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This special issue is focused on the manufacturing of
advanced materials at the microscale and nanoscale and an
exploration of their properties. Manufacturing at the micro/
nanoscale is already an extensive field, leading to the produc-
tion of improved materials and new products. A significant
number of papers were received, and after going through a
comprehensive peer review process, seven papers were
selected to be included in this special issue. Each paper anal-
yses different properties of nanomaterials, most of which are
carbon-based. The papers published in this special issue
highlight the original work related to advanced materials
and will give the readers a new insight.

In the paper by C.-M. Cheng et al., carbon-based
nanofluids are synthesized by a vortex trap method
(VTM), with an oxyacetylene flame using different flow
rate ratios of oxygen and acetylene, as the carbon source.
By investigating the morphology, structure, particle size,
stability, and basic physicochemical characteristics of the
obtained carbon-based nanomaterials (CBNMs), the
authors have identified the flow rate that gives the highest
stability CBNMs.

In the paper by X. Wei et al., an infrared-laser-irradiated
field-emission electronic pulse system based on carbon nano-
tube cathodes is demonstrated. Comparing to the present
field-emission system based on metallic tips, nanotubes have
much lower manufacturing cost yet render much larger tip
aspect ratio and stronger field enhancement. Their results
extended conventional electron sources and provided a

possibility to realize ultrashort electronic pulses as a high-
frequency electron source.

In the paper by R. L. Garnica-Gutiérrez et al., acid-
functionalized and poly-citric acid- (PCA-) polymerized
carbon nanotubes (CNTs) were placed in contact with the
extracellular membrane (ECM) of mesenchymal stem cells
(MSC). The authors then examined their effects on the
MSC in various biological processes, showing that PCA-
polymerized CNTs are less cytotoxic and lead to less apopto-
tic cell death. The effects of nitrogen-doped CNTs (CNxs) are
also reported. Undoped CNTs tend to stimulate cell prolifer-
ation, whereas CNxs promote the apoptotic behavior. This
pioneering work provides useful guidance for further study
of the role of the CNT-ECM interaction on the CNT-MSC
structures which are crucial for tissue grafting.

In the paper by Z. Wu et al., vibrations are studied for
double-layer graphene sheets (DLGSs) in thermal environ-
ments. The vibration equation is derived by incorporating
the nonlocal elastic theory into classical plate theory (CLPT).
The element-free method is then employed to implement the
vibration analyses. The technique used is validated in com-
parison with existing models in benchmark cases. Subse-
quently, the authors have conducted a comprehensive study
of DLGS vibration and quantified the effects of boundary
conditions, nonlocal parameter, elastic foundation parame-
ter, and temperature.

In the paper by B. Chaitongrat and S. Chaisitsak, a room
temperature LPG sensor is achieved based on α-Fe2O3/CNT
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(carbon nanotube) nanocomposite films fabricated via the Fe
catalyst particles on CNTs, which were synthesized by
chemical vapor deposition (CVD) and then annealed to
create α-Fe2O3. These simple and cost-efficient methods
are suitable for large-scale manufacturing. The structures,
surface morphologies, and LPG response are then studied
for the films via Raman spectroscopy, XPS analysis, and
FE-SEM or AFM. It is shown that the LPG sensors are
characterized with high sensitivity and quick response.

In the paper by X. Dong et al., submicron grooves are
machined on the surface of crystalline nickel phosphide—a
commonly used coating material for precision glass mould-
ing. These subwavelength-scale features could later be repli-
cated onto the surface of optical elements for modulating
light path. To achieve the extreme of quality of machining,
the nanoscale manufacturing defects such as blurs and pits
are studied in detail.

In the paper by S. Kasmi et al., self-organized silica nano-
sphere (NS) layers are fabricated by a facile spin coating
process. The authors further explore the role of the NS diam-
eter, the spin coating acceleration, and the volume fraction in
the formation and organization of NS during the coating
process. The competition between the sedimentation and vis-
cosity of the solution is recognized as the key factors that
control the layer thickness. By selecting proper parameters,
one can thus choose to form either a single- or double-layer
of closely packed NS.
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The effects of acid-functionalized and polycitric acid- (PCA-) polymerized carbon nanotubes (CNTs) in contact with the
extracellular membrane of mesenchymal stem cells (MSC), a genetically unmodified cell line with differentiation capability, was
evaluated with different cellular parameters. The modified CNTs show differences in the analyzed biological behaviors, that is,
intracellular incorporation, cell proliferation, apoptosis, and cytotoxicity as compared with those unpolymerized nanotubes. Due
to the reduced cellular uptake of polymerized CNTs, PCA-polymerized CNTs are less cytotoxic and are associated with less
apoptotic cell death than the acid-functionalized ones. The effects of nitrogen-doped CNTs (CNx) is also reported, showing that
functionalized undoped CNTs present strong stimulation of cell proliferation, whereas functionalized and polymerized CNxs
stimulate an apoptotic behavior. The study of MSCs in contact with CNTs and PCA is challenging due to the complexity of its
various signaling components. Our results provide basis for further studies aimed to understand the relevant role that the
interaction of these nanotubes with extracellular membrane could have a crucial structure for tissue grafting.

1. Introduction

Carbon nanotubes (CNTs) show great promise and notable
breakthroughs have been done due to their optical [1],
electrical [2], and mechanical properties, which have direct
applications in biological areas [3] such as trackers for
detection in cellular micro environment [4], as vehicles for
delivery agents [4–6], or in cell differentiation [7, 8] and
tissue regeneration [8, 9].

To obtain biocompatible features from CNTs, and
because of their hydrophobic behavior, CNTs are commonly
subject to different functionalization processes. The most
common of these involves an acid treatment, generating
carboxylic groups at the walls of the CNTs, producing func-
tionalized CNTs (fCNT) [10–14]. However, this treatment
has been found as the cause of cytotoxic effects in specific cell
lines [13–15]. Another way to generate functional groups on
CNTs is by modification with dendritic and hyperbranched

Hindawi
Journal of Nanomaterials
Volume 2018, Article ID 5206093, 12 pages
https://doi.org/10.1155/2018/5206093

http://orcid.org/0000-0001-8671-3367
http://orcid.org/0000-0002-3008-6015
https://doi.org/10.1155/2018/5206093


biocompatible polymers [16–18] by attaching chains, like
molecules of the extracellular matrix, to the CNTs walls
[18], allowing biocompatibility and an easier interaction
between the polymerized CNTs and the cells. In addition,
some polymers also improve the solubility in water and the
dispersion in biological fluids [15, 19].

For example, polyethylene terephthalate (PET) and poly-
urethane (PU) have shown a favorable cellular response in
MSCs [19, 20]. Synthetic polyethylene glycol (PEG) together
with chondroitin sulfate (CS) has been used as scaffolding on
chondrogenesis induced by MCSs [21–23]. Nevertheless,
some results of the toxicity of polymerized CNTs with PET,
PU, and PEG [20, 21, 24] suggest that these polymerizations
cause toxic effects onMSCs, leading to the ongoing search for
different, noncytotoxic polymers [25].

Polycitric acid (PCA) [16, 17, 26–30], a hyperbranched
polymer with a highly biocompatible surface [16], has been
proposed for building biological scaffolding and increasing
the hydrophilicity of CNTs [17, 28], reducing their aggrega-
tion and size polydispersity, and consequently diminishing
their cytotoxicity [16, 29, 31]. Additionally, it has been found
that PCA polymerization process does not generate pollutant
particles [27].

The polymerization of MWNTs with PCA starts with the
acid-functionalized MWNTs (fMWNT) and is followed by
the addition of PCA, which covalently joins carboxylic func-
tional groups of PCA and fMWNTs via a cleavable ester,
obtaining polycitric acid-MWNTs (PMWNTs), an interesting
material for nanomedicine applications [17, 27, 28, 30, 32].
Although in cell therapy, mesenchymal stem cells (MSCs)
cultured on scaffolding are a real option in the field of tis-
sue engineering [33] for generate or repair of new tissue
[8, 9, 34, 35], one of the major limitations is still the lack
of anchoring between the damaged tissue and the cells
that are supplied, because the MSCs applied by suspension
directly in damaged areas produce little or null improve-
ments on the surrounding damaged tissue [36] by trans-
differentiation effect. Thus, the production of adequate
scaffolds for proliferation and anchorage of MSCs is a funda-
mental aspect for future investigation [37] Despite that poly-
merized CNTs with other materials have effects on the MSC
behavior, promoting adhesion [18, 38–40], changing stem
cell’s shape [7, 8, 41, 42], and providing signals that may pro-
mote proliferation or differentiation [18], it is unknown if
polymerized CNTs with PCA could help as intermediaries
or structurally could act as a kind of staple between the extra-
cellular matrix of a damaged tissue with the extracellular
matrix of MSCs previously treated in vitro with PMWNT
before injected. However, based on the reports of cytotoxic
effects of fCNTs [11, 14, 15, 19, 25] and polymerized CNTs
(PCNT), with PEG, PU, and PET [19, 25], prior to consider-
ing PMWCNT as biological scaffolding for MSCs, it is
mandatory and fundamental to start by performing cytotoxic
assays of cells in contact with fCNTs and fPCA-CNTs. Thus,
the aim of this work is to generate and characterize a set of
functionalized and PCA-polymerized CNTs to evaluate their
behavior on a cellular in vitro model of MSCs derived from
primary cultures (bone marrow). This model ensures a clean
and clear genetic background without the presence of genetic

disorders such as those accumulated in cell lines previously
preestablished and characterized, like those of traditional cell
lines [43]. Therefore, MSCs are an excellent model to evalu-
ate several biological parameters such as proliferation, apo-
ptosis, cytotoxicity [36] changes in their multipotent
differentiation patterns [38, 41, 42], and cell proliferation
[18]. The, CNTs used in this work were fully characterized
after functionalization and PCA polymerization. Then, cell
viability and apoptosis assays were performed, and by confo-
cal microscopy the cell morphology and presence of CNTs
were evaluated.

2. Materials and Methods

2.1. Synthesis of CNTs. MWNTs and nitrogen-doped nano-
tubes (CNx) were synthesized by chemical vapor deposi-
tion (CVD), following a procedure similar to the one
reported by Botello-Méndez et al. [44]. Mainly a tubular
furnace with a tubular quartz reactor, and quartz sub-
strates (Figure 1(a)), is heated under a 0.2 l/min Ar flow.
After reaching 850°C, microdroplets of ferrocene/toluene
(3.5/96.5wt%) or ferrocene/benzylamine (3.5/96.5wt%)
solutions were supplied—as the Fe, C, and N feedstock—by
a spray pulverization chamber (Pyrosol 7901, France), at a
flow rate of 2.5 l/min. After 15 minutes of CVD reaction,
the system is allowed to cool down to room tempera-
ture. MWNTs and CNx were obtained from the ferrocene/
toluene and ferrocene/benzylamine solutions, respectively.
The length of the nanotubes are around 400μm, growing in
a “forest-like” form perpendicular to the quartz substrate
surfaces (Figure 1(a)).

2.2. Functionalization. After the CNT synthesis, both types of
nanotubes, MWNTs and CNx, were independently acid
treated for functionalization (Figure 1(b)) [45]. 0.6 g of the
CNTs were sonicated (at 750W and 20 kHz/kwatts) for
4 hours [46] in 100ml of an H 2SO 4/HNO 3 3 : 1 by
3M acid solution [13]. The solution was filtered and
washed with NaOH 3M and bidistilled water. Finally,
solutions of fMWNTs and functionalized CNx (fCNx) in
bidistilled water were prepared at 3 different concentrations,
1000 ng/ml, 100 ng/ml, and 10ng/ml, by ultrasonic process-
ing for 4 hours [46].

2.3. Citric Acid Polymerization onto FMWNTs and FCNxs.
A total of 0.1 g of the respective functionalized CNTs,
either fMWNTs or fCNxs, was added to a round bottom
flask (Figure 1(c)); simulating the polymerization ampule
equipment, the flask was set on a water bath, with mag-
netic stirrer and a low vacuum inlet. Five grams of mono-
hydrate citric acid was added to the flask. The mixture was
heated up to 120°C and stirred at this temperature for
30min. After removing the water with a vacuum line,
the reaction temperature was raised to 140°C and stirred
at this temperature for 1 h. Again, the produced water
was removed by the vacuum line, and the reaction tem-
perature was raised to 160°C [28]. Hence, citric acid could
be polymerized onto the fMWNTs or fCNxs through poly-
condensation reaction. Polymerization was continued in
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this temperature under dynamic vacuum for 1.5 h. The
procedure was like the one reported Sarlak et al. [26].
Due to the poor solubility of fCNTs and citric acid in
the organic solvents, melting esterification is the best
method for a polycondensation reaction between fCNTs
and citric acid [27, 28]. We used monohydrate citric acid
to overcome the problem of the decomposition of citric
acid problem because its melting point is 100°C. At this
temperature, polycondensation reaction partially occurs
between PCA and fMWNTs or fCNxs. Then, water can
be removed, and an increment of the reaction temperature
leads to hyperbranched polycitric acid grafted onto fCNTs
or fCNxs, obtaining PCAylated MWNTs (PMWNT) and
PCAylated CNx (PCNx), respectively (Figure 1(c)). The
mixture was cooled and dissolved in acetone, and the
product was precipitated in bidistilled water. Finally, for
the biological tests, as for fMWNTs and fCNXs, solutions
of PMWNTs and PCNxs were prepared at 1000 ng/ml,
100 ng/ml, and 10ng/ml using bidistilled water in an ultra-
sonic processor for 4 hours.

2.4. CNT Characterization. For morphological characteriza-
tion, a dual-beam scanning electron microscope (SEM, Nova
200 Nanolab, USA) was used, coupled with an X-ray Si (Li)
ultrathin window energy dispersive spectrometer (EDS) for
low atomic number detection. The quantitative estimation
of the elemental atomic percent was done with the ZAF
method implemented on the EDAX EDS Genesis software,
with a maximum accuracy error of 1wt.%. A transmission
electron microscope (TEM, Tecnai G2 F30 S-TWIN, UK)
was used to analyze the CNT structure. Statistical evaluation
of diameters was carried out on samples containing
fMWNTs, fCNx, PMWNTs, and PCNxs. The Raman analy-
sis (Horiba Jobin Yvon, LabRAM HR800, France) was
performed with a 633nm laser. The infrared (IR) spectra
were examined with a Fourier-transform IR spectrometer
(Thermo Scientific, Nicolet iS5 ID5 ATR, USA) from 1000
to 3500 cm−1. Thermogravimetric analysis (TGA) (Q500,

USA) were performed under a N2 flow of 50ml·min−1 follow-
ing a calibration procedure of an isothermal heating in a
heating rate of 2°C/min reaching 100°C for 30min. Then,
thermal analysis started at room temperature reaching
200°C with a heating rate of 2°C/min.

2.5. Cell Culture. MSCs derived from rat bone marrow were
isolated and cloned from a heterogeneous culture [47],
seeded at 10000 cell/ml suspensions, and grown in 3.0 cm2

plate dishes with α-MEM medium (Sigma-Aldrich, USA)
with supplemented fetal bovine serum (10%), penicillin
(10,000U), streptomycin (10mg/ml), and amphotericin B
(25mg/ml) (Sigma-Aldrich, USA). Then, the culture was
incubated at 37°C and 5% CO2 with the three different con-
centrations of each kind of nanotubes: fMWNTs, PMWNTs,
fCNxs, and PCNxs, at 10, 100, and 1000 ng/ml.

2.6. Cellular Proliferation. Following the cell culture prepara-
tion, a trypan blue exclusion test (TBET) [14] was performed
at 0, 24, 48, 72, and 144 hours. The cells were trypsinized and
resuspended in fresh culture medium. Finally, cells were
counted on a hemocytometer. The cellular proliferation test
was done in triplicate.

2.7. Apoptosis Assay. The cells treated at different concentra-
tions (10, 100, and 1000 ng/ml) of fMWNTs, PMWNTs,
fCNxs, PCNxs, and MSCs during 48, 72, and 144 hours were
trypsinized and resuspended using an Annexin V/propidium
iodide assay kit (ellEvent, USA). The cells were washed
with phosphate-buffered saline/bovine sserum albumin
(PBS/BSA) and incubated at room temperature with a
solution of annexin-V-FLUOS and propidium iodide for
30min, as suggested by Jiang et al. [47]. The cells were
then analyzed by flow cytometry, monitoring the fluores-
cence emission at 395/525 nm for annexin V-FITC and
483/659 nm for PI in a flow cytometer (FACSCalibur; Becton
Dickinson, USA). The cells were seeded by triplicate; the
assay was carried on in untreated MSCs as pure control

Spray chamber

Ar

Toluene/ferrocene or
benzylamine/ferrocene
solution

Quartz substrate

Quartz reactorTubular furnace
CNTs

MWNT PMWNTCNx
(a) (b) (c)

PCNxfMWNT fCNx

H2O + H2SO4/HNO3 + CNTs fCNTs + PCA PCNTs

PCA

Vacuum

Figure 1: Schematic representation of the three steps for the nanotube synthesis (a), acid functionalization (b), and PCA polymerization (c),
as described in the methodology. The bottom panels represent a pristine MWNT and a pristine CNx, with green spheres representing the
nitrogen dopants. Nanotubes are functionalized, which causes some alteration in their external layer and finally polymerized, covered by a
PCA layer.
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and MSC positive control containing 25, 12.5, and 2.5μl
of hydrogen peroxide, respectively.

2.8. Confocal. Cells were grown on cover slips, treated at
100ng/ml of each type of nanotubes after 72 hours of incuba-
tion time, which was washed with PBS and fixed with 4% w/v
paraformaldehyde (PFA) (Sigma-Aldrich, USA). A nuclear
immunofluorescence staining was performed with Draq7
(bio status). The presence of nanotubes was revealed by
autofluorescence using a laser beam at 488 and an emission
filter 505-30 LB, while nuclei were seen also at 488 and 633
LB. Images were captured using a confocal microscopy
(Zeiss, Germany) and analyzed by the Zen 2009 software
and a confocal microscope Leica Mod. TCS sp 8x with a
LAS AF 3.3.0 software.

2.9. Statistics. Three independent repetitions of each biologi-
cal experimental treatment were done. Data are expressed as
a mean standard deviation of the experiments. Statistic
analysis was performed by analysis of variance (ANOVA).
Statistical significance was inferred at p 0.05.

3. Results

3.1. Nanotubes Characterization. The morphology and struc-
ture of fMWNTs, PMWNTs, fCNxs, and PCNxs are shown
in the micrographs of Figure 2. The average width of the
nanotubes after the functionalization is shown in Table 1,
suggesting that PCA increases their diameter by 20% for
fMWNTs and 24% for fCNxs. The TEM micrographs in
Figures 2(b) and 2(f) show some degree of disorder on the
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Figure 2: Representative SEM micrographs of (a, b) fMWNT, (c, d) PMWNT, (e, f) fCNxs, and (g, h) PCNxs. Black arrows in (b) show the
functionalized edge of the CNT, while the arrows in (f, h) indicate the typical bamboo-like structure of the CNx. Arrows also indicate the thin
PCA film on the surface of the (d) MWNT and the (h) CNx. The EDS spectra of the four samples are included (i); the quantitative data for C,
Fe, N, and O is provided in Table 1, with a faint silicon signal arising from the substrate.
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external walls of the acid-treated CNTs, which complement-
ing with the IR spectroscopy information (Figure 3) indicates
the presence of carboxyl functional groups on the walls of
the nanotubes, generated during the acid functionalization
[45, 46]. A different kind of disorder is also noticeable as
bamboo-like structures in the inner part of the fCNxs
and PCNxs as shown in Figures 2(f) and 2(h), indicating
the presence of nitrogen as a doping agent [48]. During
synthesis of CNxs, the nitrogen tends to incorporate pen-
tagons on the hexagonal structure of the nanotube, affect-
ing its crystallinity and inducing curvature on the inner
nanotube surfaces, generating the bamboo-shaped struc-
tures in the interior [49, 50]. Currently, CNxs are being
investigated, since the effects of these irregularities may
favor the interaction with polymers [48]. The polymeriza-
tion of the CNTs by PCA is noticeable in Figures 2(d) and
2(h), where a thin layer of polymer covers the correspond-
ing nanotubes, like those reported by Jiang et al. [47].

The elemental compositions for each of the four types of
CNTs are shown in the EDS spectra (bottom of Figure 2 and
Table 1), confirming that the nanotubes do not contain
enough weight percentage of Fe pollutants that may cause
cytotoxicity [15, 48]. The Fe nanoparticles are found inside
the CNTs, and thus not in contact with the environment
and finally not with the MSCs, avoiding chance of cytotoxic-
ity by Fe. In fact, one of the positive side effects of the func-
tionalization is to remove most of the catalyst nanoparticles
or other compounds that are in contact with the nanotube
during growth [16]. Raman spectra in Figure 4(a)) yield data
about the types of nanotubes and their defects [51]. Impuri-
ties and defects of carbon nanotubes are usually understood
on the basis of the D band at about 1350 cm−1, as reported
by Datsyuk et al. [52] where the intensity (I) of the D band
is related to the concentration number of defects. In contrast,
the G band is associated with the graphitic or crystalline
structure of the tubes and is located at 1588 cm−1. The
I D/I G ratio has been obtained for the four types of nano-
tubes, and it relates the defects and the crystallinity of the
tubes. Functionalization and polymerization increase the
amount of disordered carbon caused by the partial alteration
of fMWNTs and fCNxs during the exfoliation of bundles and
the polymerization treatment [50, 53]. The intensity of the D
and G bands is almost constant for the MWNTs and the
CNx, respectively (Figure 4); that is, only a small change in
the I D/I G ratio appears when functionalized nanotubes are
polymerized. As expected, fMWNTs and PMWNts show a
higher intensity in G band in comparison with fCNxs

and PCNxs. The I D/I G ratios of fMWCNTs and fCNxs
are ~0.41 and ~0.89, respectively, while the ratio of
PMWNTs and PCNxs are ~0.43 and ~0.82, respectively
(Table 1); results derived from the mechanism of oxidation
during functionalization, more effective for the external walls
of the CNxs.

