technology, vol. 20, pp. 163–177,
2020.

[24] S. Mustefa Beyan, S. Venkatesa Prabhu, T. K. Mumecha, and
M. T. Gemeda, “Production of alkaline proteases using Asper-
gillus sp. isolated from Injera: RSM-GA based process optimi-
zation and enzyme kinetics aspect,” Current Microbiology,
vol. 78, pp. 1823–1834, 2021.

[25] T. K. Mumecha, B. Surafel Mustefa, S. Venkatesa Prabhu, and
F. T. Zewde, “Alkaline protease production using eggshells and
membrane-based substrates: process modeling, optimization,
and evaluation of detergent potency,” Engineering and Applied
Science Research, vol. 48, pp. 171–180, 2021.

[26] Y. Asrat, A. T. Adugna, M. Kamaraj, and S. M. Beyan,
“Adsorption phenomenon of Arundinaria alpina stem-based
activated carbon for the removal of lead from aqueous solu-
tion,” Journal of Chemistry, vol. 2021, Article ID 5554353, 9
pages, 2021.

[27] R. Sathishkumar, G. Ananthan, and J. Arun, “Production,
purification and characterization of alkaline protease by ascid-
ian associated Bacillus subtilis GA CAS8 using agricultural
wastes,” Biocatalysis and Agricultural Biotechnology, vol. 4,
pp. 214–220, 2015.

[28] E. K. Tetteh and S. Rathilal, “Application of response surface
methodology (RSM) - reduction of industrial wastewater
chemical oxygen demand,” CBU International Conference Pro-
ceedings, vol. 5, pp. 1226–1232, 2017.

[29] L. K. Kian, M. Jawaid, H. Ariffin, and Z. Karim, “Isolation and
characterization of nanocrystalline cellulose from roselle-
derived microcrystalline cellulose,” International Journal of
Biological Macromolecules, vol. 114, pp. 54–63, 2018.

[30] M. Kacem, G. Simon, A. Elleuch, F. M. Ayadi, T. Boudawara,
and A. Elfeki, “Protective effect of Ruta Chalepensis L. extract
on oxidative stress and liver-kidney function induced by poly-
microbial sepsis in rats,” Journal of Advances in Chemistry,
vol. 10, no. 1, pp. 2146–2161, 2014.

[31] A. Chufo, H. Yuan, D. Zou, Y. Pang, and X. Li, “Biomethane
production and physicochemical characterization of anaerobi-
cally digested teff (Eragrostis tef) straw pretreated by sodium
hydroxide,” Bioresource Technology, vol. 181, pp. 214–219,
2015.

[32] L. Huang, B. Mu, X. Yi, S. Li, and Q. Wang, “Sustainable use of
coffee husks for reinforcing polyethylene composites,” Journal
of Polymers and the Environment, vol. 26, pp. 48–58, 2018.

[33] E. Abraham, B. Deepa, L. A. Pothan et al., “Extraction of nano-
cellulose fibrils from lignocellulosic fibres: a novel approach,”
Carbohydrate Polymers, vol. 86, pp. 1468–1475, 2011.

[34] R. M. Sheltami, I. Abdullah, I. Ahmad, A. Dufresne, and
H. Kargarzadeh, “Extraction of cellulose nanocrystals from

mengkuang leaves (Pandanus tectorius),” Carbohydrate Poly-
mers, vol. 88, pp. 772–779, 2012.

[35] B. Xiao, X. Sun, and R. Sun, “Chemical, structural, and thermal
characterizations of alkali-soluble lignins and hemicelluloses,
and cellulose from maize stems, rye straw, and rice straw,”
Polymer Degradation and Stability, vol. 74, pp. 307–319, 2001.

[36] B. Deepa, E. Abraham, B. M. Cherian et al., “Structure, mor-
phology and thermal characteristics of banana nano fibers
obtained by steam explosion,” Bioresource Technology,
vol. 102, pp. 1988–1997, 2011.

[37] S. King, P. Dobson, and H. Jarvie, “Nanoparticle,” Encyclopæ-
dia Britannica, 2021, https://www.britannica.com/science/
nanoparticle.

[38] Y. M. Zhou, S. Y. Fu, L. M. Zheng, and H. Y. Zhan, “Effect of
nanocellulose isolation techniques on the formation of rein-
forced poly(vinyl alcohol) nanocomposite films,” Express Poly-
mer Letters, vol. 6, pp. 794–804, 2012.

[39] T. Fattahi Meyabadi, F. Dadashian, G. M. M. Sadeghi, and
H. E. Z. Asl, “Spherical cellulose nanoparticles preparation
from waste cotton using a green method,” Powder Technology,
vol. 261, pp. 232–240, 2014.

[40] M. R. K. Sofla, R. J. Brown, T. Tsuzuki, and T. J. Rainey, “A
comparison of cellulose nanocrystals and cellulose nanofibres
extracted from bagasse using acid and ball milling methods,”
Advances in Natural Sciences: Nanoscience and Nanotechnol-
ogy, vol. 7, p. 035004, 2016.

[41] K. P. Y. Shak, Y. L. Pang, and S. K. Mah, “Nanocellulose: recent
advances and its prospects in environmental remediation,”
Beilstein Journal of Nanotechnology, vol. 9, pp. 2479–2498,
2018.

[42] A. D. French, “Idealized powder diffraction patterns for cellu-
lose polymorphs,” Cellulose, vol. 21, pp. 885–896, 2014.

[43] F. A. Ahmad Kuthi, K. Haji Badri, and A. Mohmad Azman,
“X-ray diffraction patterns of oil palm empty fruit bunch fibers
with varying crystallinity,” Advances in Materials Research,
vol. 1087, pp. 321–328, 2015.

12 Journal of Nanomaterials

https://www.britannica.com/science/nanoparticle
https://www.britannica.com/science/nanoparticle


Research Article
Antifungal Activity and Mechanism of Action of Different Parts of
Myrtus communis Growing in Saudi Arabia against
Candida Spp.

Abdullah A. Alyousef

Department of Clinical Laboratory Sciences, College of Applied Medical Sciences, King Saud University, P.O. Box 10219,
Riyadh 11433, Saudi Arabia

Correspondence should be addressed to Abdullah A. Alyousef; abalyousef@ksu.edu.sa

Received 30 August 2021; Revised 13 September 2021; Accepted 15 September 2021; Published 7 October 2021

Academic Editor: Lakshmipathy R

Copyright © 2021 Abdullah A. Alyousef. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Discovering new antifungal drugs from natural products is a key target for the treatment of infections, such as candidiasis and
other Candida-related infections. As current therapeutic drugs for the treatment of infections, such as candidiasis and other
Candida-related infections, have adverse effects on human health, discovering new antifungal drugs from natural products is
urgently needed. The objective of this study was to evaluate the antifungal activity of the methanolic and sodium phosphate
buffer extracts derived from various parts of Myrtus communis, a plant that is traditionally used in Saudi Arabia, against
Candida albicans (ATCC 10213), Candida glabrata (ATCC 2001), Candida kefyr (ATCC 66028), Candida parapsilosis (ATCC
22019), and Candida tropicalis (ATCC 750). A well diffusion assay was performed to assess the antifungal activity through the
measurement of the zone of inhibition. Of the extracts, those extracted with methanol from the roots and leaves displayed
strong inhibitory activity against Candida glabrata (23:5 ± 0:12 and 20:7 ± 0:22, respectively), at 50mg/ml, with 5mg/ml
fluconazole administered as the standard control. The minimal inhibitory concentration (MIC) and minimum fungicidal
concentration (MFC) values were 12.5mg/ml and 25mg/ml for the M. communis root extract and 25mg/ml and 50mg/ml for
the M. communis leaf extract against Candida glabrata. The results were confirmed by scanning electron microscopy (SEM)
imaging of the control and treated strains of Candida glabrata. Based on SEM, these extracts could alter the morphology and
cause loss of cell integrity. The effect of M. communis root and leaf extracts on Candida cells was also determined by
measuring the absorbance at 260 nm after treatment for 1 h at 37°C. Interestingly, the 260 nm absorbing material was higher in
Candida glabrata than in the resistant strain, Candida parapsilosis (ATCC 22019). Based on our findings, the crude methanolic
extract of M. communis roots and leaves exhibited good antifungal activity against the Candida glabrata strain. SEM results
and estimation of the 260 nm absorbance material proved that the extract might act on the cell wall and cell membrane of
Candida cells, further leading to cell death.

1. Introduction

Medicinal plants are employed as alternatives to Western
medicine in developing countries to treat various health con-
ditions. According to a survey by the World Health Organi-
sation (WHO), 80% of the world’s population uses natural
remedies and traditional medicines [1, 2]. Plant extracts
and their essential oils have shown exceptional biological
activities against microorganisms. Globally, many countries,

such as India, Jordan, and Mexico, have diverse flora and a
rich tradition of using medicinal plants for antibacterial
and antifungal applications [3, 4]. Screening of plant extracts
against fungal strains has revealed that these plants contain
active compounds with antimicrobial properties.

Invasive fungal infections are mainly caused by Candida
albicans either locally or systemically [5]. These infections
pose a serious threat to the public health sector economi-
cally and medically as they are associated with high
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mortality rates and increased cost burden as well as hospital
duration [6].

Some of the factors contributing to increased infections
in immunocompromised patients include the use of intrave-
nous catheters, invasive procedures, and total parenteral
nutrition and the increasing use of broad-spectrum antibi-
otics, cytotoxic chemotherapies, and transplantation [7].
The virulence factors that lead to the pathogenicity of Can-
dida species include their ability to evade host defences,
adherence, promotion of hyphae, biofilm development (on
host tissue and on medical devices), and the production of
tissue-damaging hydrolytic enzymes, such as proteases,
phospholipases, and haemolysin [8]. Abnormal hosts, such
as immunocompromised persons or those with diabetes
mellitus, are more prone to mucosal or systemic infections
than healthy individuals [9].

Infections due to non-albicans species are rapidly
increasing. In fact, C. glabrata is the second most common
cause of candidiasis or vaginal candidiasis after C. albicans
and C. tropicalis, which is the third most common species.
In neonates, C. parapsilosis has become a dominant fungal
pathogen in children and neonates in some centers [10].

Several antifungal agents have been discovered and are
available for the treatment of invasive fungal infections, such
as polyenes, pyrimidines, echinocandins, and triazoles. Flu-
conazole and voriconazole are the most commonly used
antifungals. However, pathogenic microorganisms are con-
stantly developing resistance to these agents [11, 12]. Anti-
fungal drugs have undesirable side effects or are very toxic,
induce drug-drug interactions, or lead to the development
of resistance. Some drugs are also ineffective and have
become less successful as therapeutic agents. Thus, searching
for alternative antifungal drugs has been a major concern in
recent years [13]. Natural products play an important role in
drug development programs in the pharmaceutical industry
[14]. As a result, several medicinal plants have been exten-
sively studied in order to find safe, less toxic, and more
effective drugs.

Myrtus communis L. (M. communis), also called myrtle
(Myrtaceae family), is native to the Mediterranean basin
and Arabian Peninsula. Since ancient times, different parts
of myrtle, especially its leaves and fruit, have been used in
food preparation and applied in traditional medicines as a
general antiseptic, disinfectant, and therapy for many types
of infectious diseases [15, 16]. Many previous studies on
Myrtus demonstrated that different parts of this plant, such
as leaves, branches, berries, and flowers, have different
chemical compositions as well as pharmacological activities,
such as antifungal, antibacterial, antiviral, anticancer, anti-
inflammatory, analgesic, antioxidant, antidiabetic, and anti-
mutagenic effects [17, 18]. Discovering more effective and
less toxic novel antifungal agents is thus needed to overcome
these disadvantages.

The objectives of this study were to determine the anti-
fungal activity of different parts of the M. communis plant
against known standard ATCC Candida strains using meth-
anol and sodium phosphate buffer extraction methods and
to investigate the mechanism of action of these extracts on
the growth inhibition of different Candida species.

2. Materials and Methods

2.1. Fungal Strains. Five standard strains of Candida species
were obtained from the Research Laboratory, Clinical Labo-
ratory Sciences Department, College of Applied Medical Sci-
ence, King Saud University: Candida albicans (ATCC
10213), Candida glabrata (ATCC 2001), Candida kefyr
(ATCC 66028), Candida parapsilosis (ATCC 22019), and
Candida tropicalis (ATCC 750). Each strain was subcultured
on Sabouraud’s dextrose agar (SDA) (Scharlau, Spain)
medium and incubated at 37°C for 24 h to obtain inoculums
for testing.

2.2. Sample Preparation. M. communis plants were procured
from the Alfath nursery (Al-Qassim region, Saudi Arabia) in
October 2019. Samples were transported to the Research Lab
in a sterile bottle, washed with running tap water and later
with distilled water, and air-dried under shade at room tem-
perature. Subsequently, the samples were ground into a fine
powder using an electric blender and stored in sterile 50ml
universal containers. Methanolic extraction was performed
as described previously, with some modifications [15, 19,
20]. Briefly, a 25 g aliquot of each dried sample was extracted
using 100ml of methanol (95%) for 72 h at room tempera-
ture. Thereafter, the methanolic extracts were separated
and filtered through Whatman filter paper No.1 and dried
under pressure at 37°C with a rotator evaporator. The yield
percentages were determined by dividing the weight of the
extract by the weight of the sample multiplied by 100. The
dried extracts were reconstituted in 1% dimethyl sulfoxide
(DMSO; purity 99.7%) to prepare stock solutions, which
were stored in a refrigerator at 4°C until the analysis.

Antimicrobial proteins and peptides were extracted as
previously described [21, 22]. Briefly, a 25 g aliquot of each
dried sample was soaked in sodium phosphate buffer (pH
6.5) at 30°C and left overnight. The next day, the extracts
were filtered with Whatman filter paper No. 1 and subjected
to 80% ammonium sulfate saturation. The collected satu-
rated material was then separated by dialysis using a 3 kDa
cut-off dialysis tubing (Sigma Aldrich, St. Louis, MO,
USA), and the samples were subjected to spectrophotomet-
ric analysis at 280nm to determine protein concentration.

2.3. Preparation of the Inoculum. Two to three colonies from
24h old culture were used as the inoculum following suspen-
sion in 10ml of 0.85% sodium chloride solution, which was
autoclaved. The turbidity was adjusted to 0.5 McFarland
standard units (i.e., 1:5 × 108 CFU/ml).

2.4. Antifungal Susceptibility Test. A well diffusion assay was
used to determine the antifungal properties of medicinal
plants, as described previously [20, 23, 24]. SDA was pre-
pared according to the manufacturer’s instructions and
autoclaved. Medium (15-20ml) was poured into sterile Petri
dishes and allowed to solidify for 30min. Thereafter, 0.2ml
of inoculum (fungal strain in saline) was spread on an agar
plate, and the excess was removed via draining. The plates
were then incubated at room temperature for 10min. Using
a sterile cork borer, 7 ditches of 4mm were made in each
plate. Methanolic plant extracts (50mg/ml) were prepared
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in dimethyl sulfoxide (DMSO). Each well was filled with
either 50μl of the methanolic extracts or 50μl of crude pro-
tein; fluconazole (5mg/ml) was used as a positive control
while DMSO was used as a negative control. The plates were
incubated at 37°C for 24 h. The zone of inhibition was
measured in millimetres. The assay was repeated thrice for
confirmation.

2.5. Determination of the Minimum Inhibitory Concentration
(MIC) and Minimum Fungicidal Concentration (MFC). The
minimal concentration of plant extracts that induced the inhi-
bition of visible yeast growth or turbidity was referred to as the
MIC. MIC was determined for the fungal strains that were
sensitive to the extract in the well diffusion assay using the
microdilution method and 2,3,5-triphenyltetrazohum chlo-
ride (TTC, tetrazolium red, purity min. 99%, SRL Pvt. Ltd.
Mumbai, India) dye as a growth indicator, as described previ-
ously with some modifications [15, 25, 26].

Twofold serial dilutions of the extracts were prepared
directly in a microtiter plate containing Sabouraud broth
to obtain concentrations ranging from 100 to 1.56mg/ml.

Thereafter, 100μl of the strain inoculum, which was cul-
tured overnight and adjusted to 0.5 McFarland units, was
added to each well. The experiment was performed in tripli-
cate. The culture plates were incubated overnight at 37°C for
24 h. The following controls, negative control (Sabouraud
broth only) and positive controls (Sabouraud broth and
microorganism), were tested to determine medium sterility
and inoculum viability, respectively. The activity of flucona-
zole (5mg/ml) was also compared with that of the extracts.
To indicate fungal growth, 40μl TTC (2mg/ml) was added
to each of the 96 wells in the plate. Thereafter, the plate
was incubated for 30min at 37°C. The lowest concentration
at which there was no colour change was considered the
MIC of the plant extract.

To determine the MFC, 20μl of each of the wells with no
turbidity or fungal growth was cultured on SDA. The plates
were then incubated at 37°C for 24 h. The MFC was consid-
ered to be the lowest concentration cultivated in the plate
that induced a fungicidal effect with no visible viable colo-
nies on an agar plate.

2.6. Scanning Electron Microscopy (SEM). SEM was carried
out to confirm the inhibitory effect of the plant extracts on
sensitive strains using JSM-6380LA at an accelerating volt-
age of 10 kV. Two sets of samples were processed, control
and treated. Overnight grown cultures of Candida spp. were
inoculated in 10ml Sabouraud dextrose broth (SDB) to
derive the 0.5 McFarland standard. Suspensions of Candida
spp were treated with 100μl of the plant extracts at the MIC
and incubated at 37°C for 24h at 120 rpm; these samples
were considered treated cultures. Suspensions of Candida
spp that were not treated with the plant extracts were termed
as the control cultures.

After incubation, the cultures were centrifuged at 1,500
× g for 5min at room temperature to collect the pellet. Pel-
lets were washed thrice with distilled water. A 200μl volume
of 2.5% glutaraldehyde was added to the Eppendorf tubes
before sample preparation.

The sample pellets were fixed in buffer aldehyde (2.5%
glutaraldehyde in phosphate buffer) solution for 3 h. After
the removal of the glutaraldehyde solution, the samples were
rinsed thrice in sodium cacodylate solution buffer for 5min.
Postfixation was performed using osmium tetroxide for 1 h,
and the samples were rinsed in distilled water. Thereafter,
the samples were dehydrated using a graded ethanol series
of 25%, 50%, 75%, 90%, and twice with 100% ethanol for
10min each. The sample was dried with a critical point dryer
device, mounted on specimen stabs with gold coating, and
viewed under an electron microscope.

2.7. Measurement of the Release of 260 nm Absorbing Cellular
Materials. Spectrophotometer analysis of the 260nm
absorbing cellular materials was performed as described pre-
viously with some modifications [27, 28]. Briefly, an over-
night grown culture of Candida spp was inoculated into
fresh SDB to derive the 0.5 McFarland standard. Cells were
harvested by centrifugation at 1,500 × g for 10min at room
temperature, and the pellet was resuspended in 10ml phos-
phate buffer. Suspensions of Candida spp were treated with
100μl of plant extracts at the MIC or the same volume of
DMSO (control) and incubated at 37°C for 1 h. Samples
were centrifuged at 12,000 × g for 1min at 4°C, filtered
through a 0.2μm pore-size filter, and subjected to optical
density measurement at 260nm. Absorbance was estimated
for the control and treated cells using a UV microplate
reader (Bio-Tek), and the absorbance of DMSO control
was subtracted.

2.8. Statistical Analysis. All studies were performed in tripli-
cate. The data are presented as mean values. The difference
between the control and treated samples was analysed using
Student’s t-test.

3. Results

3.1. Extraction Yields of the Plant Extract. The 25 g of dried
plant material extracted with methanol (95%) yielded plant
extract residues ranging from 0.7 to 2.4 g. The highest yield
was obtained from M. communis leaves (2.4 g) followed by
M. communis roots (1.53 g). The flowers had the lowest
extract yield (Table 1).

As shown in Table 2, different concentrations of the pro-
tein extracts were successfully extracted from 25 g of dried
plant materials. The flowers of M. communis had a low pro-
tein concentration of 50.1μg/ml while the leaf extract had
the highest protein concentration of 140.6μg/ml when
extracted with sodium phosphate buffer (pH 6.5).

3.2. Antifungal Activity of the Plant Extracts. An evaluation
of the antifungal activity of different parts of the M. commu-
nis extracts against five standard Candida species was ini-
tially conducted using the well diffusion method. The
Candida strains used in this study were C. albicans (ATCC
10213), C. glabrata (ATCC 2001), C. keyfr (ATCC 66028),
C. parapsilosis (ATCC 22019), and C. tropicalis (ATCC
750). The effects of the extracts were compared with that
of the standard antifungal agent, fluconazole (5mg/ml),
and the negative control, DMSO. The results for the
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antifungal activity of these extracts are presented in Table 3
and illustrated in Figure 1.

All M. communis extracts used in the study exhibited
varying degrees of antifungal activity against the Candida
strains. However, the methanolic extract of M. communis
roots was the most effective among the extracts tested. In
fact, this extract resulted in a zone of inhibition (ZOI) of
23.5 mm against C. glabrata compared with the standard
antifungal, fluconazole (5 mg/ml). However, there was no
significant activity against other Candida spp. The methano-
lic leaf extract resulted in a zone of inhibition of 20.7 mm
against Candida glabrata; however, this extract did not
exhibit any activity against other Candida spp.

C. parapsilosis and C. keyfr were found to be resistant to
all methanolic extracts, whereas C. albicans showed very low
sensitivity with zones of inhibition of 4 mm and 2 mm when
treated with the methanolic extracts of roots and leaves,
respectively. C. tropicalis showed very low sensitivity toward
the methanolic root extract with a zone of inhibition of
5.2mm.

Other methanolic extracts (stems and flowers) were not
found to display antifungal activity against all tested strains.

The present study was conducted to investigate the effi-
cacy of the crude extracts of antifungal proteins and peptides
from different parts of M. communis. Extraction was carried
out herein in sodium phosphate buffer at pH 6.5. The anti-
fungal activities of these extracts were determined by the
microbiological technique using the agar well diffusion
assay.

The root extract displayed high activity against C.
glabrata with a zone of inhibition of 14.5mm and protein
concentration of 109.8μg/ml. The leaf extracts were found
to be effective against C. glabrata and C. albicans with zones
of inhibition of 13mm and 6mm, respectively.

C. glabrata showed very low sensitivity with a zone of
inhibition of 4mm when treated with the buffer extract of
stems. Further, the extracts of stem and flowers had no activ-
ity against other Candida strains.

The antifungal activity of all the extracts suggested that
all Candida strains were resistant to the methanolic and

buffer extracts. The highest and most promising results
against C. glabrata were obtained with the methanolic
extract of M. communis roots and leaves. Hence, experi-
ments were conducted to determine the MIC and MFC of
this extract against C. glabrata (ATCC 2001), which were
used for further characterization studies.

3.3. Determination of MIC and MFC. The effectiveness of the
plant extracts in the standard Candida strains was confirmed
by measuring the MIC and MFC. The MIC and MFC were
only determined for organisms that had a zone of inhibition
and were sensitive to the plant extracts in the previous anti-
microbial assay carried out using the agar well diffusion
method. In summary, the MIC and MFC values of the leaf
extracts against C. glabrata (ATCC 2001) (MIC: 25mg/ml,
MFC: 50mg/ml) were lower than those of the root extracts
(MIC: 12.5, MFC: 25mg/ml). C. glabrata (ATCC 2001)
was found to be resistant to the other plant extracts.

3.4. SEM Analysis. SEM was performed to determine the
morphology of the C. glabrata strain (ATCC 2001) after
treatment with the M. communis roots and leaf extracts for
24 h. The cells that were not treated had normal Candida cell
morphology, were oval-shaped, and had smooth outer sur-
faces. In contrast, the cells exposed to the MIC of the
extracts showed considerable morphological alterations,
including shrinkage, rough surface, and deformity, leading
to the prominent loss of cell shape and integrity (Figure 2).
This finding indicates that the M. communis root and leaf
extracts might act on the cell wall and membrane of C. glab-
rata, which may be attributed to their high content of poly-
phenols and oxygenated monoterpenes [17], causing a loss
in membrane integrity, leakage of cellular materials, and
ultimately cell death.

3.5. Measurement of the Release of 260 nm Absorbing Cellular
Materials. The effect of the methanolic extract ofM. commu-
nis roots and leaves was also determined by confirming the
leakage of 260nm absorbing materials when Candida spp.
were exposed to the MIC of the extracts (Figure 3). The
OD of the sensitive strain, C. glabrata (ATCC 2001), signif-
icantly increased at 260nm with the root extract and leaf
extract relative to the control after 1 h, which may be attrib-
uted to leakage in the cytoplasmic membrane and release of
cell materials, including nucleic acids, metabolites, and ions
[29]. However, no changes in the optical density were
observed for the resistance strain, C. parapsilosis (ATCC
22019), in this study.

4. Discussion

The treatment of Candida infections is currently challenging
owing to the limited number of available drugs, increased
resistance to these drugs, high costs, and toxicity [30]. Con-
sequently, novel alternative molecules that are more effective
than conventional antifungal agents are urgently needed to
prevent the emergence of fungal resistance. Only a few stud-
ies have assessed the antifungal activity of plants found in
various regions of Saudi Arabia using ethanol, methanol,

Table 1: Yield percentage of the methanolic extraction (%).

Plant parts Extract yield (%)

Stems 4.2

Flowers 2.8

Leaves 9.6

Roots 6.12

Table 2: Protein concentration (μg/ml) in different parts ofMyrtus
communis extracted using sodium phosphate buffer.

Plant parts Protein concentration (μg/ml)

Stems 76.2

Flowers 50.1

Leaves 140.6

Roots 109.8
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Table 3: In vitro antifungal activity (mm zone of inhibition) of the methanolic (M) and sodium phosphate buffer (P) extracts derived from
various parts of M. communis against standard Candida spp.

Sample No.
Stems Flowers Leaves Roots Fluconazole

(5mg/ml)
DMSO

P M P M P M P M

C. albicans ATCC
10213

0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 6:0 ± 0:12 2:0 ± 0:21 0:0 ± 0:0 4:0 ± 0:6 22:5 ± 0:22 0:0 ± 0:0

C. glabrata ATCC
2001

4:0 ± 0:11 6:1 ± 0:5 0:0 ± 0:0 0:0 ± 0:0 13:1 ± 0:17 20:7 ± 0:22 14:5 ± 0:61 23:5 ± 0:12 29:5 ± 0:42 0:0 ± 0:0

C. keyfr ATCC
66028

0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 19:8 ± 0:37 0:0 ± 0:0

C. parapsilosis
ATCC 22019

0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 30:8 ± 0:22 0:0 ± 0:0

C. tropicalis
ATCC 750.

0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 0:0 ± 0:0 5:2 ± 0:2 22:8 ± 0:31 0:0 ± 0:0

Data are means of three replicates ðn = 3Þ ± standard error.

(a) (b)

(c)

Figure 1: Antifungal activity of theMyrtus communis extracts. The antifungal activity against the sensitive strain, Candida glabrata (ATCC
2001) (a, b), and the lack of antifungal activity of these extracts against Candida parapsilosis (ATCC22019) (c). M: methanolic root extract;
B: buffer root extract; M2: methanolic leaf extract; B2: buffer leaf extract; Ab: fluconazole (5mg/ml); N: DMSO (used as a negative control).
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and other solvents to screen for alkaloids, terpenoids, and
other antifungal agents.

Studies in the regions of Saudi Arabia, such as Abha,
Dammam, Hail, Jeddah, and Najran, have revealed some sig-
nificant results. A study carried out in Abha revealed that the

antifungal activity of extracts from Salvadora persica and
Vigna fragrans against Aspergillus sp. and C. albicans was
higher than that of Peganum harmala and Withania somni-
fera extracts [31]. A study in Dhahran also revealed the anti-
microbial activity of ethanol leaf extracts of Catharanthus

(a) (b)

(c) (d)

(e) (f)

Figure 2: SEM analysis of the effects of plant extracts on the morphology of Candida glabrata (ATCC 2001). (a) Control cells (10,000x
magnification); (b) morphological alterations in the cells, including shrinkage, rough surface, and deformity, when treated with the
Myrtus communis root extracts (10,000x magnification); (c) morphological alterations in the cells, including shrinkage, rough surface,
and deformity, when treated with the Myrtus communis leaf extracts (10,000x magnification); (d) control cells (15,000x magnification).
Cell burst, rough surface, and deformity are indicated by arrows in cells treated with the Myrtus communis root (e) and leaf (f) extracts
(15,000x magnification).
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roseus (Periwinkle) against Staphylococcus aureus, Escheri-
chia coli, and C. albicans [32]. In another study, the antifun-
gal activities of the aqueous and organic crude extracts of six
medicinal plants collected from the markets of Jeddah,
including Azadirachta indica (neem), Zingiber officinale
(ginger), Eucalyptus globulus, Lawsonia inermis, Lepidium
sativum, and Rosmarinus officinalis, were determined
against different pathogenic fungi. The results revealed that
some of the plant extracts had high antifungal activity
against both C. albicans and C. tropicalis [33]. A study con-
ducted by Bokhari revealed the remarkable antidermatophy-
tic properties of the methanolic extracts of Cymbopogon
citratus (lemon grass) and Lantana camara (lantana), which
were collected from different localities of Jeddah city [34].
Further, a few studies have shown that different solvents
(ethanol, ether, methanol, and chloroform) and aqueous
extracts of Commiphora myrrha (myrrh), which is com-
monly used in Saudi Arabia, show broad-spectrum activity
against pathogenic bacteria, moulds, and different Candida
spp. [35, 36].

In a previous study, essential oils of Ocimum basilicum
collected from the Jeddah region displayed antimicrobial
activity against some bacteria and fungi [37]. Furthermore,
the extract obtained from Salvadora persica (miswak) has
been found to exhibit potent antifungal activity against all
Candida strains. In this study, the plants were selected based
on their traditional use among Middle Eastern communities
for dental hygiene purposes and the prevention of tooth
decay [38]. A review conducted in Najran, a city in Saudi
Arabia, revealed the various therapeutic effects of S. persica
on oral health, which can help elucidate the significance
and importance of this indigenous oral hygiene tool [39].

In previous studies, the fruit (berry) extracts, leaf
extracts, and essential oils of M. communis have been exten-
sively analysed to determine their antimicrobial properties
[17, 40]. However, only a few studies have reported the anti-
fungal activities of these plant extracts. In a previous in-
depth study that investigated the methanolic extracts of M.
communis leaves, high antimicrobial activity was observed;
the extraction procedures employed in this study included
heat and a long incubation period of approximately 7 days

[19, 41]. Previous studies have shown that methanolic
extracts of the aerial parts of M. communis are highly active
against three human pathogenic fungi, C. albicans (ATCC
10231), C. tropicalis (ATCC 13801), and C. glabrata (ATCC
28838) [42]. In another study, oil obtained from the leaves of
myrtle exhibited strong antifungal activity against different
Candida species [43]. Myrtle leaf oil has also shown signifi-
cant antifungal activity against different strains of C. albicans
when combined with the antifungal agent amphotericin B
[44]. However, a study conducted by Mert et al. revealed that
the n-hexane, ethanol, methanol, ethyl acetate, and aqueous
extracts of the leaves of M. communis did not exhibit any
antifungal activity against C. albicans (ATCC 10239) [45].

Many types of molecules with antimicrobial activity have
been isolated from plants. Among these phytomolecules,
proteins and peptides with antifungal activity have been
recently reported [46]. The present study was conducted to
investigate the efficacy of crude extracts of antifungal pro-
teins and peptides from different parts of M. communis.
The root extract displayed high antifungal activity only
against C. glabrata, and the leaf extracts were found to be
effective against C. glabrata and C. albicans. Furthermore,
the stem and flower extracts displayed no activity against
other Candida strains. However, our previous studies have
revealed that the antibacterial activity of the crude protein
extracted from leaves is highly active against methicillin-
resistant Staphylococcus aureus (MRSA), Acinetobacter bau-
mannii, and S. aureus. In addition, this extract has been
found to be more active than standard antibiotics [22].

The MIC and MFC of these extracts against sensitive
Candida strains were determined to quantify their activity.
Methanolic root extracts showed MIC and MFC values of
12.5mg/ml and 25mg/ml, respectively, against C. glabrata
(ATCC 2001). Methanolic leaf extracts showed MIC and
MFC values of 25mg/ml and 50mg/ml, respectively, against
C. glabrata (ATCC 2001). Therefore, the results of the pres-
ent study indicate some of the advantages of M. communis
root and leaf extracts that could be applied for the treatment
of microbial infections.

To examine the antifungal mode of action of the studied
extracts, it is important to estimate changes in fungal cell
morphology, surface structure, and cell membrane perme-
ability and integrity [29]. SEM analysis was performed to
understand the effects of the extracts on C. glabrata. SEM
images showed that the cells exposed to the MIC of the
extracts displayed numerous morphological alterations,
which caused a loss in membrane integrity, leakage of cellu-
lar materials, and ultimately cell death. This finding indi-
cates that M. communis root and leaf extracts might
disrupt the cell wall and membrane of C. glabrata, which
may be attributed to their high content of polyphenols and
oxygenated monoterpenes [17]. SEM was employed in pre-
vious studies to demonstrate that plant extracts can cause
morphological changes in the tested organisms. In a recent
study, SEM analysis was used to determine the effect of
150μl/ml of the ethanolic extract of Ziziphus spina-christi
leaves and Phoenix dactylifera seeds on C. albicans, and the
results showed reduced cellular activity and shrinkage of
the cell wall in the fungus [47]. SEM analysis was also
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Figure 3: Absorbance of the cell material content of C. glabrata
(ATCC 2001) and C. parapsilosis (ATCC 22019) at 260 nm
following treatment with the MIC of the M. communis root and
leaf extracts for 1 h. Values are expressed as the mean ± SD (n = 3).
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performed on bacteria to understand the effects of plant
extracts on their cell morphology. Changes in cell morphol-
ogy have been reported in some bacteria, such as S. aureus,
E. coli, and Salmonella, after treatment with various plant
extracts [29, 48]. The findings of the present study are con-
sistent with those of previous studies.

Leakage of cellular materials was analysed by detecting
260nm absorbing materials. In the present study, the OD
of the sensitive strain, C. glabrata (ATCC 2001), significantly
increased at the wavelength of 260nm following a 1 h treat-
ment with the root and leaf extracts compared with the con-
trol, suggesting damage to the cell wall and cytoplasmic
membrane of the yeast cells. Similar results have also been
reported for the essential oil of Aloysia triphylla and ethano-
lic extract of Salvia miltiorrhiza when tested against C. albi-
cans, showing increased absorbance at a wavelength of
260nm [13, 28]. Therefore, the absorbance of the material
and proteins at 260 nm wavelength can be used as an indica-
tor of damage to the cell wall and membrane, which causes
leakage of the cellular materials into the surroundings [49].

5. Conclusion

Based on the results of our study, it can be concluded that
the methanolic extracts of the roots and leaves ofM. commu-
nis could serve as potential sources of herbal drug prepara-
tions against C. glabrata. Further studies are necessary to
determine the antifungal activity of different parts of the
M. communis plant using different extraction methods, sol-
vents, and conditions as well as identify the chemical iden-
tity and toxicity of the bioactive compounds in M.
communis root extracts that are responsible for the signifi-
cant antifungal activity observed in this study.

Data Availability

Data used to support the findings of this study are included
within the article.

Conflicts of Interest

The author declares that there are no conflicts of interest.

Acknowledgments

The author extends their appreciation and acknowledges the
Deanship of Scientific Research, College of Applied Medical
Sciences, at King Saud University, Riyadh, Kingdom of Saudi
Arabia, for the financial support. The Deanship of Scientific
Research at King Saud University funded this work.

References

[1] World Health Organisation (WHO), Traditional Medicine
Strategy: 2002–2005, World Health Organisation (WHO),
Geneva, 2001.

[2] World Health Organisation (WHO), Traditional medicine.
Fact sheet No 134, World Health Organization, Geneva, 2003.

[3] M. J. Martínez, J. Betancourt, N. Alonso-González, and
A. Jauregui, “Screening of some Cuban medicinal plants for

antimicrobial activity,” Journal of Ethnopharmacology,
vol. 52, no. 3, pp. 171–174, 1996.

[4] V. L. G. Rehder, A. L. M. Machado, C. Delarmelina,
A. Sartoratto, M. C. T. Duarte, and G.M. Figueira, “Composic¸
˜ao qu’ımica e atividade antimicrobiana do ´oleo essencial de
duas esp’ecies de Origanum,” Revista Brasileira de Plantas
Medicinais, vol. 6, pp. 67–71, 2004.

[5] D. L. Horn, D. Neofytos, E. J. Anaissie et al., “Epidemiology
and outcomes of candidemia in 2019 patients: data from the
prospective antifungal therapy alliance registry,” Clinical Infec-
tious Diseases, vol. 48, no. 12, pp. 1695–1703, 2009.

[6] C. C. Lai, C. Y. Wang, W. L. Liu, Y. T. Huang, and P. R. Hsueh,
“Time to positivity of blood cultures of different Candida spe-
cies causing fungaemia,” Journal of Medical Microbiology,
vol. 61, no. 5, pp. 701–704, 2012.

[7] M. Ortega, F. Marco, A. Soriano et al., “Candida species blood-
stream infection: epidemiology and outcome in a single insti-
tution from 1991 to 2008,” The Journal of Hospital Infection,
vol. 77, no. 2, pp. 157–161, 2011.

[8] S. Silva, M. Negri, M. Henriques, R. Oliveira, D. W. Williams,
and J. Azeredo, “Candida glabrata, Candida parapsilosis and
Candida tropicalis: biology, epidemiology, pathogenicity and
antifungal resistance,” FEMS Microbiology Reviews, vol. 36,
no. 2, pp. 288–305, 2012.

[9] M. A. Pfaller, D. J. Diekema, R. N. Jones et al., “International
surveillance of bloodstream infections due to Candida species:
frequency of occurrence and in vitro susceptibilities to flucon-
azole, ravuconazole, and voriconazole of isolates collected
from 1997 through 1999 in the SENTRY Antimicrobial Sur-
veillance Program,” Journal of Clinical Microbiology, vol. 39,
no. 9, pp. 3254–3259, 2001.

[10] B. D. Chow, J. R. Linden, and J. M. Bliss, “Candida parapsilosis
and the neonate: epidemiology, virulence and host defense in a
unique patient setting,” Expert Review of Anti-Infective Ther-
apy, vol. 10, no. 8, pp. 935–946, 2012.

[11] J. K. Oberoi, C. Wattal, N. Goel, R. Raveendran, S. Datta, and
K. Prasad, “Non-albicans Candida species in blood stream
infections in a tertiary care hospital at New Delhi, India,”
The Indian journal of medical research, vol. 136, no. 6,
pp. 997–1003, 2012.

[12] D. Sanglard, “Emerging threats in antifungal-resistant fungal
pathogens,” Frontiers in Medicine, vol. 3, pp. 11–13, 2016.

[13] M. de las Mercedes Oliva, M. E. Carezzano, M. N. Gallucci,
and M. S. Demo, “Antimycotic effect of the essential oil of
Aloysia Triphylla against Candida Species obtained from
human pathologies,” Natural Product Communications,
vol. 6, no. 7, pp. 1934578X1100600–1934578X1101043, 2011.

[14] J. T. Baker, R. P. Borris, B. Carté et al., “Natural product drug
discovery and development: new Perspectives on international
collaboration,” Journal of Natural Products, vol. 58, no. 9,
pp. 1325–1357, 1995.

[15] A. A. Alyousef, M. Arshad, R. AlAkeel, and A. Alqasim, “Bio-
genic silver nanoparticles by Myrtus communis plant extract:
biosynthesis, characterization and antibacterial activity,” Bio-
technology and Biotechnological Equipment, vol. 33, no. 1,
pp. 931–936, 2019.

[16] M. E. Mohamed, O. M. Mohafez, H. E. Khalil, and I. A. Alhai-
der, “Essential oil from myrtle leaves growing in the eastern
part of Saudi Arabia: components, anti-inflammatory and
cytotoxic activities,” Journal of Essential Oil-Bearing Plants,
vol. 22, no. 4, pp. 877–892, 2019.

8 Journal of Nanomaterials



[17] V. Aleksic and P. Knezevic, “Antimicrobial and antioxidative
activity of extracts and essential oils of Myrtus communis L,”
Microbiological research, vol. 169, no. 4, pp. 240–254, 2014.

[18] A. Hennia, S. Nemmiche, S. Dandlen, andM. G. Miguel, “Myr-
tus communis essential oils: insecticidal, antioxidant and anti-
microbial activities: a review,” Journal of Essential Oil
Research, vol. 31, no. 6, pp. 487–545, 2019.

[19] M. Amensour, S. Bouhdid, J. Fernández-López, M. Idaomar,
N. S. Senhaji, and J. Abrini, “Antibacterial activity of extracts
of Myrtus communis Against food-borne pathogenic and
spoilage bacteria,” International Journal of Food Properties,
vol. 13, no. 6, pp. 1215–1224, 2010.

[20] S. Manandhar, S. Luitel, and R. K. Dahal, “In vitro antimicro-
bial activity of some medicinal plants against human patho-
genic bacteria,” Journal of Tropical Medicine, vol. 2019,
Article ID 1895340, 5 pages, 2019.

[21] R. al Akeel, A. Mateen, R. Syed, A. A. Alyousef, and M. R.
Shaik, “Screening, purification and characterization of anionic
antimicrobial proteins from Foeniculum vulgare,” Molecules,
vol. 22, no. 4, p. 602, 2017.

[22] A. A. Alyousef, R. Al Akeel, A. Alqasim, A. Mohammed,
A. Mateen, and R. Syed, “Evaluation of antibacterial activity
of twenty-two medicinal plants traditionally used in Saudi
Arabia against pathogenic bacteria,” EC Microbiology, vol. 14,
no. 3, pp. 108–112, 2018.

[23] K. A. Salih, “Synergistic effects of plant extracts and antifungal
drugs on C. albicans,” Journal of Developing Drugs Open
Access, vol. 5, no. 3, p. 165, 2016.

[24] S. Magaldi, S. Mata-Essayag, C. Hartung de Capriles et al.,
“Well diffusion for antifungal susceptibility testing,” Interna-
tional Journal of Infectious Diseases, vol. 8, no. 1, pp. 39–45,
2004.

[25] J. N. Eloff, “A sensitive and quick microplate method to deter-
mine the minimal inhibitory concentration of plant extracts
for bacteria,” Planta Medica, vol. 64, no. 8, pp. 711–713, 1998.

[26] W. A. Oliveira, F. O. Pereira, C. G. D. G. Luna et al., “Antifun-
gal activity of Cymbopogon winterianus Jowitt ex Bor against
Candida albicans,” Brazilian Journal of Microbiology, vol. 42,
no. 2, pp. 433–441, 2011.

[27] M. S. A. Khan, I. Ahmad, and S. S. Cameotra, “Phenyl alde-
hyde and propanoids exert multiple sites of action towards cell
membrane and cell wall targeting ergosterol in Candida albi-
cans,” AMB Express, vol. 3, no. 1, p. 54, 2013.

[28] H. S. Lee and Y. Kim, “Antifungal activity of Salvia miltior-
rhiza against Candida albicans is associated with the alteration
of membrane permeability and (1,3)-β-D-glucan synthase
activity,” Journal of Microbiology and Biotechnology, vol. 26,
no. 3, pp. 610–617, 2016.

[29] A. Musini and A. Giri, “Investigation of mode of action of Anti
Bacterial activity of Salacia oblonga extract against drug resis-
tant pathogen,” Brazilian Archives of Biology and Technology.,
vol. 62, article e19180051, 2019.

[30] Z. U. Khan, R. Chandy, and K. E. Metwali, “Candida albicans
strain carriage in patients and nursing staff of an intensive care
unit: a study of morphotypes and resistotypes,” Mycoses,
vol. 46, no. 11-12, pp. 479–486, 2003.

[31] A. M. A. Saadabi, “Antifungal activity of some Saudi plants
used in traditional Medicine,” Asian journal of plant sciences,
vol. 5, no. 5, pp. 907–909, 2006.

[32] A. Khalil, “Antimicrobial activity of ethanol leaf extracts of
Catharanthus roseus from Saudi Arabia,” in Second Interna-

tional Conference on Environment Science and Biotechnology,
vol. 48, Singapore, 2012.

[33] M. M. Aly and S. O. Bafeel, “Screening for antifungal activities
of some medicinal plants used traditionally in Saudi Arabia,”
Journal of Applied Animal Research, vol. 38, no. 1, pp. 39–44,
2010.

[34] F. M. Bokhari, “Antifungal activity of some medicinal plants
used in Jeddah, Saudi Arabia,” Mycopathologia, vol. 7,
pp. 51–57, 2009.

[35] S. A. Omer, S. E. I. Adam, and O. B. Mohammed, “Antimicro-
bial activity of Commiphora myrrha against some bacteria and
Candida albicans isolated from gazelles at King Khalid Wild-
life Research Centre,” Research Journal of Medicinal Plant,
vol. 5, no. 1, pp. 65–71, 2011.

[36] M. Alhussaini, A. M. Saadabi, M. I. Alghonaim, and K. E. Ibra-
him, “An evaluation of the antimicrobial activity of Commi-
phora myrrha Nees (Engl.) oleo-gum resins from Saudi
Arabia,” Journal of Medical Sciences (Faisalabad), vol. 15,
no. 4, pp. 198–203, 2015.

[37] A. Ba-Hamdan, A. Hamdan, M. M. Aly, and S. O. Bafeel,
“Antimicrobial activities and phytochemical analysis of the
essential oil of Ocimum basilicum, collected from Jeddah
region,” Saudi Arabia Journal Of Microbiology Research,
vol. 4, no. 6a, pp. 1–9, 2014.

[38] H. Balto, I. Al-Sanie, S. Al-Beshri, and A. Aldrees, “Effective-
ness of Salvadora persica extracts against common oral patho-
gens,” The Saudi dental journal, vol. 29, no. 1, pp. 1–6, 2017.

[39] M. M. Haque and S. A. Alsareii, “A review of the therapeutic
effects of using miswak (Salvadora Persica) on oral health,”
Saudi Medical Journal, vol. 36, no. 5, pp. 530–543, 2015.

[40] F. Giampieri, D. Cianciosi, and T. Y. Forbes-Hernández,
“Myrtle (Myrtus communis L.) berries, seeds, leaves, and
essential oils: new undiscovered sources of natural compounds
with promising health benefits,” Food Frontiers, vol. 1, no. 3,
pp. 276–295, 2020.

[41] S. Mansouri, A. Foroumadi, T. Ghaneie, and A. G. Najar,
“Antibacterial activity of the crude extracts and fractionated
constituents of Myrtus communis,” Pharmaceutical Biology,
vol. 39, no. 5, pp. 399–401, 2001.

[42] O. Gortzi, S. Lalas, I. Chinou, and J. Tsaknis, “Reevaluation of
bioactivity and antioxidant activity of Myrtus communis
extract before and after encapsulation in liposomes,” European
Food Research and Technology, vol. 226, no. 3, pp. 583–590,
2008.

[43] S. Cannas, P. Molicotti, M. Ruggeri et al., “Antimycotic activity
ofMyrtus communis L. towards Candida spp. from clinical iso-
lates,” Journal of Infection in Developing Countries, vol. 7,
no. 3, pp. 295–298, 2013.

[44] M. Mahboubi and F. Ghazian Bidgoli, “In vitro synergistic effi-
cacy of combination of amphotericin B withMyrtus communis
essential oil against clinical isolates of Candida albicans,” Phi-
tomedicine, vol. 17, no. 10, pp. 771–774, 2010.

[45] T. Mert, T. Fafal, B. Kivcak, and H. T. Ozturk, “Antimicrobial
and cytotoxic activities ofMyrtus communis L,” Journal of Fac-
ulty of Pharmacy of Ankara University, vol. 37, pp. 191–199,
2008.

[46] J. Jeenkeawpieam, S. Yodkeeree, A. Andrianopoulos,
S. Roytrakul, and M. Pongpom, “Antifungal activity and
molecular mechanisms of partial purified antifungal proteins
from Rhinacanthus nasutus against Talaromyces marneffei,”
Journal of Fungi, vol. 6, no. 4, p. 333, 2020.

9Journal of Nanomaterials



[47] S. al-Ali and A. al-Judaibi, “Biochemical and Molecular Effects
of Phoenix dactylifera and Ziziphus spina-christi Extracts on
Candida albicans,” Journal of Biosciences and Medicines,
vol. 7, no. 3, pp. 29–43, 2019.

[48] M. B. Sadiq, J. Tarning, T. Aye Cho, and A. Anal, “Antibacte-
rial activities and possible modes of action of Acacia nilotica
(L.) Del. against multidrug-resistant Escherichia coli and Sal-
monella,” Molecules, vol. 22, no. 1, p. 47, 2017.

[49] J. Zhang, K. P. Ye, X. Zhang, D. D. Pan, Y. Y. Sun, and J. X.
Cao, “Antibacterial activity and mechanism of action of black
pepper essential oil on meat-borne Escherichia coli,” Frontiers
in microbiology, vol. 7, no. 7, p. 2094, 2017.

10 Journal of Nanomaterials



Research Article
Enhancement of Mechanical Properties on Novel Friction
Stir Welded Al-Mg-Zn Alloy Joints Reinforced with
Nano-SiC Particles

L. Natrayan ,1 M. Ravichandran ,2 Dhinakaran Veeman ,3 P. Sureshkumar ,4

T. Jagadeesha,5 R. Suryanarayanan,6 and Wubishet Degife Mammo 7

1Department of Mechanical Engineering, Saveetha School of Engineering, SIMATS, Tamil Nadu, Chennai 602105, India
2Department of Mechanical Engineering, K. Ramakrishnan College of Engineering, Samayapuram, 621112, Tamil Nadu, India
3Centre for Additive Manufacturing, Chennai Institute of Technology, Chennai, Tamil Nadu 600069, India
4Department of Mechanical Engineering, Ramco Institute of Technology, Tamil Nadu, Virudhunagar 626125, India
5Department of Mechanical Engineering, National Institute of Technology, Calicut, 673601 Kerala, India
6School of Mechanical Engineering, Vellore Institute of Technology, Tamil Nadu, Chennai 600127, India
7Mechanical Engineering Department, Wollo University, Kombolcha Institute of Technology, Kombolcha, South Wollo,
208 Amhara, Ethiopia

Correspondence should be addressed to L. Natrayan; natrayanphd@gmail.com,
Dhinakaran Veeman; dhinakaranv@citchennai.net, and Wubishet Degife Mammo; wubishetdegife7@gmail.com

Received 27 July 2021; Revised 11 September 2021; Accepted 15 September 2021; Published 5 October 2021

Academic Editor: Lakshmipathy R

Copyright © 2021 L. Natrayan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Friction stir welding (FSW) is a solid-state technique used to join Al-Zn-Mg alloys effectively compared with other conventional
welding methods. Al-Zn-Mg alloy was processed for welding because they significantly demanded various engineering
applications. A novel method of this research work is to characterize the unique mechanical properties of Al-Zn-Mg alloy
reinforced with 1 to 3wt% of nano silicon carbide (nano-SiC) particles developed by novel interlock friction-stir welding. The
process parameters chosen for welding are rotational tool speed 1100 rpm, weld speed 25mm/min, and triangular pin profile.
The weld joint properties such as tensile strength, yield strength, and hardness were tested per ASTM standard. The
microstructure of weld joints was studied with XRD and optical and scanning electron microscopy. The existence of silica
particles in the weld joints and uniformed and homogeneous distribution of the particulates in the weld was verified by EDS
analysis and microstructure. Al-Zn-Mg reinforced with nano-SiC joints has better static properties due to intensive softening
in the stir region. Al-Zn-Mg with 3wt% nano-SiC exhibits maximum tensile strength, yield strength, and nugget hardness of
191MPa, 165MPa, and 171HV. Weld microstructures showed a pinning mechanism because nano-SiC particles were used as
reinforcement during friction stir welding.

1. Introduction

Welding is the most widely used fabrication technique in the
manufacturing industry. Friction stir welding (FSW) was
invented by Thomas WM at TWI UK in 1991 to overcome
the fusion welding problems [1]. Kapil and Sharma investi-
gated on few similar and dissimilar materials and identified
some unsolved critical issues [2]. Few researchers extend

the limits of FSW in welding of different materials such as
Al-Mg [3], Cu-Al [4], Al-Cu [5], and plastics [6]. The mate-
rial flow during the process was analytically studied [7].
Since its invention, the FSW process has been extensively
used in various industrial applications, joining current and
future advanced materials [8]. In this process, the shoulder/-
workpiece interface causes the frictional heat to form plastic
deformation [9]. Welding parameters impact the material
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flow and heat generation, which affected the weld strength
[10]. The surface roughness of the sample and the oxide
layer presence were reported to influence the tensile shear
force of the joint [11]. The rotational weld speeds of the tool
and pin profile geometry affect the temperature and plastic
flow field [12]. The filling stud is a single-stage process
where the stud is placed onto the prefabricated hole in the
joint. Weld joint strength was increased with an increase in
TRS which was studied and reported in dissimilar
AA7075-AA2024 Al-alloy FSW joints [13].

The weld quality was evaluated by the hardness of the
joint; the relationship between peak temperature and hard-
ness profile at the stir zone was investigated on AA6061-
AA7075 Al-alloy joints [14]. The impact of weld speed on
joint strength was studied in dissimilar AA6061-
T6/AA7075-T6 Al-alloy joints. The welds were fabricated
at different weld speeds of 80, 100, and 120mm/min, where
defect-free and superior strength joints were produced at
120mm/min [15]. Employing lower plunge depth during
FSSW produced weaker mechanical interlocking. The grad-
ual rise in the plunge depth produced a stronger FSSW joint.
However, a variation in the hook morphology was observed
[16]. The noncircular tool profiles were reported to allow a
smoother flow of plasticized material around the pin by
breaking the oxide particles and producing fine grains at
the stir zone [17]. The effects of the number of passes on
microstructure and mechanical properties were discussed
and reported with an increasing number of pass, the average
grain size in the weld zone of aluminium 5083 decreases, and
mechanical properties increased [18]. The effect of TRS on
the stir zone of dissimilar AA6061/AA7050 Al-alloy joints
revealed that the degree of material transfer was influenced
by the rotational tool speed [19]. The study report on
AA6061/AA5086 Al-alloy revealed that welds fabricated
with threaded cylindrical pin profiles exhibit better mechan-
ical properties than welds fabricated with other welds [20].
Dissimilar AA6061/AA5010 Al-alloy welds made with
square pin profile exhibit superior strength compared to
cylindrical pin profiles [21]. The hardness at the TMAZ-
HAZ was observed to be low compared to the other weld
regions, irrespective of the changes in the process parame-
ters. The detailed analysis of the weld zone by TEM revealed
that the size and shape of the strengthening precipitate
influence the microstructure and the microhardness. The
adherence of the plasticized material on the pin at the high
dwell times [22]. The study reported on dissimilar
AA6061/AA2014 revealed that joints fabricated by hybrid
square pin profiles exhibit good material flow than other
welds [23]. The thread profiles were observed to influence
the material flow in the FSW process [24]. The increased
upward material flow was observed with the right-hand
threaded tool, which resulted in the tunnel defect formation.
However, with left-hand threaded tools, excellent tensile
properties were obtained due to the increased downward
material flow, which resulted in defect-free weld joints with
superior tensile strength [25].

Fabrication of different grade materials with FSW is
challenging to the researchers and manufacturers. FSW of
Al-Mg-Zn alloys was reported to produce stronger weld

joints than conventional fusion welding methods by inhibit-
ing the negative influence of intermetallic compound forma-
tion due to high heat input. Therefore, the present study was
aimed at investigating the influence of nano-SiC particle
reinforcement on mechanical and microstructural properties
of 2mm thick dissimilar Al-Mg-Zn alloy FSW interlock
weldments. Al-Mg-Zn alloy has been widely employed to
fabricate truck frames, aircraft structures, automotive parts,
marine and shipbuilding, storage tanks, railroad cars, etc.

2. Experimental Procedure

Flat plates of Al-Mg-Zn alloy of 2mm thick with various
wt% of nanosilicon carbide particles (1 to 3wt%) with
10 nm particle size were added in joint lap configuration.
Sample numbers with reinforcement wt% are shown in
Table 1. Initially, the specimens were chemically treated to
remove grease and dirt particles at the weld site. Then, the
process is carried out by a friction stir welding machine [26].

The interlock FSW of Al-Mg-Zn alloy was conducted at
1100RPM, 25mm/min triangular pin and varying wt% of
nano-SiC particles from 1 to 3%. The base metal of 100 ×
100 × 2mm thickness was milled to a depth of 1mm and
width of 35mm along the longitudinal direction [27]. The alu-
minium sheet top surface was milled to 0.75mm width, as
shown in Figure 1. Nano-SiC reinforcements were filled in
the top groove that intersects to produce a hybrid seal between
the welds [28]. The nonconsumable tool material used for this
experiment is AISI-H13 tool steel, shown in Figure 2. During
the process, a shoulder diameter of 25mm and a triangular
profile pin of 3mm inscribed in a circle of 8mmdiameter were
employed [29]. The tool is plunged to a depth of 3mm and
traversed along the longitudinal direction to a distance of
85mm to form a weld joint with assistance from frictional heat
and plastic deformation [30].

FSW interlock weldments joined at varying wt% of
nano-SiC samples are shown in Figure 3. The hardness
was tested on a Vickers hardness testing machine with a
working load of 110 kgf and a dwell period of 10 sec [31].
Tensile test was conducted as per ASTM E8 on the precision
universal testing machine (SHIMADZU) which has a test
load of 50 kN at a crosshead velocity of 0.5mm/min [16].
Microstructure analysis was studied with optical scanning
electron microscopy.

3. Results and Discussion

3.1. X-Ray Diffraction Test. Figure 4 shows the XRD pattern
for FSW interlock samples in the heat-affected zone. The

Table 1: Sample wt% combinations.

Sample No. Combinations

Sample 1 Al-Mg-Zn/1.0 wt% nano-SiC

Sample 2 Al-Mg-Zn/1.5 wt% nano-SiC

Sample 3 Al-Mg-Zn/2.0 wt% nano-SiC

Sample 4 Al-Mg-Zn/2.5 wt% nano-SiC

Sample 5 Al-Mg-Zn/3.0 wt% nano-SiC
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weld cross section of the joint with the maximum tensile
strength is analysed using XRD for different phases across
the weld zone. In comparison to the normal diffraction data,
the peaks were examined with the existence of various
phases. 2θ reflections at 38.01, 52.5, and 75.6° correspond
to the Al phase [32]. MgZn2 and MgSi2 phase is confirmed
from the peaks at 21.45 and 24.32, respectively. The nano-
SiC particle peak was observed at 62.03 and 88.6° confirmed
with the JCPDS No. 29-1128. Peak intensity was found to
vary with Si composition. It is observed that the peak shift
was observed with increasing Si wt%.

3.2. Temperature Measurement. During the FSW process,
heat was generated from tool-workpiece interaction and
the plastic deformation of the Al-Mg-Zn alloy. The temper-
ature profile during the process was measured with the help
of an infrared thermometer. The heat generated in the pro-
cess is responsible for softening the material at the weld
region, reducing the thermomechanical stresses on the tool
during the process [33].

In the FSW process, the contact area between the pin
profile and the weld surfaces was responsible for generating
the frictional heat [34].

QTot =
2πμ P τ

3
ω R3 − R3

p

� �
+ 3R2

p Pl

�
: ð1Þ

QTot is the total heat input, W; μ is the friction coeffi-
cient; P is the axial force, N; ω is the rotational speed; R is
the shoulder radius, m; Rp is the pin radius, m; and Pl is
the pin length. The heat input was primarily estimated by
using equation 1 as

Q = η
2πωT
V

: ð2Þ

The estimated heat generated of 9546.24W during the
process was calculated by using the following equation.
The heat generated during the process was measured in
terms of temperature with the help of an IR thermometer.
The temperature transferred from NZ to the ends of the
weld plates was observed to vary due to the influence of
the tool shown in Figure 5. The maximum temperatures
were observed during welding to be maximum around the
edge of the tool.

3.3. Microstructure. The weldments were cut across the weld
joint to view the microstructure. The specimens were pre-
pared by polishing till a scratch-free mirror-like image was

obtained. Further, they are etched with Keller’s reagent
(95ml of water, 2.5ml of nitric acid, 1.5ml of hydrofluoric
acid, and 1ml of hydrochloric acid). The microstructures
of etched specimens were observed under an optical micro-
scope. The microstructures captured at different samples
are shown in Figures 6(a)–6(d).

In the FSW process, the plastically deformed material in
the weld zone was experienced by the thermomechanical
cycle. The weld zone cross section has a fine-grained struc-
ture. In dissimilar material welding, the analysis of micro-
structure is complex due to the heterogeneous properties of
materials. The microstructure obtained shows grains, grain
boundaries are shown in Figures 6(a)–6(d) with intermetal-
lic particles, and some grains are elongated. The microstruc-
ture analysis has reported that TMAZ consists of coarser and
elongated grains because of the heat produced by the tool
shoulder during rotation. Uniform distribution is observed
in Figures 6(a)–6(d).

3.4. SEM Analysis. SEM image of the interlock friction stir
welded sample with different w.t% of nano-SiC is shown in
Figures 7(a)–7(e). The microstructure at the weld zone was
asymmetric due to different wt% of the composition of the
silicon carbide particles (Figures 7(a) and 7(b)). The ele-
ments magnesium and silicon form the Mg2Si compound
shown as bright regions that do not dissolve in parent mate-
rials (Figures 7(c) and 7(d)). This leads to conclude that dark
and bright lamellar originates from Al–Mg-Zn alloys. On the
other hand, the welds processed with nano-SiC 3wt% have
uniform distribution and good mixing as shown in
Figure 7(e).

EDAX analysis shown in Figures 8(a) and 8(b) addresses
the secondary phase IMCs in the form of Mg2Si, which

0.75 mm groove for
filling nano SiC particles 

Figure 1: Groove in base metal.

3 mm

Ф8 mm

Ф25 mm

Figure 2: AISI-H13 tool steel dimensions.
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consists at the nugget zone. In the NZ, an average composi-
tion close to that of the Al-Mg-Zn was found in EDAX. The
EDAX confirmed the elemental composition of the welds at
the nugget zone. EDAX profile showed that NZ has less Mg
content than base materials. The compounds like Si, Zn, Mg,
and CO3 were present in the NZ.

3.5. Mechanical Properties. The microstructure variations in
and around the weld zone can lead to a change in the tensile
strength of the weldment. FSW interlock sample mechanical
properties and joint efficiency are shown in Table 2. Base
metal strength was observed as 285MPa. The joint effi-
ciency is the ratio of UTS of the weld and UTS of the parent
metal.

Joint efficiency% =
Weld joint strength
Basemetal strength

× 100: ð3Þ

3.6. Hardness. Hardness test was conducted on the trans-
verse section of welded samples with a spacing of 5mm
and load of 110 kgf with a dwell period of 10 sec. Al-Mg-
Zn with various wt% of nano-SiC samples interlocked with
friction stir welding using triangular pin profiles processed
at 1100 rpm exhibits differences in hardness along the weld
line as shown in Figure 9.

The hardness of the weld joint was determined across
the weld zone. The hardness variation across the weld zone
was observed to possess a W profile, with hardness at nugget

higher than thermomechanically affected zone (TMAZ),
heat-affected zone (HAZ), and parent metal irrespective of
changes in wt% of nano-SiC particles. The increased hard-
ness at the nugget is credited to the grain refinement and
nano-SiC particles. The intense stirring action during FSW
and presence of nano-SiC particles resulted in severe plastic
deformation resulting in increased hardness at the nugget.
Moreover, nano-SiC particle addition resulted in grain
boundary pinning [35]. The minimum hardness value was
found at HAZ. The hardness at the HAZ is minimum due
to precipitation phenomena [36]. The less hardness observed
in the HAZ is due to the fact that IMCs may form Mg2Si and
less Si compound on the Al-Mg-Zn/1wt% nano-SiC (sample
1). The maximum hardness values of sample 5 (Al-Mg-
Zn/5wt% nano-SiC) observed were 88 to 171HV from NZ
to HAZ. The weld zone hardness varied between 125 and
171HV.

3.7. Tensile Strength. Tensile test samples were prepared as
per the standard of ASTM E8/ASTM B557. The test speci-
men shape was cut by wire EDM machine to get accurate
dimensions shown in Figure 10. The test was conducted on
the precision universal testing machine (SHIMADZU) at a
test load of 50 kN and a crosshead velocity of 0.5mm/min.
The results observed from the experiment are tabulated in
Table 2. The test results revealed that the interlock welded
joints failed by tensile and shear mode of failure.

The tensile and yield strength was observed to increase
with the wt% of nano-SiC particles. The increase in the

(a) Al-Mg-Zn/1 wt% nano-SiC (sample 1) (b) Al-Mg-Zn/1.5 wt% nano-SiC (sample 2)

(c) Al-Mg-Zn/1 wt% nano-SiC (sample 4) (d) Al-Mg-Zn/1 wt% nano-SiC (sample 5)

Figure 6: (a–d) Microstructures of modified interlock FSW welded samples with addition of nano-SiC.
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mechanical strength of the weld joint with the increase in the
wt% of nano-SiC reinforcements is credited to the increased
material mixing between the base metal and the reinforce-
ment, which led to the accumulation of large amounts of
reinforcement particles at the grain boundaries due to
decreased dislocation during dynamic recrystallization [35].

The NZ was composed of equiaxed and fine grains, and
TMAZ has coarse bent recovered grains. The fracture loca-
tion is between WN and TMAZ on AS. Maximum UTS
and YS values were recorded as 191MPa and 170MPa,
respectively. As per AWS D17 specifications, the joint effi-
ciency factor for aerospace applications is 0.6 to 0.7,

20 𝜇m EHT = 20.00 kV Signal A = SE2
WD = 7.2 mm Mag = 500 X Time : 16:05:33

Date : 16-06-2021 ZEISS

(a) SEM of Al-Mg-Zn/1 wt% nano-SiC (sample 1)

20 𝜇m EHT = 20.00 kV Signal A = SE2
WD = 7.2 mm Mag = 500 X Time : 16:20:20

Date : 16-06-2021 ZEISS

(b) SEM of Al-Mg-Zn/1.5 wt% nano-SiC (sample 2)

20 𝜇m EHT = 20.00 kV Signal A = SE2
WD = 7.2 mm Mag = 500 X Time : 16:26:20

Date : 16-06-2021 ZEISS

(c) SEM of Al-Mg-Zn/2 wt% nano-SiC (sample 3)

20 𝜇m EHT = 20.00 kV Signal A = SE2
WD = 7.2 mm Mag = 500 X Time : 15:55:35

Date : 16-06-2021 ZEISSZEISS

(d) SEM of Al-Mg-Zn/2.5 wt% nano-SiC (sample 4)

20 𝜇m EHT = 20.00 kV Signal A = SE2
WD = 7.2 mm Mag = 500 X Time : 16:33:50

Date : 16-06-2021 ZEISSZEISS

(e) SEM of Al-Mg-Zn/2.5 wt% nano-SiC (sample 5)

Figure 7: (a–e) SEM images of modified interlock FSW welded samples with addition of nano-SiC.
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Table 2: Mechanical properties of fabricated samples with joint efficiency.

Sample composition Ultimate tensile strength (MPa) Hardness (HV) Yield strength (MPa) Joint efficiency (%)

Al-Mg-Zn/1.0 wt% nano-SiC 125 137 94 0.43

Al-Mg-Zn/1.5 wt% nano-SiC 143 152 99 0.50

Al-Mg-Zn/2.0 wt% nano-SiC 157 163 107 0.55

Al-Mg-Zn/2.5 wt% nano-SiC 178 167 133 0.62

Al-Mg-Zn/3wt% nano-SiC 191 171 165 0.67

0 0.5 1 1.5 2.5 3.532
Full scale 399 cts cursor: 3.733 (4 cts) keV

Spectrum 1

C
O

Cu Mg

Al

Zn

Electron image 1300 𝜇m

Spectrum 1

(a)

0 0.5 1 1.5 2.5 3.532

Full scale 399 cts cursor: 3.733 (4 cts) keV

Spectrum 1

C O Cu Mg

Si

Al

Zn

Electron image 1300 𝜇m

Spectrum 1

Element Weight % Atomic %
C K
O K

Cu K
Mg K

Zn K
Si K
Al K

Totals

1.85
2.25
2.04

81.85
7.34

100.00

1.98

3.88

65.93
3.43

3.05

3.35

1.32

15.35
6.38

Full scale 399 cts cursor: 3.733 (4 cts)

(b)

Figure 8: (a) EDAX analysis for Al-Mg-Zn/1wt% nano-SiC (sample 1). (b) EDAX analyses for Al-Mg-Zn/3wt% nano-SiC (sample 5).

−20 −15 −10 −5 0 5 10 15 20
80

90

100

110

120

130

140

150

160

170

Distance from the weld center
Sample 1
Sample 2
Sample 3

Sample 4
Sample 5

H
ar

dn
es

s (
H

V
)

Figure 9: Hardness profile of weld joints processed at different wt% of nano-SiC.

7Journal of Nanomaterials



achieved in this experiment sample 5. Hence, the fabricated
joints were recommended for various structural applications
where the above properties are required.

4. Conclusions

In this research, Al-Zn-Mg alloy added with 1 to 3wt% of
silicon carbide (nano-SiC) particles was successfully devel-
oped by novel interlock friction-stir welding methods. The
process parameters chosen for welding are rotational tool
speed 1100 rpm, weld speed 25mm/min, and triangular pin
profile. FSW interlock weld samples were characterized,
and the following findings were drawn:

(i) Al-Zn-Mg/3wt% nano-SiC (sample 5) shows better
yield strength, tensile strength, and hardness

(ii) SEM microstructure showed that very fine grains
and nano-SiC particles uniformly mix between the
base materials

(iii) EDAX analysis confirmed the presence of silicon
carbide particles in the interlock weld zone

(iv) AWSD17 requirement attained with a common
efficiency factor of 0.67

(v) The highest tensile strength was reported as
191MPa, and hardness was reported as 171HV
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Light metal alloys are extensively used in automotive, aerospace, aircraft, and military sectors since their lightweight leads to
reduced energy consumption, increased fuel efficiency, and better environmental protection. In the present situation,
nanomaterials are the potential candidate for weight saving in the structural application and can meet stringent government
norms. Nanomaterial was heat-treated in the furnace to about a certain temperature and time and then normalized for
strengthening. The heat-treated nanomaterial undergoes different forging processes, namely, hot forging and cold forging,
using a certain capacity’s hydraulic press. Hence, in this work, an extensive study on the influence of the prestrain annealing,
the corrosion rate on differently treated samples, and the effect of sensitization heat treatment on the nanomaterial was done.

1. Introduction

Until cooling, the nanomaterial must be heated above its
recrystallization temperature for a specified period. The
cooling rate is determined by the metals being annealed
[1]. Steel is typically permitted to cool to room tempera-
ture in still air, whereas copper, silver, and brass can be
cooled slowly in the air or quenched quickly in water
[2]. The heating process causes atoms in the crystal lattice
to migrate, reducing the number of dislocations and altering
the nanomaterial’s ductility and hardness [3]; when the heat-
treated nanomaterial cools, it recrystallizes. The crystal grain
size and phase composition determined by the heating and
cooling rates dictate the nanomaterial properties [4]. The sil-
icon as the major alloy element in aluminum alloy improves
the strength of the matrix. The Cu and Mg elements are
secondary alloying elements in the aluminum matrix, Mg

improves the uniform dispersion of the matrix elements,
and Cu improves the matrix strength with a combination of
Fe elements. Fe, Ni, Ti, Zn, and Cr are commonly used as
minor addition in the aluminum matrix, and their composi-
tion varies dependent upon the applications. [5]. In the hot or
cold working annealing process, the metal parts change the
nanomaterial structure again so additional heat treatments
can be needed to achieve the desired properties [6]. The key
benefits of annealing are how it increases a nanomaterial’s
workability by improving durability, decreasing stiffness,
and increasing machinability. Metal brittleness is reduced
while their magnetic properties and electrical conductivity
are improved by the heating and cooling process [7]. Feng
et al. have prepared W-TaC alloys by hot pressing and high
energy rate forging. For locating thermal surprise resistance
of the as-solid samples, ELMS-like thermal surprise had been
carried out [8]. The cracking formation of the developed
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W-Tac was blocked due to the base temperature that
increased to 100°C [9]. The W-Tac alloy density and hard-
ness before and after HERF are shown in Table 1.

Lin et al. reported that galling happens at the die surface’s
boundary bottom point, in the center of the straight and
corner edge. On the other hand, galling begins at the same
boundaries’ top as the die surface and spreads downward
on the drawn cup as drawing cycles progress [10]. On both
die and drawn cup surfaces, galling occurs clearly; the SLD
nanomaterial shows good performance than SKD11 and
ADI [11]. Figure 1 shows that the temperature was extremely
high around the boundary between the straight and corner
edges.

Sharma et al. focused on laser beam in-field vacuum
oven annealing which is compared with CW-laser annealing.
There was no loss of texture or surface roughness in this
process for laser intensities. The laser annealing process is
dependent on heat propagation through the thin-film system
and into the substrate; significant changes were observed
when the laser processed region was changed [12]. The
ceramic particle size, distribution, quantity of reinforcement,
and shape of the reinforcement are enhancing the mechani-
cal, tribological, and corrosion properties of the metal matrix
composites and also depend on the induced load which is
transferred to the reinforcing phase [13]. Kim et al. [14] pre-
sented that after low-temperature annealing, it causes dimin-
ished leakage current. The thin Te layer is generated during
the electroless deposition process, oxidized to TeO2 or
CdTeO3 at low-temperature annealing. Effective resistance
was increased when CZT connected with the thin oxidized
layer in series. So, the leakage current is reduced. Zhao
et al. investigated LDX 2404 DSS’s corrosion behaviour
which was presented at 700°C for various aging times. The
sigma granular particles phase grows larger but less with
aging time. The aged specimen’s Ir/Ia current ratios increase
with time, but when aging time is more than 16 hr, the
change rates become alleviative [15]. As the holding time is
extended to 48hr, corrosion becomes more important, and
corrosion form changes to general corrosion [16]. Eggleston
et al. presented in this paper which generates higher Suns-
Voc voltage than the natural belt-furnace annealing process.
The silicon or glass interface device attains a steady state at
any point. During the process sequence, the substrate tem-
perature reduces from 960°C to 620°C and a max sun voltage
of 492mV is generated. By the reduced processing tempera-
ture, cheaper substrates can be used, which reduces the
manufacturing cost [17]. He et al. used high mechanical
properties in aerospace, automobile, and shipbuilding forg-
ing production. This study concentrated on the conversion
and consumption of thermal energy in heating and forging.
The relationship between nanomaterial flow and energy flow
is proportional, according to the study. To reduce heat loss,
enterprises have to reduce heat loss and energy-carrying
water emission and design a good heating furnace [18].

1.1. Variation of Metal Characteristics under Heat. Maysa
Terada et al. [19], reported that the effect of known DIN
14970 steel precipitation conduct on intergranular erosion
opposition was examined. M23C6 residues were found at

the boundaries of the solution. By using X-ray diffraction,
carbides were found, by the TTP curves; OM, SEM-EDS,
and TEM were also listed. Temperatures between 873 and
1073K display a low sensitivity to intergranular attack in
aged specimens [20]. Kosec et al. find the austenite heat-
resistant stainless steel transformation kinetics which were
discussed. Long-annealed steel samples showed a heavy
coarsening of precipitates, as well as a significant amount of
phase particles in the form of a chain and network of plates
[21]. The hardness of annealing at a temperature of 600°C
started to increase after 48 hours, and the hardness increased
in the temperature range of 700-900°C. The results con-
cluded that after isothermal annealing, the microstructure
steel consisted of austenite, carbide, and σ-phase [22]. Sah-
laoui et al. discussed the phenomenological and analytical
analysis which was carried out for the depleted chromium
zone in Ni-Cr-Fe alloys caused by carbide precipitation dur-
ing aging to predict the evolution of the chromium profile.
Dechromization and rechromization are the two steps in
the chromium concentration extraction process. For Inconel
690 heat-treated for various periods and temperatures, the
proposed model constants were established. By using an
approximate solution, an analytical calculation can correctly
describe the dichotomization and rechromization [23]. Lv
et al. investigated that at 600 degrees Celsius, the impact of
refinement on latent movies outside of 2205 duplex tempered
steel was considered. Passive film on the sensitized sample
had less corrosion resistance than the solid solution at 0.6
VSCE [24].

The doping focus in the sharpened example is higher
than that in the strong arrangement tempered example,
resulting in the former’s poorer corrosion resistance in the
borate buffer solution [25]. Zhang et al. specially considered
the impact of isothermal maturing on the consumption con-
duct of UNS S82441 duplex hardened steel at different occa-
sions utilizing both potentiodynamic polarization and
potential static basic pitting temperature strategies. Utilizing
morphological perception and electrochemical location, the
microstructure advancement and pitting erosion conduct
of UNS S82441 DSS matured at 700°C for different occasions
were examined. By increasing, aging time corrosion resis-
tance of the specimen decreased [26]. Polarization behaviour
and localized corrosion morphology are strongly affected by
artificial aging. Zhang and Frankel investigated various
AA2024 pitting and intergranular corrosion behaviours in
1M NaCl. In the arrangement of heat-treated and water
extinguished states, the anodic polarization bends of
AA2024 T3 and T3+ tempers uncovered two breakdown
possibilities. At 190°C breakdown, the potential decreases
with an increase in aging [27]. Gorhe et al. investigated alloy
22 as Ni-Cr-Mo-W alloy made for nuclear waste containers’

Table 1: W-Tac alloys’ density and hardness before and after
HERF [8].

Density (g/cm3) Relative density Hardness (HV)

AS-sintered 18.646 96.7% 395

AS-forged 19.091 99.05% 533
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outer walls. This study used a variety of electrochemical
experiments to confirm the microstructural changes caused
by aging and welding. The EPR testing detected that the Cr
depletion in 1M H2 SO4 +0.5M NaCl +0.01M KSCN solu-
tion at 30°C for long-duration aging above 650°C replenishes
the Cr depletion as reactivation of current peaks decreased
[28]. The increase of aging time and reactivation peak cur-
rent decrease is shown in Figure 2(a). Figure 2(b) shows the
same results that are shown in Figure 2(a).

Takahashi et al. reported electromagnetic hoop stress
numerical results, σFCMθ during FCM from 20T at 50K,
and thermal hoop stress, σcoolθ under cooling, in REBaCuO
discs and ring bulks reinforced by SUS ring with various
widths, were compared. The maximum of σtotal

θ at step 6
during FCM was reduced from +216MPa without SUS ring
reinforcement to -29MPa for Wsus =20mm, which is less
than that if the disc bulb was used [29]. The wider SUS ring
alleviated the tension concentration in the ring bulk, accord-
ing to the numerical findings [30]. L. Dal Negro et al. [31]
reactive RF magnetron sputtering and thermal annealing
make Er.SRO samples. Optimizing a temperature range of
600-800°C for annealing temperatures, Er light emission

was demonstrated. With full CMOS compatibility, these
Er.SRO films can be used to fabricate compact waveguide
optical amplifiers and integrated light sources [32].