The chemical compositions of the 4 types of nanotubes
were further confirmed by IR spectroscopy (Figure 3). All
the samples show the main absorbance bands between 1750
and 2200 cm−1, related to the C-C bonds of the CNT

Table 1: Data of the four types of nanotubes including C, N, and Fe wt.% estimated by EDS with an estimated error of 1%; diameter of the
CNTs obtained by SEM and the ID/IG ratio by Raman spectroscopy.

(wt% C) (wt% O) (wt% N) (wt% Fe) Diameter (nm) ID/IG
fMWNTs 94.98 2.6 — 2.44 ≈89.2 0.41

PMWNTs 93.96 4.23 — 1.81 ≈107.2 0.43

fCNx 92.48 3.3 2.84 1.38 ≈69.3 0.89

PCNx 93.22 3.82 1.01 1.94 ≈86.4 0.82

METHOD EDS-SEM EDS-SEM EDS-SEM EDS-SEM SEM RAMAN
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Figure 3: Infrared spectra of (a, c) acid-functionalized MWNTs
and CNxs, respectively, showing the bands between 1750 and
2200 cm−1 related to the C-C bonds. The OH band obtained by
functionalization is present at 2500 cm−1. For the polymerized
CNTs (b, d), the broad band at 3600 cm−1 is related to the OH
groups associated to PCA.
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Figure 4: Raman spectra of CNTs using a laser exciting line of
633 nm. G and D bands appears in all the samples at around
1588 cm−1 and 1350 cm−1, respectively.
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structure. While an increase in the intensity of this band is
found in Figure 3(b) and (d) due to the bonds of the polymer,
the carbonyl groups of the OH bands, obtained from the
functionalization, are slightly marked at 2500 cm−1 in the 4
samples. The broad absorbance bands of PMWNTs and
PCNxs (Figure 3(b-c)) around 3200 and 3500 cm−1 are
related to the OH associated with acidic and alcoholic
hydroxyl functional groups of the polymer [28, 29]. After
SEM, TEM, and Raman characterization, confirming the
structure of the functionalized and polymerized nanotubes,
the IR results shown in Figure 3, consistent with the liter-
ature [28, 29, 31], further confirm the adequate functiona-
lization and polymerization performed on the CNTs used
in this experiment. Furthermore, data from thermal gravi-
metric analysis (TGA) (not shown) indicates that the
amount of carboxylic acid groups and PCA bound to the
CNTs do not change with the temperature rise; all the
samples keeping a constant weight in the range from
15°C to 200°C with only 1% of variation, consistent with
Vicente et al. [45]. Taking into account that the tempera-
ture required for the biomedical experiments is between 25
and 45°C, the TGA results ensure that if for some reason
there are temperature fluctuations during the process, the
chemical conformation of CNTs is not affected.

3.2. Biological Assays. Once the different CNT samples were
characterized, we proceeded to carry out the biological assays
with derived rat bone marrow MSCs as primary cultures.
The effect on cell proliferation of MSCs for different con-
centrations of CNTs is shown in Figure 5. At 10 ng/ml
(Figure 5(a)), the most significant proliferative result comes
from fMWNTs, which in comparison with the control sam-
ple, almost doubles the amount of cells at 48 and 72 hours.
PMWNTs show less proliferation with similar behavior with
respect to the control sample at 10 ng/ml for both 48 and
72 hrs. In contrast, fCNxs and PCNxs do not show prolif-
erative capability at 10ng/ml. At 100ng/ml (Figure 5(b)),
fMWNTs and PMWNTs present a high proliferative

growth behavior. In contrast, fCNxs and PCNxs remain
with a lower proliferative capacity than the control sample
at all times. Using the highest concentration, 1000 ng/ml
(Figure 5(c)), it was remarkable that cell growth was not
present in any sample, with the exception of the control
one. The results of proliferative analysis for fMWNTs
and PMWNTs differ with the behavior reported by Jiang
et al. for PEGylated MWNTs in macrophage model cells
[47], with our MWNTs showing a higher proliferative rate
than the macrophage cells. In order to demonstrate
whether cells incubated with fCNXs and PCNXs were dying
or not proliferating, an apoptosis assay by flow cytometry
using the same concentrations was performed, quantifying
annexin V. From the apoptosis results of the 10ng/ml con-
centration (Figure 6(a)), it is evident from the beginning of
the experiment that fCNxs cause cell death. The effect of
the polymer is clear, with PCNxs presenting a lower level of
apoptosis than fCNxs. The apoptotic tendency of fCNxs is
confirmed by the proliferative assay shown in Figure 5(a),
where at the same concentration and time, both fCNxs and
PCNxs do not proliferate in comparison with the control
sample. The cytotoxicity of CNxs could be related to the high
degree of defects confirmed by the I D/I G ratio (Table 1).
Correspondingly, at 10 ng/ml, fMWNTs generate apoptotic
behavior in a similar relation to the control, while PWNTs
present a lower apoptotic behavior; that is, fMWNTs and
PMWNTs induces higher proliferative capacity in contrast
to fCNxs and PCNxs (Figure 5(a)). The apoptotic behavior
of fCNxs at 100ng/ml is the highest among the four types
of CNT solutions (Figure 6(b)), similar to the behavior at
10 ng/ml. PCNxs at 100ng/ml also present low apoptotic
behavior with respect to fCNxs, in comparison with the
10 ng/ml concentration still presenting a higher apoptotic
percentage in contrast to the positive control. Accordingly,
the proliferative behavior of both fCNxs and PCNxs at
100 ng/ml always presents lower levels than untreated cells.
Thus, it is very significant that for all CNxs, when inducing
apoptosis, its proliferative capability decreases. In contrast,
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Figure 5: Bar plots of the proliferation effects on MSCs versus incubation time at different CNT concentrations for the four types of CNTs
and a control sample. At concentrations of 10 and 100 ng/ml, fMWNTs and PMWNTs promote cell proliferation; contrarily, fCNxs and
PCNx causes inhibition. A 1000 all CNTs show a cytotoxic effect. The trypan blue escalation was performed to evaluate the cell viability.
Data are representative of three independent experiments and are expressed as the mean of at least three experiments with p< 0.05.
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fMWNTs and PMWNTs, at 100ng/ml, present a higher
apoptotic level than the positive control (still lower than
fCNxs and PCNxs). In spite of this, their proliferative ten-
dency does not diminish, increasing at all times; that is, their
proliferation is activated in a significant way, particularly for
fMWNT treatment. It seems that MSCs at 100 ng/ml of
MWNTs show resistance to cell death and even enhance
their proliferation. As time passes for the 100ng/ml concen-
tration, proliferation increases in all cases and the apoptosis
decreases (Figures 5(b) and 6(b)). Remarkably, the PMWNT
solution presents the lowest apoptotic induction and a high
proliferative capacity for all times, including the 144-hour
assay. Kroustalli et al. [54] reported similar results, show-
ing that PMWNTs support adhesion and proliferation of
hMSCs. Other studies indicate that polymerized CNTs
present less impact in the activation of the oxidative
responsible for the apoptotic pathway [55–57].

Finally, at the highest concentration of 1000 ng/ml
shown in Figures 5(c) and 6(c), all the samples showed
the lowest proliferative capacities sharing the same apopto-
tic tendencies and the same cytotoxic effects. Interestingly,
the most significant results for both proliferation and apo-
ptosis assays are at concentrations of 100 ng/ml (shown in
Figures 5(b) and 6(b), respectively, and proved statistically
by three independent experiments, showing high prolifera-
tion and apoptosis for MWNTs and CNxs, respectively.
The next step was to analyze by confocal microscopy the
behavior of MSCs in cultures performed with CNTs from
each group, focusing mainly in the 100 ng/ml concentra-
tion. Figure 7 shows the evaluation of cellular morphology
and intracellular incorporation of external agents for the
cultured MSCs with CNT solutions at 100ng/ml. Starting
with the behavior of the control sample for reference in
Figure 7(a) (i–iv), a standard nuclear morphology is
observed in the red fluorescence channel (Figure 7(a) (i)).
Since no CNTs are present in the control, no fluorescence
from CNTs is observed in the green channel of Figure 7(a)
(ii); the match for both channels only presents the red fluo-
rescence with a normal morphology of the whole cell,

observed in the visible light channel of panel (iv) of
Figure 7(a)). The effects of 100ng/ml solutions for all CNTs,
fMWNTs, PMWNTs, fCNxs, and PCNxs, are shown in
Figures 7(b)–7(e), respectively. Panels (i) of Figures 7(b)
and 7(d) correspond to the red fluorescence from fMWNTs
and fCNxs, respectively, both showing an apoptotic behav-
ior represented by the nuclear destruction indicated by
white circles. In comparison, PMWNTs and PCNxs, in
panels (i) of Figures 7(c) and 7(e), respectively, show a
well-ordered nucleus, morphologically identical to the
control (Figure 7(a) (i)); a clear evidence that the PCA
polymerization reduces the apoptotic behavior of fCNx
as shown in Figure 6(b)).

Panels (ii) in Figures 7(b)–7(e) show the green fluores-
cence of the corresponding nanotubes inside the MSCs.
Particularly, in the case of fMWNTs and fCNxs, shown in
Figures 7(b) and 7(d), there is an evident presence of
nanotubes in green, indicated by white arrows.

Panels (iii) in Figure 7 result from merging the red and
green channels, corresponding to panels (i) and (ii), illustrat-
ing the exact position of the nanotubes with respect to the
nucleus. Finally, visible light panels (iv) are included, where
the fibrillar structure of fMWNTs and fCNxs are clearly
shown inside the cells. In addition to apoptosis decrease in
treated cells with PMWNTs, it is interesting that these CNTs
in a major quantity remain around and out of cell (Figure 8).

4. Discussion

The uptake mechanism for carbon nanotubes has been
explored [58]; seemingly, functionalization impacts directly
regarding MWCNTs uptake mechanisms [59]. MWCNTs
are internalized according to their diameter and length
ratios as well as their size and concentration within the
milieu [60]. Accordingly, as shown in Figures 7(b) and
7(d), fMWNTs and fCNxs localize inside the cell, a similar
situation to that reported by Adeli et al. However, because
of a structural and chemical modification, adding PCA,
PMWNTs, and PCNxs is encountered in fewer occasions
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Figure 6: Apoptosis evaluation. fMWNTs, PMWNTs, fCNxs, and PCNxs induced apoptosis at the MSCs in comparison with the positive
control and the pure control of untreated cells at CNT concentrations of 10 ng/ml (a), 100 ng/ml (b), and 1000 ng/ml (c). Apoptosis was
evaluated by an Annexin/propidium iodide assay kit using a flow cytometry, determining death cell by activation of Annexin V.

7Journal of Nanomaterials



inside the cells as compared to nonPCAylated CNTs,
although they present the required dimensions to be incorpo-
rated. The fact that PMWNTs and PCNxs do not enter the

cell can be attributed to the high presence of oxygenated
groups, like those encountered in the hyperbranched PCA
surfaces, which interact with proteins of the extracellular

(a)

(b)

(c)

(d)

(e)

Figure 7: Confocal microscope images of the MSC cells incubated during 72 hours in the 100 ng/ml solution for each type of nanotube.
(a) Control sample showing the red fluorescence field (at 488 nm) where the nuclei morphology is unaffected (i), the green fluorescence
(at 633 nm) of CNTs with no trace of them (ii), the match of (i) and (ii) in (iii), and the bright field of the sample (iv). White arrows in
panels (b–e) show the intracellular distribution of fMWNTs (b), PMWNTs (c), fCNxs (d), and PCNxs (e). Panels (i) show the red
fluorescence field, illustrating the nuclei morphology; the white circles in (b, i) and (d, i) show apoptotic nuclei. Panels (ii) show
green fluorescence of CNTs with clear nanotube presence in the fMWNT and fCNx samples (b, ii) and (d, ii), respectively. Panels
(iii) show the match of (i) and (ii). Panels (iv) show the bright field where fMWNTs and fCNxs clearly present the fibrillar
structure of the CNTs inside the MSCs.
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matrix, reducing the cellular endocytosis mechanism [55].
Figure 8 reinforces the fact that the polymerized nanotubes
enter the cell in lower amount than functionalized nano-
tubes, remaining in the periphery. This fact is relevant,
because it would allow the MSCs have better capacity to
adhere to tissue to which they are intended, once they are
pretreated with PWCNT.

The effect on the morphology of the MSCs, in contact
with PMWNTs and PCNxs, does not present major changes,
contrasting with the results of hyperbranched polymers like
PEG, reported by Murphy et al. [18, 61].

A subject of great relevance is to continue the study of the
interaction between PCNTs and MSCs, but there are some
interesting questions to answer beforehand, for example,
can the interaction between PMWNTs and MSCs induce
growth factors and secretion of substances from the cells?
[18, 62]. Can the polymer interact with molecules found in
the extracellular matrix [61–64], such as glycoproteins? Will
this allow binding to a range of growth receptors with high
affinity [18] or simply increase the adhesive capacity of the
material? [54, 65, 66].

Although the initial objective of this work was to evaluate
the cytotoxicity of CNT functionalized and polymerized in
MSC in culture, as has been done, our study opens new
fields in cell biology research for possible CNT applications
modified for cell grafts.

Given these results, fCNTs entering the cell [16, 58, 67, 68]
adhere to growing evidence for the fCNTs to be used as drug
carrier vehicles [58, 67–72] in cancer therapy [55, 67, 70, 72],
as well as for studies of cytotoxic effects [55, 58–60, 73–76].
The green fluorescence of the confocal images inside the cells
confirms the fCNx uptake, a phenomenon that can be used
for optical stimulation of CNTs inside living cells to afford
multifunctional biological transporters of CNTs. Thus, the
transporting capacity of CNTs combined with a suitable
chemistry functionalization and their intrinsic optical prop-
erties can lead to novel nanomaterials for drug delivery and
cancer therapy.

With the perspective of scaffolding production and
design [77–79], CNTs coated with PCA may provide a clear
advantage for the design of scaffolds; coated CNTs do not
cause intracellular damage, because the PMWNTs cannot
be internalized inside cells. So, scaffolds produced with
PCNTs could be able to promote novel tissue formation,
favoring cell adhesion and proliferation. Related to our
results is the suggestion to use nanotube-based films linked
by a bi- or tridimensional network of PCA to prevent indi-
vidual nanotubes from being dislodged and entering the cell,
expecting to resemble the tissue extracellular matrix [77–79],
providing adequate structural support and favoring a good
biomedical development.

Finally, to continue the analysis of carbon materials with
the presence of MSCs, the use of PCA-polymerized gra-
phene structures could be proposed as a biomaterial [80],
hoping that graphene properties could provide different
and interesting cellular responses.

5. Conclusion

This is the first time that PCA-polymerized CNTs have been
used with MSCs to fix to the cellular matrix, whose result is
positive and offers stability scaffold on MCS cells, having
ample possibilities to generate a bridge between cells and
tissues through which could facilitate the adherence of MSC
directly to tissue in cell regeneration processes. An additional
advantage is that nanotubes do not interfere on morpholog-
ical process because the MSCs in contact with PMWNTs
and PCNxs do not present major changes, in comparison
with other type of hyperbranched polymerized CNTs. Our
results show that apoptotic and proliferative behavior is sim-
ilar between cells treated with fCNxs and PCNxs (Figure 5),
presenting the lowest proliferative rates and the highest
apoptotic levels (Figure 6). Functionalized and polymerized
MWNTs present a higher proliferative rate and relatively
low apoptotic behavior (at 100 ng/ml). According to the
results, possible applications of the tested nanotubes in this
work are proposed: fCNxs and PCNxs possibly suitable for
the transport of substances inside the cell. fMWNTs and
PMWNTs were proposed as viable materials for possible bio-
medical applications as cellular scaffolding.
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This study designed an efficient one-step method for synthesizing carbon-based nanofluids (CBNFs). The method employs the
vortex trap method (VTM) and an oxygen-acetylene flame, serving as a carbon source, in a manufacturing system of the VTM
(MSVTM). The flow rate ratio of O2 and C2H2 was adjusted to form suitable combustion conditions for the reduced flame. Four
flow rate ratios of O2 and C2H2 were used: 1.5 : 2.5 (V1), 1.0 : 2.5 (V2), 0.5 : 2.5 (V3), and 0 : 2.5 (V4). The morphology, structure,
particle size, stability, and basic physicochemical characteristics of the obtained carbon-based nanomaterials (CBNMs) and
CBNFs were investigated using transmission electron microscopy, field-emission scanning electron microscopy, X-ray diffraction,
Raman spectrometry, ultraviolet–visible–near-infrared spectrophotometry, and a particle size-zeta potential analyzer. The static
positioning method was utilized to evaluate the stability of the CBNFs with added EP dispersants. The evaluation results revealed
the morphologies, compositions, and concentrations of the CBNFs obtained using various process parameters, and the relation
between processing time and production rate was determined. Among the CBNMs synthesized, those obtained using the V4-0
flow rate ratio had the highest stability when no EP dispersant was added. Moreover, the maximum enhancement ratios of the
viscosity and thermal conductivity were also obtained for V4-0: 4.65% and 1.29%, respectively. Different types and concentrations
of dispersants should be considered in future research to enhance the stability of CBNFs for further application.

1. Introduction

Nanofluids (NFs) are solid-liquid mixtures containing
nanoscale materials such as nanoparticles (NPs), nanofibers,
nanotubes, nanowires, nanorods, nanosheets, and droplets.
The base fluids are commonly used fluids such as ethylene
glycol (EG), mineral oil, or a mixture of various liquids
(e.g., EG and water or water and propylene glycol) [1, 2].
The primary advantage of NFs is that they have superior
thermophysical properties to conventionally used fluids.
These superior thermophysical properties result in higher
efficiency of their heat exchange [3, 4].Moreover, the addition
of nanoscale particles to NFs can result in considerably lower
pressure drops, blocks, wear, and energy consumption in heat
exchange system pipelines, thereby improving the availability

of NFs. Therefore, NFs have numerous potential applications
in engineering, especially in the fields of electromechanics,
air conditioning, automobiles, manufacturing, machining,
solar energy, building structures, and biomedicine [5–10].

The NF synthesis methods can be divided into two
categories—one-step and two-step methods. In the one-step
method, NPs are directly synthesized in base fluids; thus, the
synthesized NFs have high stability. However, the geometric
appearance and size of the NPs and the concentration of the
NFs are limited. In the two-step method, NPs are synthesized
in advance and then distributed in the base fluid to form
an NF. The concentration and particle size distribution of
the NFs produced in the two-step method can be easily
controlled; however, theseNFs have low stability.Therefore, it
is crucial to improve the long-term stability of NFs by adding
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dispersants and conducting pH control, mechanical stirring,
and dispersion [5, 11].

The one-step methods for producing NFs, such as sput-
tering arc discharge, laser ablation, water-assisted synthe-
sis, and flame synthesis, are the most common. Ishida et
al. [12] prepared thiolate-protected fluorescent silver NPs
by conducting sputtering deposition onto a liquid matrix.
Nguyen et al. [13, 14] synthesized Ag–Au alloy NPs in
a liquid by utilizing a novel approach known as double
target sputtering. This method allows the manipulation of
NP composition, size, and optical properties by controlling
the sputter parameters for each metal target. Farajimotlagh
et al. [15] synthesized 𝜂-Al2O3 NPs by conducting direct-
current arc discharge in ethanol and methanol, which are
environmentally friendly liquid carrier media.The size of the
synthesized NPs was between 37 and 50 nm. Hayashi et al.
[16] prepared hydrophilic carbon NPs (CNPs) from amino
acids by conducting pulsed arc discharge over an aqueous
solution surface under pressurized argon at 4MPa. This
method produced CNPs that were highly dispersible in water
because the amino acids provided hydrophilic groups. Zhang
et al. [17] efficiently prepared silver NPs by using large-area
arc discharge in a liquid.Theminimumsize of the synthesized
silver NPs was 33 nm. Amans et al. [18] reviewed the nanocar-
bon material preparation methods that employed a pulse
laser in a liquid. Palazzo et al. [19] prepared “naked” gold
NPs (AuNPs) in the absence of capping agents by performing
pulsed laser ablation in a liquid; these AuNPs were stabilized
by negative charges. Krstulović et al. [20] prepared colloidal
Al-doped ZnO NPs by using Nd:YAG pulsed laser ablation
of a ZnO:Al2O3 target with two laser wavelengths (1064 and
532 nm) in a water medium. The size of the synthesized Al-
doped ZnONPs was between 20 and 30 nm. Sathya et al. [21]
presented a simple, one-step approach named microwave-
assisted synthesis for the preparation of water-dispersible
magnetic nanoclusters (MNCs) of superparamagnetic iron
oxide; this method involved reducing Fe2(SO4)3 in sodium
acetate, polyethylene glycol, and EGwithin amicrowave reac-
tor.The average size of theMNCs increased from 27 to 52 nm
as the reaction time was increased from 10 to 600 s. Golestan
et al. [22, 23] studied nanocatalysts that were synthesized
through a hydrothermal procedure in a fixed-bed reactor.
Teng et al. [24] fabricated nanocarbon-based NFs using the
oxygen-acetylene flame synthesis method. By adjusting the
oxygen-acetylene ratio, the size of the synthesized CNPs
was varied between 20 and 30 nm. In the present study, the
oxygen-acetylene flame synthesis method was employed to
produce CNPs, and hybrid NFs were collected using vortex
trap equipment. This method is a fast, efficient, simple, and
energy-conserving approach to the synthesis of carbon NFs.

In recent years, numerous studies of materials such as
nanocarbons, carbon nanotubes, and graphene have been
conducted and have discovered that these materials have
high thermal conductivity [25–28], excellent heat transfer
performance [29, 30], and physical properties that are unique
for such materials [21–34]. Therefore, carbon-based nano-
materials are one of the most popular research areas. This
study employed the vortex trap method (VTM) with an
oxygen (O2)–acetylene (C2H2) flame as the carbon source

to develop a manufacturing system of the VTM (MSVTM)
for fabricating carbon-based NFs (CBNFs) through the one-
step synthesis method. The MSVTM has features such as
a simplistic system design, low-cost production, convenient
and safe manufacturing procedures, and no requirement of
additional chemicals. Moreover, the CBNFs produced using
the one-step synthesis method generally have high suspen-
sion performance because of the optimal surface wettability
of the suspended nanoparticles. The MSVTM was used at
various flow rate ratios of O2 and C2H2 to produce varying
combustion conditions of the reduced flame. The morphol-
ogy, structure, particle size, suspension performance, and
basic physicochemical characteristics of the carbon-based
nanomaterials (CBNMs) and CBNFs were investigated by
utilizing appropriate techniques such as transmission elec-
tron microscopy (TEM), field-emission scanning electron
microscopy (FE-SEM), X-ray diffraction (XRD), Raman
spectrometry, ultraviolet–visible–near-infrared spectropho-
tometry (UV–Vis–NIR), and a particle size-zeta potential
analyzer. Moreover, the feasibility of manufacturing CBNFs
by using the MSVTM was evaluated.

2. Preparation of CBNFs

The one-step synthesis method known as the VTM was
employed to prepare CBNFs. The layout of the MSVTM for
synthesizing CBNFs is displayed in Figure 1. An O2–C2H2
flame was utilized as the carbon source. The MSVTM
comprised curved baffles, baffles with a labyrinth structure,
a jagged baffle, a smoke cover, a collection tank, an exhaust
fan, a digital mass flow controller (MFC), an electromagnetic
stirrer, and an O2–C2H2 torch. As shown in Figure 1, filtered
tap water was placed in the collection tank. Subsequently,
the electromagnetic stirrer (HMS-102, FARGO, Taiwan) was
turned on at approximately 500 rpm to create a disturbance in
the water and to increase the cooling and collection efficiency
on the water surface for suspended particles in air at stage 1.
Finally, the exhaust fan was switched on to produce air flow
(approximately 0.2m3/s), which generated negative pressure
in the MSVTM and sucked air from the front of the jagged
baffle.Due to the asymmetric shape of the jagged baffle’s holes
and the change in the internal structure and configuration
of the jagged baffle, a strong disturbance was caused in the
intake air of the MSVTM. Moreover, the strong disturbance
in the intake air produced a vortex that splashed the water
to cool and collect the suspended particles in the air. An
MFC was used to control the flow rate and O2–C2H2 ratio,
while a flame was produced using the O2–C2H2 torch. The
O2–C2H2 flamewas used as a carbon source andwas lit under
a smoke cover over thewater surface.The smoke generated by
the O2–C2H2 flame was sucked into the MSVTM.Therefore,
the smoke was cooled and condensed by the disturbed water
(stage 1) and splashing water (stages 2 and 3) to form a
CBNM. When the mixture of CBNM and water had flowed
into the collection tank, CBNFs were produced. This CBNF
manufacturing technology has considerable potential.

The manufacturing process parameters of the MSVTM
for yielding CBNFs are detailed as follows. The amount of
water in the collection tankwas 2 L for each process; theC2H2
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Figure 1: Schematic of the MSVTM for preparing CBNFs.

flow ratewas fixed at 2.5 L/min at a pressure of 1.5 kg/cm2; and
the O2 flow rate was controlled in the range 0–1.5 L/min at a
pressure of 3.0 kg/cm2. The flow ratio and pressure settings
of C2H2 and O2 were based on the settings used in previous
studies [24]. The O2–C2H2 fuel was employed in four flow
ratio configurations—V1 (1.5 : 2.5), V2 (1.0 : 2.5), V3 (0.5 : 2.5),
and V4 (0 : 2.5). The flame was a reduction flame because
the O2 proportion was lower than the C2H2 proportion.
An increase in the proportion of oxygen in the O2–C2H2
flame was expected to result in more complete combustion,
less smog, and less CBNM. In this study, each flow ratio

configuration was employed for 3, 6, 9, and 12min; thus, a
total of 16 CBNF samples were obtained. In the combustion
process, some water vaporized; thus, water was frequently
replenished to maintain the water level in the tank. When
the CBNFs were removed from the collection tank, 1 L of
water was slowly poured into the collection tank to drain the
carbon attached to the collection tank.The volume of CBNFs
yielded per process parameter and time configuration was
approximately 3 L.

To improve the suspension and dispersion performance
of the CBNMs in water, the collected CBNFs were stirred
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Figure 2: Photographs of CBNFs obtained using various process parameter configurations.

using a stirrer/hot plate (PC420D, Corning, USA) operated
at 450 rpm for 2 h, after which they were homogenized
at 5000 rpm for 20min using a homogenizer (YOM300D,
Yotec, Taiwan). Subsequently, the CBNFs were bathed in an
ultrasonic bath (5510R-DTH, Branson, USA) for 30min and
then subjected to an intermittent oscillation process (35%
amplitude, on/off duty cycle was 30/10 s) by using an ultra-
sonic liquid processor (Q700, Qsonica, USA) for 10min. By
using these dispersing devices consecutively and three times
for short periods, temperature increases in the dispersing
devices and the CBNFs were effectively prevented, thus
achieving excellent dispersion. This technique was employed
on the basis of the authors’ research experience. Figure 2(a)
displays photographs of the CBNFs fabricated using vari-
ous process configurations. In contrast to the V1 CBNFs,
which were almost transparent, the other CBNFs were dark.
Figure 2(b) displays all the samples that were statically
placed for 48 h to evaluate their suspension status; the V2
CBNFs exhibited obvious sedimentation. After dispersed
CBNFs were produced, they were subjected to a series of
examinations for determining their characteristics.

3. Evaluation of the Characteristics of
the CBNFs

3.1. Morphology, Crystallization, and Structure Analyses.
TEM (H-7100, Hitachi, Japan) and FE-SEM (JSM-7610F,
JEOL, Japan) were used to identify the morphologies of the
obtained CBNMs in the CBNFs. The shapes and sizes of the
CBNMs were determined. The crystallization of the CBNMs
was analyzed using XRD (D8 Advanced, Bruker, Germany)
with Cu K𝛼 radiation. Raman spectroscopy (532.15 nm, NRS
4100, Jasco, Japan) was employed to detect the Raman shift in
the D and G peaks of the CBNM spectra. The CBNFs were
placed on glass sheets (20 × 20 × 0.6mm3) and dried by
heating to form carbon films in advance of conducting XRD
and Raman spectroscopy. Because the concentrations of the
V1 CBNFs were extremely low, a vacuum concentrator was
used to increase the concentration of the test samples for all
the aforementioned measurements.

3.2. Production Rate Analysis. The CBNM production rate
for each process parameter configuration was measured for
determining the concentration of CBNMs in the CBNFs
[24]. A moisture analyzer (MX-50, A&D, Japan) was used
to remove moisture from a 25 g sample of each CBNF by
heating, and the remaining weight was utilized (weigh-
ing method) to estimate the CBNM concentration in the
CBNF sample. Samples were weighed before and after dry-
ing. Because the highest resolution of the moisture ana-
lyzer was only 1.0mg, a high-precision electronic balance
(0.01mg/42 g, GR202, A&D, Japan) was employed to improve
the weighing accuracy. The entire weighing procedure was
repeated four times, and the average value of test data was
calculated to determine the CBNMcontent weight of a CBNF
for each process parameter configuration. Finally, the actual
weight concentration in each CBNF was obtained from the
CBNM content weight and CBNF sample weight.

3.3. Stability Analysis. To appropriately employ the stabil-
ity test and facilitate the stability comparison (suspension
and dispersion performance), samples that were synthesized
using various process parameters were adjusted to the same
concentration by diluting with water or concentrating with
a vacuum concentrator, because the concentrations of all
the CBNFs were not equal. Moreover, if a CBNF had poor
stability, the accuracy and reliability of the characteristic
measurements were affected. Figure 2 displays that V2 had
poor stability, and obvious sedimentation was observed
through static positioning. Hence, the stability of each sample
was tested by adding a nonionic dispersant (EP dispersant,
polyoxyethylene alkyl ether; EP9050, First Chemical, Taiwan)
in various concentrations. The samples with optimal stability
were subjected to the followingmeasurements of particle size
(𝑑𝑝), zeta potential (𝜁), and basic physicochemical character-
istics. To determine their stability, the CBNFs were mainly
tested using static positioning and UV–Vis–NIR (V670,
Jasco, Japan). An elaborate account of the static positioning
method is provided as follows. First, a CBNF was placed
into a transparent sample bottle, and the sediment difference
was visually observed after 120 h. To measure the difference
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in the absorbance at the initial (ABS𝑖) and static position
for each CBNF after 48 h (ABS48 h), UV–Vis–NIR combined
with static positioning (2.5-mLCBNF sample in a transparent
cuvette) was performed. The absorbance difference ratio
(𝑅ABS) was calculated using (1) and utilized to determine the
stability of the CBNF. A lower𝑅ABS represents a higher CBNF
stability.

𝑅ABS = [(ABS𝑖 − ABS48 h)ABS𝑖
] × 100%. (1)

Moreover, the stability of a CBNF can be evaluated using
the suspended 𝑑𝑝 distribution, average suspended 𝑑𝑝, and 𝜁.
The suspended 𝑑𝑝 of CBNMs is similar to the 𝑑𝑝 is observed
using electron microscopy, thus indicating the favorable dis-
persion of the CBNMs in the CBNFs.Moreover, the larger the
absolute value of 𝜁, the higher the stability of an CBNF.The 𝜁
values of the colloidal dispersions were within the ranges 0 to±10, ±10 to ±30, ±30 to ±40, and ±40 to ±60mV; these values
indicated rapid coagulation or flocculation, incipient insta-
bility, moderate stability, and favorable stability, respectively.
When the magnitude of the 𝜁 of a NF is greater than 60mV,
the colloidal dispersion has excellent stability [35, 36]. The
dynamic light-scattering method was conducted for 𝑑𝑝 and𝜁 analysis. A CBNF into which a 6mm gold-plated electrode
cell was placed was simultaneously measured by using a
nanoparticle analyzer (SZ-100, HORIBA, Japan) to evaluate
the average 𝑑𝑝, the 𝑑𝑝 distribution, and 𝜁.The 𝑑𝑝 and 𝜁 values
for each CBNF were measured five times, and the average 𝑑𝑝
and 𝜁 were then calculated.

3.4. Basic Physicochemical Characteristic Measurements. The
basic physicochemical characteristics measured for the
CBNFs were pH, electrical conductivity (𝐸), density (𝜌),
viscosity (𝜇), and thermal conductivity (𝑘), which were
measured using a pHmeter (SensION+MM374, Hack, USA)
with an accuracy of ±0.002 pH and ±0.5%, an electrical con-
ductivity meter (SensION+ MM374), a liquid density meter
(DA-130N, KEM, Japan) with an accuracy of ±0.001 g/mL,
a viscosity meter (T15-3, Hydramotion, England) with an
accuracy of ±1.0%, and a thermal properties analyzer (KD-
2 Pro, Decagon Devices, USA) with an accuracy of ±5.0%,
respectively. These measurements were made in an isother-
mal bath (P-20, YSC, Taiwan) to provide individual sample
temperature control of 30, 40, or 50∘C within ±0.5∘C. To
increase the experimental accuracy, these experiments were
conducted six times, and the four most similar values were
used to obtain the average.

In a high-purity nitrogen (5 N) atmosphere, the specific
heat (𝑐𝑝) of the test samples was measured using a differential
scanning calorimeter (DSC, Q20, TA, USA) with a mechani-
cal refrigeration system (RCS40, TA, USA). The temperature
and calorimetric accuracies of the DSC were ±0.1∘C and±1.0%, respectively.The 𝑐𝑝 test method used was the standard
reference approach, and the standard reference was pure
water [37]. The experimental temperature was between 10
and 80∘C, and the heating rate was maintained at 10∘C/min.
To increase the measurement accuracy, the experiments were
conducted thrice for each CBNF, and the average 𝑐𝑝 value of
the CBNF was then calculated.

3.5. Data Analysis. The experimental results were trans-
formed into a change ratio (CR) for comparison of water with
the CBNFs; the CR can be expressed as

CR = [(𝐷CBNFs − 𝐷𝑤)𝐷𝑤 ] × 100%. (2)

4. Results and Discussion

Figures 3 and 4 display TEM and FE-SEM images of the
CBNMs obtained using the four process flow ratio configura-
tions (V1–V4) and processing times of 3 and 12min. Spherical
CBNMs (𝑑𝑝: approximately 20–50 nm) were synthesized
mostly when the V2–V4 configurations were used, whereas
flaky CBNMs were mostly obtained using V1. Flaky CBNMs
were thus obtained when the proportion of O2 was increased.
Conversely, a high proportion of C2H2 contributed to the for-
mation of CBNMs with more spherical particles. Moreover,
the processing time of the MSVTM was not discovered to
affect the particle size and morphology of the CBNMs. The
FE-SEMandTEM images of CBNMs indicate that processing
time did not affect 𝑑𝑝 for parameter configurations V2–V4,
but differences were observed when V1 was employed.
Although FE-SEM and TEM images can partially display 𝑑𝑝
and morphology, a nanoparticle analyzer was required to
confirm the 𝑑𝑝 distribution and average 𝑑𝑝 of the suspended
CBNMs in CBNFs.Moreover, XRD and Raman spectroscopy
were necessary to identify the material in the follow-up tests.

Figure 5 displays XRD patterns of the CBNMs that were
synthesized by employing V1–V4. The CBNMs could barely
be distinguished. However, dissimilarities existed within the
composition and crystalline state of the samples. By using
XRD, we observed that the (001) diffraction peak was located
at a 2𝜃 value of 11∘ and that graphene oxide (GO) was the
primary constituent of most of the CBNMs. The peaks at 2𝜃
between 21∘ and 27∘ suggest that this range overlaps the (002)
diffraction peak of graphite, which has a 2𝜃 of 26.5∘. A broad
diffraction peak at 2𝜃 between 23∘ and 24∘ is observed in
Figure 5. In some materials, most of the functional groups
had been removed, which provides clear evidence that some
amount of reduced GO (RGO) was present in these CBNMs
[38–40]. The CBNMs were generated by using an O2–C2H2
reduction flame, and reduction gases such as carbon monox-
ide were present in the combustion products of the reduction
flame. Moreover, a very small amount of free oxygen was
present to produce different degrees of reduction reactions.
The reduction reaction caused the functional groups in the
internal layers of GO to gradually disappear, and thus, GO
was gradually reduced to RGO [38–40]. Furthermore, the
crystallization of the CBNMs for various process parameters
was inferior due to the broad range of the (002) diffraction
peak. Hence, in this study, amorphous carbon (AC) was
included, and different proportions of GO, RGO, and AC
were required to synthesize CBNMs by using different pro-
cess parameter configurations.

The Raman spectra displayed in Figure 6 were used to
determine the structure of the CBNMs synthesized using
V1–V4.The test samples had three test points, and one of the
three test points was chosen for Figure 6. Table 1 presents the
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Figure 3: TEM images of CBNMs obtained using various process parameters for processing time durations of (a) 3 and (b) 12min.

V1

V4V3

V2

(a)

V1

V4V3

V2

(b)

Figure 4: FE-SEM images of CBNMs obtained using various process parameters for processing time durations of (a) 3 and (b) 12min.

Table 1: Averaged Raman spectroscopy data for the CBNFs obtained using various process parameter configurations.

Item 3min 12min
V1 V2 V3 V4 V1 V2 V3 V4

𝐼D
cm−1 1346.65 1336.04 1339.41 1349.34 1344.86 1337.61 1340.95 1342.19
Int. 230.48 184.43 118.52 51.25 194.21 205.81 297.88 71.23
𝐼G

cm−1 1592.65 1590.37 1589.41 1595.34 1589.86 1592.28 1587.61 1600.86
Int. 308.35 143.41 140.69 83.85 261.63 163.47 288.46 121.64
𝐼2D

cm−1 2639.65 2649.70 2634.74 2636.67 2651.86 2651.61 2638.95 2633.53
Int. 10.54 25.63 10.23 10.06 7.17 21.01 21.73 13.45
𝐼D/𝐼G 0.75 1.29 0.84 0.61 0.74 1.26 1.03 0.59
𝐼2D/𝐼G 0.03 0.18 0.07 0.12 0.03 0.13 0.08 0.11
Note. Data are the average of three measurement points for each sample.
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Figure 5: XRD patterns of CBNMs obtained using various process
parameter configurations.

average data obtained from the Raman spectra for the three
test points. In the Raman spectra, the D and G peaks, located
at approximately 1324–1346 cm−1 and 1490–1691 cm−1,
respectively, are the predominant features [7, 41–44]. In
general, the spectrum of pristine graphite has a prominent G
peak at 1584.5 cm−1 that corresponds to first-order scattering
of the E2g mode in the Brillouin zone. This indicates that
the structure of graphite is regular [7, 42–45]. In the Raman
spectrum of GO, the G peak is broadened and the D peak
is prominent, thus indicating that the C=C bonds in the
graphite layers are destroyed by oxidation and that several
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Figure 6: Raman spectra of CBNMs obtained using various process
parameter configurations.

carbon atoms change from sp2- to sp3-hybridized carbon.The
intensity 𝐼D/𝐼G represents the ratio of sp3- and sp2-hybridized
carbon atoms. In RGO, 𝐼D/𝐼G is directly proportional to the
number of sp3-hybridized atoms but inversely proportional
to the number of sp2-hybridized atoms. Theoretically, 𝐼D/𝐼G
declines as GO is reduced to RGO. Moreover, a smaller𝐼D/𝐼G indicates more complete reduction of GO to RGO
[41, 46]. However, when GO is incompletely reduced, 𝐼D is
greater than 𝐼G. In addition, some studies have demonstrated
that the reduction of GO to RGO by utilizing the chemical
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Figure 7: Concentrations of CBNFs obtained using various process
parameter configurations.

reduction method caused an increase in 𝐼D/𝐼G [47–50].
This mainly occurs because reduction increases the number
of small aromatic domains in GO, leading to an increase
in the 𝐼D/𝐼G ratio [47]. As shown in Figure 6 and Table 1,
regardless of the processing time (3 or 12min) and parameter
configuration (V1–V4), the 𝐼D/𝐼G ratio first increased and
then decreased (the highest 𝐼D/𝐼G ratio was obtained for V2).

This phenomenonmay be attributed to the decreasing O2
ratio in the reduction flame. Reducing gaseswere increasingly
generated due to the accumulation of combustion products.
Thus, the GO reduction effect became stronger, and the pro-
portion of RGO increased simultaneously. However, a reduc-
tion in the O2 ratio of the reduction flame weakens the GO
reduction effect by causing a decrease in the flame tempera-
ture. Moreover, the 𝐼2D of GO and RGO is mostly negligible
or zero. However, in this study, CBNMs should also consist
of AC in terms of a clear and broad range of 𝐼2D observing
in the CBNMs produced by some of the process parameters.
Moreover, theCBNMs contained different ratios ofGO,RGO,
and AC, which is inferred by simultaneously considering the
Raman spectra and XRD patterns. In addition, for a specific
ratio of O2 and C2H2, the processing time only affected the
production rate of CBNMs (CBNF concentration).

Figure 7 displays the concentrations of the CBNMs in
the CBNFs, as measured using the weighing method for
V2–V4. Despite utilization of the vacuum concentration
method, the weighing equipment in the authors’ laboratory
could not accurately detect the concentration of V1 CBNFs
because this concentration was extremely low. Therefore, in
the subsequent related experiments, the V1 CBNF samples
were excluded. The V2, V3, and V4 configurations produced
CBNM concentrations in the CBNFs of 0.0414, 0.0553, and
0.0239wt.%, respectively, at a processing time of 12min. The
results revealed that, in addition to V4, the production rate

(concentration in the CBNF) of CBNMs and the O2 flow rate
were inversely proportional.Moreover, the production rate of
all samples was directly proportional to the processing time.
In the preparation procedure, the V4 configuration resulted
in the most black smoke (V4 with the minimum addition
of O2) and the highest CBNM production rate, despite the
production rate being lower than that when V2 and V3 were
used. The V4 configuration resulted in the generation of
considerable smoke and the rapid formation of numerous
carbon particles that aggregated on the water surface. While
the liquid was being stirred with a magnetic stirrer (stage
1), it was challenging to dissolve these floating carbon par-
ticles on the water surface, which hindered the collection
efficiency. Subsequently, the carbon particles were collected
efficiently by the water vortex in stage 2. However, in stages
2 and 3, obtaining suitable collection efficiency for the V4
configuration was challenging because the carbon particles
generated could not be appropriately collected in stage 1.
The material analysis results indicated that processing time
had no influence on the material obtained. In subsequent
experiments, the V2–V4 samples obtained using a processing
time of 12min were adjusted to the same concentration
(0.024wt.%) for testing and comparison.