1.2. Variation of Metal Characteristics under Different
Surrounding and Working Conditions. Chen et al. reported
that solvent vapour annealing (SVA) two-step method and
thermal annealing (TA) can improve overall system perfor-
mance, particularly by avoiding reduction in Voc. The use
of solvent vapour annealing can improve inefficiency. Unit
performance parameters with different annealing treatments
under 100MW/cm2 are shown in Table 2. Reduction of Voc
can be eliminated when the devices are treated with conse-
quent TA [33].

Ma et al. reported that TMS-PCs of N80 and J55 oil
tube steels show a substantial reduction in both uniform
and pitting corrosion rates. Since TMS-PCs are hydropho-
bic, brine solution has a hard time contacting the steel
matrix. The corrosion resistance of vacuum direct current
plasma coatings (VDCPC) is more excellent than atmo-
spheric direct current plasma coatings (ADCPC). In a
brine solution, plasma chemical vapour deposition PCVD
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Figure 2: (a, b) SL-EPR test for alloy 22 aged at 650°C [28].
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Figure 1: Workpiece and die temperature distribution at step 115 [10].
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is a great way to improve tube steel corrosion and pitting
resistance [34].

Bahrami and Taheri introduced the IGC of undeformed
specimens increasing sensitization temperature and expo-
sure time. A high deformation and low deformation reduce
IGC and tend to increase IGC, respectively. On sensitizing
condition, transition point concerning deformation is reli-
ant. Grain boundaries were attacked at low levels of defor-
mation, and uniform corrosion can be overcome at high
deformation levels. Throughout the matrix, chromium
depletion occurs concerning lower local depletion [35].
Chen et al. reported that Ag alloy bonding wires doped with
PD and Au components were produced to replace tradi-
tional Au wire. By electrochemical polarization Ag alloy,
the wire’s corrosion behaviour is tested. Cu wire can be pro-
tected by a Pd film from corrosion. Under the potentiody-
namic test, Au wire can be completely protected from
corrosion [36]. Lu et al. proposed modeling complex batch
forging process online probabilistic ELM. Based on the find-
ings, it was determined that probabilistic ELM could accu-
rately represent the distribution behaviour of the batch
forging process [37]. Data collected from the new forging
distribution model is updated effectively by the developed
model update strategy. Table 3 refers to the computation
performance [38].

In Salman et al.’s study, using the VARI method, maxi-
mum tensile stress values were found, but the bending value
is not smaller than the hand lay-up method. Figures 3 and 4
show that the smallest void volume average fraction was
obtained at the second variety with a 4.2841% void volume
average value. The highest void volume fraction was obtained
at 8.141% and the highest tensile stress at every variation [39].

Li et al. investigated the effect of grain size on 316L SS
intergranular corrosion. Both DLEPR tests and microstruc-
ture inspection indicate that 316L SS becomes less suscepti-
ble to intergranular corrosion as grain size increases. At
long-duration high temperatures, the intergranular corro-
sion resistance of 316L is improved [40]. The current study
indicates that raising the grain size to an optimal level effec-
tively increases the intergranular corrosion resistance of
316L stainless steel [41]. Alhindawi and Altarazi reported
that predicting the tensile strength of extrusion-blown
HDPE film has been demonstrated by applying CART,
KNN, and ANN. This algorithm can achieve the required

Table 2: Unit performance parameters with different annealing
treatments under 100MW/cm2 [33].

Treatment Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

None 0.790 8.610 34.30 2.310

SVA 0.7691 14.81 65.41 7.481

SVA+Ta 0.801 15.20 67.70 8.220

Table 3: Computational performance comparison [37].

Control type
CPU time at
case 1 (s)

CPU time at
case 2 (s)

NN 214.50 117.161

Incremental LS-SVM 139.511 0.4830

ELM-based bootstrap 237.361 4.7180

Proposed method 2.44920 0.18721
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Figure 3: Void volume average values in every variation [39].
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tensile strength. Figure 5 shows the methodology flow-
chart [42].

Parmar et al. reported that alloy composition was made
by microwave combustion, followed by a reduction diffusion
process. Nd2(FeCo)14B hard magnet corrosion resistance
increased by adding Al by 3% and again increased by replac-
ing Fe by 5% Nd. 5% substitution of Nd improved both coer-
civity and corrosion resistance. The majority phase protects
from corrosion but the minority phase dissolves. By Ni
planting, both the Al and Nd substituted sample corrosion
resistance improved. The Nd substitute’s best potential cor-
rosion values and current density appear by 10μm thickness
of Ni plating. SEM-EDS analyzed ND15A13 and ND20A13
corroded portions [43]. Figure 6(a) shows the oxide ele-
ments in the corroded part; the aluminum map is brighter;
Figure 6(b) shows Nd and Al oxides as both elements avail-
able in the corroded part; map images are brighter.

Thanh Hung Nguyen et al. [44] presented some new
results using low-frequency vibrations for the forging pro-
cess improvement with different waveforms. Although load
reduction is observed, it is critical to compare results found
in the literature. Also, the forging process assisted by a PA
was presented by using the EMR in low frequency. Both
electrical and mechanical component investigations of
energy loss are needed to estimate energy reduction [15].
Lee et al. studied the MAO process which was used to create

an oxide film on ZK60 magnesium alloy; effect on corrosion
resistance was determined. The impact of electrical parame-
ters such as power mode and applied voltage is calculated.
Characterization of the MAO-coated ZK60 Mg alloy and
the bare ZK60 Mg alloy is shown in Table 4. The properties
of the electrical source and properties of the coating are
related [45].

Liu et al. reported that with AlGaN/GaN, the ohmic con-
tact is obtained. This method is advantageous for fabricating
GaN high electron mobility transistor HEMT and advanta-
geous in integrating GaN devices with Si CMOS [46]. Lu
et al. investigated the modeling complex forging process; a
novel LS-SVM was developed. The entire working region
can be divided into many local regions with prior knowledge
of HPM. Figure 7 shows the novel LS-SVM modeling
method. Local LS-SVM models can accurately show local
dynamics. On a local and global scale, regularization is
essential. Avoid overfitting each local LSSVM; consider the
interaction between neighboring local regions [47].

Luo et al. reported that the corrosion and electrochemical
actions of 304L SS at various levels of cold deformation were
investigated using potentiodynamic polarization curves, EIS,
EBSD, and XPS. With the increase in cold deformation, 304L
stainless steel passive current density increases [48]. Yuji
Gotoh et al. [49] prepared a specimen in large size; with max-
imum tensile strength and low permeability, conductivity of
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Figure 6: EDS and elemental mapping of corroded samples from a defined area: (a) ND15Al3 composition; (b) ND20Al3 composition [43].
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the steel nanomaterial becomes large. An inspection method
was proposed using alternating electromagnetic fields [18].
The results show that as lift-off and tensile strength increase,
the flux density amplitude in the search coil decreases [50].
By the proposed inspection method, tensile strength inspec-
tion is possible in steel without influencing the lift-off [51].
The tensile strength becomes equal to 1 in a search coil excit-
ing current and flux density B waveform shown in Figure 8.

Poh et al. investigated hybrid magnetic overcoat (Hy-
MOC) magnetic properties and inhibition properties. Two
types of Hy-MOC were investigated using various types of
Co-based alloys. Reactive sputtering withN2Hy-MOC(∝)
used CoCrPt:SiO2while Hy-MOC(β) usedCoCr22. Figure 9
shows the experimental setup used for the investigation.
From the research, it was concluded that Hy-MOC(β) hard
disk media has weaker magnetic properties than the Hy-
MOC(∝), but Hy-MOC(β) is more corrosive resistant. The
magnetic media can be protected by a new Hy-MOC system
and also provides thermal stability [52].

Zhang et al. examined the influence of microstructure on
corrosion behaviour by the laboratory rolling Ni-Fe-Cr alloy
028 which was subject to cold deformation in various
degrees. This study involves improvement in various struc-
tures via cold rolling. After rolling in the corrosive environ-
ment, a significant improvement in corrosion is reported.
ND/(111) orientation is reduced as cold reduction increases,
resulting in texture described by ND/(110) orientation [53].
Despite the same misorientation between grains, the misori-
entation distribution inside differently oriented grains was
different, as determined by EBSD analysis [54]. Zinno et al.
presented an equal little standard subset calculation for the
age of differential synthetic aperture radar interferometry
distortion guides, and time arrangement appeared. The cal-
culation was ported to the cloud. According to the findings,
the P-SBAS cloud migration can process ENVISAT SAR
image time series in a short amount of time and at a low
cost. The performance of the P-SBAS is compared with the
high-performance computing cluster, and the proposed

cloud solution produces no overheat [55]. Kwon et al. arbi-
trary message signal was utilized to examine the impact of
high-pressure deuterium and hydrogen strengthening on
the commotion attributes of source adherent square (SF),
SF, and line selector (SEL) semiconductors in CMOS picture
sensor (CIS) dynamic pixel sensor (RTS). High-pressure D2
annealing shows the great reduction in ΔID/ID of SF block.
After high-pressure deuterium and hydrogen annealing,
ΔID/ID for SF and SEL has reduced by 48%-52% compared
with FG annealing [56]. Xi et al. frequency domain spec-
troscopy is commonly used for detecting and assessing
the oil-paper insulation state, and it has many advantages.
Insulation paper/pressboard is considered a direct reflection
of mechanical output regarding the degree of polymerization
and tensile strength. Table 5 shows the DP and TS values at
different stages. Results show that with a decrease of DP
and TS, the tan δ value varies in exponential form. The estab-
lished mathematical relation under 0.001Hz frequency fits
best [57].

Yuan et al. reported that the effect of microstructure on
aluminum sheet corrosion and mechanism was investigated.
The homogenization annealing treatment causes copper
segregation on the resolidified clad nanomaterial surface
and improved Si diffusion depth during brazing. The fluidity
of the brazing layer is stronger without homogenization.
After brazing the affected area, Si concentration increases.
During brazing in the diffusion zone, dense precipitates were
formed, which improves the brazing sheet’s corrosion resis-
tance [20]. Li et al. present the feasible test for aluminum
alloy bridge deck based on the experimental study on wear-
ability and corrosion resistance. The wearability of the alu-
minum alloy bridge deck was calculated by a line friction
test of standard specimens. To measure the corrosion rate
and morphology characteristics of the specimen, electro-
chemical test was conducted. In nanomaterial science, a field
wearability test is commonly used to obtain an accurate
measurement. The corrosion resistance test was performed
in an acid solution with a pH value of 4.0 to 6.0. Taking

Table 4: Characterization of the MAO-coated ZK60 Mg alloy and the bare ZK60 Mg alloy [45].

Sample
Roughness average

(μm)
Mean pore diameter

(μm)
Area percent of pores

(% of total)
The thickness of the

coating (μm)

Substrate 0.089 — — —

Dc

250V 0.190 0.82 5.54 4.8

Unipolar pulsed

250V 0.570 2.03 47.8 5.5

300V 1.439 4.15 36.9 9.8

350V 2.456 11.2 18.6 19.6

400V 3.441 13.4 14.2 22.1

Bipolar pulsed

250V-20V 0.193 0.48 28.5 5.5

300V-20V 1.950 3.73 18.3 13.2

350V-20V 2.844 11.5 9.77 23.5

400V-20V 3.017 7.42 5.94 24.3
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maximum corrosion rate is 34μm/a; it takes 30 years to
corrode [58]. Seo et al. presented trends of science and engi-
neering expertise in global industries. As the film progresses

through the forging ahead phase, this study shows an
increase in science and engineering activities. At last, this
paper focuses on exploring the evolutionary patterns of late-
comer firm. First, there is an aggregation issue in this report,
which ignores the consideration of internal mechanisms and
the contributions of universities and public research insti-
tutes. Further research that includes internal and external
universities’ motivations and roles are being investigated
and public research institutes and examine the knowledge
flow of inventions [59].

Barbi and Judd analyzed stainless steel austenitic inter-
granular by using transmission electron microscopy of the
corroded thin film. To attack in the copper sulphate-
sulphuric acid solution, the carbide particles are not suscep-
tible but are subjected to assault in potassium dichromate-
nitric acid solution. Exposing the sensitized nanomaterial in
a potassium dichromate nitric oxide solution, carbide disap-
pears from corroded grain boundaries. In a commercial
annealed nanomaterial for nickel and chromium chemical
composition, inhomogeneities were measured [60]. Yeganeh
et al. investigate the nanostructured copper stores made with
EB-PVD, just as a heartbeat plating procedure is proposed.
Transmission electron microscopy was utilized to analyze
the morphology of the stored film, and a DEKTAK profil-
ometer was used to assess the roughness of the surface
deposits. EB-PVD and pulse plating can be used to create
the nanostructured nanomaterial. In this examination, the
normal grain size of EB-PVD and heartbeat plated copper
was 40nm. Passivation behaviour was not shown in pulse-
plated copper (Figure 10). However, pulse-plated copper in
grain size is equal to EB-PVD copper [61].

Arutunow and Darowicki reported that the unique elec-
trochemical impedance spectroscopy (DEIS) method was
utilized to recognize rapid impedance changes versus reacti-
vation potential for the AISI 304 hardened steel disintegra-
tion measure. During the dissolution of AISI 304 stainless
steel, the DEIS technique can detect complex changes in
impedance [62]. Arutunow and Darowicki research results
into the dissolution of AISI 304 SS in the presence of IGC
are presented. According to the experiments, variations in
impedance observed during the IGC of AISI 304 SS at var-
ious reactivation possibilities were brought about by direct
changes in the overall viable surface locale [63]. Iwai et al.
made two-course curls out of a pile of four single hotcakes
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twisted with two various types of created REBCO tapes,
with one of the REBCO loops in the hardened steel case
cooled by implication through a warm obstruction layer.
After the cryocooler stopped cooling, the temperature rose
[64]. The test results were very close to the calculated
values, showing that controlling the heat flow into the coil
is very effective [65].

S. Xu et al. [66] fabricated a TGP with dimensions of 10
cm ∗ 5 cm ∗ 0:28mm and tested it at various condenser
temperatures. At an applied power of 7.9W, the thermal
resistance is estimated to be as low as 4.38K/W, resulting
in a good thermal conductivity of 1398W/m-K. As the
applied power was less than 6.0W after 45 days, the reliabil-
ity of TGP output degradation was negligible. At 7.0W, the
thermal resistance increased to 18% [67]. Due to improved
evaporation heat transfer, thermal resistance is reduced by
increasing the applied power shown in Figure 11(a). Due to
partial dry-out condition, a jump in the evaporator tempera-
ture as the applied power increase is shown in Figure 11(b).

T. Li et al. [68] investigate the effects of prestrain; a spec-
imen comprised of four types of polyethylene-terephthalate
(PET)/Al-doped zinc oxide (AZO) was prepared. The start
of pop-in activity is known as the inflexion point. The
prestrain added to the PET substrate has an inverse relation-
ship with the pop-in. The sheet resistance is shown to be
inversely proportional to the carrier mobility. The magni-
tude of these defect parameters is inversely proportional to
the electrical current calculated at the end of the loading step
[69]. Balbola et al. reported that both tensile and compres-
sive uniaxial transverse strains were generated locally using

a new technique. This improvement in affectability of n-
type-based 3-D sensors for pressure and out-of-plane typical
pressure hits 82% for compressive strain and 21% for pres-
sure. Besides, compressive crossover strains build the press-
ing factor coefficient of intensely doped n-type silicon up to
80% [70]. Zhang et al. investigated that architecture’s two
thickest component layers calculated the mechanical behav-
iour of a REBCO-coated conductor wire under uniaxial
stress. The elastic modulus (E) yield stress (σ0.2), critical
stress (σc, 0.95), and irreversible stress (σirr, 0.99) of REBCO
wires decreased with increasing copper thickness or copper
thickness ratio Cu/(Cu+Sub), according to the experimental
results. Critical strain (εc, 95) and irreversible strain (εirr,
0.99) were unaffected by copper thickness, with intrinsic
values of 0.45 and 0.75%. The calculated results are consis-
tent with the measured stress-strain curves, which can be
well adapted using the Ramberg-Osgood equation and sub-
strate [71].

Janecska et al. show that enraptured pressure imaging
can distinguish lithography surrenders in the 70 nm FinFET
gadget’s development cycle stream. Running pressure inves-
tigation as a screening technique could help engraving and
statement measure increase by eliminating probably the
main imperfection sources in an extremely short circle on
the sweeping wafers without the requirement for costly
pattering. Stress imaging can identify process deviations that
lead to high defect rates [72]. Daniel and Hubert have
proposed ways to apply several equivalent stresses in the
case of uniaxial and biaxial mechanical loading, and it has
been verified experimentally. The effect of multiaxial stress
on multiaxial activity has been contrasted using several
numbers of stress-related criteria. The inability of these
models to explain the effect of bicompression stress on mag-
netic activity is their key flaw [73]. Yang researched the
impacts of mechanical pressure incited by the door line
end (GLE) on gadget attributes for high-k/metal entryway
FinFETs utilizing analyses and TCAD recreations. The
framework with GLE=100nm displays 6.3% and 5.7% drive
current upgrade over the gadget with GLE=35nm, sepa-
rately, as far as n-FinFETs and p-FinFETs. In a TCAD
reproduction, the normal channel pressure was diminished
from 295MPa to 168MPa [74]. Yong et al. reported mea-
surement wire bonding phase; piezoresistive sensors have
been demonstrated. According to studies, the voltage output
responses are comparable, allowing for proper sample align-
ment regulation. Various captured bond forces and bonding
durations affect the resistors. US signals can be filtered using
the FET technique. The stress sensors are found to be capable
of capturing various impact forces, bond forces, bonding
durations, and US strength [75].

Tingting et al. proposed a degradation model for prod-
ucts in a dynamic environment considering stress drift and
shock damage. For some practical problems, the stress drift
function may be complex or has a similar form as the shock
damage function, making it difficult to separate the effect of
the stress drift from that of shock damage. Second, only one
type of stress is considered, and for many cases, products
experience complex environmental conditions (stress and
load) in their life cycle. Third, it is assumed that the stress

1 𝜇m 1 𝜇m

Figure 10: Surface morphology after potentiodynamic polarization
tests in 0.5M NaCl solution: (a) EB-PVD copper and (b) pulse-
plated copper [61].

Table 5: DP and TS values at various stages [57].

Day Degree of polymerization (DP) Tensile strength (TS)

0 906.9 96.1

10 675.0 79.9

20 508.1 58.1

30 424.9 39.0

35 359.0 34.9

40 286.1 24.0
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profile is deterministic and prespecified. The assumption
can be relaxed in future research to consider a more com-
plex case that the stress level changes randomly and the
stress profile is unknown in advance. A simulation analysis
is presented to illustrate the model’s implementation, and
a case study of miniature light bulbs is used to validate
the proposed model’s effectiveness [76]. Miyagi et al. utilizing
finite element analysis examined the transient temperature
appropriation and transient warm pressure circulation inside
a covered conductor’s loop while cooling with LN2 (FEA).
The effect of the bobbin’s actual property estimations on
the temperature dissemination and transient warm pressure
inside the curl was additionally exhibited. Furthermore,
when bobbin nanomaterial with lower thermal conductivity
is used, adequate precooling is needed to reduce transient
thermal stress [77].

2. Conclusion

Austenitic stainless steel 316 finds extensive use as a struc-
tural nanomaterial for nuclear core components because of
its good combination of strength, toughness, and resis-
tance to uniform corrosion. Austenitic stainless steel 316
has FCC crystal structure and three major alloying ele-
ments—Fe, Cr, and Ni, with its composition as carbon
0.08%, silicon 1%, manganese 2%, chromium 16-18%, nickel
10-14%, and molybdenum 2-3%. Carbon was used as low as
commercially feasible to obtain Cr 16-26% and Ni >8%. For
austenitic steel, during sensitization, depletion of chromium
in the grain boundary occurs. This results in susceptibility
to intergranular corrosion. A higher sensitization rate means
poor hot strength and mechanical properties at a higher
temperature.

It was found that the effect of prestraining of nanomater-
ials on sensitization phenomena had a comparison. The
different sensitization rates were calculated between samples
with different degrees (percentage) and deformation modes
(hot and cold). The comparative study gave us the best
deformation mode and optimized percentage of deformation
of the nanomaterial. It serves as a preprocessing mechanical
method to decrease the corrosion reactivity and enhance its
hot working properties. The metal forming of workpieces
was done, and the percentage compression was taken care
of like 3%, 6%, and 9%. For corrosion test, Huey test has
been used according to ASTM A262 practice C. The corro-
sion rate is determined from the weight loss after boiling
cycles. The analysis of microstructure is done. Microstruc-
ture provides a qualitative analysis of sensitization rate while
the Huey test provides a quantitative study. The degree of
deformation increases as intergranular corrosion decreases.

From the microstructure, it is shown that intergranular
corrosion is less in the case of hot forming. Weight loss is
more in cold pressing as compared to hot pressing. Hot
forming serves as a better preprocessing measure if one
needs high hot strength in the nanomaterial. As the defor-
mation increases from more than 9%, the corrosion is very
low. Hence, hot forming and a high degree of deformation
are good measures to increase hot strength and reduce inter-
granular corrosion.

Data Availability

The data used to support the findings of this study are
included in the article. Should further data or information
be required, these are available from the corresponding
author upon request.
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This work reports nitrogen-doped carbon dots (NCDs) as a selective sensing probe to detect Fe3+ in water samples. NCD probes
were synthesized via solvothermal method using nitrogen-rich melamine and triethanolamine as precursors. Properties of the
resulting NCDs were studied using different characterization techniques, through which N-doping was confirmed. The
quantum yield of obtained NCDs was measured to be 21%. When excited at 370 nm, the excellent blue emission property
makes this probe adoptable for selectively sensing Fe3+ in practical water samples. The limit of detection (LOD) was
identified as 216 nM with a good linear range between the concentrations of 0.2-2μM. The obtained LOD is far less than
the World Health Organization (WHO) permissible limits of Fe3+ in water. Interference studies reveal that the presence of
other competing ions did not alter the sensing of Fe3+, even at the presence of 10 equivalents which indicates the high
selectivity of NCDs towards Fe3+. The reversibility studies showed that adding a cheap and readily available EDTA ligand
to the NCD results in fluorescence regeneration, leading to exceptional reusability for the detection of Fe3+. So, the
synthesized NCDs can be used as a suitable probe for the selective determination of Fe3+ in real water samples.

1. Introduction

Among nanocarbon materials, carbon dots (CDs) have been
given much attention due to their properties such as low
cytotoxicity, robust chemical inertness, and good biocom-
patibility, which are particularly useful in several areas like
sensing, imaging, photodegradation, and theranostic appli-
cations [1–6]. On the other hand, modification of electronic
structures of CDs by doping heteroatoms such as nitrogen is
further beneficial, especially in sensing due to enhanced fluo-
rescence quantum yields [6–17]. Hence, extensive research
efforts have been dedicated to their synthesis [18–20]. But,

to incorporate a heteroatom in carbon framework requires
complicated strategies such as high-temperature carboniza-
tion of nitrogen compounds, treatment of carbon materials
with ammonia at high temperatures, liquid phase polymeri-
zation of nitrogen-containing compounds, and chemical
vapor deposition with nitrogen-containing compounds as
nitrogen sources. But all the techniques mentioned above
have drawbacks such as severe synthetic conditions, high
cost, complex, and time-consuming processes [21–23]. Even
though many other methods are available to synthesize
nitrogen-doped carbon dots (NCDs) [24–26], for example,
using biomass via green synthesis methods, -broad PL
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emission profiles and high quantum yields remained as chal-
lenges in the production of CDs. So, the development of
inexpensive and scalable synthesis for the production of
NCDs remains a requirement.

Metals play an essential part in the physiological func-
tions of biological systems. Among the different metal ions,
iron ions play a crucial role in biochemical reactions, oxygen
loading, cellular proliferation, enzyme catalysis, etc. How-
ever, a lower or higher concentration of Fe3+ may lead to
severe health concerns such as anemia, organ dysfunction,
and skin diseases [27–30]. Considering the extensive use of
iron in the day-to-day life of humans, estimating its quanti-
ties in water is vital. In detecting metal ions, fluorescence
methods have benefits such as high sensitivity, reusability,
onsite usage, and relatively economical, over traditional
spectrophotometric approaches, which generally require
complex sample preparation procedures and expensive
instrumentation [31, 32]. Even though several fluorescent
sensors have been reported in the literature [33–37], only
very few highly selective and susceptible detection of Fe3+

ions with reusability exists [36, 37].
The present study described novel fluorescent NCDs

that can detect Fe3+ ions. For the first time, water-soluble
NCDs were made from readily accessible nitrogen-rich pre-
cursors like melamine and triethanolamine together, utiliz-
ing a cost-effective and straightforward one-pot
solvothermal approach without the need for passivation che-
micals. Synthesized NCDs were characterized structurally
and optically using TEM, XRD, FT-IR, absorption, and fluo-
rescence spectroscopy. These NCDs were shown to have a
high sensitivity and selectivity for Fe3+ ions in an aqueous
solution with a low detection limit. Moreover, other compet-
ing metal ions do not affect the optical property of NCDs.
Additionally, the real-time application of Fe3+ detection
was demonstrated by the quantification of Fe3+ in water
samples.

2. Experimental

2.1. Materials. Melamine (99%), triethanolamine (99.5%),
chloroform, methanol, ethanol, and EDTA were purchased
from Sigma Aldrich and used without further purification.
Likewise, all the metal salts used for sensing applications
were purchased from Sigma Aldrich and utilized as such.

2.2. Synthesis of NCDs. NCDs were synthesized using mela-
mine and triethanolamine together as precursors for carbon
and nitrogen. Briefly, 500mg of melamine was dispersed in
20mL of ethanol using an ultrasonic bath, and 1mL of
triethanolamine was introduced into the above mixture
and stirred for half an hour on a magnetic stirrer. Then, this
solution mixture was transferred into Teflon lined autoclave
and heated at 160°C for four hours. After four hours, the
solution was allowed to cool to room temperature naturally.
The crude product was purified by silica gel column chroma-
tography with chloroform and methanol as the eluent
(70 : 30), collecting the yellow-green fraction. Finally, the
portion was concentrated to get the black solid (~11mg).

The obtained NCDs were redispersed in double distilled
water as per the requirement.

2.3. Characterization. The UV-vis spectrum of the purified
NCDs and different cations was monitored from 200 to
800 nm using Shimadzu 3300 UV-double beam spectropho-
tometer. FT-IR spectra of the obtained NCDs were recorded
using the Thermo Scientific Nicolet iS10 ATR-FTIR instru-
ment to get surface functionalization information before
and after sensing of Fe3+. The size, shape, and SAED pat-
terns of NCDs were obtained using an FEI Technai G2-20
twin high-resolution transmission electron microscope
(HRTEM) with an operating acceleration voltage of
200 kV. The sample for HRTEM was prepared by dispersing
and sonicating the NCDs in methanol and then dropping
them on a Cu grid coated with holey carbon film and
allowed to dry. XRD pattern was collected using Bruker D8
Advanced eco with CuKα = 1:54Å in the 2θ range of 10 to
90°. Prior to recording the XRD patterns, the instrument
was calibrated with Lanthanum hexaboride (LaB6). Finally,
all the PL measurements including sensing of Fe3+ were car-
ried out using a Hitachi F-2000 spectrophotometer.

2.4. Quantum Yield Measurements. Quantum yield (QY)
was determined using the below equation

ΦS =ΦR
AR λRð Þn2s Is
AS λSð Þn2RIR

, ð1Þ

where ФS and ФR are quantum yields of sample and ref-
erence, respectively; AR ðλRÞ and As ðλsÞ are the absorbance
of the reference and sample at excitation wavelengths; nS
and nR are refractive indices of the sample medium and ref-
erence medium, respectively; IS and IR are the integrated
fluorescence intensities of sample and reference, respec-
tively. Because of the stable luminescent properties of qui-
nine sulfate (Ф = 54% at 340nm), this was used as a
reference in 0.1MH2SO4 to determine the QY of NCDs [22].

2.5. Detection of Metal Ions Using NCDs. To detect metal
ions using NCDs, precursors like Cu(NO3)2, KBr, NaNO2,
MgSO4, MnSO4, H2O, NiCl2.6H2O, PbSO4, SeS2, Sr(NO3)2,
ZnSO4. 7H2O, CaSO4, 2H2O, BaCl2, HgCl2, FeCl2.4H20,
BiOCl, and FeCl3 were used. The ion solution with a concen-
tration of 100μM was added into 2mL of predispersed
NCDs solution and recorded the PL spectra immediately.
All the PL spectra were recorded at an excitation wavelength
of 370nm.

3. Results and Discussion

The solvothermal method was adopted to synthesize NCDs
where melamine and triethanolamine together act as carbon
and nitrogen sources. Upon solvothermal treatment at 160°C
for four hours, the solution turned yellow and emitted
greenish-blue when kept under UV light (Scheme 1).

After purification of NCDs by column chromatography
using the eluent mixture of chloroform and methanol
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Scheme 1: Synthesis of NCDs by solvothermal methods.
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Figure 1: (a) and (b) HRTEM images of synthesized NCDs with scale bar 50 nm and (c) SAED pattern of the obtained NCDs.
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(70 : 30), the as-prepared sample showed the relative fluores-
cence quantum yield of 21% using quinine sulfate reference.
The observed high quantum yield was ascribed to nitrogen
doping in the carbon framework [19].

Figure S1 of supplementary information shows the X-ray
diffraction pattern of the as-obtained NCDs. From the XRD
pattern, it is clear that a broad peak is centered at 2θ = 26:87°
, which corresponds to (002), due to the highly disordered
graphitic structure associated with NCDs. The weak
diffraction peak around 43° is due to the presence of highly
disordered amorphous carbon with a fractional extent of
graphitization [38]. In general, graphitic carbon appears at
26.5°, and the slight shift in diffraction angle is due to the
doping of nitrogen into carbon, which resembles more or
less like amorphous carbon nitride [39]. So indirectly, N-
doping was confirmed with XRD results.

FT-IR spectra were used to identify the surface functio-
nalization. Figure S2 of supplementary information depicts
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Figure 2: (a) UV-vis spectra of purified NCDs in methanol solution. (b) PL spectra of NCDs under various excitation wavelengths. (c) The
effect of pH on fluorescence intensity of NCDs. All the experiments were carried out in a water medium.
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FT-IR of the synthesized NCDs. FT-IR shows a broad
absorption band at 3323 cm-1 which indicates the presence
of -OH/-NH2 groups. The bands around 2830 and
2943 cm-1 were due to the -C-H stretching, and the strong
band at 1022 cm-1 reveals the presence of -C-O stretching
vibrations. The peak at 1675 cm-1 indicates the stretching
of -C=N/-C=O and -C-H deformation appears around
1450 cm-1. The presence of nitrogen in the NCDs was
evident from FT-IR, and the surface was functionalized
with -OH and -NH2 groups.

High-resolution transmission electron microscopy of the
as-synthesized NCDs were shown in Figures 1(a) and 1(b),
and the selected area diffraction patterns (SAED) was shown
in Figure 1(c). It is clear from the HRTEM that the NCDs
were well dispersed, and the size of the dots was in the range

of 5 to 20nm. The selected area diffraction pattern also
reveals the semicrystalline nature of the formed NCDs due
to disordered graphitic structure associated with NCDs
(Figure 1(c)).

The optical properties of the NCDs were studied using a
UV-vis spectrophotometer in double-distilled water
(Figure 2(a)). It is very clear from UV-vis spectra, the band
around 230 nm appeared due to π⟶ π ∗ transition of aro-
matic conjugated sp2 domains, the shoulder peak at around
275 nm corresponds to the n⟶ π ∗ transition of carbonyl
groups, and the broad peak centered at approximately
330 nm indicates the surface state defects induced by nitro-
gen doping [40]. PL spectra of as-synthesized NCDs at var-
ious excitation wavelengths are shown in Figure 2(b) at
different excitation wavelengths. The synthesized NCDs
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Figure 4: (a) UV-vis spectra of NCDs in the presence of different metal ions. (b) UV-vis spectra of NCDs with the gradual increase in the
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exhibit excitation-dependent fluorescence upon increasing
the excitation wavelength from 290 to 410nm; the PL emis-
sion peak shifts gradually from 425nm to 525nm. The fluo-
rescence intensity under 370 nm excitation shows a
maximum emission peak at 435nm among the various exci-
tation wavelengths. In addition, an apparent redshift was
observed with a remarkable decrease in PL intensity when
the excitation wavelength was increased beyond 370nm.
The excitation-dependent PL spectra were attributed to the
presence of functionalities like (C =O/N, -NH2), which leads
to π∗⟶n transitions of surface states. These phenomena
occur due to doping of nitrogen hetero atom, leading to
defective surface states with a concomitant effect on PL
enhancement.

The effect of pH on the fluorescence emission intensity
of NCDs solution was also evaluated in the range of 1 to
11 (Figure 2(c)). The pH of the NCDs solution was adjusted
to the desired value by adding either 0.1M HCl or NaOH.
Medium with the pH range of 1-4 has shown a significant
reduction in the PL. Whereas neutral or basic pH has caused
a dramatic increase in the PL intensity. This behavior can be
attributed to the different degrees of protonation at lower
pH solutions. At lower pH solutions, the primary sites at
the surface of NCDs tend to neutralize, generating a lower
net surface charge which provides the NCDs with hydropho-
bic and aggregative properties with subsequent aggregation
caused quenching (ACQ) of PL. The NCDs show good PL
behavior in basic environments, and it is found that pH6
to 11 was the best pH values for the sensing system. To fur-
ther understand the mechanism of NCDs behavior with dif-
ferent pH, their Zeta potentials were determined in acidic,
neutral, and alkaline conditions. As shown in Figure 3, in
the neutral or basic pH condition, the NCDs showed overall
negative surface potential due to free -OH and -NH2 func-
tional groups, which ensures high colloidal stability due to
electrostatic repulsion between NCDs. As the pH of the solu-
tion decreases from 9 to 3, the negative zeta potential tends
to decrease, which is in accordance with our assumption.
The decrease in negative zeta potential is due to the proton-
ation of the surface functional groups. As the pH medium of
NCDs after the purification is ~7, there is no need to adjust
the pH of the solution before proceeding to metal sensing.

3.1. Selectivity of NCDs towards Fe3+ Ions. To figure out
which metal ions that NCDs can recognize selectively, NCDs
sensing of different metals were monitored by changes in
UV-vis and fluorescence spectra in the presence of various
metal ions like K+, Cu2+, Na+, Mg2+, Mn2+, Ni2+, Pb2+,
Se2+, Sr2+, Zn2+, Ca2+, Ba2+, Hg2+, Bi3+, Fe2+, and Fe3+ in
100μM concentration of each element. It is very clear from
Figure 4(a); no significant absorbance changes were
observed except upon the addition of FeCl3. The intensity
of the NCDs absorption peak at around 270nm showed a
substantial increase over the addition of Fe3+, which pro-
vided the preliminary insight about pursuing our experi-
ments towards detecting Fe3+ selectivity of NCDs towards
sensing Fe3+ (Figure 4(b)). Moreover, a linear relationship
was found between the absorption intensity of NCDs and
Fe3+ concentration (Figure S3 of supplementary
information) between 2μM and 20μM concentrations.

The fluorescence response of NCDs with various metal
ions (100μM) was studied at an excitation wavelength of
370 nm. As shown in Figure 4(c), although NCDs exhibit
emission at 435nm, we observed that there are no significant
changes in the fluorescence intensities upon introduction of
different metal ions like K+, Cu2+, Na+, Mg2+, Mn2+, Ni2+,
Pb2+, Se2+, Sr2+, Zn2+, Ca2+, Ba2+, Hg2+, Fe2+, and Bi3+. But
over the addition of Fe3+ ions, it was observed that NCDs
suffered a significant quenching in emission. This experi-
ment revealed that the NCDs are very selective towards sens-
ing Fe3+ ions. The selective sensing of Fe3+ was
demonstrated using the bar diagram in Figure 4(d). This
observation encouraged us to believe that the NCDs could
be used as potential “turn-off” nanosensors for Fe3+ in an
aqueous medium.

To check the quantitative applicability of NCDs, fluores-
cence spectrometric titrations were carried out with increas-
ing concentrations of Fe3+. The titration experiment was
performed in the medium of pH7 using phosphate buffer.
Figure 5(a) shows the PL behavior of NCDs with an increas-
ing concentration of 0.2μM Fe3+ in every step. Upon
increasing the concentration of Fe3+, the emission peak at
435 nm decreases gradually. As the concentration of Fe3+

reached 2μM, NCDs showed very little fluorescence and
perturbance. From the Stern-Volmer (S-V) curve, the linear
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regression was found to be y = 0:11x + 0:92. Y and X are Io/I
(where Io and I are fluorescence intensity of NCDs without
and with Fe3+) and the concentration of Fe3+, respectively.
The linear range was displayed for a concentration range
of 0.2 to 2μM with a 0.9925 correlation coefficient
(Figure 5(b)). The LOD is determined to be 216nM/L based
on the 3:3σ/K equation, where σ is the standard deviation
and K is the slope of the calibration curve. The obtained
LOD is significantly less compared to that of permissible
levels of WHO for Fe3+ in water (5.36μmol L-1) [41] and
many recent papers (Table S3 of supplementary
information). The current observation signifies the use of
synthesized NCDs to detect Fe3+ with high selectivity and
sensitivity.

3.2. Interference and Time Dependence. Interference with the
detection of Fe3+ with NCDs by other competitive metal ions
was investigated. As can be seen from Figure 6(a), the pres-
ence of other ions did not disturb the sensing of Fe3+, even at
the presence of 10 equivalents, which indicates the high
selectivity of NCDs towards Fe3+. Besides, the probe’s bright
and clear bluish-green emission was completely switched off
when viewed under the UV light (Figure 6(b)), whereas
other metal ions retained the bluish-green fluorescence.
Besides, the fluorescence response time of NCDs to Fe3+

was monitored by a time-based fluorescence study. As
shown in Figure 6(c), the addition of Fe3+ to NCDs caused
emissions to quench immediately, and it reached the plateau
within 5 seconds. This demonstrates there is an instant

NCD + other metal ion
NCD + other metal ion+Fe3+

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (a
.u

) 120

0

20

40

60

80

100

K+ N
a+

N
i2

+

Zn
2+

Bi
3+

Fe
2+

H
g2

+
Ca

2+
Ba

2+

Sr
2+

Se
2+

Pb
2+

M
n2

+
M

g2
+

Cu
2+

Metal ions

(a)

K+ Cu2+ Bi3+ Fe3Hg2+Ca2+Ba2+Zn2+Sr2+Se2+Pd2+Ni2+Mn2+Mg2+Na+Free

(b)

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (a
.u

)

120

0
0

20

2010 5030

40

40

60

80

100

Time (S)

NCD+Fe3+
NCD

(c)

Figure 6: (a) Anti-interference of NCDs in the presence of Fe3+ (2 μM) and miscellaneous cations (20 μM) at 435 nm. (b) Fluorescence
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at 365 nm.
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reaction between NCDs and Fe3+. This indicates that Fe3+

can be detected free of culture time with NCDs, which
may be used in real-time applications.

3.3. Reversibility Study. Reversibility is the essential parame-
ter of the probe for the real-time application and economic
aspect [42]. A fervent complexing agent EDTA has been
added to the NCD-Fe3+ system to validate NCD sensors’
reversibility towards Fe3+. In the beginning, free NCDs show
intense fluorescence, and the addition of Fe3+ almost
completely quenched the emission. Upon the addition of five
equivalents of Na2-EDTA to the above solution, the emis-
sion was immediately registered. As shown in Figure 7(a),
the addition of EDTA to the NCDs and Fe3+ mixture caused
nearly immediate recovery of the fluorescence due to the for-
mation of EDTA + Fe3+ complex and consequent regenera-
tion of previous intensity of free NCDs. The 'ON-OFF-ON'
behavior of the NCDs fluorescence emission at 435nm canbe
repeated around five times with a slight decrease in the ini-
tial emissionintensity (Figure 7(b)). This experiment sug-
gests that adding a cheap and readily available EDTA
ligand to the NCDs results in excellent reusability for the
detection of Fe3+.

3.4. Application of NCDs in Practical Water Analysis. To
determine the practical utility of NCDs, we performed fluo-
rescence detection of Fe3+ using NCDs in water samples col-
lected from various bodies of water throughout the Vellore
district, India. First, water samples were spiked with known
Fe3+ concentrations, and their effect on the fluorescence of
NCDs was determined by recording the emission intensity
at 435 nm. Then, three consecutive measurements were
made to determine the mean Fe3+ detection value. As shown
in Table 1, a satisfactory recovery and relative standard devi-
ation (R.S.D.) were detected with the spiked Fe3+ concentra-
tion. These findings suggest that NCDs can detect Fe3+ with
high selectivity and precise quantification.

3.5. Fluorescence Quenching Mechanism. The fluorescence
quenching of NCDs up on the introduction of Fe3+ may be
explained as follows (Figure 8). When there are no Fe3+ ions,
upon incidence of the light, NCDs captivate energy, and
electrons move from the ground (HOMO) to the excited
(LUMO) state. When the electrons fall back to the ground
state, radiative recombination of electrons and holes results
in fluorescence emission.

As confirmed from FTIR, the surface of NCDs has -NH2
and -OH groups on their surfaces. The relatively high selec-
tivity of the NCDs towards Fe3+ was attributed to the half-
filled 3D orbitals, short-range ionic radius, and unique coor-
dinate interaction of Fe3+. Those properties made Fe3+ pos-
sess greater binding affinity and quicker chelating kinetics
for hydroxyl, carboxyl, and amino groups on the surface of
N-CDs, which would promote the coordination reaction
between N-CDs and Fe3+. Therefore, when Fe3+ comes in
contact with surface states of NCDs, the five half-filled d
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Figure 7: (a) Fluorescence intensity responses of NCD upon addition of Fe3+ + EDTA. (b) Number of sequential detections of Fe3+ and
EDTA.

Table 1: Estimation of Fe3+ ion quantity in collected water samples
using NCDs.

Synod
Water
samplesa

Fe3+

spiked
(μM)

Fe3+ found
(μM)

Recovery
(%)

R.S.Db

(n = 3)
(%)

1
Tap
water

1 × 10−5 0:93 × 10−5 93 .36

2
Lake
water

1 × 10−5 0:95 × 10−5 95 0.18

3
Well
water

1 × 10−5 0:93 × 10−5 93 0.21

4
Mineral
water

1 × 10−5 0:96 × 10−5 96 0.49

5
Distilled
water

1 × 10−5 0:92 × 10−5 92 0.28

6
Purified
water

1 × 10−5 0:95 × 10−5 95 0.61

aWater samples were collected from throughout the Vellore district, India;
brelative standard deviation.
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orbitals of Fe3+ take up the excited electron, forming nonra-
diative recombination, which simultaneously leads to fluo-
rescence quenching shown in Figure 8. This selective
interaction of Fe3+ with NCDs was further confirmed by
FT-IR analysis (Figure S4 of supplementary information).
The NCDs clear vibration peak at 3323 cm-1 arising from
-OH/NH2 functional got diminished over the addition of
Fe3+. Whereas Cu2+ (potential interferant for Fe3+) has
significantly less influence on the FT-IR spectra of NCDs
(Figure S4).

The S-V plot can also explain the fluorescent quenching
mechanism. It denotes the relationship between the fluores-
cence intensity and the metal ion concentration. In essence,
the quenching mechanisms are two types. One is complexa-
tion (static quenching), and another one is collisional deac-
tivation (dynamic quenching). The S-V plot can be used to
verify the preceding mechanism. The general form of the
S-V equation is as follows.

F0
F

= 1 + Ksv Q½ �, ð2Þ

where F0 and F are the fluorescence intensity of the NCDs
before and after the presence of metal ions. Ksv is the S-V
constant, and Q is the Quencher concentration. The calibra-
tion curve (Figure 5(b)) was obtained from the plot of F0/F
versus the concentration of Fe3+, and it exhibits a linear rela-
tionship between x and y-axis over the range of 0-2μM,
which denotes static quenching, resulting in the formation
of a nonfluorescent complex formation between Fe3+ and
NCDs. The plausible explanation for the occurrence of static
quenching can be further confirmed by performing the fluo-
rescence sensing experiments at different sets of tempera-
tures, i.e., 25°C, 30°C, and 35°C, maintaining optimal
conditions for all other parameters (Figure 9). For each tem-
perature, the S-V calibration curve was drawn. It was noticed
that the value of Ksv decreased as the temperature increased
(as shown in Table 2) because raising temperature tends to
reduce the binding interactions result in static quenching.
As a result, the findings are consistent with a static quench-
ing process.

4. Conclusion

Nitrogen-doped carbon dots (NCDs) were synthesized suc-
cessfully by the solvothermal method using melamine and
triethanolamine as carbon/nitrogen precursors with a quan-
tum yield of 21%. Surface functionalization and the presence
of nitrogen were confirmed using FTIR. HRTEM results
revealed that the NCDs were in the range of 5-15nm. The
excitation-dependent PL nature was observed from PL spec-
tra. PL experiments revealed that the synthesized NCDs
show good potential towards sensitive and selective detec-
tion of Fe3+ with a detection limit of 216nM/L, far less than
WHO permissible limits. Furthermore, a cheap and readily
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Figure 8: Schematic representation of quenching in emission selectively with Fe3+ ions.

Equation

R-square (COD)
Slope
Intercept
Plot 25°C 30°C 35°C

0.92512 ± 0.02 0.96819 ± 0.0050
0.0823 ± 5.36323

0.94146 ± 0.0038
0.06136 ± 4.15290.11421 ± 0.02

0.99188

y = a+b⁎x

0.999360.99941

2.8

F 0
/F

0.8

1.2

1.6

2.0

2.4

Concentration of Fe3+ (x 10−7 M)
181614121086420

25 °C

35 °C
30 °C

Figure 9: S-V plot for fluorescence quenching of NCDs by Fe3+

ions at different temperatures.

Table 2: S-V constant of interaction between NCDs and Fe3+ at
different temperatures.

S. no Temperature (°C) Ksv (M
-1) R2

1 25 1:14 × 106 0.9918

2 30 0:82 × 106 0.9994

3 35 0:61 × 106 0.9936
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available ligand can regenerate the emission from the probe
leading to its excellent reusability. Applicability in the prac-
tical water analysis suggests that NCDs can detect Fe3+ with
high selectivity and precise quantification.
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Oil palm shells (OPS) are mechanical waste that is utilized as coarse aggregates in lightweight concrete. These OPS have shape and
strength like conventional aggregates yet the substantial made with these OPS invigorates a limit of 18MPa. The characteristic
strength which must be utilized in structures is seen to be around 25MPa to 30MPa. Considering the strength as one of the
boundaries for design to be sturdy, the OPS are surface-covered with nanosilane compound. This nanosilane covering goes
about as infill on the outside of the aggregates and holds the concrete paste as traditional cement. Operations are permeable in
nature; their inner construction has permeable design which makes the aggregates frail. Nanosilane coatings go about as
holding between the concrete stage and aggregate stage and hold the substantial solid. In the present examination, mechanical
and underlying conduct of nanocovered oil palm shell lightweight concrete is contrasted with that of regular cement.
Nanocovered oil palm shell lightweight substantial shows comparative strength as customary cement and decrease in
nonsustainable wellspring of energy in oil palm shell lightweight concrete. Supplanting of customary cement with oil palm
shell concrete addresses the modern waste which can be utilized for making concrete solid and solid. Morphology and material
portrayal of oil palm shell and ordinary aggregates are investigated.

1. Introduction

One the main structure materials in structural designing is
primary cement. Lightweight aggregates (LWA) are by and
large used, being developed in regions these days which
shows monstrous advantages [1]. Thickness contrasts
between lightweight concrete (LWC) and normal weight
concrete (NWC) are about 28% [2]. Usage of lightweight
concrete being developed lessens the seismic effect on the
development and thickness contrasts which shows the tradi-
tionalist arrangement of essential people like shaft and frag-
ment. Usage of lightweight concrete decreases the utilization

of steel in structure. Reduction in thickness of significant
saves improvement and transportation cost, which may
prompt extension in stories and longer ranges in platforms
and abatement size of the essential people. Concrete made
with lightweight cement to convey essential concrete should
be hidden lightweight concrete and moreover called as light-
weight concrete (LWC) [3]. There is liberty of basically
lower unit weight than that of conveyed using rock or
squashed stone. As side-effects from adventures, for
instance, oil palm shells, reused plastic, and reused flexible
are similarly used as lightweight sums in making of light-
weight cement. Lightweight totals conveyed in turning
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broiler are expanded soils; shales should be LECA sums [4].
Lightweight aggregates made by sintering are said to by
AGLITE sums. Lightweight aggregates made by water fly
or slags stretched out unequivocally should be FOAMED
lightweight sums, while sintered squashed fuel flotsam and
jetsam sums should be LYTAG aggregates.

Genuine properties of OPS, for instance, water ingestion,
surface area, thickness, and influence regard were finished by
Barton et al. (1998) (using ACI 211.2, ASTM D3398, and
ASTM C127 (ACI 211)). By far, most of the examinations
in the past found interstitial change zone (ITZ) or bond
direct of complete to network in lightweight concrete with
different lightweight sums as uncovered [5]. All the LWA
shows assorted lead up on their making cooperation and
the conditions. Right when the LWC differentiated from
NWC, the bond strength of NWC is higher and stood out
from that of LWC [6]. However, few examinations uncov-
ered that there is essentially indistinguishable bond strength
among LWC and NWC.

Artificial aggregates like shale and broadened mud and
record which are made by rotatory heater measure have
been used for numerous years. These lightweight sums helps
in the decline in additional weight, decline in sizes of the
people, and warm security. Concretes produced with these
lightweight aggregates as shown in Figure 1 had thickness
of 1400-1750 kg/m3 with the most outrageous compressive
strength of 18-25MPa. According to ACI 318-R, lightweight
concrete conveying more than 25MPa should be basic light-
weight concrete. Aggregates which are used for numerous
years cannot make compressive strength more than 25-
30MPa according to trained professionals. Extension of
admixtures and blended sums can convey significant
strength up to 30-33MPa [7]. Various experts used fly flot-
sam and jetsam, GGBS, silica smoke, and rice calm remain-
ing parts as significant replacement of cement. Various
experts used coconut shells, egg shells, and various sorts as
replacement of coarse aggregate almost completely. All of
the assessments address that any displaced constituent mate-
rial concrete can be used remarkably for building nonessen-
tial parts in the turn of events.

Bonding of concrete has a critical essential limit when we
use a new material. The holding power among concrete and
steel is fundamentally a direct result of the grasp between
network (cement, sand, and water paste) and aggregate.
Cooperation of holding rises up out of crushing of all out
stage to harden stick and significant lattice to developing
steel, mechanical dock of ribs against the considerable sur-
face as nitty gritty [8]. As made lightweight sums or reused
aggregates (RA) have higher flakiness document, it animates
more security than standard concrete.

It is represented that open OPS in India can be used as a
replacement of coarse absolute in concrete to make the light-
weight concrete after genuine treatment of OPS complete as
itemized by Swamy Nadh and Muthumani [9]. The place of
the assessment is to make surface-treated OPS lightweight
concrete with diminished ITZ thickness. Late researchers
saw that reused aggregates show higher ITZ thickness than
the normal significant which is a direct result of the genuine
properties of reused sums used for making of concrete [10].
Smaller than usual essential assessment of treated oil palm
shell lightweight concrete and nontreated oil palm shell
lightweight concrete are thought of and differentiated and
customary concrete. ITZ thickness in all of the three con-
cretes is dissected; mineralogical properties are concentrated
with the help of XRD assessment.

2. Materials Used and Methodology

Materials used in this research are OPS, conventional aggre-
gate, cement, sand, and some fillers to make the concrete
durable and strong to hold the compressive force acting on
that. Nanocoat is used to fill the pores of the OPS aggregate
and to create good bonding between the aggregate to cement
phase. The physical properties of OPS, nanocoated OPS, and
conventional aggregate are given in Table 1. Water absorp-
tion of OPS (23%) is higher than conventional concrete (4-
5%), whereas nanocoated OPS (8%) has similar water
absorption to conventional concrete. This is due to the fact
that nanofillers of the coating act as filler on the voids of
the OPS aggregate; this reduces the water absorption level
in the coated OPS aggregate.

Figure 1: Oil palm shells.

Table 1: Physical properties of aggregates used in this research.

Properties
Oil palm
shell

Nanocoated oil
palm shell

Conventional
aggregate [11]

Aggregate size
(mm)

12 12 40

Thickness (mm) 0.4–9 0.4–9 —

Bulk density
(kg/m3)

580 580–590 1430–1570

Specific gravity
(SSD)

1.27 1.25–1.28 2.60

24 h water
absorption (%)

23 8 2–4

Aggregate impact
value (%)

29.5 21.6 17.8

Porosity (%) 27% 18% 15%
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2.1. Experimental Procedure. Oil palm shells are prone to
voids as these are from industrial waste toxic chemicals
which are observed on the external part of the shells. For
using these OPS as replacement of coarse aggregate in the
concrete, it should be treated with water. A unique method-
ology is adopted in this research paper to use OPS as coarse
aggregate in concrete. As shown in Figure 2, a stepwise pro-
cedure is conducted to make the OPS concrete strong, dura-
ble, and resistant to chemical attack. A special mix design is
considered to make the OPS concrete as these absorb more

amount of water as mentioned by Vandanapu and Krishna-
murthy [12]. OPS aggregates are soaked in water and dried
to room temperature. These have very less weight as com-
pared to conventional aggregate as their specific gravity is
1.2. The quantity of aggregates used in OPS concrete is more
compared to conventional aggregate.

The concrete made with OPS is dried in room and even
in oven temperature to make the concrete completely dry by
28 days. The dried concrete is taken for testing. Once the test
results are satisfied, remaining samples were tested under
durability aspect. If the results for the above concrete are

Table 2: Mix design for OPSC (oil palm shell concrete) and CC (conventional concrete).

Mix Cement (kg) Water (liter) W/C (ratio) Sand (kg)
Coarse aggregate

Slump (mm) Density (kg/m3)
OPS (kg) Gravel (kg)

OPSC 380 152 0.4 750 — 1080 60 2362

CC 480 192 0.4 715 382 — 95 1769
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not satisfied, reconsideration of mix design and well as spe-
cial treatments is done accordingly.

Conventional concrete (CC) with natural aggregates is
made with water/cement ratio of 0.35. Conventional con-
crete cubes and cylinders are casted and cured for 28 days.
Cured concrete is tested under a compressive testing
machine to know the mechanical behavior of concrete. Mea-
sured mechanical properties are compared with those of
OPS concrete.

Concrete made with OPS is surface dried and examined
for surface texture. There is uneven texture of OPS concrete;
this is due to the more water absorption of OPS as their
internal structure is completely with pores as mentioned by
Shafigh et al. [13]. The OPS concrete seen in Figure 2 is lea-
ched, and shells are coming out forming the edges. When
the concrete is demolded after 28 days of curing, the edges
of the OPS concrete are collapsed and the internal structure
of the concrete is somewhat wet. As the OPS concrete is
tested under UTM capacity of 200 kN, the maximum com-
pressive strength of the concrete is around 15MPa [14]. This
shows how the concrete is poor in compression as compared
to conventional concrete.

Variety in concrete substance for OPSC and CC can be
seen in Table 2. The same water/concrete proportion is uti-
lized for making OPSC and CC. Expansion in concrete sub-
stance in LWC is because of the raised state of the oil palm
shells which required greater amount of glue stage to fill
the holes in the substantial. So the concrete amount is more
when contrasted with ordinary cement [15]. Droop worth of
OPSC is 95mm though in CC it is 60mm. Varieties in droop
esteem are because of the thickness of the substantial and
framework content. Thickness of lightweight cement is
28% less when contrasted with ordinary cement.

3. Results and Discussions

3.1. XRD Analysis. Mineralogical properties are carried out
for OPS to examine the internal structure. This method is
taken into consideration to understand the behavior of the
OPS aggregate, as the OPS concrete is shown to have less
compressive strength than the ordinary concrete [16].
Examination of OPS is only done because the unknown con-
stituents of the OPS concrete are OPS, as the remaining con-
stituents of the concrete are known and examined by many
researchers worldwide [17].

Figure 3 shows the XRD analysis of OPS aggregate; the
figure clearly shows the amorphous behavior of aggregate,
like glassy structure. This kind of amorphous behavior

makes the aggregate break easily under compression. The
intensity peaks of OPS are only observed in 21.3 2θ angle
which represents silicon dioxide. One more peak is observed
around 69 2θ angles which represent iron oxide in XRD
analysis of OPS aggregate [18]. This results in poor work-
ability and leads to less compressive strength. These peaks
in OPS are not crystalline as conventional concrete.
Figure 4 shows the XRD analysis of conventional concrete.
Several peaks are observed in XRD analysis of conventional
concrete; these peaks show different mineralogical properties
of conventional aggregate [11]. This type of crystalline peaks
leads to higher compressive strength and more durable to
environment.

3.2. Nanocoated OPS EDX Analysis. Nanocoating is sprayed
on the surface of the OPS aggregate to fill the pores on the
surface of the aggregate. Choosing of the nanocoating is
finalized after many coatings are made with wax, sintering
and applying filler coat on the surface of the OPS aggregate.
The aggregates are coated with nanoorganosilane compound
which fills the surface aggregate pores and makes proper
bonding with cement matrix. This coating is spared at
1 : 10 nanosealer-to-water ratio and evenly sprayed on the
surface of the aggregate [19]. These aggregates are dried in
room temperature for 24h and oven dried for 8 h. Nano-
coated OPS are examined under EDX analysis, and mineral-
ogical properties are taken out. Figure 5 shows the OPS shell
as well as OPS powder, and crystal peaks that formed are
observed which represent the elements of conventional
aggregate. Carbon, oxygen, calcium, potassium, iron, and
magnesium and some other elements are observed in the
OPS EDX peak [20].

Figure 6: Internal structure of nanocoated OPS concrete.

Figure 5: EDX analysis of nanocoated OPS aggregate powder.
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3.3. Microstructural Analysis of Nanocoated OPS Aggregate
and OPS Powder. Observation of the microstructural prop-
erties of nanocoated OPS aggregate is carried out to examine
the internal bonding between aggregate to the cement paste.
Bonding is the major criterion for the concrete to be strong.
Scanning electron microscope (SEM) examination has
shown the morphology of nanocoated OPS aggregates: con-
ventional concrete with ITZ thickness less than 400μm,
nontreated OPS concrete with ITZ thickness more than
600μm, and treated OPS concrete with ITZ thickness of
maximum 400μm. Operation aggregates are analyzed with
SEM gear under electron high pressure of 300V to 30 kV
at the profundity of 4 to 30mm [21]. SEM examination of
nanocoated OPS totally uncovers the interior design with
permeable and heterogeneous construction as displayed in
Figure 6. Inward construction is for the most part permeable
and has a pore size of 0.5 to 15 micrometers. This offers
admittance to the inward surface of the particles to burn-
through more water [22].

Microstructural analysis of OPS after coating with nano-
siliceous material is shown in Figure 7. This shows that the
pores on the surface of the OPS are filled with nanocoatings
as shown in Figure 7. Micropores are filled with nanocoat-
ing; these pores have a size of 10 micrometers to 12 micro-
meters. Filled pores are seen on top of the OPS aggregate
with bubbles. This improves the bonding between OPS and
cement paste. This shows improvement in the interfacial
transition zone of the nanocoated OPS concrete [23].

Water absorption of nanocoated oil palm shells is 25%
whereas it is 5% for conventional aggregate. The binder is
not sufficient to mix with concrete due to higher absorption
rate in OPS aggregate. Aggregate impact value of OPS aggre-
gate is not in the range of standards for making the concrete.
XRD analysis of OPS aggregate shows a lower percentage of
Al2O3 as compared to conventional aggregate. Al2O3 is a
hard material composition which is responsible for the
strength of the aggregate and also for aggregate impact value

[24]. SEM images of OPS aggregate show the pore diameter
of 0.5-15 micrometers whereas conventional aggregate has a
pore diameter of 2-5 micrometers.

Table 3 shows the mechanical behavior of nanocoated
OPS concrete, conventional concrete, and OPS concrete. In
conventional concrete, the compressive strength for 28 days
is 27MPa. The compressive strength for nanocoated OPS
concrete is 26.7MPa whereas OPS have a maximum com-
pressive strength of 12.6MPa. This shows improvement in
OPS lightweight concrete after the coating with nanosilane
coating. This coating improved the bonding between the
OPS aggregate and the cement paste, so there is higher com-
pressive strength noted in coated OPS concrete than in non-
coated OPS concrete [25].

3.4. Alkali-Silicate Reaction for Nanocoated OPS Concrete.
Materials which are under the effect of environment are
exposed to different chemicals; in this, one of the most
reacted chemicals in concrete is reactive silica. This reactive
silica cracks the concrete due to thermal stresses due to

Table 3: Compressive strength of concrete.

Concrete type W/C ratio
Compressive

strength (MPa)
7 14 28

OPS concrete

0.50 7.4 8.7 10.4

0.55 8.6 9.5 11.6

0.60 9.7 11.4 13.7

Nanocoated OPS concrete

0.32 16.8 18.1 24.6

0.38 17.1 22.2 2543

0.42 15.8 23.4 28.6

Conventional concrete

0.30 15.6 24.3 28.1

0.42 16.8 24.6 26.6

0.47 17.5 24.2 28.7

EHT = 15.00 kV
WD = 13.9 mm

Signal A = SE2
Mag = 3.57 KX

10 𝜇m20 𝜇m FIB Imaging = SEM EHT = 2.00 kV Signal A = SESI Date : 23 Jan 2019
Mag = 500 X WD = 11.2 mm FIB Lock Mags = No Time : 16:12:05

Figure 7: Nanocoated OPS aggregate and size of the OPS fiber.
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increase in pH value [26]. This causes expansion of concrete
which leads to cracking. As OPS are exposed to environment
for years, checking of OPS concrete under alkali-silicate
reaction is a must. For motor bars, 200 ∗ 10 ∗ 10mm bars
are made, and for prism bars, 100 ∗ 100 ∗ 500mm bars are
made to examine the expansion of concrete under alkali-
silicate reaction. As shown in Figure 8, samples are casted
and demolded and tested in an expansion bar gauge to
understand the reaction in the concrete.

Table 4 shows the expansion of coated OPS aggregate
concrete under alkali-silicate reaction. This concrete made
with coated OPS is immersed in NaoH solution for 28 days
and 90 days to observe the reaction that happens in the con-
crete [27]. 90-day expansion of nanocoated OPS concrete is

0.04 to 0.03mm which represents lower expansion rate in
the concrete. This expansion of concrete is in ASTM limit;
hence, this type of concrete and coatings is recommended
to replace the conventional concrete with OPS lightweight
concrete.

4. Conclusions

(i) OPS have higher pore size than the conventional
aggregate. These pores are of size 10-15
micrometers

(ii) Concrete made with OPS shows lower mechanical
behavior than the conventional concrete; this is
due to the higher water absorption in OPS concrete

(iii) OPS are treated with nanosilane coating to fill the
pores on the surface of the aggregate as well as to
maintain the higher bonding between aggregate
and cement paste

(iv) Interfacial transition zone shows fewer gaps
between the coated OPS aggregate and the cement
phase; this shows the bonding between the constit-
uents of the concrete is higher than the nontreated
OPS concrete

(v) Mechanical behavior of coated OPS shows 28MPa
compressive strength and 15MPa in normal OPS
concrete

(vi) EDX analysis shows mineralogical properties of
coated OPS aggregate with elements in it, whereas
not coated OPS shows amorphous peaks which
represent crystal behavior

(vii) Alkali-silicate reaction for coated OPS shows much
more protection than conventional concrete as the
expansion of concrete is below the limit, and hence,
coated OPS shows better performance than the
conventional concrete
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Figure 8: Alkali-silicate reaction of nanocoated OPS concrete.

Table 4: Expansion of nanocoated OPS concrete samples.

Sample Aggregate Expansion after 90 days (mm)

A1 OPS coarse 0.0415

A2 OPS coarse 0.0435

A3 OPS coarse 0.0442

B1 OPS fine 0.031

B2 OPS fine 0.035

B3 OPS fine 0.0325
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This study is aimed at utilizing brewery’s spent grain (BSG) byproduct for the synthesis of cellulose nanocrystals (CNCs) using
acid hydrolysis and optimizing the hydrolysis parameters (hydrolysis time, temperature, liquid-solid ratio, and acid
concentration). Alkali and bleaching treatment were done to remove hemicellulose and lignin from BSG. Optimization process
was performed using central composite design (CCD) to obtain optimum value of cellulose nanocrystal (CNC) yield. The
maximum cellulose nanocrystal (CNC) yield of 43.24% was obtained at optimum hydrolysis conditions of 50°C, 51wt% acid
concentration, 41min, and liquid-solid ratio of 19ml/g. The raw brewery spent grain; alkali-treated fiber, bleached fiber, and
obtained CNC were characterized using scanning electron microscopy (SEM), XRD, particle analyzer, FTIR, and differential
scanning calorimeter (DSC). The characterization results indicated that the obtained cellulose nanocrystal (CNC) has rod-like
whisker shape with crystallinity of 76.3% and an average particle size of 309.4 nm.

1. Introduction

Currently, cost minimization and environmental awareness
issues become a common agenda for researchers [1]. Devel-
oping a new green material from renewable biomass is one
of a promising ways to solve cost and environmental
pollution-related issues. Renewable biomasses commonly
have three parts which are cellulose, lignin, and hemicellu-
lose [2]. Cellulose is the most abundantly existing biopoly-
mer which mainly exists in plant cell wall, and it also
found in animals such as tunicates, bacteria, sea mosses,
and algae [3]. The estimated annual production of cellulose
in the world is 1:5 × 1012 ton [1]. Even if cellulose is attrac-
tive due to its biodegradable, renewable, and nontoxic prop-
erties, it has a limitation towards its use in the area of various
applications due to low strength, poor thermal stability, and
high-water absorption properties [2].

Currently, nanotechnology is an interesting and promis-
ing area to improve the performance and application of cel-

lulose by destroying the amorphous region and such kind of
material called cellulose nanocrystals (CNCs) [4]. Different
raw materials were used for isolation of nanocrystalline cel-
lulose such as corn husk [5], rice straw [4], and bamboo pulp
using acid hydrolysis [1]. For the present study, brewery
spent grain (BSG) is a renewable biomass source for cellu-
lose to extract cellulose nanocrystals using acid hydrolysis.

Brewery’s spent grain (BSG) is a lignocellulosic residue
produced from brewery industry [6]. Beer is the fifth most
consumed beverage in the world behind tea, soft drinks, milk,
and coffee with the annual world beer production of exceed-
ing 1.34 billion hectoliters [7]. BSG is generated after the raw
barley grain passes through the process of malting, mashing,
fermentation, and filtration [8]. The common raw materials
for brewery’s spent grain include barley malt cereals, cereal
straws of wheat, buckwheat, and rice [6]. The statistics of
FAO shows that the world annual cropping of barely seed
is 8.3 million metric tons in 2010 [9]. Barley brewery spent
grain mainly composed of cellulose, hemicellulose, lignin,
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protein, ash, and extractives [8]. Thus, barely BSG covers
85% of the total beer production byproducts [10]. BSG read-
ily exists with high volume and low cost [11] and has a high
potential for the isolation of cellulose for further synthesis of
different derivatives such as carboxymethyl cellulose [12] and
cellulose nanocomposites [13].

Nanocrystalline cellulose (cellulose nanocrystals) is
renewable resource which has short rod like or whisker
shape with the size of 2-100nm diameter and 100-500 nm
length with the composition of 100% cellulose in the crystal-
line region [14]. The world annual mass production of nano-
cellulose is increasing and estimated up to more than 9 × 103
tons of nanocellulose per year [15]. Currently, the researcher
interest is growing up to produce nanocrystalline cellulose
due to an excellent property such as better mechanical
strength, high surface area and aspect ratio, nontoxicity,
crystallinity, biocompatibility, and biodegradability. For this
reason, it is a potential renewable green substrate for many
applications ranging from medicinal use such as xylitol
and pullulan production for dental caries and diabetes treat-
ment [11] to producing of composite materials, food packag-
ing, foams, aerogels, textile, oxygen-barrier layers, and
optically transparent functional materials [1].

Different methods have been used to synthesize highly
purified nanocrystals from cellulosic materials, including
the chemical method, mainly carried out by acid hydrolysis
[4], enzyme-assisted hydrolysis [15], and mechanical treat-
ments, such as high-pressure homogenizing [16], grinding
[17], and ultrasonication [3] as well as a combination of
two or several of the abovementioned methods. In recent
years, acid hydrolysis has become a promising method with
nanotechnology to modify the physical and chemical prop-
erties of cellulose. Acid hydrolysis produces nanocrystalline
cellulose by hydrolyzing the hydroxyl functional group of
cellulose at specific parametric condition of temperature,
time, and acid [18].

This study is aimed at isolating cellulose nanocrystals
(CNCs) from a renewable, cheap, and currently underuti-
lized raw material, i.e., barley brewery spent grain (BSG).
BSG was pretreated using several mechanical and chemical
processes, including grinding, sieving, alkali treatment, and
bleaching. Cellulose nanocrystals (CNCs) were produced
by sulfuric acid hydrolysis followed by ultrasonication
(SNC). The resulting CNC products were characterized by
scanning electron microscopy (SEM), X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR),
particle size analyzer, and differential scanning calorimeter
(DSC).

2. Materials and Methods

2.1. Materials. Brewery spent grain (BSG) was obtained from
local Heineken brewery factory in Addis Ababa, Ethiopia.
All analytical grade chemicals such as hydrogen peroxide
(30%) for bleaching, sodium hydroxide (98%) for alkali
treatment, and sulfuric acid (98%) for synthesis of cellulose
nanocrystals were obtained from Himedia, India, and
Merck, Germany.

2.2. Isolation of Cellulose from Brewery Spent Grain (BSG).
Raw brewery spent grain was washed with distilled water
successively and dried using air circulating oven (TD-1315)
at 50°C for 12 hours. After drying its size, it was reduced
to 0.5mm using grinder. Oversize spent grain particle was
then separated using sieve (500μm mesh size) for further
pretreatment processes such as acid, alkali, and bleaching
treatments.

2.3. Acid and Alkali Treatments. The BSG was initially
treated with 1.25% (wt/v) sulfuric acid, 120°C for 17 minutes
at solid-liquid ratio of 1 : 10 (g :ml) to solubilize the hemicel-
lulose. The acid-treated spent grain was dried using air cir-
culating oven for 12 hours at 50°C. It was then milled
using mortar pestle. Following acid treatment, the alkali
treatment was employed two times to remove the hemicellu-
lose completely. During alkali treatment, 2% sodium
hydroxide with solid-liquid ratio of 1 : 20 (g :ml) was used.
This mixture was heated using magnetic heater for 2 hr at
80°C. The mixture was successively washed with distilled
water and separated using centrifuge at 4000 rpm to remove
the black liquor and to achieve a neutral pH. It was then
dried for 12 hours at 50°C in the oven to remove the mois-
ture content [12, 19].

2.4. Bleaching Treatment. Bleaching treatment was done
after alkali treatment to remove lignin and the remaining
hemicellulose content of the brewery spent grain. The
bleaching treatment was done in three steps: (1) 5% hydro-
gen per oxide and 0.07M sodium hydroxide with equal parts
(1 : 1) was mixed. The solid liquid ratio used during bleach-
ing treatment was 1 : 30 (g :ml). This mixture was heated
using magnetic stirrer heater for 40min at 70°C. It was then
successively washed with distilled water and separated using
centrifuge at 4000 rpm until a neutral pH was obtained. (2)
The above bleaching procedure was repeated. Subsequently,
it was dried using oven for 18 hours at 50°C to remove the
moisture. (3) 0.25M sodium hydroxide, at a temperature
of 70°C, was mixed with the pulp for one hour at the solid
liquid ratio of 1 : 30 (g :ml). It was then repeatedly washed
with distilled water and separated using centrifuge at
4000 rpm until a neutral pH was obtained. It was then dried
using oven for 18 hours at 50°C to remove the moisture [19].

2.5. Synthesis of Cellulose Nanocrystals (CNCs). CNCs were
synthesized from brewery spent grain fiber using acid hydro-
lysis based on the previous methods reported in the litera-
ture with some modification [20, 21]. The brewery spent
grain samples were treated with 47, 51, and 55% (wt/v) sul-
furic acid, at a temperature of 45, 50, and 55°C and treat-
ment time of 35, 40, and 45 minutes at a solid-liquid ratio
of 1 : 15, 1 : 20, and 1 : 25 (g :ml) into 200ml beaker. The
mixture was placed on magnetic stirrer (MS-H280-PRO) at
800 rpm to homogenize it. The hydrolysis reaction was
ceased by placing the reaction mixture in an ice bath, and
the excessive sulfuric acid was removed by successive dis-
tilled water washing and centrifugation (Pro-Analytical
C2004) for 10min at 4000 rpm. The successive centrifuga-
tion resulted colloidal suspension. This colloidal suspension
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was neutralized using 0.5N sodium hydroxide to achieve a
neutral pH. Sonication was then performed at 60W for 10
minutes to reduce the aggregation of nanoparticles. The sus-
pension was dried using freeze dryer for two days.

2.6. Experimental Design. The central composite design
(CCD) of response surface methodology was used to investi-
gate the effect of and optimize the acid hydrolysis parame-
ters on the yield of CNC production. The yield was
investigated depending on four factors, i.e., the upper and
lower levels of the parameters, viz., acid concentration,
hydrolysis time, temperature, and liquid-solid ratio, were
fixed following a preliminary experiment conducted one
variable at a time (OVAT) for each parameter as shown in
Table 1. Three-level-four-factor central composite design
(CCD) was used for optimizing the factors and the response
of the experiment in which 26 runs were conducted. After
those 26 experiments were conducted, the Design-Expert
Software 12.0.0 was used to statistically analyze the data
and obtain suitable equation for synthesis of cellulose nano-
crystals using acid hydrolysis.

2.7. Analytical Methods

2.7.1. Scanning Electron Microscopy (SEM) Analysis. SEM
(FEI INSPECTF50) was used to determine the surface mor-
phology of untreated, alkali treated, bleached BSG, and iso-
lated CNC with an accelerating voltage of 10 kV. Those
samples were prepared in dried form and scanned the sur-
faces with a focus beam of electrons. The samples were
placed on black carbon tape, and the image was captured
with various magnification level and working distance.

2.7.2. Fourier-Transform Infrared Spectroscopy (FTIR). FTIR
(iS50ABX) was used for determination of change in the
chemical functional group. FTIR spectra of raw BSG,
alkali-treated fiber, bleached fiber, and CNC samples were
recorded with range of 400 to 4000 cm-1 with 32 resolution.
The samples were prepared in powder form for analysis.
Then, the prepared samples were pressed into a pellet and
analyzed in spectral region.

2.7.3. X-Ray Diffraction (XRD). XRD (BTX-528) was used
for the determination of sample crystallinity (which shows
cellulose amorphous region is hydrolyzed or not). The sam-
ples were dried using oven for 24 h at 50°C to remove the
moisture content completely. After this, the dried samples
were prepared in powder form and scanned in 2θ using
XRD by varying the range from 5 to 60° and operated at

an acceleration voltage of 40 kV, using Cu Kα radiation.
The crystallinity index can be determined using Equation
(1):

%crystallinity CIð Þ = Area of crystalline peaks
Total area of peaks

× 100: ð1Þ

Crystalline size can be determined using Scherrer equa-
tion as follows:

D =
κλ

d cos θ
, ð2Þ

where D is crystalline size, λ is constant radiation with
value of 0.154060nm, k is crystallite shape factor, d is
FWHM, and θ is angle (in radian).

2.7.4. Differential Scanning Calorimeter (DSC). The thermal
behavior of raw cellulose and extracted cellulose nanocrys-
tals were analyzed using differential scanning calorimeter
(SKZ1052B). During measurement, 20mg of each sample
was prepared for analysis. The weighed sample was placed

Table 1: Independent variables and levels used in the CCD for acid
hydrolysis of BSG cellulose.

Variables Coding Unit
Levels

-1 0 1

Time X1 Minute 35 40 45

Sulfuric acid concentration X2 % 47 51 55

Temperature X3 °C 45 50 55

Liquid solid ratio X4 ml/g 15 20 25

Table 2: RSM-CCD experimental design matrix and response data.

Std Run
Time
(min)

Temperature
(°C)

Sulfuric
acid
(wt%)

Liquid-solid
ratio (ml/g)

Yield
(%)

21 1 40 50 47 20 41.61

19 2 40 45 51 20 41.77

11 3 35 55 47 25 37.89

14 4 45 45 55 25 36.78

9 5 35 45 47 25 36.18

4 6 45 55 47 15 37.83

2 7 45 45 47 15 35.31

25 8 40 50 51 20 43.02

13 9 35 45 55 25 38.34

12 10 45 55 47 25 38.51

24 11 40 50 51 25 42.79

10 12 45 45 47 25 36.91

22 13 40 50 55 20 42.33

8 14 45 55 55 15 36.96

3 15 35 55 47 15 35.73

5 16 35 45 55 15 36.61

7 17 35 55 55 15 36.74

26 18 40 50 51 20 42.95

16 19 45 55 55 25 37.74

18 20 45 50 51 20 41.55

17 21 35 50 51 20 41.14

20 22 40 55 51 20 42.46

6 23 45 45 55 15 37.42

15 24 35 55 55 25 37.58

1 25 35 45 47 15 34.42

23 26 40 50 51 15 42.46
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in platinum crucible and heated from room temperature to
400°C for 40 minutes with a heating rate of 10°Cmin-1.

2.7.5. Particle Size Analyzer. Malvern zetasizer nano
(ZE3600) was used to measure the particle size distribution
of obtained cellulose nanocrystals (CNCs). The sample was
prepared by diluting the CNC suspension using distilled
water, and size distribution measurement was performed at
room temperature, and time taken for thermal equilibrium
was 170 seconds. The measurements were conducted in
triplicate.

3. Results and Discussion

3.1. Cellulose Nanocrystal (CNC) Yield Optimization Using
Central Composite Design. Response surface methodology

using central composite design was used to modeling, anal-
ysis, and optimizing the yield of CNC. RSM was used in
the way of determining the level and optimum combination
of the relevant factors which gives a desired cellulose nano-
crystal yield. Multiple regression equation was performed
to express the relationship between factors and performance
measures. Each relevant factor (time, temperature, concen-
tration, and liquid solid ratio) has been tested on three levels.
The dependent variable used as response parameter was the
cellulose nanocrystal yield. All experiment was carried out
three times to minimize the experimental error. Synthesis
yield of CNC was varied in the range of 34.42-43.02% as
shown in Table 2.

The quadratic model was chosen from the several possi-
ble models of Design expert12 for the prediction of the given
yield. The model equation that relates cellulose nanocrystal

Table 3: ANOVA for quadratic regression model.