Figure 8 displays a photograph of the experimental results
obtained after 120 h of static positioning for the V2–V4
samples at various dispersant concentrations. The CBNM
concentrations for V2–V4 were 0.024wt.%, and the numbers
0–5 in each process parameter in the figure represent EP
dispersant concentrations of 0, 0.05, 0.1, 0.2, 0.4, and 0.8wt.%,
respectively. As shown in Figure 8, V2-0 had the worst
stability, followed by V3-0. For the sample V4-0, the differ-
ence between before and after the static positioning cannot
be identified by visual inspection. Hence, a spectrometer
was required to investigate the stability differences of all
samples. Figure 9 plots the absorbance 𝑅Abs (at a wavelength
of 600 nm) of the CBNFs synthesized using the V2–V4
configurations with various concentrations of EP dispersant.
The samples were statically positioned for 48 h to calculate
their stability using (1). A high 𝑅Abs value represents more
severe sedimentation. The samples with the highest stability
for the V2, V3, and V4 configurations were V2-5, V3-5, and
V4-0, respectively; however, the stability enhancement had
to be investigated further. Further research on the addition
of different types and concentrations of dispersants should
be considered. The results of XRD and Raman spectroscopy
confirmed that the CBNMs prepared using V2–V4 were very
similar but that EPdispersant addition haddifferent effects on
the materials’ stability. This was primarily due to the particle
size in the CBNMs, the pH of the CBNFs, and the interfacial
effect between a CBNM and its base fluid. The estimation of
suspended particle size distribution, zeta potential, and basic
physicochemical characteristics requires a long time; thus,
the poor stability of the samples that was observed during
the measurements caused a large measurement deviation.
Therefore, follow-up experiments were only performed on
the samples with the highest stability for each of the V2–V4
configurations (V2-5, V3-5, and V4-0).

Figure 10 depicts the 𝑑𝑝 distribution of V2-5, V3-5, and
V4-0 and reveals that their average 𝑑𝑝 was 771.1 (274.4 and
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Figure 8: Photographs of the experimental results obtained using the static positioning method.
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Figure 9: Absorbance ratios obtained using the static positioning
method applied to the CBNFs obtained using various process
parameter configurations.

1278.1 nm), 680.2, and 293.9 nm, respectively. The results are
consistent with those of the stability experiment. The mini-
mum 𝑑𝑝 was obtained for a V4 sample, and this sample was
highly stable even when no dispersant was added.The 𝑑𝑝 dis-
tribution for theV2 samplewas a bimodal distribution, which
is associated with the existence of a flaky material and causes
a wide 𝑑𝑝 distribution. Figure 10 displays only one of five test
results that were obtained for the 𝑑𝑝 distribution; the average𝑑𝑝 of the five test results for each sample is listed in Table 2.

Table 2 lists the average 𝑑𝑝, 𝜁, 𝜌, pH, 𝐸, 𝜇, 𝑐𝑝, and 𝑘 of the
CBNFs synthesized using the various processing parameters
and optimal EP dispersant concentration configurations.The
values of 𝑑𝑝 and 𝜁were individually measured five times, and
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Figure 10: Particle size distributions of the CBNFs obtained using
various process parameter configurations.

then the average was calculated.The lowest 𝑑𝑝 was that of V4-
0, followed by V3-5 and V2-5. Although the differences in
the samples with the same configuration parameter existed,
the types of 𝑑𝑝 distribution were similar. The higher the
absolute value of 𝜁, the better the stability of a CBNF. The
highest 𝜁 was that for V4-0, followed by V3-5 and V2-5.
In general, the 𝜁 of an NF is within the range of ±10 to±30mV, which indicates that the NF has incipient instability
[35, 36]. In this experiment, CBNFs were obtained by using
various process parameters. The 𝜁 of the CBNFs and the
optimal EP dispersant concentrations of the MSVTM were
within the range −12.86 to −29.80mV. The stability results
indicated that the stability of thesematerials should be further
improved. Further research will providemore details on what
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Table 2: Basic physicochemical characteristics of the CBNFs.

Item
Experimental data CR (%)

𝑇 (∘C) Water V2-5 V3-5 V4-0 V2-5 V3-5 V4-0

Mean particle size (𝑑𝑝, nm) 25 — 749.56 692.05 269.90 —
Zeta potential (𝜁, mV) 25 −12.86 −13.98 −29.80
Density
(𝜌, kg/m3)

30 996.27 996.07 996.43 996.17 −0.02 0.02 −0.01
40 991.87 992.97 993.00 992.70 0.11 0.11 0.08
50 987.33 987.70 988.70 987.60 0.04 0.14 0.03

pH
30 8.00 7.29 7.06 7.17 −8.83 −11.75 −10.42
40 7.62 7.37 7.01 7.25 −3.32 −8.05 −4.90
50 7.56 7.38 7.26 7.33 −2.38 −3.97 −3.04

Electrical conductivity
(𝐸, 𝜇S/cm)

30 110.70 257.00 280.50 190.50 132.16 153.39 72.09
40 113.70 261.67 285.17 193.32 130.14 150.81 70.02
50 120.80 266.50 286.67 193.92 120.61 137.31 60.53

Viscosity
(𝜇, mPa s)

30 0.80 0.83 0.82 0.80 4.17 2.50 0.00
40 0.72 0.78 0.75 0.75 9.30 4.65 4.65
50 0.65 0.70 0.73 0.65 7.69 12.82 0.70

Specific heat
(𝑐𝑝, kJ/kg ∘C)

30 4.183 4.082 4.165 4.197 −2.40 −0.42 0.34
40 4.182 4.083 4.172 4.196 −2.36 −0.24 0.33
50 4.182 4.091 4.175 4.191 −2.17 −0.17 0.22

Thermal conductivity
(𝑘, W/mK)

30 0.618 0.615 0.623 0.622 −0.44 0.87 0.73
40 0.629 0.643 0.633 0.638 2.21 0.56 1.29
50 0.644 0.658 0.654 0.652 2.26 1.63 1.29

types and concentrations of dispersants can be added. Such
addition can improve the stability when CBNFs are used in
heat exchange systems, which require long-term stability.

The density test results for the CBNFs revealed that 𝜌
and temperature were inversely proportional. Hence, there
was no significant difference between the 𝜌 of a CBNF and
that of water (within the instrumental error) due to the low
concentration of CBNM in a CBNF.The highest CRs of 𝜌 for
V2-5, V3-5, and V4-0 were, respectively, 0.11%, 0.14%, and
0.08% compared with water for the entire range of sample
temperature.

The pH test results indicated that the pH of the CBNFs
was lower than that of water because CO2 dissolved in the
water to form carbonic acid during the combustion process,
which slightly lowered the pH of the CBNFs.The highest CRs
of the pH for V2-5, V3-5, and V4-0 were −8.83%, −11.75%,
and −10.42%, respectively, compared with water for the entire
range of sample temperature.

Increasing the concentration of solid particles in an NF
generally increases the 𝐸 of that NF. Moreover, the addition
of ionic dispersants (e.g., SDBS or SDS) can cause 𝐸 to
increase several times. The rapid movement of ions and
suspended particles in NFs also increases the 𝐸 of NFs at a
high temperature. In this study, the EP dispersant employed
was a nonionic dispersant and thus minimally affected 𝐸.
The EP dispersant was less effective than an ionic dispersant

with regard to the effect of dispersant addition on 𝐸. The
highest CRs of 𝐸 for V2-5, V3-5, and V4-0 were 132.16%,
153.39%, and 72.09%, respectively, compared with water for
the entire range of sample temperature. The experimental
results revealed that the EP dispersant had a considerable
effect on the 𝐸 of the CBNFs. However, the effect was weaker
than that of an ionic dispersant.

CBNFs have a higher 𝜇 than their base fluids (single-
phase fluid) because CBNFs are solid-liquid mixtures (two-
phase fluids). In general, the pressure drop and transport
energy consumption in the pipeline increase as the 𝜇 of
the working fluid is increased. However, most NFs are
non-Newtonian fluids with shear thinning behavior, which
causes 𝜇 to decrease at high flow rates or limits its increase.
Consequently, rheological experiments were required to
understand the relationships between 𝜇, pressure drop, and
flow rate.The highest CRs of 𝜇 for V2-5, V3-5, and V4-0 were
9.30%, 12.82%, and 4.65%, respectively, compared with water
for the entire range of sample temperature.

On the basis of the concept of a solid-liquid mixture,
adding a material with a 𝑐𝑝 lower than that of water forms
a suspension that has a 𝑐𝑝 lower than that of water. The
experimental results revealed that the 𝑐𝑝 of V2-5 to V3-5
were lower than that of water; however, the 𝑐𝑝 of V4-0 was
slightly higher than that ofwater.Thismay be attributed to the
EP dispersant, the solid-liquid interface, and experimental
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deviation. The highest CRs of 𝑐𝑝 for V2-5, V3-5, and V4-
0 were −2.40%, −0.42%, and 0.34%, respectively, compared
with water for the entire range of sample temperature.

Most studies indicate that the 𝑘 of an NF is higher than
that of the NF’s base fluid. The 𝑘 of the CBNFs in this study
was slightly higher than that of water undermost sample tem-
peratures andprocess parameters.Nonetheless, the difference
between the 𝑘 of theCBNFswas small.Thiswas primarily due
to the low concentration of CBNMs and the only weak effect
that the CBNFs had on the enhancement of 𝑘 under instru-
mental deviation. The highest CRs of 𝑘 for V2-5, V3-5, and
V4-0 were 2.26%, 1.63%, and 1.29%, respectively, compared
with water for the entire range of the sample temperature.

5. Conclusions

In this study, an MSVTM was used to fabricate CBNFs by
using a one-step synthesis process. The CBNFs were synthe-
sized using O2–C2H2 combustion flames with different flow
rate ratios of O2–C2H2 (V1–V4). The characteristics of the
CBNFs and suspended CBNMs were examined using suit-
able instruments and test methods.The findings of this study
are summarized as follows:

(i) The CBNMs in the CBNFs were mainly spherical.
Flaky CBNMs were also observed. The 𝑑𝑝 of the
spherical CBNMs was approximately 20–50 nm. For
V1–V4, the CBNMs consisted of GO, RGO, and AC.

(ii) The CBNM production rate was affected by the
processing time. Moreover, the processing time did
not influence themorphology andmaterial of CBNM.
For a processing time of 12min, the V2, V3, and V4
configurations resulted in CBNM concentrations of
0.0414, 0.0553, and 0.0239wt.%, respectively.

(iii) The CBNFs prepared using the V4 configuration had
optimal stability without the requirement of adding
an EP dispersant. The 𝜁 of the CBNFs indicated
that the materials had incipient instability (𝜁 <30mV) even with the addition of the EP dispersant.
Hence, further research is required on the addition
of different types and concentrations of dispersants
to enhance the feasibility of practical application of
CBNFs.

(iv) The highest enhancement ratios of 𝜇 for V2-5, V3-5,
andV4-0were 9.30%, 12.82%, and 4.65%, respectively,
higher than that ofwater for the entire range of sample
temperatures. In addition, addition of EP dispersant
considerably increased the 𝜇 of the CBNFs.

(v) The highest enhancement ratios of 𝑘 for V2-5, V3-5,
and V4-0 were 2.26%, 1.63%, and 1.29%, respectively,
higher than that ofwater for the entire range of sample
temperatures.
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We presented a demonstration of infrared laser irradiated field emission electronic pulse based on carbon nanotube (CNT)
cathodes. Electronic pulses greatly depended on pulsed infrared laser and were almost synchronous with laser pulses. We have
designed a pulsed field emission cathode based on CNTs and investigated correlation between electronic pulse and laser pulse,
acquiring the shortest width of electronic pulses about 50ms and turn-on field less than 0.14V/𝜇m. Besides, we have studied the
thermal effect on the pulsed field emission of CNT cathodes caused by laser heating. Interestingly, the thermal effect has caused an
enhancement of emission current but resulted in a waveform distortion on short electronic pulses. The application of laser pulses
on CNT cathodes would extend conventional electron sources to a pulsed electron source and offered a possibility of pulsed field
emission. These results were encouraging us to prepare further studies of ultrafast electronic pulses for high-frequency electron
sources.

1. Introduction

In the applications of ultrafast electron microscopy, free elec-
tron laser, satellite communication, picosecond cathodolumi-
nescence, particle accelerators and THz vacuum microelec-
tronics, and electron sources are limited to ultrafast electron
pulses with the stringent requirements of high-power and
high-frequency [1–7]. However, with the advent of electron
beam from Nanometer-scale metallic tip of cathode emit-
ters induced by femtosecond laser, conventional continuous
electron sources are gradually replaced by ultrafast pulsed
electron sources [8–13]. Sharpmetallic tip of cathode emitters
irradiated by laser pulses has represented a feasibility and
implementation of the method for realizing ultrafast pulsed
electron sources in recent years [14]. With the generation of
pulsed electron source, much attention has been paid to ex-
plore cathode emitters of pulsed field emission in the related
subjects, such as electron rescattering at sharp metallic tips,
emission spectrum of laser-matter interaction, coherent field

emission images, laser acceleration of relativistic electrons,
and emission mechanism [15–19]. Although conventional
metallic nanotip of cathode emitters takes advantage of an
electric field enhancement both in the static and optical elec-
tric field, it is certainly worth considering that the complicat-
ed process of manufacture and thermal ablation of metallic
nanotips served as cathode emitters of pulsed field emission.
To extend the studies on conventional metallic nanotip of
cathode emitters, we studied the pulsed electron cathode
emitters in a popular material of carbon nanotubes (CNTs).

The sharp apex of individual CNTs is an intrinsic property
as a nanomaterial, while conventionalmetallic tips, for exam-
ple, tungsten, gold, molybdenum, or copper, were produced
by electrochemical etching [16–19]. Contrasting to the tip
apex of individual CNTs, the diameter of metallic tips is
much larger and has to employ a complicated manufacturing
process. The nanometer-sized tip apex of CNTs and their
high aspect ratio result in a strong field enhancement at the
sharp tip of cathode emitter. Besides, another key advantage
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Figure 1: Schematic diagram of pulsed field emission system experimental set-up based on carbon nanotube (CNT) cathode emitters.

of CNTs is that of providing a new method to control sur-
face morphology of the cathode emitters by doping with
other elements on the growth process [20]. And CNTs are
a desired flexibility material with the convenient and simply
preparation process, which has started to receive significant
interest in application of flexible display, flexible sensor,
radio frequency identification, bullet-proof vest, spacesuit,
wearable devices, and other smart electronic devices in
comparison with metallic material [21–24]. Capitalizing on
the atomic/macroscopic duality of structure of the nanotip of
cathode emitters, CNTs can bemodeled from an atomic point
of view, unlike conventional metallic tip of cathode emitters
which can only be modeled in bulk [19], giving great help to
theoretical research. In this paper, we have designed a pulsed
field emission system in which CNT cathodes are irradiated
by pulsed laser and investigated the property of emission
electronic pulses so as to gain insight into the pulsed field
emission mechanism for preparing ultrafast pulsed electron
source.

2. Experimental

CNTs were synthesized on SiO
2
substrate by chemical vapor

deposition (CVD) using iron phthalocyanine. The detailed
information about the growth of CNTs was reported in our
previous research [25]. Field emission tests were performed
in a vacuum chamber with pressure about 5 × 10−5 Pa. A DC
bias voltage was applied between the anode and cathode to
establish a static electric field by Stanford Research Systems
MODEL PS325. The emission current was monitored by a
Keithley 2000multimeter or an Oscilloscope TDS 3014B.The
cathodes of CNT arrays were irradiated by Ytterbium Fiber
Laser to realize the pulsed field emission when the bias volt-
age was applied. In the experiment, we presented the pulsed
field emission system based on photofield emission mech-
anism. Irradiating CNT cathodes with infrared laser pulses

led to pulsed field emission [10, 18, 26]. Figure 1 shows the
experimental set-up of pulsed field emission system based on
CNT cathodes. The output from an Ytterbium Fiber Laser
was focused on the anode plate with 2mm spot size and
faced the cathode plate in an ultrahigh vacuum chamber of
5 × 10−5 Pa. The laser operated at 1 watt with a center wave-
length of 1064 nmandproduced a train of pulse from50ms to
10000ms which could be tuned by a control panel. The CNT
cathodes were mounted on the cathode plate in the ultra-
high vacuum chamber and located 350 𝜇m away from the
anode plate. The intensity and width of laser pulse which
propagated through anode plate were carefully controlled by
the collimation system and control panel. And then the colli-
mated laserwas used to irradiateCNTcathodes of area 2mm×
2mm to excite electrons by absorbing photons for emitting
electronic pulses, when the applied voltage was on.

3. Results and Discussions

In field emission, electron emission happenswhen the tip bias
voltage of cathode emitters is sufficiently large for electrons
in the vicinity of Femi-level to tunnel through the barrier.
By applying a bias voltage to the tip of cathode emitters, a
tunneling barrier is formed and tunneling electron emission
occurs. In the photofield emission, electrons are excited to
an intermediate state by one or several photons absorption
and subsequent tunneling through the surface barrier into
vacuumbyfield emission,when a laser irradiates the cathodes
[14, 19, 26, 27]. Figure 2 shows electronic pulses curve from
the pulsed field emission of CNT cathodes, when the width of
laser pulses (defined as the pulse-on𝑇1) and off-time interval
(defined as the pulse-off 𝑇2) are both 10000ms. Interestingly,
the width of electronic pulses is also 10000ms or so, almost
synchronous with laser pulses. The average amplitude of
electronic pulses is 0.027mA/cm2 and the fluctuation is less
than 20% on applied voltage of 50V. More important, the
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Table 1: Amplitude (𝐼on−𝐼off ) of electronic pulses on applied voltage of 50V, 100V, 400V, 700V, and 1000V, respectively.𝑇1 = 𝑇2 = 10000ms.

Voltage (V) 50 100 400 700 1000
Amplitude (mA/cm2) 𝐼on − 𝐼off 0.23 0.53 1.05 0.45 ≈ 0

T1
Pulse-on
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Figure 2: Plot of field emission electronic pulses on CNT cathodes
irradiated by pulsed laser, on applied voltage of 50V. Black line
represents the emission electronic pulse profile with width of
10000ms (𝑇1 = 𝑇2). Red line represents a train of laser pulses with
the width of 10000ms.

emission current density is nearly zero on laser pulse-off with
applied voltage of 50V, proving that electron emissions are
excited only on the condition of laser pulse-on (𝑇1). The
preliminary results show the realization of electron emission
pulses fromCNT cathodes and turn-on electric field less than
0.14V/𝜇m(turn-on electric field is defined as the electric field
required to produce a current density of 0.01mA/cm2), which
is incomparable with reference to previous studies, such
as CNTs on nickel foam (0.53V/𝜇m) [28], graphene-CNT
(0.73V/𝜇m) [29], CNTs on silicon pillars (2.16V/𝜇m) [30],
and multilayer graphene-CNTs (0.93V/𝜇m) [31]. Actually,
the turn-on voltage of the CNT cathodes was about 80V
(0.23V/𝜇m) by field emission. On applied voltage of 50V
(0.14V/𝜇m), electron emission would not happen if without
laser. This result definitely proved the photofield emission
mechanism of which electrons were excited to an intermedi-
ate state by laser and subsequently tunneled through barrier
into vacuum by field emission.

Figure 3 shows electronic pulses curve from pulsed field
emission of CNT cathodes irradiated by laser pulses, on
the same working condition of laser pulses except different
applied voltage of 100V, 400V, 700V, and 1000V, respec-
tively, contrasting to the insert of emission current density
of cathodes without laser illumination by field emission
without laser illumination. With applied voltage increase,

the amplitude (𝐼on − 𝐼off ) of electronic pulses increases on
lower applied voltage of 100V and 400V, as shown in Figures
3(a) and 3(b). However, the amplitude decreases with the
applied voltage continuously increasing to 700V and 1000V,
as shown in Figures 3(c) and 3(d). The corresponding values
of amplitude are listed in Table 1. 𝐼on is the average amplitude
of emission electronic pulses on electron pulse-on, and 𝐼off is
the average valley value on electron pulse-off. The electronic
pulses signals appear obviously on low applied voltages, while
the pulses cannot be distinguished on the high applied voltage
of 1000V (𝐼on − 𝐼off ≈ 0). Interestingly, the amplitude of 𝐼on −
𝐼off increases firstly and then decreases until electronic pulses
signals are gradually buried in the DC signal of emission
current with applied voltage continuous increase, as showed
in Table 1. Practically, the emission current of fabricated CNT
cathodes was the result of the combined effect of infrared
laser and applied voltage but not the simple sum of emission
current caused by photofield emission and field emission.
On low applied voltage, photofield emission was dominated
in emission process, and applied voltage just narrowed the
potential barrier in the vicinity of threshold. On high volt-
ages, emission mechanism was dominated by conventional
field emission rather than pulsed field emission.Nevertheless,
the laser field instantaneously wiggled the barrier. Emission
electrons caused by laser pulses just led to a fluctuation for
emission current of the field emission. With the applied
voltage continuing to increase, emission electrons caused by
laser pulses could be ignored due to being too weak compar-
ing with emission current caused by the field emission. The
obtained results helped to understand and realize the emis-
sion mechanism of pulsed field emission from CNT cathode.