Source SS DF MS F value P value

Model 191.58 14 13.68 75.17 <0.0001 Significant

A-X1 1.07 1 1.07 15.85 0.0340

B-X2 3.29 1 3.29 18.09 0.0014

C-X3 2.07 1 2.07 11.39 0.0062

D-X4 4.74 1 4.74 26.05 0.0003

AB 0.3108 1 0.3108 21.71 0.0180

AC 1.39 1 1.39 17.62 0.0186

AD 1.04 1 1.04 15.69 0.0362

BC 3.30 1 3.30 18.14 0.0013

BD 6.250E-06 1 6.250E-06 25.00 0.00954

CD 0.7613 1 0.7613 14.18 0.0456

A2 13.55 1 13.55 74.42 <0.0001
B2 5.99 1 5.99 32.93 0.0001

C2 7.19 1 7.19 39.47 <0.0001
D2 2.66 1 2.66 14.64 0.0028

Residual 2.00 11 0.1821

Lack of fit 2.00 10 0.2000 81.64 0.0859 Not significant

Pure error 0.0025 1 0.0025

Total 193.58 25
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Figure 1: Experimental vs. predicted yield in the regression model.
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yield to the acid hydrolysis parameters in terms of coded fac-
tors is given in Equation (3). The equation is significant for
predicting the given yield and effect of each parameter.

Yield %ð Þ = +43:48 + 0:2433A + 0:4278B + 0:3394C
+ 0:5133D + 0:1394AB − 0:2944AC − 0:2544AD
− 0:4544BC + 0:0006BD − 0:2181CD − 2:30A2

− 1:53B2 − 1:67C2 − 1:02D2:

ð3Þ

Parameters having positive coefficient values increase
CNC yield whereas parameters with negative coefficient

values decrease CNC yield. Results of analysis of variance
(ANOVA) are given in Table 3. The P value less than
0.0500 indicates the model terms are significant. In this case,
A, B, C, D, AC, AD, BC, A2, B2, C2, and D2 are significant
model terms. This implies that hydrolysis time, temperature,
sulfuric acid concentration, liquid solid ratio, interaction
between hydrolysis time and sulfuric acid concentration,
interaction between hydrolysis time and liquid solid ratio,
and interaction between temperature and sulfuric acid con-
centration are significant parameters for yield of cellulose
nanocrystals produced from BSG. It was observed in
Figure 1 that all points are much closed to the line of perfect
fit which indicates that the actual and predicted values have
closer value.
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Figure 2: Response surface and contour plots showing interaction effect of parameters on CNC yield.
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The significant of the regression model with correlation
coefficient was determined by depending on R-square,
adjusted R-square, and predicted R-square which have a
value of 0.9897, 0.9765, and 0.9399, respectively. The quality

of the model developed could be evaluated from their coeffi-
cient of relationship. The value shows that the predicted R
-square of 0.9399 is in reasonable agreement with the
adjusted R-square of 0.9765, i.e., the difference is less than
0.2. The 0.9897 value of R-square shows that 98.97% of total
variation in the percentage of yield of cellulose nanocrystals
is attributed to experimental variables studied. As the value
of R-square is close to unity, the stronger the model predicts
the response better. The “Adeq precision” measures the sig-
nal to noise ratio. A ratio greater than 4 is desirable. The
value of “Adeq precision” for the developed correlation
28.1722 indicates an adequate signal. Thus, the model can
be used to navigate the design space.

Cellulose nanocrystal preparation is affected by many
parameters starting from sample preparation to bleaching
process; the acid hydrolysis process has more relation with
independent parameters. Response surface plot and contour
plot are the best way to the effect of parameters on the yield
of cellulose nanocrystals. In this study, response surface and
contour plot were developed using the Design-Expert 12.0.0
software. These plots showed the interaction effect of two
parameters on CNC yield by keeping other parameters con-
stant at their middle levels. Circular and elliptical contour

(a) (b)

(c) (d)

Figure 3: SEM image of (a) BSG fiber, (b) alkali-treated fiber, (c) bleached fiber, and (d) extracted CNCs.
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Figure 4: X-ray diffraction (XRD) pattern of (a) raw cellulose and
(b) CNCs obtained from BSG.
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plot shows whether the interaction of parameters is signifi-
cant or not, which means that circular contour plot implies
parameter interaction is insignificant whereas elliptical con-
tour plot indicates parameter interaction is significant [22].
Figure 2(a) presents the interaction effect of hydrolysis time
and temperature with acid concentration and liquid-solid
ratio maintained constant at 51% (w/v) and 20ml/g, respec-
tively. Figure 2(b) also indicates the effect of time and acid
concentration on CNC yield at a constant value of liquid
solid ratio and temperature. It was observed that the CNC
yield was changed, when the time changed from 35 to 40
minutes and acid concentration changed from 47 to 51%
(w/v) and the yield of CNC reached higher value, while
beyond 40 minutes of time and 51% (w/v) acid concentra-
tion, the yield of CNC was gradually decreased. This
occurred due to the over degradation of cellulose in to unde-
sired product at high acid concentration and longer hydroly-
sis time. Figure 2(c) presents the interaction effect of
hydrolysis time and liquid-solid ratio with acid concentra-
tion and temperature maintained constant at 51% (w/v)
and 50°C, respectively. Figure 2(d) shows the effect of tem-
perature and acid concentration interaction at a fixed value
of time and liquid-solid ratio. It was observed that yield of
CNC increased as temperature and acid concentration
increased from 45 to 50°C and 47 to 51%, respectively, while
further increasing of both temperature and acid concentra-
tion, the value of CNC yield becomes decline due to over
degradation of cellulose into undesired product at high tem-
perature and acid concentration. Therefore, conducting
many experiments at the center point gives optimum yield.
Figure 2(e) indicates the effect of liquid-solid ratio and tem-
perature on CNC yield with time and acid concentration
kept constant at 40min and 51% (w/v), while Figure 2(f)
shows the effect of liquid-solid ratio and acid concentration
interaction at a fixed value of 40min of time and 50°C steady
temperature. Generally, it can be understood that all four
variables have important effect on CNC yield.

The optimization was carried out, and its objective was
maximizing cellulose nanocrystal yield in a given design
space and range of process parameters. Optimization of dif-
ferent combination of process variables was conducted

depending on desirability (D). Numerical optimization and
graphical optimization are most common ways for finding
optimum response with optimum operating conditions.
For this study, numerical optimization and the possible solu-
tion of numerical optimization with different interaction of
parameters and corresponding desirability value (1.00) were
selected. The desirability value helps to identify the maxi-
mum and stable response of the experiment. According to
numerical optimization solution, the maximum cellulose
nanocrystal yield of 43.244% was achieved at the interaction
parameters of 41.07min, 51.088°C, 50.566% (w/v) of acid
concentration, and 18.794ml/g liquid-solid ratio. Hong
et al. [1] have isolated CNC from bamboo pulp at optimum
parameters of 90min, 60% (wt/v) acid concentration, 45°C,
and 8ml/g liquid-solid ratio and achieved 32.3% CNC yield.
Our study indicates a better yield was achieved with mini-
mum time and acid concentration relative to CNC yield
reported in the previous work.

3.2. Scanning Electron Microscope (SEM) Analysis. The mor-
phology of brewery spent grain, alkali-treated fiber, bleached
fiber, and CNCs obtained were examined by SEM analysis as
shown in Figure 3. Figures 3(a)–3(c) show the SEM micro-
graph of BSG fiber of untreated, alkali treated, and bleached,
respectively. In Figure 3(a), the microstructure of BSG fiber
could not be observed clearly. However, the alkali treated
and bleached fibers (Figures 3(b) and 3(c)) of the micro-
structures of the fibers were separately seen. The reason for
this was hemicellulose, lignin, and other impurities were
successfully removed through chemical treatment. From
the image of SEM analysis (Figure 3(d)), it was clearly shown
that the microscale cellulose fiber of BSG was effectively
reduced to nanoscale through acid hydrolysis and as
observed from this image, the extracted cellulose nanocrys-
tals (CNCs) have rod-like whisker-shaped cellulose
nanostructure.

3.3. XRD Analysis. The overall crystalline structure of
bleached BSG cellulose and extracted CNC samples were
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determined by XRD measurement on BTX-528 model dif-
fractometer as shown in Figure 4. The diffraction peak of
raw cellulose is relatively broader extracted CNCs. However,
the CNC peaks became sharper and narrower due to chem-
ical treatment. According to this pattern, a strong peak
appeared at 2θ = 22:6 degree was considered for the determi-
nation of crystallinity of raw cellulose and CNCs. The crys-
tallinity index and crystal thickness of raw cellulose and
CNCs were determined using Equations (1) and (2). The
crystallinity of raw cellulose and extracted CNCs as deter-
mined by Equation (1) was 64.8% and 76.3%, respectively.
The higher crystallinity value of CNCs compared to cellulose
can be well understood by the reduction and removal of
amorphous region of cellulose during acid hydrolysis. The
crystal size of raw cellulose and obtained CNCs as deter-
mined by Equation (2) was 3.08 nm and 4.97 nm, respec-
tively. In similar study conducted by Hemmati et al. [23],
the crystallinity degree of raw cellulose obtained from cotton
and resulting CNCs was 62% and 82%, respectively. Thus,
the results of our study were in agreement with this study.

3.4. FTIR Analysis. FTIR analysis of raw BSG, alkali-treated
fiber, bleached fiber, and CNCs is given in Figure 5. In the
spectrum of all samples, there was a common peak at 3320
−3290 cm-1 which is related to OH stretching vibration of
cellulose molecules [24]. Comparing the absorption position
of bleached fiber and CNCs, the OH stretching vibration
absorption band of CNCs moved toward a lower frequency
and the absorption frequency was weakened, which shows
that part of intermolecular hydrogen bonding was broken
after acid treatment, while intermolecular hydrogen was
enhanced. The peak appeared at 1728 cm-1 in the spectrum
of untreated BSG attributed to either hemicellulose groups
(acetyl and uronic ester group) or lignin groups (ester link-
age of carboxylic group of the ferulic and p-coumeric acids).
However, this peak almost missed in the spectrum of
bleached fiber which shows the removal of lignin and hemicel-
lulose components from BSG through chemical treatment.
The peaks observed at 1249 cm-1 and 1527cm-1 in the spec-
trum of BSG represent C-O-C (aryl-alkyl ether) and C=C aro-
matic rings of lignin, respectively. These two peaks also

vanished after bleaching treatment, which indicates the
removal of lignin component from BSG [12]. The peak
observed in the spectrum of bleached fiber at 1325cm-1 was
attributed to S ring (CH2 rocking at C6 in cellulose). This peak
almost disappeared in the spectrum of CNC, which indicates
the developed hydrogen bonding network through acid
hydrolysis in the crystalline structure of CNC decreased
shocking movement of CH2. A weak sulfur peak was observed
at 1325 cm-1 in CNC, which did not appear in the spectra of
BSG bleached fiber. The peaks at 1033cm-1 are associated with
the C-O stretching which is directly related to increase in the
cellulosic component. The spectrum at 2915 cm-1 is associated
to symmetric and antisymmetric stretching modes of C-H in
methyl and methylene functional groups. The peak at
895 cm-1 is associated with the presence of typical structure
of cellulose due to β-glycosidic linkage.

3.5. Particle Size Analysis. The particle size measurement
was conducted at room temperature with a measurement
position of 0.85mm and count rate of 45.2 kcps. During par-
ticle size measurement, glass cuvette was used as cell and a
time taken for thermal equilibrium was 170 seconds. It was
observed that the average particle size of the obtained cellu-
lose nanocrystals (CNCs) was 309.4 nm. Figure 6 depicts
particle size distribution by volume and intensity of obtained
CNC. As shown in Figure 6, the obtained cellulose nanocrys-
tals (CNCs) did not present in a uniform size distribution
because particles are fragmented during acid hydrolysis
[23]. Size distribution by volume shows that CNC particle
with smaller size of 86.3 nm is accountable for 26.7% of vol-
ume. In similar study, Lu and Hsieh [25] have isolated cellu-
lose nanocrystals (CNCs) from rice husk with an average
particle size of 700nm. Brito et al. [26] have also isolated
CNC from bamboo fiber with an average size of 130nm.
The slight difference might be due to variation in raw mate-
rial used and hydrolysis conditions such as variation in time,
temperature, acid type, and liquid-solid ratio.

3.6. Differential Scanning Calorimeter (DSC) Analysis.
Figures 7(a) and 7(b) depict the thermal behavior of raw cellu-
lose and extracted cellulose nanocrystals. As shown Figures 7(a)
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Figure 7: DSC thermographs for (a) raw cellulose and (b) CNC.
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and 7(b), the thermographs of an endothermic peak appeared
from 28 to 150°C due to water evaporation [27]. The exother-
mic peaks appeared in the thermographs indicate the decompo-
sition point of the raw cellulose and extracted CNC. The
exothermic peak of decomposition of raw cellulose shows a
sharp peak at 310°C, whereas the extracted CNCs show a sharp
peak at 335°C. This indicates that the position of peaks
increased after chemical treatment. Thus, the resulting CNCs
have high thermal stability as compared to the raw cellulose
due to acid hydrolysis treatment. The position of peaks mainly
depends on the amount of amorphous present in a sample. As
we can be observed from peak position of raw cellulose and
CNCs, CNCs show higher peak position and this indicates that
the amorphous part was removed and the crystallinity was
enhanced through chemical treatment.

4. Conclusion

High value-added cellulose nanocrystals (CNCs) were suc-
cessfully extracted from brewery spent grain using acid
hydrolysis. The hydrolysis parameters time, temperature,
acid concentration, and liquid-solid ratio were investigated
to obtain the optimum conditions for the production of cel-
lulose nanocrystals from brewery spent grain. Maximum
CNC yield of 43.24% was obtained at optimum hydrolysis
parameters of 41min, 50°C, 51wt% acid concentration,
and liquid-solid ratio of 19ml/g.

Characterization of samples was performed, and the
result showed that the obtained cellulose nanocrystals have
rod-like shape with an average diameter of 309.4 nm. The
FTIR and diffraction scanning calorimeter (DSC) analysis
indicated that noncellulosic components were successfully
removed during pretreatment process, which resulted better
thermal stability. The XRD study evidenced that the amor-
phous region of cellulose was reduced during acid hydroly-
sis, and the crystallinity was enhanced from 64.6% to
76.8%. Generally, this study suggested that brewery spent
grain can be used as a feedstock for isolation of cellulose
nanocrystals for various applications and a better way to
minimize environmental effect of brewery spent grain.
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physicals, chemical, and various biological techniques have been employed to synthesize and stabilize silver nanoparticles.
For the manufacture of silver nanoparticles, multiple methods, including chemical simplification with different natural and
inorganic decreasing agents, physicochemical reduction, electrochemical procedures, and radiolysis, are employed. Silver
nanoparticles are the single most manufacturer-identified material that can be used in all nanotechnology products. They
can be used in food packing polymers to enhance the shelf lifespan. The present review is aimed at different types of
synthesis and details of silver nanoparticles used as drug delivery vehicles, antibacterial activity, toxicity, recent advances,
and future aspects.
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1. Introduction

In nanotechnology, a nanospeck is defined as a small object or a
speck that acts as a whole unit in terms of its conveyed proper-
ties. The physical and chemical properties of nanomaterials can
alter from those of the same material in colossal bulk class;
nanosubatomic particles have one attribute in the reach of 1
to 100nm. These are utilized in nutrition handling, surgical,
promotional material, wound dressing, computing devices, rec-
ollection implements, water purifiers, textiles, cosmetics, and
contact lens. Silver nanoparticles are the unity most producer-
identified material that can be used in all the nanotechnology
products. They can be used in food packing polymers to
enhance the shelf life of food [1]. Currently, silver nanoparticles
(AgNPs) are the most widely used nanoparticles due to their
broad antimicrobial activity. Not less than 383 out of 1628
nanotechnology products contain silver nanoparticles [2]. Silver
nanoparticles are incorporated into milk to decrease microbial
magnification [1]. When reacting with bacteria, silver nanopar-
ticles adhere to both the cell wall and cell membrane and inhibit
replication, leading to cell death. When silver dissolves in the
cytosol, it ionizes to engender nanoparticles that increase the
bactericidal activity [3]. Therefore, the design and development
of superficial, one-step, reliable, low-cost, nontoxic, complex
fibers, cryogenic superconducting materials, electronic compo-
nents [4, 5], and ecocordial technique for prevarication multi-
functional silver nanoparticles is the greatest consequentiality
to expand their biomedical applications [3]. Silver nanoparticles
show an incipient optical place, which is observed in bulk
metals or molecules [6]. This review article focused in detail
on various types of synthesis of silver nanoparticles, such as
physical, chemical, and biological approaches. The article
briefly discusses the antibacterial activity of silver nanoparti-
cles, where silver acts as a toxic agent against microorganisms
which showed good wound healing activity. This review also
highlights silver nanoparticles used as drug delivery vehicles,
toxicity pathways, recent advances, and future aspects of silver
nanoparticles.

2. Review on Synthesis of Silver Nanoparticles

2.1. Physical Approach. Metal nanoparticles are generated
physically by a desiccation condensate technique, which
might be performed by using a vacuum tube shell at the
force of the atmosphere per unit area. The source fabric,
centered on a boat, is vaporized into the carrier gas. By using
vaporization techniques, nanoparticles of diverse compo-
nents like Ag, Gold, Pb, and fullerene have already been
manufactured [7–9]. The production of tube furnaces by
AgNP has some disadvantages; however, since tube ovens
occupy a more extended area, they consume a lot of push
while raising environmental temperatures from around. It
will require a long time for the source material to achieve
thermal stability. A standard tube oven needs over several
kilowatts of energy and several 10 minutes of preheating to
ensure a constant operating temperature. Silver nanoparti-
cles were additionally generated with precision optical maser
removal of metallic mass materials [10–12]. This approach
can be used to manufacture pure colloids that will be under-

lying for further applications [13]. In essence, the physical syn-
thesis of AgNP’s customarily leverages the physical energies to
create AgNP’s with proximately restricted size distribution.
The physical methodology may sanction significantly copious
amounts of sampling of AgNP in one procedure, which is also
the most excellent subsidiary method for producing AgNP
powder. Nevertheless, primary expenditures for equipment
investment should be taken into account.

2.2. Photochemical Approach. The synthetic strategy induced
by exposure has also been established. Huang and coworkers
generated AgNPs in multilayer synthetic clay suspensions
using light reduction in AgNO3, which functions as a stabiliz-
ing agent to prevent nanoparticles from assembly. Irradiation
dissolved AgNP into a short lifespan with a single-mode until
the distribution was reasonably steady in size and diameter
[14]. The limitation of this approach is the need for high-
cost instruments and a laboratory environment.

2.3. Biological Approach. Biosynthetic approaches using natu-
ral reduction components, like polysaccharides, biological
microorganisms, bacteria, funguses, plant extraction, and
green chemistry, were recently developed as a feasible and
straightforward alternative to more complicated synthetic
chemistry processes. Bacteria could alternatively intracellu-
larly or extracellularly generate inorganic compounds. This
makes them possible biofabrics for nanoparticles such as gold
and silver. Silver stands out categorically for its biotic qualities.
Vilchis-Genus Nestor et al. employed green tea extract to
reduce gold-silver nanoparticles in an aqueous solution under
environmental conditions as a stabilizing agent [15]. The
AgNPs generated are pretty stable, and this process benefits
from other ways because the organism employed here is a
nonpathogenic bacterium. The biological approach provides
various resources in which silver nanoparticles are produced
and is viewed as a process of synthesis of nanoparticles having
benefits over standard synthetic chemical routes and an eco-
logically friendly gliding path and as an initial cost strategy.
In addition, Kalishwaralal et al. 2008 noted the AgNP’s syn-
thesis by reducing the aqueous Ag+ ions and Bacillus licheni-
form is supernatant culture [16].

2.4. Bacterial Triggered Synthesis. The lactobacillus fermentum
eliminates the development of Pseudomonas aeruginosa in the
manufacture of biogenic silver nanoparticles and inhibits the
generation of biofilm. B. flexus nanoparticles produced spheri-
cal nanoparticles (12nm) and triangle nanoparticles (61nm)
anisotropic nanoparticles [17]. For AgNP to use B. cereus, an
incubation duration of 3–5 days is required at an atmospheric
temperature [18]. The durability and production of AgNP
depended on psychrophilic bacteria’s cell-free culture superna-
tants [19]. Bacillus thuringiensis spore crystal fusion is used to
generate AgNP’s of a 15nm (cube and Hexagonal) commixed
shape [20]. The dimension of the AgNP-synthesized parame-
ters such as temperature, pH, and concentration using Escher-
ichia coli, Klebsiella pneumonia, and the combination between
Plectonema boryanium UTEX 485 and aqueous AgNO3
caused the spherical silver nanoparticles to precipitate 28 days
[21]. Only with the incorporation of the Entero bacteriaceae
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cell filtrate in the silver nitrate solution, the silver ions decrease
quickly within 5 minutes [22]. The size and form of produced
silver nanoparticles using microorganisms are influenced by
the relationship between silver ions and microbes [23, 24].
Pseudomonas stutzeri AG259 extracted derived through silver
mine excellently, possibly the best silver nanoparticles and
distinctive morphology inside the periplasmic area [25]. The
various applications of silver nanoparticles are illustrated in
Figure 1.

2.5. Fungal-Derived Synthesis. Polydispersed spherical Agnips
ranging in dimension from 17–33nm were produced utilizing
Helminthosporium tetramer cell-free filtration and demon-
strated substantial antibacterial activity [26]. Escherichia coli
has been reported to become more vulnerable than S. aureus
to silver nanoparticles [27]. The Humicola sp thermophilic
fungus responded with Ag (+) ions, reduced the precursor
solution, and caused extracellular nanoparticles [28] to
develop. In order to synthesize AgNPs from Aspergillus niger,
optimal circumstances such as temperature 37°C, pH of 6.0,
and membrane quantity of 2,0 mm silver nitrate were needed
[29]. However, one essential effort was the synthesis of the
use of wet biomass of Trichoderma reesei funguses by AgNP
(5-50nm) at 28°C after 120 hours with constant shaking [30].
Bipolaris nodulosa was formed of spherical, semipentagonal,
and hexahedral shapes (10-60nm) of silver nanoparticles
[31]. Pseudomonas aeruginosa and Escherichia coli were
superior antibacterial in nanoparticles created by utilizing
Pleurotus sajor caju, relative to Staphylococcus aureus [32].
The result was the treatment of aquatic silver nitrate resolu-
tion using fungus Fusarium semitectum [33]. These were
extraordinarily durable and crystalline silver nanoparticles.
Extracellular mycosynthesis from Fusarium acuminatum
isolated from contaminated ginger developed sizing nanopar-
ticles of 5-40nm of operational size in a period of 15-20
minutes. Nanocrystalline AgNPs of 13 to 18nm were pro-
duced adopting Trichoderma asperellum cell-free leaf extracts
within five full days of development [34, 35]. Aspergillus flavus
acquired silver nanoparticles on its cell membrane in 72 hours;
although, ultrasonication was observed to dislocate [36]. [Ag
(NH3)2]+ speedy reduction to Ag actually took place topo-
graphically whenever a quantity of -OH has been supplied into
the Aeromonas bacteria [37]. Within few hours, an extraordi-
nary synthesis of AgNPs with a dispersion of 525nm was
obtained when Aspergillus fumigates were subjected to the
silver ion [38]. The production of silver nanoparticles used
for Fusarium oxysporum produced in agglomeration [39]. In
contrast, AgNP’s typical halogen tungsten lamp technique
was generated in less than an hour [40]. The degradation of
silver is caused by the enzyme located on the Verticillium
surface, and the electric cell was observed to multiply even
after the creation of AgNP [41]. Through the microbial man-
ufacture of silver nanoparticles, the biomimetic tube to plant
mintage has been established. The enzymes present in the
microbes cause silver ions constituting silver nanoparticles to
be reduced [42]. These species are vulnerable to increased
silver ion concentrations. Therefore, nanosilver generated by
microorganisms has specific problems when used in biomed-
ical applications [24].

2.6. Plant-Mediated Synthesis. A variety of plant compounds
with the size of nanosilver particles were extracted by incorpo-
rating different extracts (Piper pedicellatum (2-3nm), Centella
asiatica L. (30–50nm), Boswellia serrate, Pomegranate tree
seed (30nm), (Myrmecodia pendans (10-20nm), Alternaria
alternate (27–79nm), Citrus maxima (2.5–5.7nm), Desmo-
dium gangeticum (18–39nm) Tectona grandis (30–40nm),
Syzygium cumini (10–15nm), Rhynchotechum ellipticum
(51–73nm), the latex of genus Thevetia peruviana (10–
30nm), Lycopersicon esculentum Mill (30–40nm), Mentha
piperita (90nm), Murraya koenigii (10–25nm), and so forth
as capping agents) [43]. A study conducted using antioxidant
ingredients from blackberry, blueberry, and pomegranate, as
well as turmeric peels discovered that the dimension of silver
nanoparticles generated by utilizing these extracts ranged
within 20 and 500nm in dimension, based on their nature
and the technique of formulation [44]. It was discovered to
be an effective catalyst for the production of the response,
which resulted in the rapid generation of AgNPs in a shorter
duration of 24 hours with such a molecular dimension of
59nm [45]. The zeta potential (18mV) of AgNPs produced
with Delonix elata following 24-hour confinement is used to
determine the stability of the material [46]. The SILAR (succes-
sive ionic layer adsorption and reaction) approach [47] was
used to produce AgNP thin films with a significant amount
of volumetric area using guava leaf extract. In this study,
Potamogeton pectinatus L was used to synthesis nanotriangles
and hexagon-shaped AgNPs, and the silver nitrate percentage
was increased over time under constant magnification resulted
in polydispersity in the final product. In the laboratory,
polyphenol-rich extracts of Rumex hymenosepalus were used
in the synthesis, resulting in the coalescence of face-centered
cubic and hexagonal structured AgNPs with sizes ranging from
2 to 40nm [48–50]. The presence of dihydrogen monoxide
soluble organics inside the natural sources was the most critical
factor in the degradation of silver ions to AgNPs. It was discov-
ered that AgNPs generated using Prunus armeniaca (apricot)
plant extracts had around 50% free radical scavenging activ-
ity when tested in a DPPH and an ABTS assay, respectively.
In a study using the root extract of Coleus forskohlii, needle-
shaped AgNPs with such a size of 82.46nm were discovered
[51–54].

Researchers discovered that Malva parviflora produces
monodispersed AgNPs in such a shorter time frame compared
to Beta vulgaris, A. graveolens, Allium kurrat, and Capsicum
frutescens, and that this is the case even when compared to
other plants. Fermentation at 150 rpm in a very shaker in dark
settings is recommended, and dihydrogen monoxide soluble
compounds such as saponins observed in the extraction from
the plant of Memecylon edule have been found to be associated
with lowering of silver ions, with the majority of the AgNPs in
size range of 50–90nm in square shape [55, 56]. Acrylamide
nanoparticles (AgNPs) of spherical shape (average size of
18.2 8.9nm) were synthesized using the methanolic plant
extraction of Vitex negundo. They demonstrated antibacterial
efficacy either towards Gram-positive as well as Gram-
negative bacteria. AgNP production in protein-depleted frac-
tions was shown to be altered, with the size distribution of
AgNPs changing and the rate of AgNP synthesis decreasing,
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confirming that cellular proteins in the unicellular algae Chla-
mydomonas reinhardtii were involved in the manufacture of
AgNPs. In this study, the decrease of AgNO3 induced by euge-
nol embedded in the garlic leaf extracts was attributed to the
evidential impact of methoxy and allyl substances situated at
the ortho and para locations of the proton relinquishing -OH
band from one particle of eugenol stored in the garlic clove
extract. As a result, the creation of a resonant pattern in the ele-
mental state of eugenol follows shortly after. The polyol and
liquid heterocyclic elements discovered in Cinnamomum cam-
phora’s leaf broth are responsible for the degeneration of silver
ions in the environment of silver ions, and these components
are also found in the plant’s leaves. Silver and gold nanoparti-
cles with diameters varied between 10 and 20nm as well as
15–25nm, respectively, have been synthesized with the assis-
tance of a derivative from the herb Emblica officinalis. The
nanoparticles were shown to be highly stable and trustworthy.
In the existence of lowering sugars and terpenoids in the A.
indica leaf broth, the decrease of metal ions led to the develop-
ment of clean silver, gold, and bimetallic nanostructures, which
were then cleaned [57–62].

2.7. Review on Antibacterial Activity of Silver Nanoparticles.
The highest antimicrobial activity was defined for silver
nanoparticles (AgNP’s) since silver shows low toxicity to
mammalian cells and high toxicity towards microorganisms
than various other metals, and the sequence is in the order
Ag >Hg > Cu > Cd > Cr > Pb > Co > AU > Zn > Fe >Mn >
Mo > Sn [63]. Silver nanoparticles exhibit even more antimi-
crobial activity than silver ions and salts [64, 65]. Silver
nanoparticles have a decrease tendency to induce microbial
impedance than several germicide agents [66, 67], which
resulted in an application to a wide range of antimicrobial
agents to prevent infection, burns, traumatic wound dress-
ings, coating of catheters, diabetic ulcers, dental works, and
medical equipment [65–69]. AgNPs are also used in various
sanitary items, such as water purification systems, the linings
of washing machines, dishwashers, freezers, and toilet seats,
among other things [65, 67], to treat tropical diseases 1′ that

promote wound healing process turmeric-loaded nanoparticles
was created. Turmeric is a spice obtained from the roots of Cur-
cuma longa, which is a member of the Zingiberaceae family and
is used to flavor food. The primary curcuminoid in turmeric is
often regarded as the herb’s main active component [70, 71].
Curcumin is a curcuminoid that has been shown to have anti-
inflammatory properties. Silver is the most commonly used in
the nitrate condition to elicit an antibacterial action in bacteria.
The nanoscale size of AgNPs also increases the perforation
potential of the silver nanoparticles, allowing for more efficient
utilization of metal characteristics [72], which is beneficial. The
nanoparticles connect to the cell surface and perforate the bac-
terial membrane that contains sulfur-containing protein as they
travel through the cell. Specifically, AgNPs bind with proteins in
the cell and phosphorus-containing substances such as DNA
and forming complexes. After entering the bacterial cell, AgNPs
form a lowmolecular content area in the middle of the bacteria,
which eventually causes the bacteria to succumb to cell death.
With a surface area of around 2m2 and a blood supply account-
ing for around one-third of all blood circulating throughout the
body, skin is a three-layered structure consisting of the epider-
mis, dermis, and subcutaneous tissue layer [73], and the drug
should cross through the layers of stratum corneum cuticle
and dermis via various barriers for an effective drug delivery
of the dosage form [74].

2.8. Review on Silver Nanoparticles as Drug Delivery Vehicles.
Traditionally, gold and other molecules [75–78] have been
used in nanoparticle-predicted drug delivery applications,
but the use of silver has been restricted due to the complexity
in synthesis; when functionalized using the classic salt aging
procedure, there was a reduction in durability, and there
were worries regarding silver toxicity in the past. Clinical
application of silver nanoparticles as beneficial antibacterial
treatments in wound care and also current in vivo studies
showing that systemic exposure to silver nanoparticles is safe
to have sparked interest in biomedical research involving sil-
ver nanoparticles. In a 2008 rat study, it was revealed
because even in the diagnosis of severe oral AgNps at doses

Drug delivery vehicles

Silver nanoparticles

Toxicity pathways
Anti bacterial activity

Figure 1: Silver nanoparticles and its applications.
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larger than 300mg/kg/day during 28 days, there was a greater
preponderance of above 300mg/kg/day throughout 28 days
[79], and there was only a minor induction of secondary indica-
tors of liver injury. Reports of the safety and absence of side-
effects associated with silver nanoparticles administered at
“moderate” doses [80] may instill greater preponderant confi-
dence in the suitability of AgNPs for in vivo studies that aim
to lower the threshold of effective AgNPs daily dosage by inte-
grating their drug load potential and electromagnetic field
research amplifying properties. Enhanced biocompatibility of
AgNPs as a result of surface alteration, as well as outstanding
optical characteristics [81, 82], has increased the suitability of
AgNPs for drug delivery applications.

Silver nanoparticles have distinctive field properties, such as
having a light scattering cross-section nearly ten times greater
than that of a comparably sized gold nanoparticle [77, 81],
which has sparked interest in their use as sensors [83, 84],
biological labels, and substrates for surface-enhanced absorp-
tion, fluorescence, and photochemistry [77, 81]. AgNPs also
have greater extinction coefficients and blue-shifted plasmon
resonant peaks than othermetallic nanomaterials, making them
an excellent choice for photocontrolled drug delivery uses and
potential surface-enhanced photochemistry of caged sub-
stances, such as nitro benzyl derivatives and among other appli-
cations [82]. The optical properties and biocompatibility of
AgNPs are well described, and they have distinct blood plasma
relative absorptionmaxima at ~420nm [83, 84]. This difference
is difficult to determine the role of plasmon in the nitropheny-
lethyl (NPE), which can be incorporated into microRNA
(miRNA) complexes. The nonthermal component is likely
related to intense electrical fields in the oscillating open plas-
mon region interacting with ions and mote, thus reducing the
energizing energy of the reaction [85, 86]. Metal enhanced
fluorescence has been described with silver nanostructures. In
contrast, the resonance state of the coupled photon is shared
between a photoactive molecule and the metal nanomaterial
resulting in more efficient photon conversion [87].

2.9. Review on Toxicity Pathways of Silver Nanoparticles.
Recent studies on the therapeutic utilization of silver nano-
particles utilizing drug distribution have addressed the toxic-
ity and adverse effects of silver nanomaterials. Concerns of
the impact of silver nanoparticles on cell health include
decreased mitochondrial function and evocation of apopto-
sis, the mitochondria being a sensitive objective of cytotoxic-
ity of AgNP’s. While the mechanism of AgNP’s toxicity was
not well characterized, they may involve surface binding
(depletion) of thiol-containing proteins, including glutathi-
one and key component enzymes of the cells antioxidant
mechanism, which leads to increased reactive oxygen species
(ROS) propagation, oxidative damage [88], and apoptosis,
an involute programmed cell death pathway. Particle surface
electrostatic interactions with charged biomolecules might
additionally attribute to the toxic properties often observed
for “naked” silver nanoparticles at high concentrations.
Mechanisms to enhance biocompatibility include functiona-
lizing the metal nanoparticles with polyethylene glycol
(PEG) radical, lipids, polymers, and minute peptides. The
surface modification of silver nanoparticles with thiol-

modified biomolecules improved silver biocompatibility and
intracellular uptake [89–93]. The phospholipid-protected
silver nanoparticles were distributed into 3T3 fibroblast cells
and platelet cells with minimal toxic effects.

3. Discussion

Due to recent breakthroughs in the knowledge of silver nano-
particles’ biocidal mechanisms of action, this one has been
established that silver nanoparticles can be used to treat a wide
range of infections, including virulent and bactericidal infec-
tions, as well as to promote wound healing [94, 95]. It has been
demonstrated that silver nanoparticle and biopolymer-based
biomaterial have good biocompatibility and low toxicity in
physiological settings and may be used as a wound dressing
material to heal a wide range of wounds. The current strategy
for improving the efficacy of antibiotics is to combine them
with silver nanoparticles in order to control microbial infec-
tions, as confirmed by the damage action of silver nanoparti-
cles on microbial deoxyribonucleic acid [95]. This review
focused in detail on various types of synthesis of silver nano-
particles which are categorized as physical, chemical, and bio-
logical approaches that are safe and environmentally friendly.
This article also highlights the antibacterial activity of silver
nanoparticles; when nanoparticles release silver atoms into
the bacterial cell, it enhances their bactericidal activity and
shows good wound healing activity [14, 15]. The benefits of
these procedures are pretty crucial to utilize silver nanoparti-
cles for checking diligence owing to nontoxicity. Because of
this, these technologies may be applied to the large-scale
industrial production of stable colloid silver nanoparticles,
which have been used in various sectors, including digital
manufacturing of electronic circuits and medicinal applica-
tions [96]. The use of traditional microbicidal medicines to
combat the epidemic has been associated with an appropriate
therapeutic index, insufficient drug bioavailability, the estab-
lishment of multiple drug resistance, and significant systemic
side effects, among other things. It has been discovered that
germicidal silver nanoparticles are effective against infection
because of their ultra-diminutive controlled size as heights
surface area and increased the responsiveness with active func-
tional structure [97]. The phospholipid-protected silver nano-
particles that can decrease toxicity were distributed into 3T3
fibroblast and platelet cells [36, 37]. The previous review paper
contains preliminary insights into pharmacological uses like
anticancer, larvicidal, medicinal fabrics, and contrivances
involving silver nanoparticles, all of which are now under
investigation. In this way, the use of these biogenically gener-
ated silver nanoparticles will bring in a significant reward for
the domain of bio nanomedicine [98].

3.1. Future Prospects. Due to the various potent activities of
silver nanoparticles can be used in powerful disinfectants
for preventing microbial infections [99, 100], silver nanopar-
ticles can be employed in magnetic disinfection systems to
treat waterborne infections, which is a new development.
Magnetic disinfection [101] includes magnetic oxide as an
active ingredient. Using silver nanoparticles as a sorbent
and driving force for removing ecological contamination
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has been shown to be effective [102, 103]. Nanosilver-based
disinfection solutions have the potential to be helpful in
decontaminating surfaces, instruments in kindergartens
and schools, various types of equipment, and computers,
which could lead to the development of nanosilver-based
consumer items in the future. Silver-based nanocomposites
have the potential to be ecologically beneficial, and they
may be used in the development of unique product applica-
tions [104, 105].

3.2. Patent Methods. Raghuraman and Katti [106] had pat-
ented the method of producing silver nanoparticles. When
silver salts react with phosphene amino acid, it makes silver
nanoparticles with a temperature less than 40°C and a time
period of fewer than 30mins. These nanoparticles can be
stored for a more extended period without agglomeration
[107]. Mohd Rais Ahmad [108] patented a method for pre-
paring silver nanoparticles; when commixing silver salt and
pentaerythritol in polar resolution, it catalyzes the reduction
process of silver ion clusters. Silver nanoparticles should be
precipitated and washed with a solution, and finally, silver
nanoparticles should be dried off [109].

3.3. Patent Formulations. Oh et al. [110] patented the prep-
aration of silver nanoparticles and silver alloyed with factors
like platinum, palladium, gold, aluminum, cadmium, and
sulfur in surfactant solvents. The surfactant has the intrinsic
property to adsorb into the interface, which is composed of
two different phases. Thus, the surfactant molecules would
adsorb into the open nuclei in the solvent. The adsorbed
surfactant molecules from the solution prevent the coales-
cence of particles and control the rate of particle exaggera-
tion. By choosing the proper kind or concentration of the
surface active agent, the size of particles composed in the
solution can be contained on a nanometer scale [111–117].
A process patent has been granted to Li and Ong [118] for
the preparation of silver nanoparticles and the formation of
molecules of an initial stabilizer on the surface of the nanopar-
ticles, as well as the mixing of a replacement stabilizer com-
posed mainly of a carboxylic acid also with composition to
substitute at least a portion of the primary stabilizer with the
replacement stabilizer, resulting in molecules of the initial
stabilizer on the surface of the nanoparticles [119–130].

4. Conclusion

The methods for producing silver nanoparticles and their
practical applications have been discussed in detail in this
previous section. These methods help reduce the cost of sil-
ver nanoparticles, save energy, and practice safely. Recent
research on silver nanoparticles is in the field of food main-
tenance and handling, and silver nanoparticles can be used
as drug delivery vehicles and exhibit high antibacterial activ-
ity. In the drug delivery system, AgNPs often improve solu-
bility, stability, and biodistribution, increasing efficacy. Since
drug absorption increases multifold in the presence of nano-
particles, AgNPs can be used as a drug delivery system. With
their unique properties, AgNPs stand out in various innova-
tions, including biomedical materials and optical and anti-

microbial coatings. They have proven their applicability in
many fields such as medicine, catalysis, materials science, bio-
technology, nanotechnology, and bioengineering. They have
also been used in electronics, optics, and water treatment.