To increase the frequency of electronic pulses, shortening
the period of electronic pulses is one of popular methods for
pulsed field emission as an ultrafast pulsed electron source,
especially in decreasing width of electronic pulses. Figure 4
shows electronic pulses curve from CNT cathodes irradiated
by the laser pulse of 𝑇1 = 50ms, while 𝑇2 are 1000ms and
100ms, respectively. The results showed the width of elec-
tronic pulses was about 50ms, and electronic pulse-off was
1000ms as shown in Figure 4(a) and 100ms in Figure 4(b),
respectively. However, pulse broadening was obviously ob-
served as shown in Figure 4(b). For the further study, the
response time was investigated, and the results showed the
pulse broadening arose from the thermal effect. Thermal
effect which came from laser heating up tips of CNT cathodes
existed in the pulsed field emission and could enhance the
emission current. By virtue of the very fast sampling rate
of 2.5 GS/s, oscilloscope was used to detect response time
of electronic pulses. Figure 5 shows a single electronic pulse
with the laser pulse-on of 𝑇1 = 5000ms and applied voltage
of 400V. It is found that emission current increases sharp-
ly when the laser pulse of 𝑇1 = 5000ms is on and remarkably
drops down when the laser pulse is off. Moreover, the
evolution process of emission current is not instantaneous on
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Figure 3: (Black line) Plots of field emission electronic pulses profile on CNT cathodes irradiated by pulsed laser on different applied voltage
of 100V, 400V, 700V, and 1000V, respectively. The width of emission electronic pulse is 10000ms. The laser working condition is that the
pulse width of 𝑇1 and laser pulse-off of 𝑇2 are both 10000ms. The insert (blue squares) is corresponding to the emission current density
without laser illumination by field emission.
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Figure 4: (Black line) Plots of field emission electronic pulses profile with the width of 50ms on CNT cathodes irradiated by pulsed laser on
400V (𝑇1 ̸= 𝑇2). (a) 𝑇1 width of laser pulses (red line) is 50ms and 𝑇2 is 1000ms. (b) 𝑇1 width is 50ms and 𝑇2 is 100ms.
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Figure 5: Plot of one period of electronic pulse from pulsed field
emission of CNT cathodes irradiated by pulsed laser of 400V (𝑇1 =
5000ms, 𝑇2 = 10000ms).

laser pulse-on and pulse-off.The rise time of emission current
jumping to plateau takes 2 s or so when laser pulse is on, and
the fall time spends more than 2 s when laser pulse is off.
Besides, the amplitude is much higher than that of value in
Figure 4 on the same applied voltage 400V. Working condi-
tions of the electronic pulse in Figure 4 (𝑇1 = 50ms; 𝑇2 =
1000ms, 100ms) and Figure 5 (𝑇1 = 5000ms;𝑇2 = 10000ms)
are mainly associated with 𝑇1 and 𝑇2 of laser pulses on the
same applied voltage, but the amplitudes are quite different.
Irradiating of the CNT cathodes by laser pulses heated the
tips and caused the apex electron temperature to evolve
periodically in time [9], so thermally enhanced field emission
increased drastically obeying laser excitation and caused the
pulse broadening.

A major reason for pulse broadening was thermal effect
which played an important role in the field emission mech-
anism, especially in short electronic pulses occurring. In
Figure 5, the electronic pulse had enough time to reach to
the saturation value on laser pulse-on of 𝑇1 = 5000ms. How-
ever, electronic pulses were compelled to drop down before
reaching to the saturation value on the short laser pulse-on
of 𝑇1 = 50ms in Figure 4(b) and compelled to rise up before
dropping to the valley value on condition of 𝑇2 = 100ms.
After repeatedly verifying, the optimum working condition
of laser pulse irradiated CNT cathodes was that the laser
pulse-off 𝑇2 was greater than or equal to 2 times the laser
pulse-on 𝑇1 for realizing ultrafast electronic pulses. These
results showed that thermal effect enhanced the pulsed field
emission ofCNTcathodes irradiating by pulsed infrared laser
and resulted in a pulse broadening especially on short elec-
tronic pulses.

4. Conclusion

Irradiating CNT cathodes with laser pulses led to pulsed field
emission.We investigated the emission electronic pulses from

pulsed field emission of carbon nanotube (CNT) cathodes by
tuning the pulsed laser field and attained the short electronic
pulses of 50ms and turn-on field below 0.14V/𝜇m. With
the applied voltage increase, electronic pulses amplitude in-
creased firstly and then decreased till it was gradually buried
in the emission current. With the width of electronic pulses
decrease, pulse broadening existed in the pulsed field emis-
sion caused by thermal effect which played an important role
in the field emission mechanism, especially in short elec-
tronic pulses occurring. To reduce the electronic pulse distor-
tion, the optimumworking condition of laser pulse irradiated
CNT cathodes was 𝑇2 ≥ 𝑇1 for realizing short electronic
pulses. These results extended conventional electron sources
and provided a possibility of realizing ultrashort electronic
pulses as a high-frequency electron source.
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Graphene sheets are widely applied due to their unique and highly valuable properties, such as energy conservation materials in
buildings. In this paper, we investigate the vibration behavior of double layer graphene sheets (DLGSs) in thermal environments
which helps probe into the mechanism of energy conservation of graphene sheets in building materials.The nonlocal elastic theory
and classical plate theory (CLPT) are used to derive the governing equations. The element-free method is employed to analyze
the vibration behaviors of DLGSs embedded in an elastic medium. The accuracy of the solutions in this study is demonstrated by
comparison with published results in the literature. Furthermore, a number of numerical results are presented to investigate the
effects of various parameters (boundary conditions, nonlocal parameter, aspect ratio, side length, elastic foundation parameter, and
temperature) on the frequency of DLGSs.

1. Introduction

In 2004, Novoselov and Geim in [1], physicists at the Univer-
sity of Manchester, successfully stripped off graphene sheets
from the graphite. Graphene sheets (GSs) have carbon atomic
structure of the monolayer or multilayer atomic thickness.
DLGSs in which the interlayer width is 0.34 nm [2] have spe-
cific chemical,mechanical, thermal, and electronic properties
[3–10] and have been applied as constituent in nanoelec-
tromechanical systems (NEMS) andmicroelectromechanical
systems (MEMS). DLGSs used in these applications generally
rest on the elastic medium rather than being suspended.
Due to the increasing applications of graphene sheets, under-
standing the vibration of DLGSs embedded in the elastic
media is essential to optimize the design and manufacture in
engineering.

Applications of DLGSs depend on clear knowledge of
their mechanical behavior. In recent years, world-wide re-
searchers have engaged in the study of GSs using experi-
mental, numerical, and theoretical tools. However, it is of
difficulty to carry out experimental research due to the very
small dimensions of the nanostructure elements [11]. Thus,
theoretical research is becoming increasingly important for
studying nanostructures.The theoretical tools can be divided
into three categories [12]: atomistic modeling, continuum
mechanics (CM), and the hybrid method. Generally, the
atomistic modeling consists of classic tight-binding molec-
ular dynamics (TBMD) and molecular dynamics (MD).
Mirparizi and Aski [13] studied the interlayer shear effect on
vibrational behavior for DLGSs using the MD simulation.
Gajbhiye and Singh [14] studied the nonlinear frequency
response of SLGSs via the atomistic finite element method
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(FEM). The MD simulation is still the most sophisticated
and reliable approach which provides deep insight into
nanomaterials and their properties. However,MD simulation
is limited to the analysis of GSs with few atoms and time
scales because of high computational cost. Thus, unlike MD
simulations, the CM has a lower computational cost [15]
and has been adopted by numerous researchers to deal
with nanoscale structures. Therefore, some relatively large
nanostructures can be analyzed by this method [16, 17]. The
classical continuum approach is however a kind of scale-
free theory which cannot account for the small scale effect
arising in the nanostructures. Therefore, the mechanical
behavior of nanostructures cannot be successfully captured
by the classical continuum approach. It behooves us to
modify the classical continuum model which can describe
precise mechanical behaviors of the nanostructures. Some
improved continuum methods such as couple stress theory
[18], surface elasticity theory [19], nonlocal theory, and
strain gradient theory [20] were used in the simulation of
the size-dependent materials. It is found that the nonlocal
theory has provided good matching results compared with
lattice dynamics. Recent literature indicates that the theory
of nonlocal elasticity is being increasingly used [21–23].
Peddieson et al. [24] were the first ones who adopted the
nonlocal elasticity theory to analyze the static deformation
behavior of Euler-Bernoulli nanobeams. Duan and Wang
[25] firstly formulated the nonlocal continuum plate model
to study the small scale effect in the bending regarding
circular nanoplates. Dastjerdi and Jabbarzadeh [26] studied
the multilayer orthotropic circular GSs nonlinear bending
using nonlocal elasticity theory. Liew et al. [27] investigated
the effect of polymer matrix on the vibration response of
GSs. Zhang et al. [12] studied the free vibration behaviors
of DLGSs employing nonlocal elasticity theory. Zhang et al.
[28] analyzed the vibration of quadrilateral graphene sheets
subjected to an in-plane magnet using nonlocal elasticity
theory. Pradhan and Phadikar [29] conducted the vibration
analysis of double-layered GSs resting on a polymer matrix
utilizing the nonlocal continuum mechanics. Malekzadeh et
al. [21] investigated the small scale effect on the thermal
buckling characteristic of orthotropic arbitrary straight-sided
quadrilateral nanoplates embedded in an elastic medium.
Asemi et al. [30] presented an axisymmetric buckling analysis
of circular SLGS using Eringen’s theory. Additionally, Asemi
et al. [31] used nonlocal theory of Eringen to simulate
postbuckling response of orthotropic SLGS.

Numerical techniques are important for theoretical anal-
ysis. Various numerical tools have been utilized to analyze
the mechanical behaviors of nanostructure [32, 33]. Ansari
et al. [34] proposed a nonlocal FEM model to simulate
the vibration behaviors of multilayered GSs based on the
Mindlin plate theory. As a numerical technique, the meshless
method has been successfully applied in solving engineering
problems. Because of its advantage of not relying on elements,
it has good adaptability [35–39].

In this work, we study the vibration behavior of DLGSs
resting on a Pasternak elastic medium employing the nonlo-
cal theory and established the meshless framework to obtain
the solution. The effects of nonlocal parameter, temperature,

aspect ratio, side length, stacking types, and foundation para-
meters on the vibration frequency of DLGSs are examined.
Additionally, the accuracy of the solutions in this study is
demonstrated through comparison with published results in
the literature.

2. Nonlocal Elasticity Theory and
Model of Elastic Medium

2.1. Nonlocal Elasticity Theory. Eringen [36] proposed the
nonlocal theory through experiment and the theoretical
analysis in which the stress depends on the strain of all the
points in the domain. Therefore, it can reflect the small scale
effect. The most widely applied constitutive relation of the
differential form is written as

[1 − (𝑒0𝑎)2 ∇2] 𝜎𝑖𝑗 (𝑥) = 𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙 (𝑥) , (1)

inwhich 𝑒0𝑎 is the nonlocal parameter and∇2 is the Laplacian
operator defined by ∇2 = 𝜕2/𝜕𝑥2 + 𝜕2/𝜕𝑦2.
2.2. Model of Elastic Medium. In nanoscale devices, vibration
behaviors can be observed, which affect the performance
significantly. As mentioned above, graphene based products
are usually resting on an elastic medium. In the present study,
the Pasternak-type foundation [40] is adopted. Pasternak-
type foundation model is modeled with two parameters. The
mathematical expressions of Pasternak-type foundation are
written as

𝑞pasternak = 𝑘𝑤𝑤 − 𝑘𝑔∇2𝑤, (2)

where 𝑘𝑤 is theWinkermodulus and 𝑘𝑔 is the shearmodulus.

2.3. Temperature Field Distribution Type. In this paper, the
temperature field can be divided into three types as linear,
nonlinear, and uniform. The temperature changes along the
thickness of the GSs. The temperature change obeys the
following law [22]:

Δ𝑇 (𝑧) = (𝑧 + ℎ/2𝑧 )𝜑 𝑇, −ℎ2 ≤ 𝑧 ≤ ℎ2 , (3)

where 𝜑 is the temperature distribution coefficient. When𝜑 > 1, there is a nonlinear temperature distribution along the
thickness of the GSs; for 𝜑 = 1 we have a linear temperature
distribution, for 𝜑 = 0 the temperature distribution is uni-
form, and the temperature change is 𝑇 = 𝑇𝑏 − 𝑇𝑟, where𝑇𝑏 is the temperature value when the buckling occurs, while𝑇𝑟 is the referent temperature. The thermal load caused by
temperature change satisfies the following formulation:

𝑁𝑇 = − 𝛼𝐸1 − 𝜐 ∫ℎ/2
−ℎ/2

(𝑧 + ℎ/2𝑧 )𝜑 𝑇𝑑𝑧

= − 𝛼ℎ𝐸(1 − 𝜐) (1 + 𝜑)𝑇.
(4)
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Figure 1: Two stacking types of DLGSs.

3. Theoretical Approach

3.1.TheVanderWaals (vdW)Force Expression. InDLGSs, the
interaction force between layers is the vdW force which is a
nonbonded interaction. By neglecting the nonlinear terms,
the vdW’s interaction can be expressed as [41]

𝑞𝑖𝑗 = 𝑐𝑖𝑗 (𝑤𝑖 − 𝑤𝑗) , 𝑖, 𝑗 = 1, 2 (5)

in which 𝑐𝑖𝑗 represents the vdW coefficient. Generally, DLGSs
consist of two types in terms of the relative positions of the
upper and lower layers. The one with the upper graphene
layer stacking directly on lower layer is called AA-type
whereas the other is called AB-type [41]. Figure 1 depicts
these two categories of DLGSs. According to [41], the vdW
coefficient is

𝑐𝑖𝑗 = −27.3546Gpa/nm (for AA-type) ,
𝑐𝑖𝑗 = −146.8247Gpa/nm (for AB-type) . (6)

If there is no special description, the vdW coefficient is taken
as AB-type in the following simulations.

3.2. Governing Equations. TheDLGSs resting on elastic foun-
dation are demonstrated in Figure 2 in which they are in
the thermal condition. The external foundation is modeled
as Pasternak-type. 𝐿𝑥 and 𝐿𝑦, respectively, denote the length
and width of GSs. The thickness of graphene is ℎ. Transverse
displacements of the top-GSs and bottom-GSs for the buck-
ling analysis are represented by 𝑤1(𝑥, 𝑦, 𝑡) and 𝑤2(𝑥, 𝑦, 𝑡),
respectively.

The displacement field of DLGSs according to CLPT can
be written as

𝑢 (𝑥, 𝑦, 𝑧; 𝑡) = −𝑧𝜕𝑤1 (𝑥, 𝑦; 𝑡)𝜕𝑥
V (𝑥, 𝑦, 𝑧; 𝑡) = −𝑧𝜕𝑤1 (𝑥, 𝑦; 𝑡)𝜕𝑦
𝑤 (𝑥, 𝑦, 𝑧; 𝑡) = 𝑤1 (𝑥, 𝑦; 𝑡)

(7)

in which (𝑢, V, 𝑤), respectively, denote the displacements
along the axes (𝑥, 𝑦, 𝑧). 𝑤1 is the displacement along 𝑧-
axis of a mid-plane material point. According to the strain-
displacement relations

𝜀1𝑥𝑥 = −𝑧𝜕2𝑤1 (𝑥, 𝑦; 𝑡)𝜕𝑥2 (8)

𝜀1𝑦𝑦 = −𝑧𝜕2𝑤1 (𝑥, 𝑦; 𝑡)𝜕𝑦2 (9)

𝛾1𝑥𝑦 = −2𝑧𝜕2𝑤1 (𝑥, 𝑦; 𝑡)𝜕𝑥𝜕𝑦 (10)

𝜀1𝑧𝑧 = 𝛾1𝑥𝑧 = 𝛾1𝑦𝑧 = 0 (11)
the constitutive relationship is given by

[1 − (𝑒0𝑎)2 ∇2]
{{{{{{{

𝜎1𝑥𝑥𝜎1𝑦𝑦𝜎1𝑥𝑦
}}}}}}}

= [[[[[
[

𝐸(1 − 𝜐2) 𝜐𝐸(1 − 𝜐2) 0
𝜐𝐸(1 − 𝜐2) 𝐸(1 − 𝜐2) 0
0 0 𝐺

]]]]]
]

[[[
[

𝜀1𝑥𝑥 − 𝛼Δ𝑇
𝜀1𝑦𝑦 − 𝛼Δ𝑇

𝜀1𝑥𝑦
]]]
]

,
(12)

where 𝐺 = 𝐸/2(1 + 𝜐).
According to (10), the nonlocal moments can be written

as
[1 − (𝑒0𝑎)2 ∇2]𝑀1𝑥𝑥

= −𝐷(𝜕2𝑤1 (𝑥, 𝑦; 𝑡)𝜕𝑥2 + 𝜐𝜕2𝑤1 (𝑥, 𝑦; 𝑡)𝜕𝑦2 ) , (13)

[1 − (𝑒0𝑎)2 ∇2]𝑀1𝑦𝑦
= −𝐷(𝜕2𝑤1 (𝑥, 𝑦; 𝑡)𝜕𝑦2 + 𝜐𝜕2𝑤1 (𝑥, 𝑦; 𝑡)𝜕𝑥2 ) , (14)

[1 − (𝑒0𝑎)2 ∇2]𝑀1𝑥𝑦 = −𝐷 (1 − 𝜐) 𝜕2𝑤1 (𝑥, 𝑦; 𝑡)𝜕𝑥𝜕𝑦 , (15)
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Figure 2: DLGSs resting on Pasternak-type elastic foundation under thermal environment.

where (𝑀1𝑥𝑥,𝑀1𝑦𝑦,𝑀𝑥𝑦) = ∫(𝜎1𝑥𝑥, 𝜎1𝑦𝑦, 𝜎1𝑥𝑦)𝑧 𝑑𝑧. 𝐷 is the
bending stiffness of the plate and 𝐷 = 𝐸ℎ3/12(1 − 𝜐2).

With the principle of virtual work, the equilibrium
equation can be derived as

− 𝑀1𝑥𝑥,𝑥𝑥 − 𝑀1𝑦𝑦,𝑦𝑦 − 2𝑀1𝑥𝑦,𝑥𝑦 − 𝑞12 + 𝑘𝑤𝑤1
− 𝑘𝑔∇2𝑤1 − 𝑁𝑇∇2𝑤1 − 𝐼2 (�̈�1,𝑥𝑥 + �̈�1,𝑦𝑦)
+ 𝐼0�̈�1 = 0.

(16)

From (11)–(13), we can get

− 𝐷∇4𝑤1
= [1 − (𝑒0𝑎)2 ∇2] (𝑀1𝑥𝑥,𝑥𝑥 + 𝑀1𝑦𝑦,𝑦𝑦 + 2𝑀1𝑥𝑦,𝑥𝑦) . (17)

Substituting (17) into (16), the governing equation can be
written as

𝐷∇4𝑤1 + [1 − (𝑒0𝑎)2 ∇2] [−𝑞12 + 𝑘𝑤𝑤1 − 𝑘𝑔∇2𝑤1
− 𝑁𝑇∇2𝑤1 − 𝐼2 (�̈�1,𝑥𝑥 + �̈�1,𝑦𝑦) + 𝐼0�̈�1] . (18)

Similarly, we can obtain the governing equation of bottom-
GSs

𝐷∇4𝑤2 + [1 − (𝑒0𝑎)2 ∇2] [−𝑞21 + 𝑘𝑤𝑤2 − 𝑘𝑔∇2𝑤2
− 𝑁𝑇∇2𝑤2 − 𝐼2 (�̈�2,𝑥𝑥 + �̈�2,𝑦𝑦) + 𝐼0�̈�2] . (19)

4. Discretized System Equations

4.1. Weak Form. In order to get the weak form, the equilib-
rium equation is multiplied by the virtual displacement 𝛿𝑤.
Therefore, we obtain

∫
Ω
𝛿𝑤1 (𝐷∇4𝑤1 + [1 − (𝑒0𝑎)2 ∇2] (−𝑞12 + 𝑘𝑤𝑤1
− 𝑁𝑇∇2𝑤1 − 𝑘𝑔∇2𝑤1 + 𝐼0�̈�1
− 𝐼2 (�̈�1,𝑥𝑥𝑡𝑡 + �̈�1,𝑦𝑦𝑡𝑡))) 𝑑𝑥 𝑑𝑦 = 0.

(20)

Equation (20) can be integrated by parts as

𝐷∫
Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦

+ 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦 − 𝑐∫
Ω
(𝑤1𝛿𝑤1

− 𝑤2𝛿𝑤1) ∫
Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦

+ 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦
+ 𝑘𝑤 ∫

Ω
𝑤1𝛿𝑤1 ∫

Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦

+ 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦 + (𝑒0𝑎)2
⋅ 𝑘𝑤 ∫
Ω
(𝑤1,𝑥𝛿𝑤1,𝑥 + 𝑤1,𝑦𝛿𝑤1,𝑦)∫

Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥

+ 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦 + 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦
+ 𝑁𝑇∫

Ω
𝑤1,𝑥𝛿𝑤1,𝑥 ∫

Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦

+ 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦 − 𝑐 (𝑒0𝑎)2
⋅ ∫
Ω
(𝑤1,𝑥𝛿𝑤1,𝑥 + 𝑤1,𝑦𝛿𝑤1,𝑦)∫

Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥

+ 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦 + 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦
+ (𝑒0𝑎)2𝑁𝑇∫

Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥 + 𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦)

⋅ ∫
Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦

+ 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦 + 𝑐 (𝑒0𝑎)2
⋅ ∫
Ω
(𝑤2,𝑥𝛿𝑤1,𝑥 + 𝑤2,𝑦𝛿𝑤1,𝑦)∫

Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥

+ 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦 + 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦
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+ 𝑘𝑔 ∫
Ω
(𝑤1,𝑥𝛿𝑤1,𝑥 + 𝑤1,𝑦𝛿𝑤1,𝑦) ∫

Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥

+ 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦 + 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦
+ (𝑒0𝑎)2 ∫

Ω
𝐼0 (𝛿𝑤1,𝑥𝑤1,𝑥𝑡𝑡 + 𝛿𝑤1,𝑦𝑤1,𝑦𝑡𝑡)

+ 𝐼2 (𝛿𝑤1,𝑥𝑥𝑤1,𝑥𝑥𝑡𝑡 + 2𝛿𝑤1,𝑥𝑦𝑤1,𝑥𝑦𝑡𝑡
+ 𝛿𝑤1,𝑦𝑦𝑤1,𝑦𝑦𝑡𝑡)∫

Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦

+ 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦 + (𝑒0𝑎)2
⋅ 𝑁𝑇∫

Ω
(𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦)

⋅ ∫
Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦

+ 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦
+ 𝑁𝑇∫

Ω
𝑤1,𝑦𝛿𝑤1,𝑦 ∫

Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦

+ 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦 + 𝑘𝑔 (𝑒0𝑎)2
⋅ ∫
Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦 + 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦)

⋅ ∫
Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦

+ 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦
+ ∫
Ω
[𝐼0𝛿𝑤1𝑤1,𝑡𝑡 + 𝐼2 (𝛿𝑤1,𝑥𝑤1,𝑥𝑡𝑡 + 𝛿𝑤1,𝑦𝑤1,𝑦𝑡𝑡)]

⋅ ∫
Ω
(𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑥 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑦

+ 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑦) 𝑑𝑥 𝑑𝑦 − (𝑒0𝑎)2
⋅ 𝑘𝑤 ∫
Γ
(𝑤1,𝑥𝛿𝑤1𝑛𝑥 − 𝑤1,𝑦𝛿𝑤1𝑛𝑦) 𝑑𝑠

− 𝑁𝑇∫
Γ
𝑤1,𝑥𝛿𝑤1𝑛𝑥𝑑𝑠 + 𝑁𝑇∫

Γ
𝑤1,𝑦𝛿𝑤1𝑛𝑦𝑑𝑠

+ (𝑒0𝑎)2𝑁𝑇∫
Γ
(𝑤1,𝑥𝑥𝑥𝛿𝑤1𝑛𝑥 − 𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑛𝑥

+ 𝑤1,𝑥𝑦𝑦𝛿𝑤1𝑛𝑥 + 𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑛𝑦) 𝑑𝑠 + (𝑒0𝑎)2
⋅ 𝑁𝑇∫

Γ
(𝑤1,𝑥𝑦𝑦𝛿𝑤1𝑛𝑥 + 𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑛𝑦

− 𝑤1,𝑦𝑦𝑦𝛿𝑤1𝑛𝑦 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑛𝑦) 𝑑𝑠
+ 𝑘𝑔 (𝑒0𝑎)2 ∫

Γ
(𝑤1,𝑥𝑥𝑥𝛿𝑤1𝑛𝑥 − 𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑛𝑥

− 𝑤1,𝑦𝑦𝑦𝛿𝑤1𝑛𝑦 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑛𝑦 + 2𝑤1,𝑥𝑦𝑦𝛿𝑤1𝑛𝑥
+ 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑛𝑦) 𝑑𝑠 + 𝐷∫

Γ
(𝑤1,𝑥𝑥𝑥𝛿𝑤1𝑛𝑥

− 𝑤1,𝑥𝑥𝛿𝑤1,𝑥𝑛𝑥 − 𝑤1,𝑦𝑦𝑦𝛿𝑤1𝑛𝑦 + 𝑤1,𝑦𝑦𝛿𝑤1,𝑦𝑛𝑦
+ 2𝑤1,𝑥𝑦𝑦𝛿𝑤1𝑛𝑥 + 2𝑤1,𝑥𝑦𝛿𝑤1,𝑥𝑛𝑦) 𝑑𝑠
+ 𝑐 (𝑒0𝑎)2 ∫

Γ
(𝑤1,𝑦𝛿𝑤1𝑛𝑦 − 𝑤1,𝑥𝛿𝑤1𝑛𝑥

+ 𝑤2,𝑥𝛿𝑤1𝑛𝑥 − 𝑤2,𝑦𝛿𝑤1𝑛𝑦) 𝑑𝑠
+ 𝑘𝑔 ∫

Γ
(𝑤1,𝑦𝛿𝑤1𝑛𝑦 − 𝑤1,𝑥𝛿𝑤1𝑛𝑥) 𝑑𝑠 − (𝑒0𝑎)2

⋅ 𝐼0 ∫
Γ
(𝑤1,𝑥𝑡𝑡𝛿𝑤1𝑛𝑥 − 𝑤1,𝑦𝑡𝑡𝛿𝑤1𝑛𝑦) 𝑑𝑠

⋅ 𝐼2 ∫
Γ
(𝑤1,𝑦𝑡𝑡𝛿𝑤1𝑛𝑦 − 𝑤1,𝑥𝑡𝑡𝛿𝑤1𝑛𝑦) 𝑑𝑠 + (𝑒0𝑎)2

⋅ 𝐼2 ∫
Γ
(𝑤1,𝑥𝑥𝑥𝑡𝑡𝛿𝑤1𝑛𝑥 − 𝑤1,𝑥𝑥𝑡𝑡𝛿𝑤1,𝑥𝑛𝑥

− 𝑤1,𝑦𝑦𝑦𝑡𝑡𝛿𝑤1𝑛𝑦 + 𝑤1,𝑦𝑦𝑡𝑡𝛿𝑤1,𝑦𝑛𝑦
+ 2𝑤1,𝑥𝑦𝑦𝑡𝑡𝛿𝑤1𝑛𝑥 + 2𝑤1,𝑥𝑦𝑡𝑡𝛿𝑤1,𝑥𝑛𝑦) 𝑑𝑠 = 0.

(21)

Equation (19) has the following weak form:

∫
Ω
𝛿𝑤2 (𝐷∇4𝑤2 + [1 − (𝑒0𝑎)2 ∇2] (−𝑞21 + 𝑘𝑤𝑤2
− 𝑁𝑇∇2𝑤2 − 𝑘𝑔∇2𝑤2 + 𝐼0�̈�2
− 𝐼2 (�̈�2,𝑥𝑥𝑡𝑡 + �̈�2,𝑦𝑦𝑡𝑡))) 𝑑𝑥 𝑑𝑦 = 0

(22)

Equation (22) can be dealt with similarly.

4.2. Element-Free Discretization Technique. Using 𝑀 values
of the scattered particles (x1, x2, . . . , x𝑀) to express the dis-
placement field of SLGSs based on the kernel particle Ritz
method [42] results in

[𝑤1𝑤2] = 𝑀∑
𝐼=1

𝜓𝐼 (𝑥, 𝑦) [𝑤1𝐼𝑤2𝐼] . (23)

where 𝑚 is the number of nodes. 𝑤𝐼 and 𝜓𝐼, respectively,
denote the displacement value and the shape function regard-
ing node 𝐼. We write the shape function as

𝜓𝐼 = 𝐶 (x; x − xI)Φ (x − xI) . (24)
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Herein,𝐶(x; x−xI) is the coefficient function andΦ(x; x−xI)
represents the kernel function. 𝐶(x; x − xI) can be expressed
as

𝐶 (x; x − xI) = HT (x − xI)B (x) ,
H𝑇 (x − xI) = [1, 𝑥 − 𝑥𝐼, 𝑦 − 𝑦𝐼, (𝑥 − 𝑥𝐼) (𝑦 − 𝑦𝐼) ,

(𝑥 − 𝑥𝐼)2 , (𝑦 − 𝑦𝐼)2]𝑇 ,
B (x) = [𝑘0 (𝑥, 𝑦) , 𝑘1 (𝑥, 𝑦) , 𝑘2 (𝑥, 𝑦) , 𝑘3 (𝑥, 𝑦) ,

𝑘4 (𝑥, 𝑦) , 𝑘5 (𝑥, 𝑦)]𝑇 ,

(25)

where H denotes the vector of the quadratic basis and B
represents the function of x. Thus, we have

Ψ𝐼 (x; x − xI) = B𝑇 (x)H (x − xI)Φ (x − xI) , (26)

satisfying the shape function to reproduction conditions
resulting in

𝑀∑
𝐼=1

Ψ𝐼 (𝑥) 𝑥𝑝𝐼𝑦𝑞𝐼 for 𝑝 + 𝑞 = 0, 1, 2. (27)

Coefficient B(x) has the following form:

B (x) =M−1 (x)H (0) , (28)

where

M (x) = 𝑀∑
𝐼=1

H (x − xI)Φ (x − xI) ,
H (0) = [1, 0, 0, 0, 0, 0]𝑇 .

(29)

We have the kernel function

Φ(x − xI) = Φ (𝑥; 𝑥𝐼) ⋅ Φ (𝑦; 𝑦𝐼) , (30)

where

Φ(𝑥; 𝑥𝐼) = 𝜙(𝑥 − 𝑥𝐼𝑎𝐼 ) . (31)

The cubic spline function is used in the present study

𝜙 (𝑠1) =
{{{{{{{{{{{{{

23 − 4𝑠21 + 4𝑠31 for 0 ≤ 𝑠1 ≤ 1243 − 4𝑠1 + 4𝑠21 − 43𝑠31 for 12 ≤ 𝑠1 ≤ 1
0 otherwise,

(32)

where 𝑠1 = |𝑥−𝑥𝐼|/𝑎𝐼, 𝑎𝐼 = 𝑎(𝑥𝐼) are the dilation parameters.𝑎𝐼 can be expressed as 𝑎𝐼 = 𝑑max𝑐𝐼, where 𝑑max denotes the
scaling factor ranging between 2 and 4. To ensure that the
support area contains numerous enough nodes to prevent
the matrix M from singularity, the factor should be selected
appropriately. 𝑐𝐼 denotes the larger distances.

4.3. Discrete System Equations. Where 𝑁𝑇 = −𝑇(𝛼ℎ𝐸)/[(1 −𝜐)(1+𝜑)] and substituting (21) into (16), the discrete equation
can be expressed as

M11ẅ1 + (k11 + k𝑇)w1 + k12w2 = 0, (33)

where

M11 = M𝑙11 +M𝑛𝑙11, (34)

M𝑙11 = ∫
Ω
(𝐼0𝜓𝐼𝜓𝐽 + 𝐼2 [𝑁𝐼1]𝑇 [𝑁𝐽1]) 𝑑Ω, (35)

M𝑛𝑙11

= ∫
Ω
(𝑒0𝑎)2 (𝐼0 [𝑁𝐼1]𝑇 [𝑁𝐽1] + [𝑁𝐼2]𝑇 I [𝑁𝐽2]) 𝑑Ω, (36)

k11 = k𝑙11 + k𝑛𝑙11 + kmedium, (37)

k𝑙11 = ∫
Ω
[𝑁𝐼2]𝑇 L𝐷 [𝑁𝐽2] − 𝑐𝜓𝐼𝜓𝐽𝑑Ω, (38)

k𝑛𝑙11 = ∫
Ω
−𝑐 (𝑒0𝑎)2 [𝑁𝐼1]𝑇 [𝑁𝐽1] 𝑑Ω, (39)

kmedium = ∫
Ω
[𝑁𝐼4]𝑇 L𝐺 [𝑁𝐽4] + [𝑁𝐼3]𝑇 L𝑤 [𝑁𝐽3] 𝑑Ω, (40)

k12 = k𝑙12 + k𝑛𝑙12, (41)

k𝑙12 = ∫
Ω
𝑐𝜓𝐼𝜓𝐽𝑑Ω, (42)

k𝑛𝑙12 = ∫
Ω
𝑐 (𝑒0𝑎)2 [𝑁𝐼1]𝑇 [𝑁𝐽1] 𝑑Ω, (43)

k𝑇 = ∫
Ω
[𝑁𝐼4]𝑇 𝐿𝑇 [𝑁𝐽4] 𝑑Ω. (44)

Similarly, we can obtain

M22ẅ2 + k21w1 + (k22 + k𝑇)w2 = 0 (45)

M11 = M22, (46)

k21 = k𝑙21 + k𝑛𝑙21, (47)

k𝑙21 = ∫
Ω
𝑐𝜓𝐼𝜓𝐽𝑑Ω, (48)

k𝑛𝑙21 = ∫
Ω
𝑐 (𝑒0𝑎)2 [𝑁𝐼1]𝑇 [𝑁𝐽1] 𝑑Ω, (49)

k22 = k𝑙22 + k𝑛𝑙22 + kmedium, (50)

k𝑙22 = ∫
Ω
[𝑁𝐼2]𝑇 L𝐷 [𝑁𝐽2] − 𝑐𝜓𝐼𝜓𝐽𝑑Ω, (51)

k𝑛𝑙22 = ∫
Ω
−𝑐 (𝑒0𝑎)2 [𝑁𝐼1]𝑇 [𝑁𝐽1] 𝑑Ω, (52)
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L𝑇

= −𝛼ℎ𝐸𝑇(1 − 𝜐) (1 + 𝜑)
[[[[[[[[[
[

1 0 0 0 0
0 (𝑒0𝑎)2

2 (𝑒0𝑎)2 1
(𝑒0𝑎)2

]]]]]]]]]
]

, (53)

I = [[
[
𝐼2 0 0
0 2𝐼2 0
0 0 𝐼2

]]
]

,

L𝐷 = [[
[
𝐷 0 0
0 2𝐷 0
0 0 𝐷

]]
]

,

L𝑤 = [[[
[

𝑘𝑤 0 0
0 (𝑒0𝑎)2 𝑘𝑤 0
0 0 (𝑒0𝑎)2 𝑘𝑤

]]]
]

,

(54)

L𝐺 =
[[[[[[[[[
[

𝑘𝑔 0 0 0 0
0 𝑘𝑔 (𝑒0𝑎)2 0 0 0
0 0 2𝑘𝑔 (𝑒0𝑎)2 0 0
0 0 0 𝑘𝑔 0
0 0 0 0 𝑘𝑔 (𝑒0𝑎)2

]]]]]]]]]
]

, (55)

[𝑁𝐼1] = [𝜓𝐼,𝑥𝜓𝐼,𝑦] ,

[𝑁𝐼2] = [[[
[

𝜓𝐼,𝑥𝑥𝜓𝐼,𝑥𝑦𝜓𝐼,𝑦𝑦
]]]
]

,

[𝑁𝐼3] = [[[
[

𝜓𝐼𝜓𝐼,𝑥𝜓𝐼,𝑦
]]]
]

,

[𝑁𝐼4] =
[[[[[[[[
[

𝜓𝐼,𝑥𝜓𝐼,𝑥𝑥𝜓𝐼,𝑥𝑦𝜓𝐼,𝑦𝜓𝐼,𝑦𝑦

]]]]]]]]
]

.

(56)

We rearrange matrix equations (31) and (43) as

[M11 0
0 M22

][ẅ1
ẅ2

] + [k11 + k𝑇 k12
k21 k22 + k𝑇

] = 0. (57)

Table 1: Mechanical properties.

𝐸 ℎ 𝜌 𝜐
1.06 TPa 0.34 nm 2250Kg/m3 0.25

We assume that

[w1
w2

] = [w1
w2

] 𝑒𝑖𝜔𝑡. (58)

We rewrite (55) as

(−𝜔2 [M11 0
0 M22

] + [k11 + k𝑇 k12
k21 k22 + k𝑇

])[w1
w2

]
= 0.

(59)

By solving eigenvalue problem of (57), the buckling proper-
ties of DLCGSs can be presented.

5. Numerical Simulations,
Results, and Discussion

In this paper, the nonlocal elastic theory and element-free
method are developed for the thermal vibration behavior
of DLGSs. The mechanical properties of GSs are shown
in Table 1. To verify the effectiveness of the present study,
the comparison of the results is given for circular nature
frequency for DLGs with the side length of 10 nm for all edges
simply supported by the result obtained by [43]. 𝜔𝑖(𝑚,𝑛) in this
paper represents the 𝑖th interlayer vibration mode frequency.
From Table 2, the results of the present study agree well with
those of He et al. [43].

Firstly, the influence of the side length and the mode
(𝑛,𝑚) on the circular natural frequency of the square DLGSs
under SSSS boundary condition is plotted in Figure 3. It can
be studied that, for all of the first vibration mode, the circular
frequencies decrease with the increasing side length whereas,
for the second vibration mode, the circular frequencies are
not affected by the side length.

Secondly, we conduct a case study on the square DLGSs
with 10 nm width to demonstrate the influence of nonlocal
parameter on the circular natural frequency. From Figure 4,
we also can observe that, for all of the first vibration
mode, the circular frequencies decrease with the increasing
nonlocal parameter. However, for the second vibrationmode,
the circular natural frequencies are not influenced by the
nonlocal parameters.

Then, in Figure 5, the influence of the aspect ratio on
the frequency of DLGSs with the length of 10 nm under
various boundary conditions is considered. It can be seen
in Figure 5 that, under various boundary conditions, all the
first vibration mode circular natural frequencies decrease as
the aspect ratio increases. We also can study that, under the
same condition, the first interlayer circular natural frequency
under CCCC boundary condition is higher than the other
boundary condition. However, the second interlayer circular
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Figure 3: Frequency response with the side length for square DLGSs (𝑇 = 0, 𝑘𝑔 = 𝑘𝑤 = 0, SSSS, 𝑒0𝑎 = 0).
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Figure 4: Variation of frequency with the nonlocal parameter for square DLGSs (𝑇 = 0, 𝑘𝑔 = 𝑘𝑤 = 0, SSSS, 𝐿𝑏 = 10 nm).
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Figure 5: Frequency response with the aspect ratio for DLGSs (𝑇 = 0, 𝑘𝑔 = 𝑘𝑤 = 0, 𝐿𝑏 = 10 nm, 𝑒0𝑎 = 0).

Table 2: Comparison of the present study with the published ones for square DLGSs with width 𝑏 = 10 nm.

𝜔 (THz) 𝜔1(1,1) 𝜔1(1,2) 𝜔1(2,1) 𝜔1(2,2) 𝜔2(1,1) 𝜔2(1,2) 𝜔2(2,2)
He et al. 0.069 0.173 0.173 0.276 2.683 2.688 2.697
Present 0.0692 0.175 0.175 0.2787 2.680 2.684 2.693

natural frequencies under various boundary conditions are
not affected by the aspect ratio and the frequencies are the
same.

The influence of stacking types of DLGSs on the vibration
is also studied. Figure 6 shows the frequency change with
the side length under various boundary conditions and two
stacking types of DLGSs. Figure 6 indicates that the first
interlayer mode circular natural frequency is not affected by
the stacking types of DLGSs. However, for second interlayer
mode, the circular natural frequency for the AA stacking
types is smaller than the AB stacking types.

To study the effects of Pasternak elastic foundation on the
interlayermode circular natural frequency ofDLGSs, a case is
simulated on square DLGSs with side length of 10 nm under
various boundary conditions. The nondimensional Winker
modulus parameter 𝑘𝑊 and shear modulus parameter 𝑘𝐺
are adopted. The nondimensional parameters are defined
as

𝑘𝑊 = 𝑘𝑤𝐿4𝑥𝐷 ,
𝑘𝐺 = 𝑘𝑔𝐿2𝑥𝐷 .

(60)

As shown in Figure 7, the Winker modulus parameter 𝑘𝑊 =0. Figure 7 indicates that, for the first vibration mode, the
circular frequencies increase with the increasing of 𝑘𝐺. The
first natural frequency under CCCC boundary condition
is larger than that under other boundary conditions. In
contrast, the second natural frequency is not affected by the
shear modulus parameter. Figure 8 shows the relationship
between the interlayer circular natural frequency andWinker
modulus parameter. It is evident that, for the first mode, the
natural frequencies increase with the increasing of Winker
modulus parameter. However, for the second mode, the
circular natural frequency is not influenced by the Winker
modulus parameter.

Finally, to comprehensively understand the effect of the
temperature and temperature distribution coefficient on the
interlayer mode circular natural frequency, we simulate the
vibration behavior of square DLGSs with 10 nm width under
SSSS boundary condition. Figure 9 presents the frequency
responses under low temperature environment; as shown in
Figure 9, under low temperature environment, the interlayer
mode circular natural frequency is not affected by the
temperature and temperature distribution types. However,
as is evident from Figure 10, under high temperature envi-
ronment, the first interlayer mode circular natural frequency
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Figure 6: Frequency response with the stacking types for square DLGSs (𝑇 = 0, 𝑘𝑔 = 𝑘𝑤 = 0, 𝑒0𝑎 = 0).

decreases with increasing of the temperature under various
temperature distribution types. However, for the second
mode, the natural frequency is not affected by either the
temperature or the temperature distribution types.

6. Conclusion

In this paper, the nonlocal elasticity theory and element-
free method are utilized to reveal the vibration properties
of DLGDs resting on a Winker’s elastic medium in thermal
environment. Influence of side length, nonlocal parameters,
boundary conditions, elastic medium parameter, stacking
types of graphene, aspect ratio, and temperature distribution
types on the interlayer mode circular natural frequency is
examined. The results reveal that, for the first mode, the
natural frequency is related to the nonlocal parameter, side
length, boundary condition, elastic medium parameter, and
aspect ratio, but is unrelated to the vdW force. On the
contrary, for the second mode, the natural frequency is

related to the vdW force, but is not affected by the side
length, boundary condition, nonlocal parameter, aspect ratio,
elastic medium parameter, and temperature distribution
types.
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3Centrale de Proximité en Nanotechnologies de Paris Nord, Université Paris 13, Sorbonne Paris Cité, 99 avenue Jean-Baptiste Clément,
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The coating of fused silica by an organized layer of silica nanospheres (NS) is an important issue for the design of
optical and topographic properties especially for lithography techniques such as nanosphere lithography (NSL) or nanosphere
photolithography (NSPL). Here, the spin coating of NS dispersed in N,N-dimethylformamide (DMF) is studied. The role of the
NS diameter, the spin-coating acceleration, and the volume fraction are the parameters to take into account for the formation and
organization of NS in single or double closely packed layers. We propose an explanation for this behavior based on the transition
between sedimentation and a viscous regime on the basis of the silica NS organization.