In addition, AgNPs exhibit antibacterial activity against
microbial infections and are commonly used as an antimicro-
bial component in a wide variety of consumer goods. Due to
their small size, nanoparticles have a large surface area,
making them suitable candidates for various applications,
while the morphology is also controllable. While NPs are ben-
eficial for a variety of uses, they can pose health risks due to
their uncontrolled use and release into the natural environ-
ment, which must be taken into account to make NP use more
practical and environmentally acceptable. There is a wide
range of applications for AgNPs in nanotoxicology studies,
which is why they are so popular. The main trend in the devel-
opment of silver nanomaterials is to make them multifunc-
tional and programmable by external signals or the local
environment, transforming them into nanodevices. For the
benefit of future researchers, the continuous increase in the
number of publications on the above subject has been exam-
ined. Since the influence of AgNPs on the environment and
human health could be a problem in their widespread applica-
tion, further investigations on the accumulation and mecha-
nism of action of AgNPs in the human body are needed.
However, more research is needed to use the particles outside
of the lab.
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Ultraviolet radiation causes damages to the human body, such as skin ageing, skin cancer, and allergies throughout the world.
Applying zinc oxide nanoparticles (ZnO NPs) in sunscreen products (like cloths or textiles) to protect human skin by
absorbing the ultraviolet radiations that emerged from the sun. The main aim of this study is to investigate both absorbance
and transmittance characteristics of the untreated and treated cotton textiles. For ZnO NPs using hydrothermal methods, they
were made from Zn(NO3)2·6H2O and NaOH at a constant annealing temperature of 300°C. Fourier transform infrared (FT-
IR), X-ray diffraction (XRD), scanning electron microscopy (SEM), and UV-vis spectroscopy were used to analyze the
produced ZnO NPs. From the FT-IR result, ZnO NPs were observed in the region of 400-600 cm-1. Wurtzite hexagonal
structure of ZnO NPs with the average crystal size 32 ± 49 nm was observed from XRD results. Flowers in the shape of
synthesized ZnO NPs were observed from SEM images. The UV-vis penetration peaks were identified at 264 nm and 376 nm,
with energy band gaps of 4.68 and 3.536 eV, respectively. When compared to bulk ZnO, the energy band gap of ZnO NPs was
blue-shifted due to the impact of quantum confinement. The peaks in UV-vis absorption were caused by an electronic
transition from the valiancy to the conduction bands. The high energy band shows high absorbance of the synthesis sample in
the case of 264 nm. The ZnO NPs were manufactured and applied to 100% of raw cotton to impart sunscreen action to both
untreated and treated cotton fabrics. The performance of treatment has been evaluated utilizing UV-vis spectroscopy through
quantifying ultraviolet protective factors (UPF) and percentage of transmitted (%T) radiations. The treated cotton textiles have
61.50% UPF while 2.65% ultraviolet radiations were transmitted. In other words, untreated cotton textiles have 1.63% UPF
while 74.56% ultraviolet radiation was transmitted. Therefore, the treated cotton textiles have excellent protection categories
when compared to untreated cotton textiles.
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1. Introduction

Nanotechnology is a new field of study that deals with the
discovery and use of nanoparticles containing structural
differences among the nanomaterials with their bulk coun-
terparts. It also refers to the art and science of creating and
using nanoparticles having fundamental properties and
functions [1]. Nanoparticles are microscopic particles with
a diameter of 1 to 100 nanometers that are used in current
textile technology. Nanoparticles also have a wide range of
applications in life science [1, 2], biomedical [3, 4], health-
care [4], and security [5] as well as the energy generation
[6], farming [7], sustainable energy [6, 7], energy storage
[6, 8], infrastructure [9], and building and constructions
[10]. Because of their capacity to transfer charges and give
fast responses, as well as their ease of use and inexpensive
cost, ZnO NPs are a popular choice among nanoparticles
for a range of applications. According to the literature
[2–4, 7, 11], ZnO NPs can be used in textiles as UV blocking
properties, antifungal, antibacterial activities, solar screen-
ing, cosmetics, food packaging, biomedical, self-cleaning,
water, and air cleaning, sterilizing surroundings, and photo-
catalyst due because of its one-of-a-kind physical and
chemical characteristics such as high electrochemical
coupling coefficient, more chemical stability, a diverse range
of absorbing radiation, huge excitonic binding energy
(60meV), large energy band gap (3.37 eV), and high
mechanical and thermal stability. ZnO NPs have a number
of great qualities, including ease of synthesis, controllable
shape and size, nontoxicity, the existence of extrinsic and
intrinsic at the emission centre, and the ability to emit a vari-
ety of hues (violet, blue, green, yellow, and red) [12–14].

UV radiation protection is one of the most critical chal-
lenges in the textiles industry because of ozone depletion and
the greenhouse effect. Ultraviolet radiation penetrates from
the sun to the earth in the form of energy having fifty
percent visible lights, forty-five percent infrared, and five
percent ultraviolet radiations [15]. UV radiation can be clas-
sified into three wavelength regions based on its wavelength:
UVA (400nm-320 nm), UV-B (320nm-280nm), and UV-C
(280 nm–200nm) [3, 5, 7]. At this time, the ozone layer has
completely absorbed UV-C. From all UV radiation, the most
damaging types of radiation are UV-A and UV-B. It has
high energy and a short wavelength [4–6, 15]. In order to
reduce such effects, ZnO NPs must be synthesized for
textiles industries. Cubic rock salt, cubic zinc blende, and
hexagonal are the three most common structures of ZnO
NPs. Under normal environmental circumstances, hexago-
nal structures are thermodynamically stable [7]. Nanowire,
nanoflower, nanocombs, nanobelts, nanocages, nanosprings,
nanoring, needle-like, nanoflake, spherical, nanohelix, sheet,
bullet-like, hexagonal plate, polyhedral, nanotube, nanorod,
pyramid shape, doughnut-like, malty sphere, nanobows,
nanoleafs, star, spike, and multipods, smashed stone-like,
cylinder-like, and ellipsoid are morphological forms of
ZnO NPs derived from SEM [5–8, 12–16]. UV radiation
absorbance by semiconductive, whether significantly refrac-
tive or dispersing radiations, is closely related to the UV
blocking characteristics of ZnO NPs. The chemical composi-

tion of ZnO NPs has a direct impact on their protective
actions [11, 16]. Furthermore, particle shapes, sizes, crystals,
and crystalline forms all have a role [9–13]. When textiles
are subjected to UV radiation, they experience direct trans-
mittance, absorption, and scattering [13]. Skin damage is
caused by UV radiation that is emitted, as well as reflection
and fibre dye [10–13]. UV radiation absorption is measured
inside ultraviolet protective factors (UPF). The UPF value of
treated fabrics evaluates their blocking qualities, and the
greater the UPF value, the much more protective they are
[10]. For the production of ZnO NPs, a range of preparation
techniques have been reported, including chemical precipi-
tation, spray-pyrolysis, hydrothermal, sol-gel, photochemi-
cal, and electrospanning methods [13, 14, 16–20]. As
reported in several kinds of literature [6], ZnO NPs were
prepared for textile application through hydrothermal
methods using different solvents (distilled water, ethanol,
and methanol) results from 20 to 9nm sizes with high
UPF of UV-A and UV-B. Recently, ZnO NPs were prepared
for UV absorber properties of cotton textiles using zinc acetate
(CH3COO)2·2H2O) and NaOH precursor by adding surfac-
tant (cetyl trimethyl ammonium/CTAB) was seen in literature
[12]. Yadav et al. [21] prepared ZnO NPs with an average
diameter of less than 35nm for cotton textiles results from
an increment of UPF and antimicrobial activities. Another
group of researchers leads by Ibrahim et al. [22] also prepared
ZnO NPs by sol-gel technique for cotton textiles found
359nm of particle size which provides durable multifunctional
fishing (UV protection and antimicrobial activities).

Several kinds of literature use sol-gel methods to prepare
ZnO NPs rather than hydrothermal methods, and there are
no clear methods to prepare ZnO NPs using hydrothermal
processes. Previously, no literature reports on the compari-
son of absorbance of untreated and treated cotton textiles
and a transmittance of untreated and treated cotton textiles.
Furthermore, a comparison of transmittance with an absor-
bance of treated and untreated cotton textiles was not clearly
reported previously. Therefore, this research gives detail
information on synthesis methods and UV-protective prop-
erties of nanoparticles in terms of absorbance and transmit-
tance. ZnO NPs were prepared using Zn(NO3)2·6H2O and
NaOH precursors. The produced samples were FT-IR ana-
lyzed and utilized to identify contaminants. The XRD results
demonstrate that the ex situ produced nanoparticles [17],
which have been deposited onto bleached cotton fibers,
had an average weight of 33nm, as reported in various liter-
ature. SEM is used to analyze the shape of the nanoparticles,
and a UV-vis is accustomed to evaluate the absorption spec-
trum of untreated and treated cotton textiles [18–46]. As a
result, the goal of this study is to synthesize, characterize,
contrast, and compare untreated and treated cotton textiles.

2. Experimental Details

Sodium hydroxide (NaOH), zinc nitrate hexahydrate
(Zn(NO3)2·6H2O), and ethanol were acquired from a local
supplier (used without further purification). ZnO NPs were
made utilising a hydrothermal method that included the
use of Zn(NO3)2·6H2O and NaOH precursors, as described
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in the literature [18]. For this situation, a 0.6M aqueous
ethanol solution of Zn(NO3)2·6H2O were maintained with
constant stirring for 45 minutes with a mild magnetic stirrer
to thoroughly dissolve the zinc nitrate hexahydrate, and a
1M aqueous ethanol solution of NaOH was likewise made
exactly the same as 45 minutes of agitation. After the zinc
nitrate hexahydrate was completely dissolved, 1M NaOH
mixture was prepared by slowly adding drop by drop for
25 minutes without touching the container’s wall, while
magnetic stirring was kept at high speed. The process was
permitted to continue for 1 hour after the aqueous solution
of NaOH was added, and the container was sealed at this
temperature for 1 hour. Afterward, the sample was trans-
ferred to settle for an overnight period before the resultant
liquid was carefully separated. The precipitate was removed
after 15 minutes of centrifugation. ZnO NPs were precipi-
tated and rinsed four times with the double distilled water
and ethanol before being dried in an air environment at
roughly 90°C. Zn (OH)2 was totally transformed to ZnO
NPs at this time, and the existence of nanoparticles and
other functional groups was determined by Fourier trans-
form infrared spectroscopy (FT-IR). The size, shape, optical,
and structural properties of the produced ZnO NPs were all
measured. An X-ray diffractometer (panalytical) was used to
record the X-ray diffraction (XRD) pattern of manufactured
ZnO NPs using Cu-K radiation with a wavelength of
(λ = 0:1541nm) in the scan range of 2theta = 10°–80°. A
scanning electron microscope (SEM) with (EDXA, SIRION)
for the morphology of the specimen was examined using
compositional analysis of generated ZnO NPs. Using a
UV-vis spectrophotometer (Hitachi, U-3010), the optical
transmission/absorption spectra of ZnO NPs distributed in
water were recorded as follows. The solution was dipped in
a quartz cuvette and taken into a UV-vis spectrophotometer
with around 0.3 g of ZnO NPs dissolved in deionized water.
In such a process, the absorbance/transmittance spectra of
ZnO NPs were measured. Finally, ZnO NPs were brought
into the application as follows. White 100% cotton fabrics
were purchased from the local market of Dambi Dollo
Town, Oromia Regional State. A piece of cotton textiles with
a surface area of 10 cm × 10 cm and a mass for every unit
surface of 60 gm-2 were prepared and washed five times
using deionized water. Then, the fibre was soaked by ZnO
NPs solution for 10min by a gentle magnetic stirrer. The
cloth was dried in the oven at 130°C for 15min to remove
the excessive dispersion. UV/absorption and transmission
were then used to determine the efficiency of the shielding
against UV radiation.

3. Results and Discussion

This current research includes the development of nanopar-
ticles by hydrothermal approaches that aid in the manage-
ment of surface energy. FT-IR, XRD, SEM, and UV-visible
spectroscopy were used to characterize the functionalized
nanoparticles. The nano and other potential functional
groups of produced ZnO NPs were investigated using Fou-
rier transform infrared (FT-IR). FT-IR transmission spectra
of ZnO NPs in the 400–4000 cm-1 range were measured, as

shown in Figure 1 below. The stretching vibration of O-H
has appeared at 3428 cm-1, and this is maybe due to the
oscillation of water molecules [14, 17, 19, 21]. The peak
observed at 2924 cm-1 was related to –CH2 vibration [21,
23]. The transmission peaks were observed at 1557 cm-1

due to C=O symmetric stretching [22]. The transmission
peaks observed at 1391 cm-1 and 1278 cm-1 were bending,
and the vibrational mode of CO2 was related to CO2 is from
the real environment [18]. The peak observed at 1055 cm-1

was associated with H-O-H bending vibration was due to
the presence of water of crystallization [25]. The band
observed at 810 cm-1 was also due to the deformation vibra-
tion of water molecules [21–23]. The transmission band
observed at 466 cm-1 was due to Zn-O stretching mode [27].

The XRD diffraction spectra of prepared ZnO NPs were
shown in Figure 2 below. ZnO NPs were prepared from zinc
nitrate hexahydrate (Zn(NO3)2·6H2O) and sodium hydrox-
ide (NaOH) through hydrothermal methods. A broad and
well-defined spectral peaks show that the synthesized
substances incorporate particles in the nanoscale range.
Intensity, full-width at half-maxima, size, and position were
determined from XRD result analysis. About nine diffraction
peaks were observed at 21.77°, 24.43°, 26.26°, 37.55°, 46.62°,
52.88°, 56.40°, 57.97°, and 59.1° with their corresponding
crystal plane of (100), (002), (101), (102), (110), (103),
(200), (112), and (201), respectively. Broad diffraction and
most intense peak peaks without peak shift were observed
at (101) peaks. Randomly oriented crystallites were seen
from these several peaks.

The average crystallite size (D) of produced ZnO NPs
were estimated via the Debye-Scherrer formula (1).

D =
0:89 λ
β cos θ

, ð1Þ

where D is the crystallite size, λ is the X-ray transmit-
tance wavelength (λ = 0:15418nm), β is full-width at half-
maximum (FWHM) in radians, and θ represents the
angle of diffraction [20]. Table 1 displays the average
particle size distribution of produced ZnO NPs, which
was about 32.49 nm.

The produced material has a size range of 1 nm to
100 nm and is suitable for use in the textile industry [21].
The measured “D” values for ZnO nanopowder or synthe-
sized nanomaterials have crystallized in a hexagonal wurtzite
structure, as shown in Table 1, are also in excellent accor-
dance with all those obtained from Joint Committee on
Powder Diffraction Guideline (JCPDS) card document data
for ZnO nanopowder or synthesized nanomaterials [5, 9].

The lattice spacing (d) were derived from Braggs equation:

d = λ

2 sin θ
ð2Þ

The lattice parameters c and a were determined from

a =
ffiffiffi
1
3

r
λ

sin θ
, ð3Þ
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Table 1: Diffraction angle (2theta), FWHM (β), and average crystallite size (D) of prepared ZnO NPs.

No. 2theta (degree) Cos2θ (radian) β (radian) β (Cos2θ) Crystallite size (nm) Average D (nm)

1 21.77 0.0162 0.269 0.0043 31.90

32.49

2 24.43 0.0159 0.278 0.0044 31.18

3 26.26 0.0156 0.298 0.0046 29.82

4 37.55 0.0138 0.365 0.0050 27.44

5 46.62 0.0119 0.355 0.0042 32.67

6 52.88 0.0105 0.417 0.0043 31.90

7 56.40 0.0096 0.377 0.0036 38.11

8 57.97 0.0096 0.426 0.0040 34.30

9 59.10 0.0089 0.442 0.0039 35.17
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Figure 2: X-ray diffraction (XRD) pattern of prepared ZnO NPs.
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Figure 1: Fourier transform infrared (FT-IR) spectral analysis of prepared ZnO NPs.
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c =
λ

sin θ
: ð4Þ

The unit cell volume (V)

V =
ffiffiffi
3

p

2
a2c: ð5Þ

The grain size (δ) of synthesized particles were evaluated
by using the following formula:

ε =
βCosθ

4
: ð6Þ

The dislocation density (δ) is used to determine the defects
in crystallite were determined from Small man’s andWilliam-
son formula.

δ =
15ε
ad

: ð7Þ

The grain size and dislocation density of the synthesized
sample were obtained from peak of XRD and summarized in

Table 2: Lattice parameters, lattice spacing, unit cell volume, grain size, and dislocation density of prepared ZnO NPs.

Hkl
Lattice parameter

Lattice spacing Unit cell volume (nm) Grain size δð Þ Dislocation density εð Þa (nm) c (nm) c/a (nm)

101 0.3617 0.3899 1.0779 0.339 0.0442 0.0668 7.1063

10.0kV 13.2mm×20.0k SE(U) 2.00um

Mag 1um
×20000

Figure 3: Scanning electron microscopy (SEM) images of synthesized ZnO NPs with different magnifications.
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Figure 4: Absorption spectral analysis of synthesized ZnO NPs.
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Table 2 above. As described in JCPDS card number 36-1451,
all X-ray diffraction peaks of manufactured ZnONPs are care-
fully categorized of wurtzite structure with lattice parameters
of a = b = 0:3249nm and c = 0:5206nm. For (101) peaks, the
lattice parameters ‘a’ and ‘c,’ spacing distance (d), and volume
cell of ZnO NPs were computed, and there was a minor vari-
ance in the lattice parameter values. The variation could be
caused by a minor shift throughout the position of its peaks
as a result of a fault [22, 23]. Lattice imperfection of synthe-
sized nanoparticles was observed from dislocation density
and strain. Figure 3 represents the SEM image of prepared
ZnO NPs at a constant annealing temperature of 300°C.
The particle morphology is homogenous and well spread,
with a flower-like shape. This shows that ZnO NPs may be
successfully produced utilising zinc salt precursors in the
nanoscale range.

The UV-vis absorbance spectrum of produced ZnO NPs
at a fixed heating rate of 300°C is depicted in Figure 4. These
uptake peaks were found at 264nm and 376nm. The strong
absorption peak was observed at 264nm. This indicates that
a high ability to absorb ultraviolet radiation. Furthermore,

synthesized nanoparticles have high absorption abilities in
the region of 200-300 nm and 350-450nm.

The technique of UV-vis absorption spectroscopy is
commonly adapted to investigate the optical characteristics
of particles that are in nanosize [33]. The ZnO nanoparticles,
which are substantially underneath the bandgap frequency
of 376nm, give rise to an excitonic maximum absorption
at roughly 264 nm (Eg = 3:29 eV). The fact that considerable
sharp absorption of ZnO implies that the nanoparticle
dispersion is monodispersed [7]. The bandgap energy of
the synthesized samples was computed by using the absorp-
tion edge relationship equation (8) [24–27].

Eg = hvg =
hc
λg

, ð8Þ

where h = 4:14 × 10−15evs, C = 2:99 × 108ms-1, and its
wavelength.

The Eg values for samples were 4.68 and 3.13 eV, which
are in good accordance with the literature. In comparison to
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bulk ZnO, the quantum confinement impact pushed its
energy band gap of ZnO nanoparticles to the blue. Peaks
have been caused due to electronic transition from the
valence band to the conduction band. The use of nanosized
ZnO NPs on 100 percent cotton fabrics enhances UV/radia-
tion absorption. ZnO NPs have been applied to the surface
of cotton fibres. The ability of ZnO NPs to absorb UV rays
was successfully transferred to fabric products. The absor-
bance and transmittance spectra of untreated and treated
cotton fabric in the 200-500 nm range are shown in
Figure 5. Highly transmitted ultraviolet radiation was
observed from untreated cotton textiles, as shown in
Figures 5 and 5(b). As shown in Figures 5(c) and 5(d), more
ultraviolet radiation was absorbed rather than transmitted. A
small amount of radiation was transmitted through nano-
cotton textiles that have been treated [47].

The absorption ability of treated and untreated textiles
was shown in Figures 5(e) and 5(f). Higher values of ultravi-
olet absorbance were obtained when cotton textiles were
treated with ZnO NPs. The sensitivity of treated cotton
fabrics was shown to be higher at 378nm and 297nm, which
are both in the UV range, while untreated cotton textile (see
Figure 5(f)) does not absorb ultraviolet radiation. The trans-
mittance ability of untreated and treated cotton textiles was
observed in Figures 5(g) and 5(h), and a low ultraviolet radi-
ation spectrum was transmitted through nanocoated cotton
textiles. The wash withstanding ability of nanoparticles is

an intriguing feature of their treatment. After 25 washes,
the treated fabrics were examined again because there was
no discernible difference in their sunscreen activity. This
clearly shows that even without the application of a binder,
the nanoparticles are strongly attached to the cloth surface.
A binder, on the other hand, can be employed when a higher
degree of wash fastness is necessary [14, 16, 24–27]. As
shown in Table 3, the UV protection parameter (UPF) and
percent transmittances (%T) were determined using equa-
tions (9) and (10), respectively.

UPF =
ðλ2
λ1

E λð Þ:S λð Þ
E λð Þ:S λð Þ:T λð Þ dλ, ð9Þ

%Transmition = 〠
λ2

λ1

T λð Þ
λ2 − λ1

: ð10Þ

In this case, EðλÞ is relatively erythermic spectral effi-
ciency, SðλÞ in Wm-2 nm-1 is a specimen of spectrum
transmittance produced from UV spectrometric tests, and
EðλÞ and SðλÞ were acquired at the national database of
sea surface temperature administration (NOAA), [18, 29],
which is shown in Figure 6 [31–35].

Tests for UV-A and UV-B are generally conducted in the
UVA and UVB zones. However, EðλÞ has very tiny UV-A
values and is substantially large in the UV-B field, as seen
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Table 3: UV blocking qualities of the handcrafted cotton fabrics.

Specimens Transmittance (%) UPF Protection categories

Treated 2.65 61.50 Excellent

Untreated 74.56 1.63 Neat
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in Figure 6. Therefore, the UPF value indicates mostly UVB
protection rather than a wide range of protection against
UVA-UVB [36–43].

The use of ready ZnO NPs on cotton fabrics improves
the absorption and transmission of UV light. This means
that UV radiation shields are effectively absorbed by
ZnO NP UV radiation upon its cotton textile surface. As
ZnO NPs treat cotton has a small percentage of the trans-
mission, untreated materials have a high percentage of the
transmission (Table 3).

It was proven by the variety of cotton textiles that,
compared to cotton-treating textiles, a considerable % of
transmittance in unprocessed textiles having a low ability
to block ultraviolet light, i.e., unprocessed cotton textiles
absorb ultraviolet radiation. In comparison with untreated
cotton textiles, the low spectrum in the transmission of
cotton textiles has shown a significant UV blocking
capability [16, 22, 30].

4. Conclusion

Sodium hydroxide and zinc nitrate hex-hydrate were used to
create ZnO NPs using a hydrothermal technique. Different
characterization tools were used to characterize the produced
ZnO NPs. These instruments are Fourier transform infrared
(FT-IR), X-ray diffraction (XRD), UV-vis spectroscopy, and
scanning electron microscopy (SEM). The presence of nano-
particles and other functional groups were observed from
FT-IR results. Utilizing Debye-Scherer’s equation, the out-
come from the XRD investigation shows that the materials
generated were on the nanoscale scale with a mean particle
size of 32.49 nm. The absorbance maximum of produced
nanoparticles was 264nm and 376nm, respectively, as deter-
mined by UV-vis spectroscopy. UV-vis spectroscopy was
also used to investigate the optical characteristics of nanopar-
ticles. The morphology of prepared ZnO NPs was evaluated
by SEM shows flower images. Through the use of ZnO NPs
on the surface of cotton textiles, the good performance of
ZnO NPs as ultraviolet absorbers may be efficiently trans-
ferred to cotton textiles. The increase in UV absorption capac-
ity of ZnO NP-treated cotton textiles, according to the
ultraviolet-visible tests. The absorption capability of ZnO
NPs on the surface of cotton textiles ensures that UV light is
effectively shielded. The UV protection factor (UPF) and per-
centage of transmittance (percent T) values that have been
computed reflect the protection offered by ZnO nanoparticles
treated fabrics against ultraviolet light. This finding could be
used to shield the body from the harmful effects of UV light.
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In the current-generation wireless systems, there is a huge requirement on integrating big data which can able to predict the
market trends of all application systems. Therefore, the proposed method emphasizes on the integration of nanosensors with
big data analysis which will be used in healthcare applications. Also, safety precautions are considered when this nanosensor is
integrated where depth and reflection of signals are also observed using different time samples. In addition, to analyze the
effect of nanosensors, six fundamental scenarios that provide good impact on real-time applications are also deliberated.
Moreover, for proving the adeptness of the proposed method, the results are equipped in both online and offline analyses for
investigating error measurement, sensitivity, and permeability parameters. Since nanosensors are introduced, the efficiency of
the projected technique is increased by implementing media access control (MAC) protocol with recurrent neural network
(RNN). Further, after observing the simulation results, it is proved that the proposed method is more effective for an average
percentile of 67% when compared to the existing methods.

1. Big Data and Nanotechnology:
An Introduction

The introduction of wireless sensors in human life has chan-
ged the entire life activities of humans as they can able to
monitor any parameters that are relevant to different appli-
cations in their remote locations. However, as ages grow,
the size of each component becomes very small which chan-
ged the standard networks to nanonetworks, and in recent
time, industry has created a great revolution with such nano-
particles. In addition, the working functionality of nanosen-
sors is equivalent to standard sensors, thus providing high
reliability, security, and performance. Since the electronic

community is growing in a fast manner, it is necessary to
update each element that is present inside it. Therefore,
nanotechnology paves a new way of monitoring parameters
that are relevant to different applications.

One of the important features of nanomaterials is that it
can able to store huge amount of data when compared to
standard networks. Moreover, nanotechnology is having a
wide surface for interacting with different materials; thus, if
any blockage occurs, then materials cannot interact with sur-
rounding materials. However, only surface can interact with
other materials where it provides a new way of creating
opportunities in medical field with system on chip-enabled
technologies that can minimize the damage of tissues inside
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the human body. Furthermore, these nanosensors provide
great advantage as they are flexible, stretchable, and benda-
ble; thus, it can be easily integrated with any applications
using the Internet of Things.

2. Literature Survey

In this section, recent literatures that provide relevant infor-
mation about big data with nanosensors are examined and
their pros and cons are discussed. The convention of nano-
device has been increased in current-generation networks
where a separate effect on piezoelectric devices has been ana-
lyzed [1] using semiconductor devices. This type of research
enhancement provides a good opportunity for enhancing
the design and regulation of nanosensors for different appli-
cations where day-to-day problems can be easily solved. By
using the underlying concept of nanosensors, both effect
and characterization of silver nanoparticles have been ana-
lyzed [2] using physical and chemical properties of mate-
rials. This type of enhanced introduction provides valuable
information about different environmental threats and way
to control such threats. Even intrabody research on nano-
sensors has been considered to determine the amount of
electromagnetic radiation with difference channel capacity
[3]. Such type of networks can able to identify different dis-
eases within a short span of time. In recent time, there is
huge necessity of using nanosensors to identify coronavirus
disease as it has spread over the entire country [4]. Since
big data is needed for this type of analysis, a knowledge
decision-making system is required. In addition, since big
data varies from day-to-day as the number of patients is
higher, a data analysis tool can be used. But when data tools
are introduced, a manual time of operation is required which
increases the time of estimation. Also, in order to analyze the
effect of big data in another application that differs from
healthcare, a social media consumer behavior with high
number of data has been provided [5]. The major reason
of experimentation is to use the same preprocessing tech-
nique where more number of data errors can be avoided.
However, the model has not been established under real-
time operations because it is tested with only 20 percent of
testing data. The authors [6] have also investigated about
different characteristics of big data with six different tech-
niques that include collaborative, associative, high dimen-
sional, deep, precision, and separation where geometrical
associations of different parameters have been integrated.

Since more parameters are represented in all six different
types, it will be beneficial to design the simulation if a less
parameter is used. Moreover, if big data conception is evalu-
ated, then, mathematical data have to run into a simulation
model; therefore, better understanding about insight mathe-
matics in interdisciplinary applications should be known [7].
By using Laplace transform and eigenvalue problems, the
nanosensors can be applied for detection of different dis-
eases, and finally, clustering of data should be processed.
But only basic problems can be identified using clustering
analysis; however, design of nanosensors is not possible
using such techniques. Instead of such basic insights, an edge
intelligence model can be designed using deep learning

methods [8]. This type of advanced intelligence model uses
Raspberry Pi as a hardware platform which provides much
high storage of data and it can even be expanded. Further,
the same model can be extended when a network is rational-
ized to sixth generation with high data security measures. The
same method can be used for monitoring the activities of dif-
ferent persons [9] where data can be collected with blending
techniques. In the aforementioned method, a distributed
database has to be used by following hierarchy of data.

A survey on big data analysis has been sort out by
including current technologies, opportunities, and different
challenges that support the expansion of optimum tech-
niques using nanosensors [10]. In the aforementioned
method, a continuous life cycle methodology has been pro-
vided for big data where huge growth can be perceived. Even
though information is extracted correctly, usage of big data
in various applications still remains as an incomplete trail.
Therefore, to confer the application part introduced, an
expression method has been introduced that works with
the help of big data using machine learning algorithm [11]
where in each step, a search process has been activated. Fur-
ther, logical reasoning is also presented that determines the
widespread feature of application process. Another applica-
tion is emphasized on healthcare technologies which are
used to detect the presence of coronavirus in many conflict
zones [12–14]. However, only challenges have been dis-
cussed, but diagnosis and early treatment methods are not
projected which leads to high state of confusion in applica-
tion sequence. Since basic resources are introduced, it will
not be efficient to detect the presence of terminal diseases
by using investigation panes. Furthermore, Vitabile et al.
[15] suggest a natural method using artificial intelligence
for all healthcare applications where the perception of locat-
ing affected individuals has been examined with big data
storage [16, 17]. In these case studies, it is possible to eval-
uate the presence of diseases using wireless sensors, but if
the same has been changed to nanosensors, then, accuracy
of identical process will increase to a higher extent [13, 14].

In the present day-to-day changes, new innovations in
healthcare diligence are much important since the growth of
human life is increasing with high potential risks [18]. In line
with the above concern, the authors have addressed the neces-
sity of big data in healthcare applications which can able to
save the life of each individual. Even Punith Kumar and Pasha
[19] incorporated amodel that combines the data from differ-
ent sourceswhere a significant impact ondistribution ofmate-
rials to healthcare industry has been identified. The major
source of data for the abovementionedmethod will grow pro-
gressively since physiological data has been integrated. In view
of an imaginary aspect, more valuable information is gathered
from Shu [20] which provides a high impact on human life
with a systematic review process. Since big data analytics is
not developedwith corresponding software, a standardmech-
anism for retrieving the sensitive data has been provided.

3. Research Gap and Motivation

All the literatures have used different formulations for mon-
itoring the condition of every individual, but all the methods
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have their individual drawbacks. Also, there are few mea-
sures that are able to decipher these challenging errands.
Therefore, there is a need to overcome all the drawbacks
by combining different methods. Even a lot of authors have
used different algorithms, but only some of the projected
algorithms delivered accurate results. In addition, most of
the researchers have considered only standard sensors for
evaluation purpose without introducing nanosensors.

In this article, the authors have formulated a new flanged
method using big data for monitoring the health condition
of each individual with nanosensors and different parame-
ters are monitored. The results are observed via online mon-
itoring system and they are finally plotted using MATLAB.
Also, an efficient RNN algorithm has been implemented
with the objective parameters.

3.1. Objectives. The proposed work on nanosensors to ana-
lyze the impact on the body of different individuals will
focus primarily on the following three major objectives.

(i) To examine big data incorporation using nanosen-
sors for use in medical applications where more
number of infections from different people can be
identified in an easy way

(ii) To reduce the error measurements of standard sen-
sors by introducing nanomaterials that can be safely
inserted in the human body

(iii) To acquaint with RNN and noiseless channel proto-
cols for transferring big data by creating an individ-
ual application

3.2. System Model. In this section, a mathematical model of
big data analysis for multimedia networks with wireless
sensors has been designed. The major fragment of this
model consists of a linear interpreter where data points
are implemented for receiving different variables that pro-
vides high-end support for implementation of sensors.
Whenever data points are located, then, information about
individuals crossing a particular sensor point will be imme-
diately monitored without delay. The mathematical model
for prediction of data using a linear method can be given
as follows:

li = ω1 + ω2αi1+⋯+ωiαii, ð1Þ

where ω1 ⋯ ωn denotes that data will be collected in a sin-
gle vector matrix which is of same size. αi1 ⋯ αii indicates
the dot product of each variable at each data point.

Equation (1) denotes that dot product of each variable
should be multiplied with variable values where data size
should be uniform in length. The main reason for indication
of uniform length is that behavior of each individual should
be known within a short period of time. Since the proposed
method focuses on detection of various infectious diseases, it
is necessary to create a hub of central database where each
station will be connected with each other using a high-end
server. For this high-end server, the sensor needs to be galva-
nized and it can be represented using Equation (2).

δ ið Þ =
0 if error ≥ 0,
1 if error < 0,

(
ð2Þ

where δðiÞ indicates that input function can be transformed
and activation will be performed based on input error values.

From Equation (2), all error values of incorporated sen-
sors should be less than zero which indicates that sensors
can be activated within a less period of time. If more nano-
particles are found, it is very difficult for sensors to detect
them, and as a result, the error values are much higher.
Therefore, sensitivity parameter for percentage of errors
can be given as follows:

Si =
A0 − Aið Þ/A0i
Pr − Pi

, ð3Þ

where A0 and Ai denotes the measurement of area that is
present under 0th and ithcurve. Pr and Pi represents the ref-
erence and investigated parametric values.

Equation (3) indicates that difference between values
under area of curve between 0th and ith sensors should be
measured and it should be alienated under a complete area.
Also, the reference parametric and investigated parametric
values should be considered for making decision on precise
sensitivity values. If sensitivity values are calculated appro-
priately, then, permeability values of sensors can be mea-
sured using the following equation:

ϑ = ϑ0 1 − Sið Þϑi + Si
μ0
μi

� �
, ð4Þ

where ϑ0 and ϑi denote the maximum ability of nanosensing
signals that can penetrate inside the human body. μ0 and μi
represent the initial and absolute void volumes of nanoparti-
cles that can be accessible from either end of sensors.

It is to be eminent that from Equation (4) since the
nanosensors are installed inside the human body, the signal
permeability should be minimized without causing any
effect to other parts of the system. In addition, to provide a
clear view about nanoparticle transport, Equation (5) is
framed.

T ið Þ = ϵiCiDi × ∇ið Þ + Ri, ð5Þ

where ϵi, Ci, and Di denote the saturation, concentration,
and dispersion states of sensors. Ri represents the rate of fail-
ure of detection of sensors.

Equation (5) indicates that resistance temperature detec-
tor will be used for installing sensors for measuring thermal
dispersion. Moreover, net rate loss in case of failure detec-
tion will also be monitored. This indicates that saturation,
concentration, and dispersion values have to be calculated
in equal proportion for proper discovery of nanoparticles
in the human body. In case if there is a situation that more
number of nanosensors needs to be installed, then, distance
of measurement should be known. This can be formulated
using the following equation:.
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di = 〠
n

i=1

ti ∗ si
2 , ð6Þ

where ti and si denote the time of measurement and sound
of air which is equal to 340m/s.

Thus, the objective function can be framed using Equa-
tions (1)–(5) as follows:

Oi =min 〠
n

i=1
δiSiϑi: ð7Þ

Equation (7) indicates the minimization problem where
a tri-objective case study has been formed using minimized
values of error, sensitivity, and permeability values. If the
aforementioned values are minimized, then, big data analy-
sis using linear prediction can be evaluated and nanoparti-
cles that are present inside individuals can be easily
identified using nanosensors.

4. Optimization Algorithm

In this section, set of rules for data transfer process using
nanosensors and corresponding algorithm that can support
the protocols and incorporated system model has been
deliberated. Since nanoparticles are evaluated, media access
control (MAC) protocols are used. Also, the channels that
are used for sensor estimation should be free from noise
which leads to minimization of error. Therefore, a sliding
window protocol has been considered where window size
will be selected and corresponding data will be sent by
checking the sequence number of data. Also, a pipelining
mechanism should be implemented for selecting the trans-
mitter window size and its efficiency can be mathematically
given as follows:

Ei = 〠
n

i=1

1
1 + 2ð Þ ts/ttð Þ , ð8Þ

where ts and tt denote the time period of sending and receiv-
ing frames.

If efficiency that is provided in Equation (8) is aug-
mented, then, data transfer process throughput will be
increased with higher number of bits. Therefore, the number
of required bits for transferring information through nano-
sensors can be given as follows:

bi = log2 Ni + 1ð Þ, ð9Þ

where Ni represents the total number of packets that are
present for data transfer process in layer 2.

After determining the efficiency of MAC protocol, corre-
sponding vector size has to be fixed and it can be completed
using a type of neural network which is termed as recurrent
neural network (RNN). The major reason for using RNN in
the proposed method is that there is no size determination
when inputs are given to nanosensors.

Since big data related to medical care of the human body
is analyzed, it is necessary to remember all past data and

decisions should be compared with previous one. The main
advantage of RNN in the proposed method is that since big
data is needed for evaluation purpose, there is a requisite
that previous inputs need to be stored. Hence, RNN has been
introduced where information about previous inputs that
are supplied to nanosensors have been stored with bidirec-
tional data transfer mode. Moreover, pixels of all neighbor-
hood layers can be extended since many-to-many
communication is possible in RNN [21]. The aforemen-
tioned process will be added as an advantage if RNN is
implemented. In addition, precise decision can be made
within a short period of time by using less number of param-
eters since the parameters can be shared in RNN. Thus, the
parametric formulations can be given as follows:

Δ ið Þ = 〠
n

i=1
cΔin log2Δinð Þ, ð10Þ

where cΔin and Δin denote the past and previous prediction
probability values of RNN.

Since the nanosensors are injected inside the body, a
bidirectional full duplex communication is established.
Therefore, an internal context is required for such transmis-
sion process and it can be given using conventional forward
propagation equations as follows:

cΔi = 〠
n

i=1
W inhin, ð11Þ

where W in denotes the corresponding weight that is present
between input and output states. hin represents the hidden
layer which is acting as a channel between input and output
states.

Since different weight vectors and layers are introduced
with wireless sensing device, it is necessary to optimize the
cost of the proposed method by integrating Equation (6) as
follows:

∁i = 〠
n

i=1
Δi∧ Wi − hið Þ½ �2: ð12Þ

Equation (11) indicates that cost function is calculated
using difference between corresponding weights and hidden
layer weight which is reproduced with propagation values.
For a clear view of integration, a step-by-step evaluation of
the proposed method is necessary. Therefore, a flow chart
of the proposed model is given in Figure 1.

5. Results and Discussions

In this section, analysis of big data has been carried out using
recurrent neural networks where MAC has been applied by
considering a noiseless channel. In addition, most of the lit-
eratures [1–12, 15, 18–20] have only measured the perfor-
mance of standard sensors, but nanosensors have been
developing in current trends for all applications. Therefore,
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integration of nanosensors and their performance is mea-
sured using six significant scenarios as follows:

(1) Scenario 1: Minimization of error

(2) Scenario 2: Level of sensitivity

(3) Scenario 3: Intricacy of permeability

(4) Scenario 4: Cost of implementation

(5) Scenario 5: Energy consumption of nodes

(6) Scenario 6: Response time of connected signals

5.1. Scenario 1. In this scenario, accuracy and prediction
level of nanosensors have been deliberated where a mathe-
matical model is used for calculating the identified error
values as given in Equation (2). Since the accuracy of predic-
tion is much important, nanosensors should produce the
error rate and it should not contain any negative values. If
negative values are present, then it indicates that accuracy

is much lesser and immediate action has to be taken to
reduce the errors. Since nanosensors are mostly used in
healthcare application, it should be installed at proper posi-
tion to provide high accurate values. In the proposed
method, error values are established by comparing the exist-
ing big data with probable values using node red as an online
platform. The same values have been considered and they
are plotted in MATLAB for offline analysis.