1. Introduction

The organization of nanostructures on a surface is an im-
portant issue that many fields are confronted with. The
application field of such materials depends on the dimension
range of the nanostructures. For this purpose, a large variety
of techniques have been developed to nicely localize the
structure at a desired position. Top-down techniques, such as
lithography, are preferred when it comes to placing a single
structure at a specific position. For instance, e-beam lithog-
raphy (EBL) uses the electron beam of a scanning electron
microscope (SEM) to draw a pattern on an electrosensitive
resist. If EBL can indeed be used to design assemblies of
nanostructures, it will be highly time-consuming and will
become quite challenging when more than 1mm2 has to
be covered. For large assemblies of nanostructures, soft
lithography techniques can be exploited such as nanoimprint
lithography [1, 2]. Yet, bottom-up techniques are often more
suitable for surface functionalization [3, 4], which make
nanostructures become trapped on the surface by reactive

termination. Another strategymore suitable for larger nanos-
tructures (a few hundreds of nanometers) is to deposit a drop
of the solution in which nanospheres (NS) are dispersed; it
has been shown that the evaporation of the solvent allows
the formation of a nicely organized film [5]. However, this
technique is difficult to control especially for samples with
an area typically greater than 1mm2. This is why other
techniques have been developed with success to reach the
objective of the elaboration of a single layer of NS on a
large area: Langmuir-Blodgett [6, 7], surface chemistry [8],
and dip coating [9, 10]. Spin coating is probably the easiest
and fastest way to get to this result [11–14]. It consists in
placing a droplet of an NS solution on a substrate and taking
advantage of its fast rotation to spread the liquid. In order
to form a layer of organized NS, they have to be dispersed
in a solution with high wettability (so that they can easily
spread on the surface) and high volatility (so that the liquid
phase is quickly removed as soon as the NS are spread). The
wettability is usually achieved by adding a surfactant such
as octoxynol, while the volatility is achieved by choosing
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a solvent such asmethanol. As the solution result in amixture
of surfactant, solvent, and NS, a fine optimization procedure
has to be implemented. Octoxynol in methanol is one of
the most frequent combinations reported in the literature;
its concentration ratio can vary from a reference to another
[15, 16]. This demonstrates that the reproducibility of the
results is rarely straightforward. Choi et al. [11] have proposed
the use of N,N-dimethylformamide (DMF) as a solvent, as
it has all the necessary qualities to easily and efficiently
perform deposition of a large area of self-organized NS. Most
importantly, as DMF is used in a pure form, no optimization
step is required.

The use of single or double layers can have a tremen-
dous advantage in a diversity of topics. For example, soft
lithography techniques are currently developed to promote
nanostructuration on transparent and flexible substrates.
Nanoimprint lithography (NIL) [1, 2], nanosphere lithogra-
phy (NSL), [14, 16] and its derivative Film Over Nanospheres
(FON) [15] or nanosphere photolithography (NSPL) [10] can
all take advantage of the ease of controlling the number of
silica NS layers. In these techniques, the pattern formed by
the organization of the NS is used as a mask or a mold. In
NSL, metal is deposited through the spaces in between the
NS; it forms triangles for a single layer of NS; more complex
patterns can be reachedwith a two-layermask. InNSPL, silica
NS are used as lenses for UV light illumination of photore-
sists. This technique can also take advantage of varying the
number of NS layers in order to create different patterns of
interferences. For these particular applications, the number
of layers should not be too high so a nanostructure can still be
formed (presence of interstice for NSL and transmission for
NSPL).

In this paper, we study the behavior of NS solution in
DMF when spread onto silica surfaces. These surfaces are
very similar to the oxide layer of silicon that can be found
on top of silicon wafers. Furthermore, the silica surfaces that
we have used in this work are transparent to UV and visible
light. These substrates can thus be used in a wide range of
applications such as transparent electronic devices or as pho-
tolithographic masks as proposed by Ayenew et al. [10]. The
study of the organization of NS on silica surfaces shows that it
is possible to control the number of NS organized layers using
a spin-coating technique.We have considered the diameter of
the NS and their concentration; these intrinsic properties of
the solution are decisive to explain how the spreading occurs
in a spin-coating experiment. In particular, the acceleration
of spinning has an influence on the organization of the NS.
By carefully choosing these parameters, one can choose to
form either a single or a double layer of closely packed
NS.

2. Experimental

DMF was purchased from Carlo Erba. Silica powders of NS
with diameters of 310 nm and 540 nm were purchased from
Polysciences Europe GmbH. Solutions of both powders were
prepared with volume fractions of 4.1%, 6.1%, 7%, and 7.9%.
The volume fraction 𝑉𝑓 is calculated as follows:

𝑉𝑓 =
4

3
𝜋𝑅
3𝑁

𝑉
, (1)

where 𝑅 is the radius of the NS and𝑁 is the number of NS in
the volume 𝑉.

The solutions were then sonicated for 2 hours in order to
ensure a good dispersion of the NS.

The solutions were deposited on fused silica surface (15
× 15mm) purchased from Nayco. These substrates display
high OH content and high flatness. Prior to the deposition of
the NS, the substrates were cleaned with acetone and ethanol
and treated with UV-ozone for 30 minutes in order to form a
hydrophilic surface [17].

The solutionswere then spin-coated in a two-step process.
The first step is the acceleration of the rotation speed from
0 rpm to 2000 rpm.Wehave investigated the effect of different
acceleration durations: 50 s, 100 s, 150 s, and 200 s. These
correspond, respectively, to 4.2 rad⋅s−2, 2.1 rad⋅s−2, 1.4 rad⋅s−2,
and 1.0 rad⋅s−2. During the second step, the sample rotated at
a constant speed (2000 rpm) for 150 s.

All the observations were performed on an SEM Raith
Pioneer equippedwith a field emission gun (FEG) source.The
samples were imaged at 3 kV.

3. Results and Discussion

The spreading of silica NS in DMF solutions by spin coating
was tested. Single layers of closely packed NS were obtained
without any optimization. The experiment was carried out
for NS of 310 nm and 540 nm diameter for an acceleration
duration of 150 s and a volume fraction of, respectively, 6.1%
and 7.0% (Figures 1(a) and 1(b)). The quality of the organiza-
tion for both diameters can be seen on the micrometer scale
thanks to the SEM images. At a larger scale, Bragg reflection
can be seen confirming the organization on the whole sample
surface.

The experiment was repeated for different volume frac-
tions and acceleration. For low concentration and high accel-
eration, single layers are observed displaying some vacancies.
When the concentration of NS is increased, complete double
layers can be observed for both sizes of NS. In Figure 2, the
cross sections of two samples are shown. Both samples are
made of 540 nmNS solutionswith a volume fraction of 7%. In
order to obtain a double layer, the acceleration was decreased
from 2.1 rad⋅s−2 to 1.0 rad⋅s−2.

A set of acceleration and concentration has been tested
for both diameters in order to identify the optimal parameters
allowing the deposition of single or double layers.The surface
coverage was measured by analyzing 20 adjacent SEM scans
of 75𝜇m × 50 𝜇m. The number of layers is represented in
Figure 3(a) for the 310 nm NS and in Figure 3(b) for the
540 nm NS. “1” indicates a single layer obtained for a given
volume fraction and given acceleration, while “2” stands for
a double layer.The fractional numbers refer to the proportion
of double layers on the surface. For example, 1.7 means that
30% of the surface is covered by a single layer while 70% is
covered by a double layer.

The diagrams in Figures 3(a) and 3(b) reflect the ease of
getting a single layer of silica NS since, for volume fractions
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(a) (b)

Figure 1: Single layers of NS of (a) 310 nm and (b) 540 nm diameter obtained for acceleration of 1.4 rad⋅s−2 and volume fractions of (a) 6.1%
and (b) 7.0%.

(a) (b)

Figure 2: Cross section of a sample obtained by the deposition of NS of 540 nm diameter for a volume fraction of 7.0% and acceleration of
(a) 2.1 rad⋅s−2 and (b) 1.0 rad⋅s−2.
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Figure 3: Number of layers of self-organized NS as a function of the volume fraction and the acceleration. “1” indicates that a single layer
was observed on the entire surface of the sample; “2” indicates that a double layer of organized NS was found on the whole sample surface.
Noninteger numbers represent the proportion of double layers on these samples of NS of (a) 310 nm and (b) 540 nm diameter.
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Silica NS Substrate

Figure 4: Formation of silica NS layers by spin coating. (a, c, e) SEM scan of silica NS spin-coated on fused silica for 4.2 rad⋅s−2, 2.1 rad⋅s−2,
and 1 rad⋅s−2 and volume fraction of 4.1%, 6.1%, and 7.9%. The scale bars stand for 1 𝜇m. (b, d, f) Corresponding schematics of the process of
spreading during spinning.

of 4.1% and 6.1%, single layers are obtained for both sizes
and for all the acceleration values tested. A more complex
behavior is observed for the volume fraction of 7.0% and
7.9%. As the volume fraction increases, multilayers of NS are
observed. In the first step, the NS are organized in single
layers partly covered by a secondone.Then, for other samples,
well organized double layers are observed. One can notice
that, for a given volume fraction, the proportion of double
layers becomes higher when the acceleration is lowered (see,
e.g., in Figure 3(b) the volume fraction of 7.9% giving a
double layer for 1 rad⋅s−2, 1.9 layers for 1.4 rad⋅s−2, and only
one layer for 2.1 rad⋅s−2). Also, samples displaying double
layers (partly or entirely) are more often encountered for the
310 nm diameters rather than for the 510 nm. Controlling the
number of layers on the surface by adjusting the acceleration,
the volume fraction, and the size of the NS appears to be
possible.

The acceleration allows the solution to spread on the
substrate surface. This is probably during this period of time

when the organization of the NS occurs [12]. As the NS
layers are formed, the excess solvent forms bulges on the
sample borders. These bulges are expelled when the sample
reaches its maximum speed. During this second period, the
evaporation of the solvent takes place. If the acceleration is
too high, the bulges are immediately expelled and there is
no time for the NS to self-organize. This results in a single
layer displaying vacancies (Figures 4(a) and 4(b)). Lower
acceleration allows the organization of the NS inside the thin
layer of the solution between the bulges (Figures 4(c) and
4(d)). The capillary forces play an important role in packing
the NS together; if the acceleration is too high, the centrifugal
force will exceed the capillary forces and the packing will be
poor. If the acceleration is too low, the packing of NS will be
better and can even result in a multilayer (Figures 4(e) and
4(f)). Since DMF has a low surface tension coefficient (about
35mN⋅m−1 [18]), it spreads perfectly on hydrophilic surfaces.
The bulges are reduced and a uniform concentration of NS
is present on the whole sample surface. Yet, these facts fail
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to explain the difference of behavior encountered for 310 nm
and 540 nm NS.

Regarding the differences in the two diagrams of Figure 3,
one needs to take into account two properties of the NS
solutions: the NS sedimentation and the viscosity. This latter
parameter is linked to the surface tension of the solution
that keeps the NS together despite the spinning and the
sedimentation. We propose a mechanism for the formation
of organized layers by spin coating of silica NS dispersed
in DMF based on the competition between sedimentation
of the NS and the increasing viscosity of the solution. The
sedimentation speed of NS is well described by the following
equation:

V =
2

9

𝑅2Δ𝜌𝑔

𝜂
, (2)

where 𝑅 is the sphere radius, Δ𝜌 is the density difference
between silica and solvent, 𝑔 is the acceleration of gravity, and
𝜂 is the viscosity of the solvent.

This gives a sedimentation speed of 97 nm⋅s−1 and
290 nm⋅s−1, respectively, for the 310 nm and 540 nm NS
before spinning starts. As the volume fraction increases, the
interaction between the NS becomes more important. This
leads to a more viscous behavior when the volume fraction
becomes larger [19]. As a consequence, the sedimentation
speed of the NS inside the solution is lower. In such solution,
the sedimentation is not the main phenomenon anymore.
Smaller NS display a greater number in the solution for
the same volume fraction (right 𝑦-axis in the diagrams in
Figure 3).This explains why the viscous regime is reached for
a lower volume fraction.

In order to control the number of layers when depositing
NS on a surface, a trade-off has to be found between a
sedimentation dominated regime and a viscosity dominated
regime. Thus, to obtain a multilayer sample, the volume
fraction of the 310 nm NS has to be increased. Another
possibility would be to reduce the size of NS, but then
the sedimentation would be much slower and the good
compromise even more difficult to find.

4. Conclusion

In conclusion, we have proposed a protocol to deposit and
control the number of layers of self-organized silica NS on
surfaces. The surface of silica that we have used is completely
covered by these organized layers, andwe believe that it could
easily be transferred to even larger surfaces. Amechanism for
the formation of these structures is also proposed.The benefit
of DMF is found in its high wettability which allows the
almost perfect coverage of the substrate and its evaporation
rate which is low enough to improve the self-organization
of the NS. We found that the competition between the
sedimentation and the viscosity of the solution is at the
root of the formation of single or double layers. Smaller NS
will increase the viscosity of the solution more efficiently
and thus decrease the sedimentation. Large-scale double
layers of silica NS will then be easier to obtain with smaller
diameters. However, it would probably be challenging to

make multilayer samples. For NS of 310 nm, the nanopowder
of silica NS will reach the limit of dispersion before the
appropriate volume fraction could be reached. Jiang and
McFarland [13] circumvented this problem by introducing a
polymer matrix in the solvent. This increased the viscosity of
the solution and formed multilayer samples.
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assembled nanosphere patterns,” Chemical Physics Letters, vol.
408, no. 4-6, pp. 241–246, 2005.

[6] B. Van Duffel, R. H. A. Ras, F. C. De Schryver, and R.
A. Schoonheydt, “Langmuir-Blodgett deposition and optical
diffraction of two-dimensional opal,” Journal of Materials
Chemistry, vol. 11, no. 12, pp. 3333–3336, 2001.

[7] M. Bardosova, P. Hodge, L. Pach et al., “Synthetic opals made by
the Langmuir-Blodgett method,” Thin Solid Films, vol. 437, no.
1-2, pp. 276–279, 2003.

[8] N. Lidgi-Guigui, C. Dablemont, D. Veautier et al., “Grafted 2D
assembly of colloidal metal nanoparticles for application as a
variable capacitor,”AdvancedMaterials, vol. 19, no. 13, pp. 1729–
1733, 2007.

[9] M. Szekeres, O. Kamalin, P. G. Grobet et al., “Two-dimensional
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Crystalline nickel-phosphide (c-Ni-P) plating is a newly developed mold material for precision glass molding (PGM) to fabricate
microgrooves. In the ultraprecision cutting process of the c-Ni-P plating material, the neighboring microgrooves are required to
adjoin with each other to ensure acute microgroove ridges and miniaturize the microgroove size. Generally, defects of burrs and
fracture pits can easily occur on the ridges when the plating layer is grooved. Burrs appear when tears dominate inmaterial removal
with a large adjacent amount.With the change of the adjacent amount, the removedmaterial is sheared out from the workpiece, and
when the cutting depth of the groove ridge is over the brittle-ductile transition thickness, fracture pits arise. To restrict these defects,
a small cross-angle microgroovingmethod is proposed to test the critical adjacent amount range efficiently. It is found that an acute
ridge of the microgroove is formed with a small enough adjacent amount; when this amount is in the range of 570 nm∼720 nm in
the microgroove machining process, fracture pits begin to arise on the gradient edge. High-quality microgrooves can be obtained
based on this methodology.

1. Introduction

An optical glass microgroove array is an important compo-
nent in photoelectric systems due to its function of reducing
light reflectivity, improving transmittance/diffraction effi-
ciency, and controlling light spectrum distribution [1–3].
However, it is difficult to fabricate optical glass microgrooves
directly because of the brittleness of the glass materials at
room temperature [4–6]. Precision glass molding (PGM) is
a promising method to fabricate glass microgroove arrays
with high efficiency, high accuracy, and low cost [7–9]. The
shape of the molded glass is decided by the patterns on
the mold surface, and the quality of the mold is of great
significance for the PGM process. The mold material should
have sufficiently high hardness at molding temperature and
favourable micromachinability at room temperature. Silicon
carbide (SiC) and tungsten carbide (WC) are too hard to be

machined, while the copper and aluminium are too soft to
maintain the microshape under high pressure [10, 11].

Electroless nickel-phosphide (Ni-P) plating is an impor-
tant mold surface preparation technology, which provides
hard, wear-resistant, and corrosion-resistant surfaces with
excellent micromachinability for single-point diamond cut-
ting [12, 13]. A two-step cutting process that eliminates burr
formation along the microgroove side and improves the
quality of the microgroove on Ni-P plating was proposed
by Yan et al. [14]. The forming mechanism of the burr
was studied based on the pile-up model in a scratch test.
The cutting depth and the edge radius of the diamond
tool are considered to be the two main factors of burr
formation due to the plastic flow material [15]. An energy
method was used to predict the chip flow directions, and
the calculated results agreed with the experimental results,
which proved that the energy method is valid for designing
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Figure 1: Ni-P microgroove mold single-point diamond cutting.

appropriate undeformed chip geometry to reduce burrs in
ultraprecision microgrooving on Ni-P plating [16]. The wear
and tear of the mold was the bottleneck of restriction of the
PGM. To improve the hardness of the mold and prolong
the service life, crystalline nickel-phosphide was developed
by heat treatment [17, 18]. The material characteristics and
removal mechanism of crystalline Ni-P plating are quite
different than those of amorphous plating in terms of both
brittleness and ductility for crystalline Ni-P. Few studies have
been performed on the defect reduction and high-precision
microgroove machining on the crystalline Ni-P material.

The goal of this paper is to restrict the defects that emerge
on the ridge of the microgroove machined on crystalline
Ni-P plating. In the microgrooving process, we denoted the
overlap gap between the neighboringmicrogrooves “adjacent
amount,” which determines the size and the interval of the
microgrooves. Burrs and fracture pits are easily formed on the
microgroove ridge during the microgroove forming with dif-
ferent adjacent amounts. First, the forming mechanisms are
discussed theoretically. To identify the forming mechanism
of the defect and educe the appropriate adjacent amount,
a method of small cross-angle microgrooving is proposed.
Next, the defects of microgroove machining are identified on
the gradient edge formed by the method. Finally, through
the gradual change of the material removal condition, the
microgroove machining mechanism for different adjacent
amounts is analysed.

2. Difficulties of Ni-P Mold Microgrooving

2.1. Mold Microgrooving Process. The experiment of micro-
groovemachining is carried out on an ultraprecisionmachine
centre Nanoform X (produced by Precitech Corporation,
USA), which achieves a positioning resolution of 0.016 nm
and a moving straightness of 0.1 𝜇m/50mm. As shown in
Figure 1, the workpiece of the Ni-P mold that is fixed by a
vacuum chunk ismachined by a V-shaped diamond tool with
an included angle of 90∘.

A precision vertical positioning stage fixed under the
tool holder is developed to achieve height adjustment. The
diamond tool should find the surface of the mold before
the machining, and a tool setting error is inevitable in this
step, regardless of the precision of the machine tool. For
this problem, the neighboring grooves must be adjoining
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Figure 2: Diagram of adjacent amount control for microgrooves.

with each other to a certain extent to ensure high-precision
machining and an acute microgroove ridge. In this way, the
size of the microgroove is determined by the interval of
neighboring grooves 𝑙 instead of cutting depth 𝑑 (Figure 2).
Thus, the tool setting error is totally eliminated.The height of
themicrogroove is half of the interval of neighboring grooves
for the cutting tool of the 90∘ included angle. The adjacent
amount 𝑡 is obtained:

𝑡 = 2𝑑 tan 45∘ − 𝑙. (1)

2.2. Machining Defects in Mold Microgrooving. Figure 3
shows scanning electron microscope (SEM) images of
defects, including burrs and fracture pits. During cutting,
the tool moved from right to left, and the feed of each
single microgroove cutting is 3.0 𝜇m. The intervals of the
microgrooves are 1.0 𝜇m and 4.8 𝜇m. It can be deduced
from (1) that the adjacent amounts are 5.0 𝜇m and 1.2 𝜇m,
respectively. In Figure 3(a), burrs are formed on the side of an
earlier machined microgroove. The morphology of the burrs
shows that the cutting direction is from the bottom up. In
Figure 3(b), discontinuous fracture pits are located mainly
on the ridges of the later machined surface of each single
microgroove.

3. Mechanism of Defect
Formation in Microgrooving

3.1. Modelling of Defect Formation in Microgrooving. Burr
restricting is important in microgroove machining. Gillespie
was among the first to describe different types of burrs.
Four types of machining burrs were defined (Figure 4):
Poisson burr, rollover burr, tear burr, and cut-off burr. The
Poisson burr results from the material’s tendency to bulge
to the sides when it is compressed until permanent plastic
deformation occurs. The forming mechanism of a rollover
burr is essentially the material being bent in a cutting process
such as end milling. The tear burr is the result of material
tearing loose from the workpiece rather than shearing clearly.
The cut-off burr is the result of workpiece separation from the
rawmaterial before the separation cut is finished [19, 20].The
size of the burrs in the SEM photo is similar to the height of
the microgroove, which is too large to form by extrusion or



Journal of Nanomaterials 3

(a) (b)

Figure 3: Machining defects of adjacent microgrooves: (a) burrs and (b) fracture pits.
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Figure 4: Schematic of machining burrs: (a) Poisson burr, (b) rollover burr, (c) tear burr, and (d) cut-off burr.

shearing, and it is obvious that the burrs are not formed by
material bent for their shape.Therefore, the burr is speculated
to be a typical kind of tear burr.

As the chip flow state is one of the important factors of
the burr formation mechanism, plastic deformation in the
adjacent microgrooving process should be considered. The
workpiece material is pressed by the cutting tool, while the
friction between the tool and material is ignored. Under
these circumstances, the minimum resistance principle can
be used to estimate the flow of the material macroscopically
in plastic deformation. According to this principle, in the
compression process, the particle of the plastic deformation

material always flows along the direction with the least
resistance, which is the shortest normal of the object contour
(Figure 5).