Figure 2 shows the error values of nanosensors which are
measured in nanometers. For detecting the accuracy, 100-
500 nanosensors are considered and their corresponding
ranges are measured. After calculating the sensing ranges,
the sensed values are compared with existing big data that
is stored already. From the sensed values, difference in error
values is distinguished and it can be observed that negative
value of error is present in the existing method which indi-
cates that accuracy of detection is much lesser when com-
pared to the projected method. For example, if sensing
range is 20000 and the number of nanosensors in this case
is 200, then, the projected method provides 3 nm as

Start

Initialize MAC protocol and accomplish recurring using RNN

Identify the big data for integration

Test for errors, sensitivity and permeability using equations (2)-(4)

Is all
parameters
monitored?

Check for switching and provide recurrent rules for all layers

Is global
solution

achieved?

Is all three
objectives

minimized?

Evaluate the objective functions for health care applications using equation (6)

Stop

Yes

Yes

Yes

No

No

No

Figure 1: Flow chart of the proposed RNN with MAC.
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maximum error range which can be neglected since percent-
age of recognition is much lesser. But for the same circum-
stance, the existing method [11] provides negative error
value which is detected as -2. This proves that accuracy of
the proposed method is much higher when nanosensors
are installed in healthcare applications.

5.2. Scenario 2. Once error values are calculated in the next
phase level of sensitivity, it should be known for achieving
a steady-state operating conditions. If error values are much
higher, then, sensitivity level of nanosensors will be pro-
tracted which affects both wavelength and phase. Therefore,
to make all data to travel at same wavelength, it is necessary
to reduce the sensitivity level of nanosensors. In addition, if
sensitivity level is much higher, then, difficulty in sensing the
targets will be much higher for all indoor applications. In the
proposed method, the sensitivity level of nanosensors is cal-
culated using Equation (3) by considering an area curve
using orientation of big data. The observed operational
values are directly plotted in MATLAB for providing accu-
rate analysis on sensitivity case study.

Figure 3 deliberates the observed compassion values of
nanosensors which are calculated by considering different
time periods. In the scenario, time period is considered since
at proper response time, only the nanosensors will provide
sensitivity outcomes. Moreover, for incorporated nanosen-
sors, error values are lesser; therefore, as a consequence,
the sensitivity values are also lesser. For example, if the
response time period of nanosensor is 180 seconds, then,
the proposed method provides less sensitive value which is
observed to be 0.2 percent of original datagram. But for same
time period, the existing method [11] provides high sensitiv-
ity value which is observed to be 2.5 percent which is much
higher than the proposed method.

5.3. Scenario 3. In this scenario, the quality of installed nano-
sensors is observed and it is calculated using Equation (4).
Since the proposed method provides a solution to install
nanosensor in the human body, it is necessary to evaluate
the penetration level. If a sensor is installed in the human
body, then, it should have low permeability limits as higher
reflection of sensors deep inside the body will cause a serious

damage and it should be avoided. Even though nanosensors
can be easily injected in the human body due to its small
size, the depth of installation should be identified. In this
scenario, nanosensors are installed at 1mm depth and corre-
sponding permeability is simulated and shown in Figure 4.

From Figure 4, it can be observed that different fre-
quency ranges of signals are considered for 1mm depth
which varies between 1 and 200GHz. The permeability level
for corresponding frequency ranges is indicated in Henry
per meter (H/m) and it should be less than 100. This value
is obtained from prespecified big data, and it is evident from
simulation result that the proposed method provides perme-
ability values within 100. For example, if maximum fre-
quency range of nanosensor is 200GHz, then, permeability
of the existing method is found to be 99H/m which is almost
reaching the settled maximum limit. But for same 200GHz
frequency range at a depth of 1mm, the proposed method
provided permeability values which are equal to 78H/m.
This proves that using the proposed methodology, nanosen-
sors can be installed at less propagation limits.

5.4. Scenario 4. The cost of installing nanosensors is an
important case study, and it should be conversed in this sce-
nario as RNN is considered in the projected method. Even
though a lot of sensors are used in real-time application, it
should provide sustenance to each individual in terms of
quality, quantity, and cost. If cost of installation is much
higher, then, most of the individuals will not purchase and
real-time application of nanosensors will be reduced. There-
fore, in this scenario, the cost values are simulated by instal-
ling the nodes of corresponding areas which are similar to
the areas considered in scenario 2. The cost values are calcu-
lated from Equation (12) and the same has been plotted in
Figure 5.

From Figure 5, it can be observed that implementation of
cost using different weights in all layers varies and it is not
remaining constant as the number of sensor nodes varies.
Therefore, the number of nodes is considered between 100
and 500 where for each sensor node, corresponding built-
up and setting up costs are considered. Even during cost
implementation using RNN, the proposed method provides
better performance; for example, if the number of sensor
nodes is considered to be 300, then, total cost of implemen-
tation will be 29800 which is provided in INR. But for the
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same number of nodes, the existing method [11] provides
69000 as installation cost for all layers and weights are much
higher. Also, the weights installed in the existing method are
not applicable to all applications; therefore, the weights can
be reduced as complexity of process in big data is not
considered.

5.5. Scenario 5. Since nanosensors are introduced for moni-
toring different parameters, it is indispensable to understand
the amount of energy consumed by each node. Therefore, in
this scenario, energy consumed by each node is observed
which is measured in Joules. Even though energy consump-
tion of all branches should remain same, it will always vary
due to environmental conditions and the way of installation.
In addition, if few sensors are integrated, then, energy con-
sumption can be higher as expected, but if more number
of sensors are implemented, then, it is enforced that con-
sumption of energy by each node should be reduced. There-
fore, consumption of energy by each node is observed in real
time using online analysis and it is plotted using MATLAB
in Figure 6.

From Figure 6, it can be observed that n number of
nodes from 0 to 4000 is considered for standard evaluation
of nanosensors. The data cursor part represents that best

segments are observed where more amount of energy is
saved which leads to reduction in wastage of energy. For
example, if the number of nodes is 3500, then, energy con-
sumed by the proposed method is 37 Joules, whereas with
the same number of nodes, the existing [8] method con-
sumed 73 Joules which is much higher than expected energy.
As mentioned previously, if more number of nanosensors is
implemented, then, energy consumption should be lesser
which is proved by incorporating the proposed method.

5.6. Scenario 6. To detect the signals that are distributed in
nanosensors, response time should be calculated which is
separated into transient and steady-state response time.
For observing different parameters, it is always required that
response time should be much faster so that decisions can be
made very quickly and in turn it will be sent to central oper-
ator since the proposed method uses only single hop net-
work. For a virtuous network to achieve a steady-state
response, the values should be greater than 1. If the value
drops below the prescribed value, then, transient response
will be observed which makes the network to go into foulest
state.

Figure 7 provides information on simulation results that
are plotted for observed response time in seconds. It can be
observed in Figure 7 that when signals are passed in nano-
sensors within the corresponding response time, a steady-
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state response with values greater than 1 can be observed.
For example, if response time is 600 seconds, then, steady-
state response is observed which is equal to 1.2. Then, after
this corresponding period, a constant steady-state response
has been observed which makes the performance and reli-
ability of the network to be higher.

6. Conclusions

In this proposed work, applications of big data analysis using
nanosensors have been procreated by considering six differ-
ent scenarios. In future, big data plays a vital role and is
needed for providing training to all machines. Therefore,
in this article, a RNN algorithm is considered with MAC
protocol for determining the size of nanosensors to inject
it in the human body. In addition, complexity of big data
process is much higher and it is not considered, but weights
of all hidden layers have been added. If nanosensors are
applied in healthcare applications, then, all parametric
values can be easily monitored at remote locations and this
type of sensors will provide more efficiency when compared
to standard sensors as nanosensors are having the ability to
be installed inside the body but penetration level of signals
is much lesser. Moreover, to prove the efficiency of the pro-
posed method, simulation results are carried out in both
online and offline where results prove that the proposed
method using big data, RNN, and MAC is much efficient
when compared to the existing methods.
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Composite materials with carbon nanotube and graphene attachments have been regarded as promising prospects. Carbon
nanocomposites have gained considerable interest in different fields including biomedical applications due to its exceptional
structural dimensions and outstanding mechanical, electrical, thermal, optical, and chemical characteristics. The significant
advances made in carbon nanocomposite over past years along with the discovery of new nanocomposite processing
technologies to improvise the functional impact of nanotube and graphene composites by providing proper methods of
synthesis and improving the production of diverse composite based on carbon nanomaterials are discussed. Carbon
nanocomposites are applied in various fields such as aviation, batteries, chemical industry, fuel cell, optics, power generation,
space, solar hydrogen, sensors, and thermoelectric devices. The recent design, fabrication, characteristics, and applications of
carbon nanocomposites such as active carbon, carbon black, graphene, nanodiamonds, and carbon nanotubes are explained in
detail in this research. It is found that unlike traditional fiber composites, Van der Waals force interfacial compounds have an
important effect on the mechanical performance of carbon nanomaterial-based composites.

1. Introduction

The incessant demand for the commercial usage of engineered
carbon-based nanomaterials are increasing in the field of
modern technology, medicine, environment, and agriculture;
the distinctive properties of carbon-based nanomaterials have
engrossed great concentration by the researchers and industri-
alists which have stimulated the expansion and innovation
techniques for significant industrial production [1]. Carbon
is among the stimulating elements, with the capacity to pro-
duce wide range of arrangements, habitually with diverse
characteristics [2]. Some of the significant allotropes of carbon
encompass “hard” diamond and “soft” graphite [3]. The inno-

vative constituents that are carbon nanotubes (CNTs), fuller-
enes, graphene, and engrossed high contemplation from
scientific industries which exhibit varieties of exceptional fea-
tures as encouraging resources for abundant application
fields due to their special capabilities, they were recurrently
labelled as “wonder materials” [4]. The allotropical carbon
transition, known as fullerenes, is generally a chemical com-
ponent of carbon, or carbon particles. Here, carbon atoms
naturally exist in the form of sp2-hybrid and are bound by
covalent bonds. Fullerene (C60) is a highly symmetrical
spherical compound with 60 carbon atoms, at the tip of 20
hexagons and 12 pentagons [5, 6]. Carbon nanotubes
(CNT) are the most notable of carbon-based nanomaterials;
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CNTs are one of the carbon allotropes with excellent
mechanical properties, characterized by tubular structures
with a width of only a few nanometres, consisting of rolled
graphene sheets and often varying in chirality, diameter,
and weight [7, 8]. Graphene is a 2D allotropic carbon group
consisting of “single layers of sp2-hybridized carbon atoms”
in a 0.142 nm outcrop of 2D hexagonal crystal lattice between
adjacent hexagonal carbon atoms [9]. It has various physico-
chemical properties, such as unusually high structural
rigidity and higher thermal stability, and the electrical prop-
erties of graphene are very different from those of 3 dimen-
sional products [10]. Intensively developed the discovery of
carbon-based nanomaterials and their study of superior
characteristics, synthesis methods, culminating in the basic
component called carbon vapour, which manipulates the
production of carbon nanomaterials [11]. The buoyant phys-
ical and chemical characteristics of carbon-based nanomater-
ials influence various applications that, in effect, allow their
production to intensify [12]. Figure 1 displays the variations
of the carbon nanocomposites. Carbon nanostructures
contain numerous low-dimensional allotropes of carbon
including carbon black (CB), carbon fiber, carbon nanotubes
(CNTs), fullerene, and graphene.

By achieving several thousand tons of products [14], the
carbon nanotubes have resulted in industrial development
being the broadest area of operation. Due to the mechanical
features of CNT such as high tensile strength and improved
stability, they are integrated into polymers and other
resources to manufacture structural and composite materials
with innovative properties as required by their application
and specification [15]. Carbon nanocomposites have exhib-
ited exceptional catalytic activity in organic chemical pro-
cesses due to their shape-dependent physical and chemical
properties and thickness, primarily metal nanostructures or
carbon materials consisting of graphene and carbon
nanotubes [16]. The catalytic yield from the use of carbon
nanocomposites in various fields, including nutritional,
pharmaceutical, and materials sciences for biotechnology
[17], has been found to be of great value. The catalytic prod-
ucts produced using carbon nanocomposites are considered
of great value in various fields, particularly in medicinal, bio-
medical, agricultural, and material sciences [18, 19]. Conse-
quently, demand for carbon nanocomposites has increased
rapidly and therefore the development of new methods of
preparation deserves a high degree of interactivity [20].
Nanocomposite benefits involve module enhancement, flex-
ural strength, thermal distortion, barrier effects, and other
advantages and, unlike conventional mineral-reinforced sys-
tems, are with no typical impact and visibility trade-offs.

2. Methods of Synthesis of
Carbon Nanocomposites

2.1. Covalent Functionalization. Covalent functionality uses
covalent connection of functional elements to the carbon
scaffold of the nanotube. It can be of two forms, covalent
side-wall functionalization and defect functionalization,
depending on the location of contact. The functioning of
the direct covalent sidewall implies a shift in hybridisation

from sp2 to sp3 and conjugation loss [21]. Functionalization
of defects is based on the already existing site modifications
[22]. Defect sites may include the open ends and the side-
wall holes ended in hexagonal graphene framing, e.g., by
functional groups and defects in stone/wales (5–7 faults).
Oxidative purification also includes oxygenated sites pro-
duced as faults. SWCNTs have poor dispersibility and are
shown as bundles [23]. The use of a highly reactive reagent
for the covalent bond creation of the walls is guaranteed in
this circumstance. It cannot be said in advance whether such
additional reactions are most likely to occur at defective
locations or intact hexagonal areas of the edge [24]. Several
covalent methods, such as oxidative purification, amidation,
esterification, thiolation, halogation, hydrogenation, and
electrochemical functionality, have been adopted for cova-
lent functionalization [25].

2.2. Noncovalent Functionalization. The noncovalent func-
tionalization also known as supramolecular correlations is
found across all types of materials which are exposed to
attractive or repulsive forces, common in both organic and
inorganic structures [26]. In the case of graphene, assigning
defects or irregularities arising from the transition from sp2

carbon to sp3 carbon, though combining multiple relations,
is technically useful [27]. Graphene materials and energy
dissociation of less than 50 kJmol-1 [28] have a prevailing
relationship. A major component to be addressed in gra-
phene and graphene oxide (GO) systems is solvation and
hydrophobic effects induced by various interactions, as they
affect not only their dispersibility but also the identification
of associations that can be used to classify them [29]. Gra-
phene has two forms of interactions that influence its com-
patibility with other nanomaterials or stimulants between
electron-rich and electron-poor regions [30]. This is often
seen on both face-to-face arrangement and edge-to-face
arrangement [31]. Also present in biologically relevant mol-
ecules such as DNA, RNA, and porphyrins through electron
interactions. In addition, these interactions are found in
small molecules and are transmitted to GO and G systems

Fullerene

Carbon nanotube

Carbon

3D

0D 1D

2D

3D3D Graphene

GraphiteGraphene oxide

Diamond

Figure 1: Classification of carbon nanocomposites [13].
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where they can be used to process and modify properties
[32]. The effective dispersion of graphene was accomplished
by noncovalent functionalization with amine-packed and
fully packed polymers [33]. Reduced graphene in nonsol-
vents could be spread by noncovalent grafting with an
end-functional PS–NH2 polymer [34]. For noncovalent
functionalization, numerous nonsolvents for reduced gra-
phene, benzene, hexane, oxylene, and dichloromethane,
which are immiscible with the aqueous process, were used
[35]. The remaining carboxylate groups effectively provided
the noncovalent functionalization locations to the proton-
ated amine terminals of end-functional polymers after the
chemical reduction of graphene oxide [36]. The noncovalent
functionality promoted the transmission of graphene sheets
from the water phase to the organic phase through simple
sonication [37]. Figure 2 displays the noncovalent functiona-
lization of carbon nanocomposites. Here, chitosan is packed
more firmly when covalently connected to the surface of
CNTs than when noncovalently functionalized CNTs.
Atomic force microscopy (AFM) might be used to assess
the efficacy of macromolecule coating. This figure shows
Chit-f-CNT preparation (top), AFM height images (middle),
and profile measurements (bottom) for pure CNT (left),
Chit noncovalent functionalized CNT (centre), and Chit
covalent connected CNT (right).

2.3. Wet Synthesis. Metal oxide nanoparticles are an impor-
tant class of nanomaterials which find numerous scientific
and technological applications. The selective surface design,
step, size, and shape of nanoparticles of metal oxides can
be achieved by the use of wet chemical propagation which
contributes to the collection of desired properties [39].
Developments in the synthesis of metal oxide nanoparticles
are noteworthy due to their use in the electronics and optics
as metal oxide nanoparticles and nanocomposites are
becoming more popular in applied ecology, particularly as
adsorbents and photo catalysts, and also a resource for the
fabrication of environmental monitoring systems [40] and
catalytic and energy storage industries [41]. Metal oxides
are naturally capable of isolating the metal oxide charges
[42]. Nanomaterial synthesis is split into two types: top-
down approach and bottom-up approach [43]. In the top-
down process, a large part of the substance is broken up into
nanosized bodies [44].

It takes a complicated, costly, extremely energy-inten-
sive, and sophisticated system to sustain precise conditions
such as atmosphere, heat, and temperature [46]. Top-down
methodology creates nonuniform, surface-defected nanoma-
terials that obstruct practical application [47]. From the bot-
tom up, the atomic or molecular agents for the formation of
nanostructures are incorporated into the process. The down-
stream approach is largely based on humid chemicals being
processed fairly scalable and flexibility [48]. The method of
wet chemical synthesis has made great progress as it benefits
from using a kinetic and thermodynamic provision that can
alter the scale, structure, and formulation of the electronic,
optical, and interface properties [49]. Wet chemical process-
ing methods for replicating desirable shape and size of metal
oxide nanoparticles have been implemented. To generate

ultrafine, extremely homogenous, and high purity powders,
wet chemical techniques such as sol–gel, coprecipitation,
and hydrothermal synthesis were developed [50]. The
control of shape and size is accomplished by a better under-
standing of the fundamental events, the cycle by transform-
ing the precursor, the surface stabilizing factor, and the
reagent of the system and its interaction with the rate of pro-
liferation and nucleation [51, 52]. A standard conventional
batch technique will produce nanoparticles with a total scal-
ing capacity of 10mg/m [53]. The synthesis process should
be versatile in terms of product quality and quantity to meet
industrial specifications in order to understand the profitable
functioning of colloidal metal oxide [54]. Figure 3 represents
the chemical, physical, and biological approach for the syn-
thesis of nanocomposites.

2.4. Dry Synthesis. The dry synthesis is known to be an
extremely effective and adequate process for carbon nano-
composite propagation. The main benefits of this strategy
are its versatility, enhanced adherence, and the advantages
of the least design variables [55]. The dry synthesis has been
described as the method ideally suited for the carbon decora-
tion of metal nanoparticles [56]. The functional oxygen
groups can bridge the metal nanoparticles and the carbon
resources [57] through. Carbon materials with no usable
surface groups may also be used consistently in carbon
nanocomposite processing [58].

Nguyen-Tri et al. have established a method of quick and
less dry solvent synthesis for the production of carbon nano-
composite [60]. A two-step direct process involves dry mix-
ing of the metal precursor salt with carbon materials (CNTs
or GO), followed by inert atmospheric heating [61]. No
solvent, no additional reducing agents, or applied electric
current are needed for the mechanochemical cycle [62].
Studies find that the mechanochemical method typically
applies not only to CNTs but also to other carbon products
with a high thermal conductivity, such as graphene, GO, and
activated carbon [63]. The mechanochemical approach is
considered rapid, adaptable, and ultimately versatile, allow-
ing it to be used in various applications [64] for further
usage. It covers possible uses in fields such as anticorrosion,
antiwear, super hydrophobic area, self-cleaning, antifouling,
antibacterial area, and electronics, as it is close to carbon
nanocoating and it is represented in Figure 4 [65].

3. Classification of Carbon Nanocomposite

3.1. Carbon Black Nanocomposite. Polyaniline or carbon
black (PANI/CB) nanocomposite structures and properties
are particularly sensitive to chemical synthesis constraints
[66]. It was found when the derived structures shifted from
globular to a multitude of globular and nanofiber-like con-
figurations by altering aniline and CB composition [67].
Complex nanostructures and synergistic capabilities [68]
have been shown to produce the synthesis of conductive
polymers and carbon-based substances. PANI/CB nano-
composites have better radiative stability and greater electri-
cal conductivity compared to graphene-based nanotubes or
nanocomposites [69]. The lightest PANI nanostructures
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would have a significant number of heterogeneous crystalli-
zation sites to strengthen, avoid assembly, and increase nano
particular nucleation dispersion [70]. In addition to carbon
black (CB), carbon fibers, melamine fibers, and mica numer-

ous reinforcement fillers have been used to enhance the
mechanical properties of the finished products. Indeed, CB
still retains the most significant global contribution [71].
Nanofillers, especially nanoclay (NC), have replaced
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traditional micro fillers in modern times by providing a
higher surface area which correlates in much better interac-
tion between molecular fillers [72, 73].

Based on the mechanical behaviour of nanocomposites
[75], the feasible formulation of a dual filler frame in NBR
matrix is researched. The impact of NC and NBR matrix
interfacial communication on synergistic influence of NC
and CB is explored [76]. Studies have also shown that
involvement with CB, greater dispersal of NC in natural
rubber, and rubber with styrene butadiene may be achieved
[77]. Nanocomposites based on NBR/CB/NC and the
mechanical and microstructural tests of subsequent hybrid
systems have been configured to use NC and CB simulta-
neously [78, 79]; Figure 5 highlights methods for the synthe-
sis of black carbon nanocomposite. The effects of heat
treatment on carbon black (CB) nanocomposites are shown
in Table 1.

3.2. Composites Based on Carbon Nanotubes. In the last few
decades, the scope and application of nanotechnology have
had an extraordinary effect on carbon nanomaterials. The
university has been flush with fresh ideas, innovations, and
many attempts to identify the ultimate uses for such amaz-
ing nanostructures, starting with the finding of fullerenes
and going through the CO2 era to graphene and other
double-dimensional (2D) materials [81]. In this section,
one such application which looked close to incorporating
these materials when initially presented, but which did not
meet expectations for different reasons: composite materials.

In particular, the problem of whether mechanical reinforc-
ing structures like carbon nanotubes and graphene are the
correct option remained largely unsolved and was promi-
nently reinforced in composite matrices due to their
mechanical characteristics. In addition, careful assessment
and thinking are needed in the field of functionality to be
obtained by inserting nanotubes against graph in a matrix
[82]. Although the two are sp2 allotropes, their structure,
morphology, and dimensionality, and the nature of their
interactions, with the surrounding matrix, are actually
extremely different [83]. The overall mechanical composite
behaviour of these two reinforcing units could therefore be
distinctive [84]. It would certainly be helpful to have selec-
tion procedures in composite applications, however, in
nanocomposites with CNT or graphene phases such logical
techniques are not developed.

Nanostructured composite polymer materials have cre-
ated new insights for multipurpose materials. Carbon nano-
tubes (CNTs) directly provide possible applications for the
enhancement of mechanical and electrical performance in
aerospace laminates [86, 87]. A new composite substance
with enhanced electromagnetic properties forms the combi-
nation of epoxy resin with double-walled carbon nanotubes
[88]. Documentation of nanotubes distributed in polymer
matrix was intended to improve the electrical and mechani-
cal properties of polymer composites [89, 90]. The covalent
and noncovalent functionalization processes have been
suggested as one of the options for improved nanotube dis-
tribution [91]. Molecular modification of the nanotube

Dip coating

Film gel

Coating

CureDrying

Spin coating Electrodeposition

Figure 4: Dry synthesis of carbon nanocomposites [59].
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substratum by covalent functionalization decreases the
aspect ratio with the formation of carbon atoms sp3 on the
nanotube layer [92]. That reduces the power conductivity
of nanotubes [93]. The cylindrical CNT specification allows
them to obtain a so-called electronic conjugate framework
which reflects their distinctive behaviour in electronic trans-
port [94]. Composites incorporated in a polymer host were
used for microwave operations [95] as well as for electro-
magnetic interference shielding (EMI) or microwave
absorbers such as antireflection [96]. The advent of CNTs
as filler components has contributed to the production of
CNT-polymer nanocomposites as the sophisticated struc-
tural material of the next century [97]. The A polyacryloni-
trile (PAN)/polyvinylidene fluoride (PVDF) nanofibers
achieved a high CO2 absorption of 2.21 wt percent and dem-
onstrated efficiency in reversible CO2 capture under flow gas
pressures [98]. Magnetic composites based on carbon nano-
tubes (CNTs) have huge potential for the discovery and use
of magnetic solid-phase extraction (MSPE) technology [99,
100]. Figure 6 represents the classification of carbon nano-
tubes based on their structural arrangements.

3.3. Graphene-Based Carbon Nanocomposites. Graphene is
one of the world’s finest materials and has developed consid-

erable interest in physics, materials science, chemistry, and
biology. Graphene has a very high conductivity in electricity
and thermal efficiency, making it the best incentives for ther-
mally conductive composites [101]. Films used as the heat-
ing element are more smart than conventional heating
elements because of lower environmental pollution, easy to
use on various surface areas, and have the characteristics of
lightweight [102]. At the forefront of nanotechnology are
carbon-based nanomaterials from earlier C60 and carbon
nanotubes into graphene [103].

The monolayer graphene is dense on a single surface and
can be separated from graphite using adhesive by standard
graphite flake exfoliation [105]. Classification and detach-
ment of substantial lateral dimension of pristine graphene
at high solvent concentrations are difficult. Tiny layer of
graphene is containing roughly 2–10 sheets of graphene
atoms, like flakes [106]. This was a by-product that was cre-
ated during attempts to render monolayer graphene. Ultra-
thin graphite is a graphite substance greater than 3–5nm
in diameter but less than 100nm [107]. Graphene oxide is
a strongly oxidized graphene produced by intense crystal
graphite oxidation followed by sonication or some other dis-
persion phase, typically in aqueous absorption, forming a
monolayer material [108]. Reduced graphene oxide is the
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Figure 5: Synthesis of carbon black nanocomposite [74].

Table 1: Effects of heat treatment on carbon black (CB) nanocomposites [80].

CB sample NSA (m2/g) STSA (m2/g) O (%) N (%) H (%) S (%) C (%) Lc (nm) d002 (nm)

N234, untreated 126.4 120.3 2.21 0.145 0.337 0.924 93.7 1.19 0.365

N234, 900°C 134.7 124.7 1.28 0.158 0.250 0.932 95.9 1.15 0.361

N234, 1000°C 129.6 129.6 0.204 0.064 0.130 0.916 96.7 1.40 0.361

N234, 1200°C 129.0 132.8 0.128 0.041 0.021 0.790 98.7 1.44 0.355

N660, untreated 36.4 35.2 0.576 0.082 0.339 1.84 95.9 1.78 0.352

N660, 1000°C 36.4 37.3 0.110 0.056 0.141 1.78 96.8 1.59 0.355
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substance produced by treating GO under reduced condi-
tions, such as thermal processing at high temperatures
[109]. Decreasing GO also influences many of its properties,
such as reducing its oxygen content [110], increasing its
hydrophobicity, creating CO/CO2 emission holes or defects
in the carbon lattice [111], and reducing its surface load
and water supply [112]. Also, the basal planes contain
unchanged, hydrophobic, and capable graphene domains
of π − π interactions associated with dye molecules or other
drugs adsorption [113]. Figure 7 displays graphene nano-
composite structure.

The van der Waals binding of the walls of carbon nano-
tubes to individual layers of multilayer graphic must also be
considered in layered reinforcement. Compared to the
strong covalent bonding of the graph layers, this link is
rather weak [114]. Therefore, when multiwalled carbon
nanotube (MWNT) and multilayer graphene are employed
in composites, their capacity to strengthen is restricted by
simple cuts between the walls or between the layers [115].
The inner stress transmission between the nanotube walls
of carbon and the graph layers may be monitored by varia-
tions in the Raman-related stress band [116]. Imperfect
stress transmission occurs during deformation as the Raman
band is extended, and the Raman band shift is lowness com-
pared to the single-wall or single-level material. Comparing
Raman bands stress shifts in epoxy nanocomposites for sin-
gle walled carbon nanotube (SWNT) and MWNT indicate
that efficiency for transferring stress from interwalls for
MWNTs is only approximately 70% [117]. Compared to
the large number of research on CNT and graphene rein-
forced polymer matrix composites, the focus on ceramic or
metal composites was significantly less, maybe because of
limited production [118]. Furthermore, in polymer-based
composites, mechanical strengthening effects are more evi-
dent. CNTs or ceramic graphic composites are driven pri-

marily by increased toughness or resistance to fracture
formation because ceramics are already stiff and solid [119].
The major toughening process is the higher energy dissipation
owing to graphene nanosheet pull for graphene-enhanced
ceramic composites [120]. Other difficult processes discovered
include crack deflection and crack bridging on thematrix rein-
forcement interface. In CNT-reinforced ceramic composites,
similar toughening mechanisms were also reported. Improved
thermal and electrical conduction is also possible [121]. Gra-
phene plays a vital role in removal of heavy material; they are
shown in Table 2.

3.4. Activated Carbon Nanocomposites. Activated carbon,
also known as activated charcoal, is a type of carbon treated
with small, lower volume holes that enhance the area of the
surface [123]. Because of its significant degree of micropo-
rosity, one gram of activated carbon has an area of more
than 3,000m2/g, as calculated by gas adsorption [124].
ZnO or activated carbon nanocomposites are produced by
physically combining the ZnO nanoparticles produced with
activated carbon [125]. The proportion of nanoparticles to
activated charcoal for the adsorption of Cd2+ from aqueous
solutions was standardized (9 : 1) [126]. These carbon nano-
composites are produced by mechanically combining the
ZnO nanomaterials excreted above with activated carbon
[127]. The concentration scope of activated carbon nanocom-
posites of 0.15–1.5mg/ml has been used to evaluate Cd2+ for-
mulated at concentrations between 10 and 100ppm [128]. A
sonicator probe has been used to create agitation for the
adsorption of cadmium ions through vibration energy
[129]. The higher adsorption power and good magnetic seg-
regation efficiency of magnetic activated carbon are Fe3O4
[130] and can be used as possible sorbents for the extraction
of multiple toxic contaminants from wastewater [131]. The
M versus H curves for Fe2O3 nanoparticles and Fe3C
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carbon nanotube
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nanomaterial

Carbon black
nanoparticle

Fullerene
Single-walled
carbon nanohorn

Single-walled
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Figure 6: Classification of carbon nanotubes based on their structures [85].
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MWCNT is shown in Figure 8. The adsorption process in
activated carbon is distinct for organic and inorganic impuri-
ties. Activated carbon has the maximum removal effect for
most organic contaminants. When activated carbon-quartz
sand combination procedures were used, organic contami-
nants species and overall peak area may be decreased at the
same time. However, the effects of phthalates, esters, and
aldehydes were not substantially the same as dimethyl
phthalate and di-nbutyl phthalate [132].

A basic progressive impregnation approach has been
used to obtain some transition metal hexacyanoferrate
[134], also known as microporous activated carbon compos-
ites [135] where in activated carbons are recognized as effec-
tive for many contaminants collected, having high surface
area and formed porosity [120]. An activated carbon and

iron oxide nanocomposite was developed and defined by
the methods of X-ray diffraction and scanning electron
microscopy [136]. Figure 9 represents the nanocomposite
based on active carbon.

In order to synthesise polysulfone- (PSF-) activated
nanocomposites, a melt-mixing method was utilised. This
study examined the properties of thermal, mechanical, mag-
netic, morphological, and carbon dioxide capturing and uti-
lised 2-wt% activated carbon (CA, CA-Ni, and CO-Co) as a
filler. The pyrolysis of the sawdust wood produced carbon
compounds activated by Co and/or Ni Salt. The heat degra-
dation and metal amount of carbon compounds were inves-
tigated. Thermogravimetric analysis is an effective method
of measuring the polymer material thermal stability [137].
With the addition of metal-activated carbons, the beginning
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Figure 7: Structure of graphene-based nanocomposite [104].

Table 2: Graphene nanocomposites for heavy metal removal [122].

Adsorbent Adsorbate Maximum adsorption capacity (mg.g-1)

Functionalised GOCA beads Pb (II), Hg (II), and Cd (II) 602, 374, and 181

GO/PAMAMs Pb (II), Cd (II), Cu (II), and Mn (II) 568.18, 253.81, 68.68, and 18.29

CS/GO-SH Pb (II), Cd (II), Cu (II) 425, 447, and 177

MMSP-GO Pb (II), Cd (II) 333 and 167

PVK-GO Pb (II) 887.98

MnFe2O4/GO Pb (II), As (II), and As (V) 673, 146, and 207

EDTA-mGO Pb (II), Hg (II), Cu (II) 508.4, 268.4, and 301.2

Go/L-Trp Cu (II) and Pb (II) 588 and 222

PAH-GO Cu (II) 349.04

GO-CD-PPY NC Cr (VI) 666.67

RGO/NiO Cr (VI) 198

PAS-GO U (VI) and Eu (VI) 310.63 and 243.90

Chitosan/GO Cr(VI), Cu (II), and Pb (II) 461.3, 4238, and 310.4
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deterioration temperature has decreased to 4°C, which may
improve to 3°C by the highest degradation temperature
[138]. For pure PSF and its nanocomposites, Tg values mea-
sured with differential calorimetry scanners are almost com-
parable. The nanocomposite elasticity modulus exhibits a 17
percent increase in the clean PSF [139]. With the addition of
the fillers, the water contact angle revealed a reduction in the
hydrophilicity of the composite. In contrast to the nanocom-

posite, the carbon dioxide sorbent capacity shows an
increase of about 10% [140]. With the injection of 20 wt per-
cent metal-carbonized filler, the ferromagnetic behaviour of
a thermoplastic nanocomposite was observed. Extraordinary
magnetic characteristics make it attractive in many indus-
trial applications for a thermoplastic polymer such as poly-
sulfone [141]. The applications of activated carbon for are
shown in Table 3.
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A chemical binding on activated carbon powder (AC)
nanoparticles was used for synthesising the magnetic Fe3O4
activated carbon nanocomposites with high surface area as
recovered adsorbents [143]. In this nanocomposite, the com-
ponent AC and Fe3O4 are amorphous nongraphic and cubic
crystal structure each. Superparamagnetic characteristics
were detected in all composite samples. Fe3O4/AC nanocom-
posite magnetised saturation was considerably less than that
of bare Fe3O4 particles, showing that the AC was really
bound to Fe3O4. The picture of the microstructure showed
Fe3O4 particles were spread evenly throughout AC surfaces
and hence kept a highly specific surface area. Methyl orange
(MO) somewhat decreased its adsorption capacity at 30°C
from 384mg/g for AC ponding to 324mg/g for Fe3O4/C, a
reduction of 15 percent following magnet manufacturing.
On Fe3O4/AC nanocomposites, MO adsorption was shown
to follow the pseudosecond-order kinetic model and Lang-
muir models could describe the isotherm. The simple recov-
ery of magnetic adsorbents from water proved their use
potential for eliminating harmful contaminants in the treat-
ment of waste water [144].

3.5. Nanodiamonds. Nanodiamonds offer outstanding
mechanical and optical characteristics and are adjustable to
the surface. They are also nontoxic, making them suitable
for biomedical uses. Nanodiamonds are made from explo-
sive molecules that offer carbon source and conversion
energy [146]. The approach for the disposal of obsolete
weapons such as composition B, while other explosives
may also be employed, is ecologically and economically fea-
sible. The detonation occurs in a confined chamber with a
“dry” or “wet” synthesis, or inert gas or water (ice) as shown
in Figure 10 [147]. The resulting product soot exposure is a
4-5 nm diamond combination with various carbohydrates
and contaminants. Depending on cooling medium, the car-
bon output is 4-10% of the weight of the explosive, during
that explosion Danilenko found the formation of nanodia-
monds [148]. Bouget’s pressures and heat are not sufficiently
enough to make liquid carbon in bulk, but are high enough
to generate nanoscale liquid carbon. The liquid carbon area
is moved to lower nanocarbon temperatures, while the
nanodiamond region is moved slightly into higher pressures.
It is therefore hypothesised that nanodiamonds develop via
the condensation and crystallization of the liquid carbon in
volume of the super saturated carbon vapour [149]. Other
approaches (such the use of shock waves to generate graph-
ite nanodiamonds) yield crystallite-sized nanodiamonds of

more than 10nm. The soot detonation, apart from the dia-
monds phase, includes both graphics (25%-80% wt) and
incombustible impurities (1%-8% metals and oxides). The
distinctive property of nanodiamonds is that many different
functional groups are bonded to their surface compared to
carbon nanotubes and other graphic nanoparticles, thereby
permitting advanced surface functionality without sacrific-
ing the beneficial characteristics of the diamond core [150].

However, it is equally important to understand how
these groups interact with their environment and minimize
harmful consequences (such as aggregation). While com-
mercial nanodiamond powders may be utilised for the cova-
lent functionality of different functional groups, the usage of
air purification or ozone-generated carboxylated nanodia-
monds and then the rich chemistry of COOH groups are
more easy to start with. Nanodiamond is a good filler for
composites due to its superior mechanical and thermal
characteristics and the rich surface chemical properties of
diamond nanoscale particles. The diamond core’s biocom-
patibility and chemical stability make them extremely suit-
able for biomedical use. The addition of tiny quantities of
nanodiamond generated transparent polyvinyl alcohol
nanocomposites with enhanced mechanical characteristics
[152]. Surface chemistry can influence the interactions
between the nanoparticles of the diamonds and the matrix,
as well as the dispersion of the nanoparticles in the matrix.
Table 4 shows the biomedical applications of nanodiamond
composites.

4. Industrial Applications of
Carbon Nanocomposites

4.1. Super Capacitors. As an electricity collection system,
super condenser finds desirable applications in consumer
product and alternative energy sources due to its increased
energy density, rapid discharge and charge time, lower heat-
ing, protection, long-term operating reliability, and no
removable components [154]. In particular, CNTs are desir-
able electrode resources for the production of high-
performance super condensers due to its innovative charac-
teristics of high conductivity, high specific volume, high
charging power, high mesoporosity, and high electrolyte
functionality [155]. These are an appealing choice for appli-
cations for energy storage in compact or remote devices
[156] where electrodes and traditional condensers must be
overdimensioned due to unfavourable power-to-energy ratio
[157]. Carbon aerogel (CA) or any other types of carbon

Table 3: Applications of activated carbon [145].

Types of AC Shape/particle size Application

Powder AC (fine powder) Pulverized carbon/less than 0.18mm Recovery of liquid and gas

Granular AC (coarse particles) Irregular shaped/0.6-4.0mm Recovery, separation of liquid and gas

Extruded AC (cylindrical particles) Cylindrical shaped/large than 4.0mm
Natural gas storage, off-gases from

wastewater control

Activated carbon fiber (threadlike piece)
Fabrication flexibility/narrower pore

size compound distribution
Removal of volatile organic compound

Activated carbon cloths Fabrication flexibility/uniform microporosity Removal of volatile organic compound
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products such as black carbon or carbon cloth are com-
monly used in these super condensers [158]. Two essential
parts for a CNT super capacitor are the electrodes and the
electrolyte [159]. Capacity of traditional carbon electrodes
will slowly decrease as current discharge density increases
[160]. Specific capacitance of nanocomposite electrode
with-grown single-walled CNTs, pure PPY, and single-
walled CNT-polypyrrole (PPY) is a result of discharged cur-
rent densities [161].

The performance of today’s super capacitors in terms of
power density must be significantly increased, yet maintain-
ing a long life cycle to satisfy the demanding demands of
electric hybrid and large-scale industry applications [162].
In order to increase the efficiency of supercapacitors, nano-
carbon materials from first generation are employed as
electrode materials. MWCNTs as electrodes are in regular,
box-like form, with a capacitance up to 120 FG1 and a pure
electrostatic attraction characteristic (the value depends on
the scanning rate). A gravimetric capacitance of 20 to
300 F/g is displayed for EDLCs with a SWCNT electrode.
Graphene-processed supercapacitors do not improve per-
formance considerably. The biggest drawback for super
capacitors is the limited specific surface area of such nano-
carbons [163].

4.2. Biosensors. The integration of observable traits into ana-
lytical instruments, particularly in medical research, is
becoming a prerequisite for early detection of various dis-
eases [164]. Carbon nanotubes (CNTs) are pseudoone-
dimensional carbon allotropes, especially identified as a sys-
tem of carbon atoms arranged into one or more levels of
smooth cylinders with either open or closed edges [165].
CNTs have quite wide specific surface area which enables
for the immobilization of a substantial number of opera-
tional units such as biosensing receptor moieties [166].
CNTs possess special optical intrinsic properties such as
near-infrared photoluminescence (NIR) [167]. The biocom-
patibility and biodegradability were increased by turning the
layer of pristine CNTs into hydrophilic f-CNTs [168]. Such
biosensors analyse a broad variety of genetic markers of can-
cer by conjugating DNA or proteins, peptides, enzymes
[169], and electrochemical biosensors for the early diagnosis

of genetic markers of cancer [170]. Microspecificity of the
enzymatic reaction is used by CNT-based enzymatic electro-
chemical nanomaterials to guide electrical transfer among bio-
molecules [171]. CNT paste was produced of brumoform, and
the electrode was designed with superior enactment over all
other carbon electrodes [172]. Bioaffinity electrochemical
biosensors are very robust complexes [173] in CNT-DNA
electrochemical biosensors have been designed to acquire a
simple, cheap, fast sensor [174]. Figure 11 shows the applica-
tions of biosensors from nanocomposite. For example, the
synthesis of 3-methoxy phenol sensor used for biotech appli-
cations made from Fe3O4.CNT NCs/GCE, and its calculation
is shown in Table 5.

Although the study of carbon nanotubes in biological
applications is still in its early stages, it has enormous poten-
tial. Carbon is a particularly biocompatible substance since it
makes up a large portion of the human body [176]. Cell
growth on CNTs has been proven; hence, they do not appear
to be harmful. The cells also do not attach to the CNTs,
which opens the door to uses such as antifouling coatings
for ships and prosthetic coatings [177]. The ability to func-
tionalize (chemically alter) the sidewalls of carbon nano-
tubes (CNTs) opens the door to biological applications
such as neuron development and regeneration and vascular
stents. It has also been shown that a single strand of DNA
may be linked to a nanotube and then efficiently implanted
into a cell [178].

4.3. Solar Cells. A new type of solar cell, dye-sensitized solar
cells (DSSCs), based on nanocrystalline TiO2 electrodes, has
captured the attention of industry and academia [179].
DSSCs offer lower manufacturing costs relative to commer-
cial silicon-based solar cells and provide similar advantages
for amorphous silicon solar cells [180]. CNTs will have a
possible high-field direction that interpenetrates DSSC elec-
trodes along. The hypothesis was that carbon nanotubes
would effectively increase the electrode’s electrical conduc-
tivity and thus improve the solar system’s light conversion
performance [181]. Due to extreme CNT aggregation
[182], the expansion of the CNT charge will impair the
efficiency of DSSC cells. Dye-sensitized solar cells (DSCs)
consisting of colouring molecules, nanocrystalline metal
oxides, and natural liquid electrolytes have valuable high-
performance characteristics in energy conversion and low
energy and manufacturing costs [183]. The carbon cloth
(CC) altered MWCNT-MnO2/PPy nanocomposite electrode
has a good biocompatibility resulting in a well-recognized
moderator for the production of bioelectricity in wastewater
with less MFCs [184]. Microbial fuel cells (MFCs) generate
electricity for the oxidation of organic materials such as
acetate, lactate, and glucose from exo electrogenic substances
[185]. MFCs have applications in the fields of renewable
energy recovery, remotely controlled power supplies, nano-
materials and biofilm testing, hydrogen production, and
chemical fermentation systems due to their flexibility in pro-
cessing various bacterial sources [186].

4.4. Radar Absorbing Materials. The curiosity in radar-
absorbing materials (RAM) has extended to the business
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Figure 10: Synthesis of nanodiamond [151].
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sector as they can be used to minimize electromagnetic inter-
ference due to recent developments in electromagnetic devices
entering the RF frequency range [187]. Short carbon fiber
reinforced composites (CFRC) are ideally suited for the devel-
opment of thin multipurpose RAM [188]. Owing to their high
execution of electrical and thermal qualities at comparatively
low concentration, composites dependent on polymers and
carbon nanofillers have received significant interest in both
academic and industrial societies [189]. Extraordinary interest
has been given to carbon nanostructure-filled polymer nano-
composites as electromagnetic absorbers in both military
and civil applications [190] in terms of their ability to modify
electromagnetic and molecular properties at comparatively
low quantities of nanofiller extraordinary interest has been
given to carbon nanostructure-filled polymer nanocompos-
ites as electromagnetic absorbers in both military and civil
applications [191] in terms of their ability to modify electro-
magnetic and molecular properties at comparatively low
quantities of nanofillers and their light weight, outstanding
thermal tolerance and high mechanical characteristics and
their light weight, and outstanding thermal tolerance and
high mechanical characteristics [192].

4.5. Energy Storage. The intrinsic characteristics of CNT
make them two fast-growing technologies the ideal material
to be used as electrodes in condensers and batteries. The
electrical conductivity of CNTs is high, and their area of
exceptionally high surface (~1000m2/g) is particularly acces-
sible to the electrolyte because of their linear geometries.
Research has shown that CNTs have the largest reversible
capacity for usage in lithium-ion batteries with any carbon
material [193]. In addition, the CNTs are ideal materials
for electrodes with supercapacitors and are readily available
for sale. Moreover, CNTs are used in several components of
the fuel cell. They have various features, such as high ther-
mal conductivity and surface area, and are important in
PEM fuel cells as electrode catalyst support [194]. They also
may be utilised in gas diffusion layers, in addition to current
collectors, due to their high electrical capacity [195]. CNTs
are also able to demonstrate great strength and toughness
to weight as part of composites in fuel cells that are utilised
in transportation applications where durability is essen-
tial [196].

4.6. Field Emission Applications. CNTs are the best-known
source of any substance in the area. It is comprehensible
because of its great electrical performance and the incredible
sharpness of its tip (when the curvature radius of the tip is
reduced, the electric area will be concentrated, resulting in
enhanced emissions from the field, this is because of the
sharp lightning rods) [197]. Moreover, the sharpness of the
tip also suggests that they emit at a very low voltage, which
is a critical attribute for creating low-power electrical devices
[198]. CNTs may be quite current, perhaps up to 1013
A/cm2. CNT’s are very high. The current is also quite steady.
This characteristic is implemented immediately and attracts
great interest in field-emission flat panel displays. CNT-
based displaying uses a distinct electron gun (or perhaps
several of them) for every pixel in the view, as opposed to
traditional cathode ray tube display with a single electron
gun [199]. CNTs have low turn-off and operating voltages,
a large current density, and constant, long-lived behaviour,
which make this application highly desirable. Other applica-
tions using CNT’s field emission properties are general low-

Table 4: Biomedical applications of nanodiamonds [153].

Nanodiamond kind System Cells Toxicity

Fluorescent nanodiamonds
prepared by detonation
method

Fluorescence nanodiamond
PCL fibers

Human lens epithelial cell line
Nontoxic and the scaffold can
support in vitro cell growth

Nanodiamonds Particle Hepatocyte cells Nontoxic less than 10μgml

Nanodiamonds Particle
Lymphocytes and cervical

cancer cells in vitro
Toxic

Nanodiamonds Particle
Three kinds of mammalian

cells

It is possible an effect in
noncovalent

adsorption between NDs and serum
proteins in culture medium

Nanodiamonds
Natural polymers-BG composite

coating by electrophoretic
deposition

Human osteosarcoma cell line Improving cellular behaviour

Disease
detection

Bio
sensors

Soil
management

Drug
delivery

Prosthetic
devices

Figure 11: Applications of biosensors from nanocomposite.
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voltage cold cathode light sources, electron microscope
sources, and lightning arresters [200].

4.7. Conductive Plastic. Plastics have been used in many
cases as a metal replacement. Polymers have improved enor-
mously for structural applications but not where electrical
conductivity is essential, as plastics are particularly strong
electrical insulators [201]. The filling of polymers with lever
fillers like as carbon black and bigger graphite fibers can pre-
vent this deficit (the ones used to make golf clubs and tennis
rackets) [202]. However, the loading needed is generally
considerable, resulting in hefty parts and plastic parts which
have a high degraded construction characteristic, in order to
give the requisite conductivity via traditional fillers [203]. As
the load needed for a certain conductivity is reduced as the
filling particle aspect ratio is higher. For this reason, CNT
is excellent since it has the greatest carbon fiber aspect ratio.
In addition, their intrinsic inclination to shape cords
provides naturally very lengthy leading routes even at
extremely low loads [204]. This characteristic of CNT is used
in applications such as electrostatic dissipation (ESD), com-
posite EMI (electromagnetic interference), shielding, gasket,
enclosure, and other usage coatings, low-observance radar
absorption materials, and conductive (even transparent)
antistatic and material coatings [205].

4.8. Future Scope. Significant improvements in the prepara-
tion of carbon nanotube-polymer composites with remark-
able mechanical and physical characteristics have been
achieved. In this area, a great deal of study is still required
until these remarkable characteristics are completely realised
in a macroscopic nanometric medium. In addition, experi-
ments have to be done in order to identify disintegration
or recycling mechanisms for carbon nanocomposites in
order to create something new at the end of their life cycle
(recycle). Furthermore, research has not progressed much
while attempting to produce naturally enhanced compounds
using biologically degradable polymer matrix, as the creation
of such “green composites” poses a number of obstacles.
They are regarded as the most ecologically sound material
but issues such as poor adherence to the fiber matrix, diffi-
culty in fiber orientation, and the attainment of nanoscale
dimensions halt those materials in search of appropriate
applications. In this regard, some limitations include insulat-
ing individual nanofiber composites to evaluate the nanofi-
bers tensile characteristics and adhere them to a load tester

which is yet difficult. Electro spun nanofiber, atomistic
modelling, and continuum mechanism methods remain a
major challenge to theoretical approaches in prediction of
the mechanical behaviour of CNTs implanted in electro
spun fibers.

5. Conclusion

Carbon nanocomposites assisted by metal nanoparticles
have been observed to perform a substantial role in a
broad array of potential applications in science and tech-
nologies. In this research work, the prominent enhance-
ments have been made in formulating carbon nanotube
polymer composite materials with excellent mechanical
and thermodynamic properties are studied. The carbon
nanotube functionalization improves the diffusion status of
carbon nanotubes and to change the properties of the device
and boost the attributes of polymer nanocomposite prod-
ucts, particularly material properties. The incessant demand
for the commercial usage of engineered carbon-based nano-
materials is increasing in the field of modern technology,
medicine, environment, and agriculture; the distinctive
properties of carbon-based nanomaterials have engrossed
great concentration by the researchers and industrialists
which has stimulated the expansion and innovation tech-
niques for significant industrial production.

(i) The advanced production techniques for carbon
nanocomposites (primarily graphene or graphene
oxide and CNTs) and their usage in organic pro-
cesses have been discussed

(ii) Layered nanocomposites are the most widely used
materials for increasing the barrier character of
polymer nanocomposites in packaging applications

(iii) Nanocomposites also serve as organic photovoltaic
sheets in solar panels. These films may be utilised
as flexible semitransparent modules and are excep-
tionally light in weight. The other advantages of
these films are continuous production for different
light and climatic conditions

(iv) Nanocomposites based on graphene oxide (GO) can
make a substantial contribution to the treatment of
waste water by removing heavy metals

Table 5: Calculation of 3-methoxy phenol sensor with Fe3O4.CNT NCs/GCE [175].

Samples
Observed current (μA)

Conc. (μM) SD (n = 3)
R1 R2 R3 Average

Industrial effluent 7.09 5.27 4.91 5.75 23.76 1.17

PC baby bottle 7.73 5.25 4.42 5.80 23.96 1.72

PC bottle 1.66 4.14 3.85 3.22 13.30 1.36

PVC food packaging bag 4.18 3.08 2.77 3.34 13.80 0.74

Red sea water 4.33 3.31 2.58 3.41 14.09 0.88

Tape water 3.54 2.66 2.31 2,83 11.71 0.63
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(v) Due to characteristics such as long-term durability,
better sensitivity, stronger order conductivity, and
easy production, carbon nanocomposites are used
in construction of sensors
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The molten salt approach was used to convert CuAl2O4 nanoparticles to CuO nanorods in this study. Molten hydroxide (NaOH)
synthesis was chosen over molten salts (NaCl/KCl) for removing aluminium oxide from copper aluminate at low temperatures.
The molten salt process is environmentally beneficial. Polymeric precursors were used to make nanosized copper aluminates.
Alginic acid polymer is used to gel aqueous solutions of copper acetate and aluminium nitrate, yielding precursor after further
heating. The precursor provides 14 nm nanosized copper aluminates after being heated at 900°C for 5 hours. XRD, FTIR, SEM,
and TEM were used to characterize the nanosized copper aluminate powder. Solid state mixing and solution technique were
used to investigate molten hydroxide treatment of spinel CuAl2O4. The products of the reaction were identified using XRD.
FTIR and SEM are also used to analyze the sample. Using UV-DRS absorbance spectrum analysis, the optical characteristics of
CuAl2O4 and CuO nanorods were examined. Using the Tauc plot method, the band gaps of CuAl2O4 and CuO were calculated
to be 4.3 and 3.93 eV.

1. Introduction

Spinel oxides are interesting due to their various physical
and chemical properties [1, 2]. They are applied widely in
different fields such as multiferroics, spintronics, supercon-
ductors, optoelectronics, and cathodes for rechargeable
lithium batteries [3–7]. Among them, transition metal alu-
minates having spinel structure are of current importance
due to their technological applications in various fields such
as catalysis, refractories, heat-resistant pigment, and degra-
dation of organic compounds [8–13]. Reduction in the size
of their metal aluminates yields improved properties such
as lower temperature sinterability, greater thermal stability,
increased hardness, better diffusion, and ductility [14]. Gen-
erally, nanostructured transition metal aluminates are pre-
pared by different routes such as sol-gel, microemulsion,
templating process, hydrothermal, coprecipitation, and solu-
tion combustion [10, 14–18]. However, these methods have
some drawbacks, such as the utilisation of expensive metal
alkoxide precursors, effective templating agents, homogene-
ity, stoichiometric control, and high temperatures.

Copper aluminate is an inverse spinel with a low band
gap which makes it a potential candidate as photocatalyst
[19]. Various methods such as coprecipitation, sol-gel,
hydrothermal, and combustion have been reported for the
synthesis of nanosized CuAl2O4 [20–22]. Weizhong et al.
synthesized nanosized copper aluminate spinel by precursor
approach with the help of ultrasound irradiation in the pres-
ence of argon atmosphere [11]. In the present study, we syn-
thesized nanosized copper aluminate by alginate precursor
approach without using argon atmosphere and ultrasonic
irradiation.

CuO nanostructures have excellent applications such as
electrode materials for lithium batteries, catalyst, and adsor-
bent [22]. In particular, CuO nanostructures are prepared by
hydrothermal, microwave, and solvothermal, at high tem-
peratures and complex methods. So there is a requirement
for simple and low-temperature method of preparation of
CuO nanostructure.

Few reports are available on the conversion of spinel
oxides to metal and metal oxide in which the spinel oxide
can be considered as a precursor. Yang et al. reported on
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the preparation of nanocrystalline “Cu” from rod-like
CuFe2O4 [23]. Ribeiro et al. reported the formation of sur-
face “Ni” nanoparticles from NiAl2O4 during CO2 reforming
of methane [24]. CuMn2O4 catalyst showed high reactivity
in water gas shift reaction due to its reduction to Cu/MnO
in the presence of H2 atmosphere at 350-400°C [25]. Forma-
tion of “Cu” on the surface of CuCr2O4 makes the system an
active catalyst for the selective hydrogenation of furfural to
furfuryl alcohol [26]. Similarly, Ni metal dispersed on the
surface of nickel spinel oxide catalyst results in stable perfor-
mance in ethanol steam reforming [27]. Spinel CuFe2O4 has
been studied as a precursor for copper catalyst by Kameoka
et al. [28]. Nillohit et al. synthesized mesoporous CuO nano-
particles from Cu(OOCPh)2Lut2 precursor complex by
annealing at 450°C [29]. Precursors already reported for syn-
thesizing CuO nanoparticles are Cu2(OH)3Br, CuS, etc. [30,
31]. So far, no reports are available for the synthesis of CuO
from CuAl2O4 precursor. However, the regeneration process
of Cu or CuO from copper containing spinel oxides has not
been investigated thoroughly.

Molten salt syntheses are effective low-temperature syn-
thesis without using expensive precursors and toxic ele-
ments, and they do not require any specialized equipment
for synthesizing metal oxides. Molten hydroxide synthesis
is a type of molten salt synthesis in which hydroxides are
used instead of salts which produces single-phase and con-
trolled morphology [32, 33]. Due to its advantages, molten
hydroxide synthesis is considered to be the most promising
one, and hence, it is applied to prepare simple metal oxide
from complex metal oxide.

The development of new methods for preparation of
cupric oxide with various morphologies has always been
important because cupric oxide is a significant metal oxide.
From the literature reports, it was prominent that the syn-
thesis will have an effect on size and morphology of the par-
ticles [34]. To the best of our knowledge, no work has been
done to synthesize CuAl2O4 particles by polymeric precur-
sor method using alginic acid as a complexing agent and
its conversion to CuO by molten hydroxide method. There-

fore, the aim of this study is to prepare nanostructured
CuAl2O4 powders and CuO nanopowder at low temperature
and to calculate its band gap.

2. Experimental

2.1. Materials. The regents used were of analytical grade.
Aluminium nitrate (98%) and alginic acid (19-25%) were pro-
cured from SD Fine-Chemical Limited, India. Cuprous acetate
(99%) was from Sisco Lab and NaOH from Qualigens.

2.2. Synthesis of CuAl2O4 by Polymeric Precursor Method.
Nanosized copper aluminate spinel particles are synthesized

Copper acetate +Aluminium Nitrate

Stirring for 30 min

Alginic acid

600°C 900°C

Heating at 70°C/24 h

Precursor

CuAl2O4CuO+Al2O3

Figure 1: Experimental procedures for the synthesis of nano-CuAl2O4.
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Figure 2: XRD pattern of CuAl2O4 powder obtained on heating the
precursor from 100-900°C.
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by polymeric precursor approach. The elaborate experimental
procedure for the synthesis of CuAl2O4 is shown in Figure 1.

The synthesis of polymeric precursor was carried out as
follows. The two solutions cuprous acetate and aluminium
nitrate were stirred thoroughly to get a homogeneous solu-
tion. Secondly, 60ml of 20% alginic acid is added and kept
to stirring at 70°C for 24h till a dark blue gel formed. The
gel on continuous heating gets converted to black powder.
The black powder or precursor was then calcined at different
(100°C, 300°C, 500°C, and 700°C) temperatures for 12 h and
900°C/5 h to produce nanosized CuAl2O4 particles.

2.3. Molten Hydroxide Synthesis. Synthesized CuAl2O4
nanomaterial was treated with NaOH (molten hydroxide)
by two approaches

(i) Solid state reaction

(ii) Solution reaction method

2.4. Solid State Reaction. CuAl2O4 and alkali (NaOH) are
mixed well in a mortar in the ratio of 1 : 10. After thorough
grinding for 5min, the slurry was immediately put into a

10 20 30 40 50 60 70

b

(113)

(311)

(113)
(202)

(020)

(112)

(111)
(111)

(110)

In
te

ns
ity

 (a
.u

)

2𝜃

(a)

10 20 30 40 50 60 70

#
#

#

#

In
te

ns
ity

 (a
.u

)

2𝜃

⁎

⁎

⁎

⁎

⁎

(b)

Figure 3: (a) XRD pattern of CuO (CAI). (b) XRD pattern of CAII: ∗ indicates CuAl2O4; # indicates Al2O3.
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Figure 4: (a) FTIR spectrum of CuAl2O4. (b) FTIR spectrum of CuO (CAI).
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crucible and heated at 100°C for 24 hours. After 24 h, a dark
blue-coloured layer formed on the substance. The product
was then washed multiple times with water to eliminate
any sodium aluminate that had generated in the process.
The powder (CAI) is then dried and tested.

2.5. Solution Reaction Method. CuAl2O4 (0.235 g) is dis-
solved in 10ml water and mixed thoroughly to get a homog-
enous dispersion. The sodium hydroxide solution (10ml,
2.35 g) is added to the dispersion and refluxed in an oil bath
at 100°C for 24 hours. The mixture is then filtered, rinsed,
and analyzed (CAII).

2.6. Characterization. Powder X-ray diffraction was used to
describe the phase present in the CuAl2O4 precursor and
alkali-treated copper aluminate (CAI and CAII) as manufac-
tured powders at room temperature in a Bruker instrument
(D8 Advance) using Cu Kα radiation (=1.54). The Debye-
Scherrer formula was used to calculate the average particle
size of the final product. The KBr disc approach was used
to record the infrared spectra (FTIR spectrometer, JASSCO
Model 4100). The FEI QUANTA FEG 200 HR scanning
electron microscope was used to perform scanning electron
microscopic analysis on the sample. TEM pictures were cap-
tured using a Philips CM 200 with a 20-200 kV working
voltage. The optical properties of the powders are measured
using DR UV-VIS instrument.

Figure 6: SEM images of CuO (CAI).
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3. Results and Discussion

The XRD pattern of CuAl2O4 precursor heated at different
temperatures is shown in Figure 2. At each temperature,
the sample is heated for 12 h in air to evaluate the formation
of pure phase. The precursor on heat treated at 600°C/12 h
yields pure CuO phase with monoclinic structure in agree-
ment with JCPDS No. 45-0397 [35]. On further heating to
700°C, weak intense CuAl2O4 peak and more intense CuO
were obtained. The relative peak intensity of CuO decreased
on further heating. On heating at 900°C/5 h, the precursor
yields normal spinel CuAl2O4. The XRD peaks of CuAl2O4
are in good agreement with JCPDS No. 78-1605. From the
XRD data, the crystallite size of as-prepared CuAl2O4 was
calculated to be 14 nm using the Debye-Scherrer equation

D = Kλ
β cos θ , ð1Þ

where β is the full width maximum, K is the shape factor
(0.9), and λ is the wavelength of X-ray source. CuAl2O4 is
formed at higher temperature, and CuO is formed at
600°C.Niasari et al. synthesized nanocrystalline CuAl2O4 at
800°C by modified sol-gel method. Our results are in good
agreement with their reports [10].

The XRD peaks of “CAI” (Figure 3(a)) are in good agree-
ment to pure monoclinic CuO (JCPDS No. 45-0937) whereas
the XRD peaks of “CAII” (Figure 3(b)) contain CuAl2O4,
Al2O3, and AlOH. This shows that CuAl2O4 does not react
with NaOH solution even when it was refluxed for 12h.

FTIR analyses were used to identify the functional groups
of nanosized spinel CuAl2O4 and interaction of CuAl2O4 with
NaOH. The vibrations at 3419cm-1 and 1641cm-1

(Figure 4(a)) are due to the longitudinal and bending vibration
of water. A broad peak centered at 640 cm-1 is due to the Cu-
O, Al-O, and Al-O-Al longitudinal vibrations in CuAl2O4 [36,
37]. The IR absorption spectrum of NaOH-treated CuAl2O4
(Figure 4(b)) shows a different pattern from the spinel. On
treatment with NaOH, a broad peak centered at 640 cm-1 dis-

appears and a small peak appeared at 460 cm-1 which confirms
the formation of Cu-O. Also, the vibrations due to alumina are
not observed which further indicates the complete conversion
of CuAl2O4 into CuO [38].

The size and the morphology of synthesized nanosized
CuAl2O4 were examined by SEM and TEM techniques.
Figures 5(a) and 5(b) show the SEM and TEM images of
nanosized CuAl2O4, respectively. The SEM image exhibits
a variety of morphologies, including nanosized rod produc-
tion and porous spherical particles. Thus, the homogeneity
in shape is not achieved using alginate precursor. The sur-
face area of the synthesized CuAl2O4 is 27.6m

2g.
The TEM image (Figure 5(b)) was done by ultrasonicat-

ing the CuAl2O4 powder in acetone. The TEM image indi-
cates that the particles are of diameter 50 nm. From the
TEM image, we can further confirm that the obtained nano-
crystals are not dispersed well and the cubes aggregated to
form different shapes such as rods and triangles. Thus, the
homogeneity in shape is not achieved using an alginate
precursor.

The SEM image of CuO (CAI) formed from solid state
reaction (Figure 6) shows the rod morphology which is
observed in CuAl2O4. The morphology of CuAl2O4 persists
on further treatment with alkali. Similar to the spinel, the
rods are agglomerated and the porosity gets reduced. Similar
to the reported literatures, the surface area of the synthesized
CuO is 3.59m2g.

With reference to the results obtained, the nano-
CuAl2O4 is transformed to pure nano-CuO by solid state
reaction with alkali. It is well known that CuAl2O4 on heat-
ing at higher temperature results in a mixture of CuAlO2
and CuO [39]. The mechanism that exists in the formation
of CuO from CuAl2O4 by alkali treatment is mentioned
below in the form of equations.

CuAl2O4 + 2NaOH⟶ Cu OHð Þ2 + Na2Al2O4

Cu OHð Þ2 ⟶
100οC CuO

ð2Þ
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Figure 8: Tauc plot of direct allowed transition of (a) CuAl2O4 and (b) CuO.
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CuAl2O4 on alkali treatment by solid state reaction
forms a metastable phase copper hydroxide. The produced
copper hydroxide decomposes at low temperature 100°C to
form CuO and sodium aluminate. Since sodium aluminate
is soluble in water, it is removed in washings with water
and pure CuO nanorods obtained. Our reports are in good
agreement with the result of Yannick et al. that Cu(OH)2
easily undergoes dehydration on heating to form stable
CuO [40].

3.1. Optical Properties of CuAl2O4 and CuO. The UV-DRS
diffuse reflectance spectra of CuAl2O4 and CuO were mea-
sured in the wavelength range of 200-800 nm shown in
Figure 7 to investigate optical properties. The UV-VIS
absorption spectrum of the synthesized CuAl2O4 nanostruc-
ture is shown in Figure 7(a). There is an absorption band
centered at 364nm with two small shoulders at 269 and
224nm. The absorption band for CuO is at 294nm with a
shoulder at 221nm (Figure 7(b)) which was similar to the
reported literature [41].

Tauc approach (Figure 8) was applied to calculate the
band gap (Eg) of CuAl2O4 and CuO using the below equa-
tion

ahυð Þ1/n = A hυ − Eg
� �

: ð3Þ

The optical band gap of CuAl2O4 nanoparticles annealed
at 900°C was evaluated as 4.3 eV. Similarly, for CuO, it was
estimated as 3.93 eV, respectively.

4. Conclusion

Nano-CuAl2O4 with a particle size of 20-50 nm was synthe-
sized using the alginate precursor method. Various experi-
mental techniques were used to characterize CuAl2O4 that
was synthesized. CuAl2O4 has an optical band gap of
4.3 eV, whereas CuO has an optical band gap of 3.93 eV
due to the absence of aluminium oxide. Molten hydroxide
was used to transform CuAl2O4 into pure CuO nanorods
at a lower temperature. This procedure can also be used to
achieve controlled morphology. The activity of spinel
CuAl2O4 as a precursor for the production of CuO is dem-
onstrated in this study.
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Nanotechnology from titanium dioxide has been deposited, and its application in desalination and water treatment has been
investigated by using sol-gel methods. Homogeneously dispersed sphere shapes of titanium dioxide nanoparticles were
observed from scanning electron microscope micrographs and decrease in size as aging time increases from 40min to 60min.
SEM micrographs of highly transparent nanopowders show that they are detected in the visible region from UV/visible and
that their red shift around maximum wavelength increases with increasing aging time due to an increase in water quality. The
energy band gap of the generated nanosheet has narrowed as the aging time has increased, which is related to the red shift of
the absorption spectrum edge in the sheet. The structural behaviors of deposited nanoparticles have also been investigated,
which confirms the existence of anatase as well as rutile levels in the liquid phase. The findings of the PL allowed us to
determine the total strength of the intensity. This shows that applying photodegradation by a solar absorber could play a vital
role in desalination and water treatment.

1. Introduction

The important thing for human life is clean water which is a
critical feedstock in a variety of key productions including
electronics, pharmaceuticals, and nutrition [1]. The biosphere
is encrusted with difficult challenges in consultation rising
difficulties of pure water as obtainable provisions of freshwater
are declining because of lengthy droughts, resident’s growth,
more rigorous health-based protocols, and contending
demands frommultiplicity of customers. As reports show, only
three percent of all existing water on earth is actually freshwa-

ter; seawater is the most abundant obtainable foundation of
drinking water as well as water for manufacture use in several
regions and novelties in the growth of new [2]. The welfares
of nanotechnology in case of water treatment claim have been
intensive in 3 main sites: cure and remediation, sensor and
recognition, and waste control. It has produced massive
advancement in numerous fields like the engineering of elec-
tronics, telecommunications, and medicals. Nanotechnology
has a vital role in addressing essential issues of the atmosphere
and sectors of water. Nanotechnology apparatuses used to
desalinate water are highly exhilarating as well as hopeful [3].
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The charge of desalination, either heating or thermal, is
enormously high. Improvements in nanoscale technology
and engineering have created an unparalleled opportunity
to produce more cost-effective as well as environmentally
favourable acceptable water refinement systems [4, 5]. Devel-
opments in nanotechnology recommend that several of the
current difficulties concerning water quality can be deter-
mined or greatly perfected by using nanocatalysts, nanosor-
bents, bioactive nanoparticles, nanostructured catalytic
sheaths, and nanoparticle which improved clarification from
other yields and procedures subsequent from the improve-
ment of nanotechnology [6]. Moreover, nanotechnology
derivative merchandises that minimize the concentrations
of poisonous amalgams to sub-ppb stages can support in
the accomplishment of water quality values and healthiness
advisories [7]. There are very few wastewater treatment
reports as general in sol-gel method. For the first time, tita-
nium dioxide nanosheet or nanomembrane is used in appli-
cation of desalination and water treatment. Throughout
this work, we technologically advanced novel nanomaterials
and procedures for treatment of surface water contaminated
with toxic metal ions, organic and inorganic solutes, bacteria,
and viruses [8]. In addition, we discuss some of the risks and
challenges associated with the development of cost-effective
and environmentally acceptable functional nanomaterials
for water purification. Since the last few years, desalination
technology has been used progressively all over the world
to yield pure drinking water from briny groundwater and
seawater, to recover the feature of prevailing provisions
of freshwater for consumption and engineering dedica-
tions, agricultural needs and luxury manufacturing [9–12].

TiO2 nanosheets were prepared by using CBD. The
maximum resistivity and less optical transmission of such
tools limit their application as optical ingredients for ther-
moelectric materials, requiring the essential to grow their
optical as well as electrical behaviors. In addition, there is a
shortage of information on the properties of TiO2 nanopar-
ticles in a chemical medium. Nanosheets prepared in alka-
line have environmental pollution; usually, they yield
hydroxides, which can reduce the quality of nanosheet pre-
pared. It would be difficult to depose the maximum quality
of TiO2 nanoparticles intimate of an alkaline chemical
immerse environment unless the challenge of TiO2 prepara-
tion is overcome [13–18]. The influence of hydroxide is
diminished when TiO2 is prepared in an acidic bath. The
most metallic ions are widely utilised in chemical bath depo-
sition procedures; it is correct to generalise that no hydrox-
ide exists in these conditions and that synthesis occurs via
an ion by ion procedure. The objective of the current study
was to synthesize and characterize TiO2 nanoparticle sheets
as solar absorber and study its application in wastewater
treatment and desalination, deposited under different aging
times at 40min, 50min, and 60min. It is employed in the
synthesis of tints, fabrics, sheets, polymers, cosmetic, and
foodstuffs, as well as in the production of dyes. The biome-
diated TiO2 nanoparticles have a wide range of purposes
including illness diagnosis, therapy, manufacture of medical
equipment, regenerative medicine, imaging, detection,
energy production, and farming [19–25].

Sol- (solution-) gel (molten) systems are from the most
encouraging and effective methods used in nanoparticle
fabrication. This technique yields high crystal oxides by
permitting regulator in nanoparticles size and surface
morphology as well as phase configuration in different
concentration precursors, and it is easy to operate. The pres-
ent study is aimed at desalinating and treating water by
using TiO2 nanoparticle sheets as solar absorber with
varying aging times at 40min, 50min, and 60min.

2. Materials and Methodology

2.1. Materials. Titanium isopropoxide, hydrochloric acid
(HCl), double-distilled water, ethanol, etc. were gained from
chemical shop best chemicals Ltd., Addis Ababa, Ethiopia.
Deionized water was used to make aqueous mixtures of essen-
tial concentrations. Completely, the chemicals were served as
expected from the providers without any desalination [7].

2.2. Production of Titanium Dioxide Nanoparticles. The
laboratory setup involves a magnetic stirrer. The reaction
solution was regained at a constant temperature of 32°C with
the magnetic stirrer revolving at 300 rpm. In this study, TiO2
NPs were produced through sol-gel techniques; for that, 10
milliliters of titanium tetraisopropoxide was added into
120 milliliters of ethanol in a bath container with volume
500 milliliters. And total solution was agitated for 25min
by using a magnetic stirrer. In case of hydrolysis mixture, 5
milliliters of distilled water and 4 milliliters of HCl were
mixed to the reaction by small drops. The reaction mixture
was stirred constantly for hours to get a uniform solution.
The pH of the total solutions was kept in the acidic medium
of pH 5; after 20 hours of development, the gels generated
were dehydrated and heated in an oven at 300°C. Lastly,
the prepared nanoparticle changed to molten state by using
double-distilled water; then, coated substrate was used to
get TiO2 nanosheet for the solar panel absorber.

2.3. Photodegradation of Wastewater Using Prepared TiO2
Nanoparticle Sheet as Solar Panel. All the experiments have
been performed at a constant volume of 100 wastewater liter
by using the aqueous solution concentration. The solar
power used is 80W. Photodegradation has been investigated
as shown in Figure 1. The initial pH of the solution has been
observed as 5, and the acidity effect of pH was achieved. All
the experiments were performed for a period of 160min,
and samples were taken out at different time ranges of
40min, 50min, and 60min for further analysis.

3. Result and Discussions

A photodegradation experiment of wastewater was carried
out by pouring 100ml in a bottle and leaving it overnight.
The effect of the amount of catalyst panes on the perfor-
mance of degradation was being investigated in this experi-
ment by altering the desalination time. All sheets have an
area of 10 × 20 cm2. Wastewater without substance was used
as control laboratory conditions [8]. Through the laboratory
experiment, the water bottle was protected by a transparent
acrylic to evade the influence of vaporizations on the
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photodegradation solution wavelength in the range of UV-V
which is until visible light. Even as ultraviolet-visible spec-
trum demonstrates, photons in the visible spectrum are
required to elicit the photocatalytic reaction. Acrylic trans-
mission peaks are shown in Figure 2 together with the exper-
imental setup and lighting conditions. It was discovered that
measuring the absorbance of a solution may be used to
investigate the decolorization procedure of substances
contained in wastewater. The concentration of a mixture is
directly proportional to the generosity of the absorption
spectra according to the Lambert-Beer principles. The
reduction in the maximum absorption spectra of a solution
throughout the degradation cycle implies a reduction in
the concentration of waste in the water [12], which is
supported by other research. As shown in Figure 2, the
UV-Vis absorption spectra of batik sewage without and with
a catalyst may be observed.

Photoluminescence is also used to describe the optical
properties of TiO2 nanoparticles that have been produced
and characterized. The wavelength range between 350 and
650nm with lower temperature is depicted in the figure.
The photoluminescence (PL) spectra of the produced mate-
rials were examined in step three. When the annealing

temperature is raised between 400 and 100-degree Celsius,
the mean strength of photoluminescence falls as the amount
of time spent aging the sample rises. The majority of the
highest PL hardness is because of self-trapped exciton
recombination, which is produced from particle size and is
referred to as defect centres. For all elevated temperatures,
the PL intensity drops instantaneously as a function of the
aging time [9–24]. In comparison, the photoluminescence
intensity for wavelengths of higher wavelength for 60min
and 50min is smaller than 40min for wavelength intensity
for higher aging time. The anatase and rutile structures that
have been discovered are mostly responsible for this effect.

The anatase phase is assigned to the secondary band spec-
tra experienced at a length of 500nm as shown in Figure 3,
whilst the rutile phase is assigned to the peaks between 500
and 550nm. When compared to the manufacturing of elec-
tron states throughout the band gap, associated faults are
much more energetically attractive, and they are shaped also
during description of the TiO2 nanoparticle anatase stage
and the 500nm band gap happens once the structure is a com-
bination of anatase and rutile phases at a reduced oxygen flow
ratio [11–25]. The highest peak observed shows that at maxi-
mum aging the desalination of water has the highest quality.

Wastewater

Heat exchanger

TiO2 Nano-particle
sheets for solar panel

Desalinate

Figure 1: The schematic diagram of application of TiO2 nanoparticles as nanosheet for desalination and water treatment.
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Figure 2: Transmittances of TiO2 nanoparticle with varying aging times at 40min, 50min, and 60min.
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Figure 3: Photoluminescence spectrum of TiO2 nanoparticles at different aging times at 40min, 50min, and 60min.
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Figure 4: SEM analysis of TiO2 nanoparticles for desalination and water treatment at different aging time at 40min, 50min, and 60min.
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The titanium nanoparticles were analyzed by a scanning
electron microscope. The micrograph results reveal that
sphere-like structure of titanium nanoparticles having 50-
60 nm diameter, as explained in Figure 4. As aging time
increased from 40min to 60min, the shape obtained
confirms the pureness of water and this result is in good
agreement with that previously reported [12–45].

4. Conclusions

In this research, we have successfully prepared nanoparticle
of TiO2 and its application in desalination and water treat-
ment with related photodegradation of technologically
advanced photocatalytic covering with acrylic by inserting
a solution of visible light-receptive titanium dioxide nano-
particles at different aging times. We verified the possibility
of solar absorber coating by sol-gel on a commercially avail-
able ITO substrate. Succeeding treatment with UV photo
light occasioned on heterogeneous surface with intercalating
long aging time. Our nanosheet could recuperate the fluidity
upon visible light treatment. We qualified this to the photo-
degradation of the collected wastewater when applied visible
light treatment. We contrived a device that empowered the
constant departure and desalination of water mixture that
was melted with organic substances that were adsorbed. It
was established that the nanosheet prepared from TiO2 has
a potential to absorb photo light and able to recover its
infuse flux in situ when applied under visible light treatment.
We visualized that our nanosheet would have numerous
applications, like wastewater treatment, fuel purification,
and desalinating drinking water and water in industry. We
also conclude that TiO2 nanosheet has a wide range of uses,
including wastewater treatment, fuel purification, desalina-
tion of drinking water and industrial water.
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