Different kinds of defects are formed according to the
adjacent amount of microgrooves. Burrs are formed on the
groove ridge with a large adjacent amount, while fracture
pits occur with a small adjacent amount. The material flow
condition is analysed by the minimum resistance principle,
and the chip flow direction is estimated (Figure 6). According
to the minimum resistance law, the section of the removed
material is divided into four parts; thematerial flows of Part II
and Part III are blocked by the workpiecematerial.Therefore,
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Figure 5: Diagram of minimum resistance principle.
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Figure 6: Material flow in the microgrooving under different conditions: (a) large adjacent amount and (b) small adjacent amount.

the chip flow direction is affected by the combination of
material flow from Part I and Part IV. The estimated chip
flow directions are shown. For the chip flow condition in
Figure 6(a), the material near the groove ridge tends to
be torn out from the workpiece. In this situation, tearing
dominates the material removal process.

As seen in Figure 6(b), the cutting depth at the position of
groove ridge is directly proportional to the adjacent amount.
For the crystallineNi-Pmaterial, fracture pits are observed on
the groove ridge, and the brittle removal process is illustrated
in Figure 7. The crack begins to appear when the cutting
depth reaches the brittle-ductile transition thickness. With
the movement of the cutting tool, the crack propagates, and
brittle exfoliation of the material occurs on the surface. In
this process, one single fracture pit is formed. For the gradual
change of the pit depth, the cutting thickness decreases when
the cutting edge of the tool reaches the brimof the fracture pit.
In this situation, the material of this part would be removed
in the ductile mode. As the cutting continues, the cutting tool
recedes from the fracture pit, and the cutting depth returns to
the original value. Afterwards, a new cycle of brittle removal
begins.The morphology of discontinuous fracture pits forms
in this process.

3.2. Analysis of Defect Formation by Small Cross-Angle
Microgrooving Method. The adjacent amount is considered

to be the most important factor that decides the quality of
the groove ridge according to the aforementioned research.
The small cross-angle microgrooving method is proposed
to analyse the forming mechanism of the groove ridge for
different adjacent amounts. The procedure of the method is
shown in Figure 8. After the machining of a microgroove,
the workpiece is rotated with a small certain angle by the
𝐶-axis of the ultraprecision machine, and then the second
microgroove that intersected with the first one is machined.
A pair of gradient edges is generated by the intersection of the
microgrooves.

Figure 9 shows the profile of the removed part of the sec-
ond cutting, and the sections of the removed part at different
positions of the gradient edge are marked. It can be observed
that the shapes of the sections are similar to the removed
part section of the parallel microgroove machined with
an adjacent amount. Each section along the gradient edge
could be matched with corresponding parallel microgroove
machining sections shaped with different adjacent amounts.
To confirm this result, the angles of the gradient edges
formed by different cross angles of microgrooves in small
cross-angle microgrooving experiments are calculated and
shown in Table 1. The edge angle 𝜃 becomes larger as the
microgroove cross-angle 𝛼 increases. When the cross angle is
in the range of 0∘∼10∘, the edge angle varies within 0.5∘, which
is sufficiently small to be ignored. The change of the cross
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Figure 7: Material removing process of the crystalline Ni-P: (a) crack propagation, (b) brittle exfoliation, (c) ductile machining, and (d)
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Table 1: Relationship between cross angle and gradient edge angle.

Microgroove cross-angle 𝛼 (∘) Edge angle 𝜃 (∘)
2 90.01745
5 90.10901
8 90.27880
10 90.43523

angle in this range has little effect on the shape of the removed
section.The shape of the section could be considered to be the
same as that of parallel microgroove machining.

The gradient edge formed in the small cross-angle
microgrooving experiment is shown in Figure 10. Burrs and
fracture pits are observed on the gradient edge, and there is
no defect at the upper part of the gradient edge. The burrs
are formed on the side of the first cutting direction. The
fracture pits are discontinuous andmainly formed on the side
of the second microgroove. At this point, the cutting depth
at the position of groove ridge is less than the brittle-ductile
transition thickness, and the material is removed in the
ductilemode.The above signs show that thematerial removal
mechanism in small cross-angle microgrooving experiments
is the same as that of adjacent parallel microgroove machin-
ing with different adjacent amounts. Thus, it is reasonable
to identify the defect formation mechanism in adjacent
microgroove cutting processes through small cross-angle
microgrooving experiments.

4. Defect Restriction by Controlling the
Adjacent Amount

4.1. Influences of Microgrooving Parameters. To conduct a
further study of the defect forming situation, a series of
small cross-anglemicrogrooving experiments are carried out,
and the experiment parameters are summarized in Table 2.



6 Journal of Nanomaterials

Table 2: Experiment parameters of small cross-angle microgrooving.

Cutting speed V (mm/min) Depth of the 1st cutting 𝑑
1
(𝜇m) Depth of the 2nd cutting 𝑑

2
(𝜇m) Cross angle of microgrooves 𝛼 (∘)

2400 3.0 3.0, 1.5 2, 5, 8, 10
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Figure 10: Gradient edge: (a) SEM photo and (b) overall schematic.

Figure 11: SEM photograph of gradient edge machined by cross of
1.5 𝜇mmicrogroove.

Several pairs of gradient edges are obtained and analysed.
Gradient edges with larger sizes are created by the cross
of microgrooves with larger cutting depths, while a smaller
cross angle of the microgrooves makes the gradient edge
slower with a certain height. Figure 11 shows a gradient edge
machined by a 5∘ cross angle of microgrooves with a cutting
depth of 1.5 𝜇m. Burrs are clearly observed on the formed
gradient edge, while fracture pits formation is not as evident
as the example shown in Figure 10(a), whose size is larger.
On one hand, it could be concluded that the formation of
fracture pits, which is relevant to the brittle-ductile transition
thickness of thematerial, is closely related to the cutting depth
of the microgrooves. On the other hand, since the formation
of the tear burr is related to the section of the removed
material part, whether it would arise or not is not affected
by the cutting depth of the microgroove. Figure 12 shows a
gradient edge formed by microgrooves with a 2∘ cross angle.
In this condition, the gradient edge is slower, and the defects

Burrs

Fracture pits

Figure 12: SEM photograph of mix exists of burrs and fracture pits.

could be observed clearly in a sparse distribution. As seen
in the figure, burrs and fracture pits coexist on the middle
part of the gradient edge, which indicates that the forming
mechanisms of these two defects are independent and have
no effect on each other.

The high-quality part on the gradient edge corresponds
to the acute ridge machined in the parallel microgrooving
process. In theory, the high-quality parts of exit and entrance
gradient edges should be the same length based on the
previous research of the removed material section. However,
it can be observed from the SEM photographs that the range
of the high-quality region on the exit gradient edge is wider
than that of the entrance gradient edge. In addition, the
size of the fracture pits on the entrance gradient edge is
larger (Figure 13). To summarize, the brittle-ductile transition
occurs in a smaller adjacent amount on the exit gradient
edge than the entrance gradient edge, and the phenomenon
of brittle exfoliation is more remarkable on the entrance
gradient edge.
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Figure 13: SEM photographs of: (a) exit gradient edge and (b) entrance gradient edge.

The removed material thickness on the edge increases
with the diamond tool moving during the entrance gradient
edge machining process. On one hand, the tensile stress
between the chip and the undeformed surfacematerialmakes
fracture pits easier to form on the brittle material. On the
other hand, for the machining process of the exit part, the
crack propagation and brittle exfoliation of the material on
the edge are restrained by the hydrostatic pressure from
the cutting tool. This explains why the quality of the exit
gradient edge is better than that of the entrance, and the
edge quality of adjacent microgrooves goes between them.
For these reasons, the brittle-ductile transition positions of
the exit and entrance gradient edges are, respectively, set as
the upper and lower bounds for the brittle-ductile adjacent
amount of microgroove machining.

4.2. Optimization and High-Quality Machining of Micro-
grooves. The corresponding adjacent amount of the position
on the gradient edge could be obtained by geometric cal-
culation, and the various brittle-ductile transition adjacent
amounts achieved in the cross-cutting process under different
cross angles are shown in Figure 14.The values of the adjacent
amounts machined by different microgroove cross-angle
degrees tend to be quite close, with no gradual change trend.
Thus, the conclusion could be drawn that, under the test
condition, the tiny change of the gradient edge shape has little
effect on the brittle-ductile transition adjacent amount of the
gradient edge, and the testing method is feasible. According
to this method, when the adjacent amount is in the range
of 570 nm∼720 nm, the fracture pits begin to occur on the
gradient edge, which is considered to be the transitional
adjacent amount of the microgroove cut.

The defects of the machined microgroove array are diffi-
cult to repair due to the relocation difficulty of the tool and
the workpiece in the machining process. Errors in submicron
scale for the relative coordinate system of the workpiece
surface established by tool setting, which would reflect the
cutting depth, are unacceptable in ultraprecision machining.
The actual cutting depth is the sum of the tool setting amount
and the cutting feed, which is not an accurate value due to the
uncertainty in the tool setting process.Therefore, estimations
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Figure 14: Effect of cross angle on transition adjacent amount in the
material removal.

must bemade to assure the high precision of themicrogroove,
and the prediction of the brittle-ductile transition adjacent
amount provides guidance to the machining process. The
cutting feed and interval of the microgrooves are rationally
designed according to the tool setting conditions and depth of
themicrogrooves.Themicrogroovemachining can be carried
out in the appropriate adjacent amount where the material is
removed in a ductile manner, and a microgroove mold with
a high-quality ridge is obtained (Figure 15).

5. Conclusion

A new method to quickly estimate the appropriate adjacent
amount range in a c-Ni-P mold microgrooving process
is proposed. The theoretical model is established, and the
brittle-ductile transition adjacent amount range of crystalline
Ni-P plating is investigated for the optimization of the cutting
conditions in a microgroove mold machining process. The
main conclusions are as follows:
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Ridges

Figure 15: High-quality microgrooves with acute ridges.

(1) Two types of defects, namely, burrs and fracture pits,
are found to coexist in the ultraprecision cutting of a Ni-
P microgroove mold subjected to the adjacent amount of
microgrooves.

(2) Small cross-angle microgrooving is an effective
method to test the brittle-ductile transition region.Themate-
rial removal and deformation mechanism on the gradient
edge resemble that of microgrooves machining in different
adjacent amounts.

(3) Generally, the quality on the exit gradient edge is
superior to that on the entrance counterpart, and the ridge
edge quality of adjacent microgrooves falls between them in
the similar removed material section.

(4) For the crystalline Ni-P plating mold, the defects
of burrs and fracture pits on the microgroove ridge can be
effectively restrained when themicrogroove adjacent amount
is less than 570 nm.
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We present performance of a room temperature LPG sensor based on 𝛼-Fe2O3/CNT (carbon nanotube) nanocomposite films.The
nanocomposite film was fabricated via the metallic Fe catalyst particle on CNTs in which both the catalyst particles and the CNT
were simultaneously synthesized by chemical vapor deposition (CVD) synthesis and were subsequently annealed in air to create
𝛼-Fe2O3. These methods are simple, inexpensive, and suitable for large-scale production.The structure, surface morphologies, and
LPG response of nanocomposite films were investigated. Raman spectroscopy and XPS analysis showed the formation of 𝛼-Fe2O3
on small CNTs (SWNTs). Morphological analysis using FE-SEM and AFM revealed the formation of the porous surface along
with roughness surface. Additionally, the sensing performance of 𝛼-Fe2O3/CNTs showed that it could detect LPG concentration at
lower value than 25% of LEL with response/recovery time of less than 30 seconds at room temperature. These results suggest that
the 𝛼-Fe2O3/CNTs films are challenging materials for monitoring LPG operating at room temperature.

1. Introduction

Liquefied petroleum gas (LPG) is a complex mixture of hy-
drocarbon compounds, which mostly consist of propane
(C3H8) and butane (C4H10). LPG is widely used as a combus-
tion apparatus in a heater, cooking equipment, and automo-
tive vehicles. Besides, LPG is of most harmful gases due to its
flammable, explosive nature, which presents many hazards to
the human being aswell as environment. To avoid the damage
caused by leaks and gas explosions, there is prevailing need
to detect LPG leakage at the lower explosive limit (∼2.0 vol.%
of LPG) [1]. In last few decades, metal oxide semiconducting
(MOS)materials have been extensively used as an LPG sensor
[2, 3]. However, the optimal sensing properties of them oper-
ated along with high temperature (300–500∘C). In such case,
a heater needs to be installed for the sensors to function, caus-
ing increased power consumption, complexity, and invest-
ment budgets. To overcome these limitations, the fabrication
of a LPG sensor operable at room temperature has gained
essence importance [4, 5].

Many reports are available on the development of the
LPG sensors that operate at room temperature, the reduction

of the MOS size [6, 7], and the mixing of MOS with metal
nanoparticles [8] including the fabrication of heterojunctions
[4, 9–11], which is one of the most strategies used. Due to the
mixing ofMOS and other materials, it formed a variety of the
unique properties for sensing material, such as a change in
conductance, improved surface catalytic property, increasing
surface reaction sites, and producing a high porosity [12]. In
addition, a formed contact potential at the interface between
MOS and other nanostructured materials has also enhanced
the sensing performance of a gas sensor [13, 14]. Therefore,
more studies in fabricating devices based on heterojunctions
are necessary, especially in nanostructure systems.

Iron oxide (Fe2O3) is n-type semiconductor, of which
hematite (𝛼-Fe2O3) is the most stable of Fe2O3. It has been
widely studied for the various applications, including mag-
netic devices, pigments, catalysts, sensors, and medical fields
[15]. In gas sensor applications, Fe2O3 has been continuously
researched because it can provide high electronmobility, high
chemical/thermal stability, multiple functions, and low cost
[16, 17]. Recently, the nanostructures of Fe2O3 materials have
attracted much attention as an effective material for various
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gases because of their high surface activities, high surface-to-
volume ratios, and high carrier mobility [18]. However, their
electrical conductivity is limited, because it requires high
temperatures to work [19]. Meanwhile, CNT can be consi-
dered as highly conductive material at room temperature.
Additionally, CNTs have a hollow structure, nanosized mor-
phology (diameter 1–10 nm), and high surface area (500–
1500m2/g) [20–24].Therefore, CNTs have been used formix-
tures enhanced in the conductivity of Fe2O3 at room temper-
ature [19, 25]. Moreover, Fe2O3 and CNTs nanocomposites
have been fabricated through asynchronous methods, and
then the mixture of Fe2O3 and CNT has been deposited on
the substrate, usually using the usually spinning and screen-
printing technique [25, 26]. However, these techniques are
themajor performance-limiting factors in the sensor because
of its inhomogeneous film thickness. Therefore, the sensor
fabrication process also provides the enhancement in sensing
performance, which can control the porosity and the rough-
ness, resulting in the improvement of sensing properties of
the sensor. Recently, a new strategy to synthesize metal nano-
particle/CNT hybridmaterials has been reported. Both of the
Fe catalyst particles and the CNT are simultaneously synthe-
sized.Then, the metallic Fe was transformed into maghemite
(/-Fe2O3) nanoparticles via a potential-cycling method [27].

Here, we report an effective approach to fabricate the 𝛼-
Fe2O3/CNT nanocomposite films, in which the CNT was
uniformly coated with 𝛼-Fe2O3 particles (𝛼-Fe2O3/CNTs).
According to our previous work [28], we found that the Fe
catalyst particles adhere to as-grown CNTs. In this work,
those particles were annealed in air to create 𝛼-Fe2O3 into
CNTs films. In addition, we also demonstrate the application
of the 𝛼-Fe2O3/CNTs thin films as a LPG sensor. Obtained
results indicated that the response and recovery time of
sensor have been significantly improved for detecting LPG
at room temperature (28∘C). Moreover, the sensing mech-
anisms of 𝛼-Fe2O3/CNTs-based LPG sensor were also dis-
cussed.

2. Experimental Section

2.1. Fabrication of 𝛼-Fe2O3/CNT Thin Films. An 𝛼-Fe2O3/
CNTs films-based sensor was fabricated through the fol-
lowing processes. Firstly, as-grown CNTs were synthesized
through the vertical floating catalyst chemical vapor depo-
sition method (FC-CVD) using pyrolysing solutions of
ethanol-ferrocene.The details of synthesized as-grown CNTs
have been previously reported [28]. Briefly, a precursor
was prepared by dissolving ferrocene powder (Fe (C5H5)2;
Sigma-Aldrich) in ethanol solution (C2H5OH; Carlo Erba)
at a 0.25wt.% ferrocene/ethanol ratio. The mist of precursor
solution was carried into the 960∘C reactor via argon (Ar)
gas with a flow rate of 1000 sccm. The synthesized CNTs
were collected onto a membrane filter directly from the FC-
CVD reactor at the bottom of the reactor under room tem-
perature (hereinafter called “as-grown CNTs”). The density
of as-grown CNTs was controlled by adjusting deposition
time (study; 15, 30, 45, 60, 90, and 120min). Secondly, as-
grown CNT films were then transferred from the filter to
a slide glass or silicon (Si) substrate by pressing and then

dissolving the filter in acetone. Finally, the as-grown CNTs
on substrate were put into a laboratory oven and annealed in
air atmosphere at 350∘C for 8 h to create 𝛼-Fe2O3 (hereinafter
“𝛼-Fe2O3/CNTs”). In order to investigate the effect of stand-
alone CNTs on the gas sensing properties, 𝛼-Fe2O3/CNTs
films were purified by immersing in 3M hydrochloric acid
(HCl) to remove 𝛼-Fe2O3, resulting in a purified CNTs film
(hereinafter called “purified CNTs”).

2.2. Characterizations. The characteristics of CNTs were
analyzed by Raman spectroscopy (Renishaw inVia Reflex)
with an Ar laser (514.5 nm) as the excitation source. The
surface composition changes of as-grown and 𝛼-Fe2O3/CNTs
were measured by X-ray photoelectron spectroscopy (XPS;
PHI 5700), which were carried out on an AXIS Ultra DLD-
X-ray photoelectron spectrometer using a monochromatic
Al K𝛼 source (1486.6 eV). In order to analyze the chemical
functional group of the samples, the Fe 2p, O 1s, and C 1s core
level were deconvoluted using the Shirley background func-
tion and Vigt fit. The surface morphology of films was per-
formed by field-emission scanning electron microscopy (FE-
SEM: JEOL, Hitachi s4700), atomic force microscopy (AFM:
Park Systems XE100), and transmission electron microscopy
(TEM: JEOL, JSM-2010). The sensor was placed into the
chamber; N2 (or zero air) and LPG were then injected via
a mass flow controller unit (MFC). The gas sensing charac-
teristics of the sensor were examined by monitoring changes
in resistance with a constant voltage of 5V, using Keithley
source meter (Model 2004). Data acquisitions (DAQ), stor-
age, and plotting in real time were realized using a personal
computer with LabView� software via a GPIB interface
control.

3. Results and Discussion

3.1. Raman Spectroscopy Analyses. Figure 1(a) presents the
Raman spectra of the as-grown CNT and 𝛼-Fe2O3/CNT
nanocomposite films in the low-frequency (∼100–500 cm−1)
region. The as-grown CNT films show several characteristic
peaks at 162 and 267 cm−1. These peaks are the Raman
spectra in radial breathing mode (RBM: ∼100–350 cm−1)
of the small-diameter CNTs (SWNTs: single-walled CNTs),
which corresponded to the diameters (ΦSWNTs) of the CNTs
films varying in the range of 0.9–1.5 nm [29]. It is clearly seen
from this figure that CNTs with 1.5mmdiameter remain after
the anneal, while the small tube (0.9 nm) is easily burned
at 350∘C due to curvature strain [30]. In addition, Raman
spectra of 𝛼-Fe2O3/CNT nanocomposite films also reveal
additional peaks at 227, 244, 298, and 414 cm−1 but these
peaks are small signals (see inset of Figure 1(a)). These peaks
remained after removing CNTs by annealing at 550∘C, which
can clearly observe the main peak at 298 cm−1, 414 cm−1, and
1320 cm−1 and minor peaks at 227 cm−1 and 244 cm−1. These
peaks are identified to the hematite (𝛼-Fe2O3) nanostructure
[31, 32].

Figure 1(b) presents the Raman spectra of the as-grown
CNT and 𝛼-Fe2O3/CNT nanocomposite films in the high-
frequency (∼1200–1800 cm−1). In the high-frequency regions,
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Figure 1: The Raman spectrum of the as-grown CNT and 𝛼-Fe2O3/CNT nanocomposite films measured in (a) low-frequency and (b) high-
frequency regions. The inset in (a) shows a comparison between Raman spectra of as-grown CNTs, 𝛼-Fe2O3/CNTs, and 𝛼-Fe2O3 reference.

two apparent peaks at 1570 cm−1 and 1590 cm−1 are observed
and correspond to the D and G band of CNTs [29]. The
intensity ratio of G and D mode (𝐼G/𝐼D): a higher ratio
indicates a lower defect, therefore, better structural quality
[29]. 𝐼G/𝐼D of as-grown CNT and 𝛼-Fe2O3/CNTs are 11.9 and
12.3, respectively. It can be seen that 𝐼G/𝐼D of 𝛼-Fe2O3/CNT
films had higher than that of as-grown CNT films. 𝐼G/𝐼D
results indicated that the purity of CNTs increased and the
structure of CNTs was not damaged even when annealed in
air.

3.2. XPS Analyses. The XPS technique is used to analyze
chemical composition on the top surface of the materials
(depth < 10 nm). Compositional elements can be identified
by the peak position in terms of binding energy and the peak
intensity (peak area) can be related to the amount of elements
in the material.

Figure 2(a) demonstrates that theXPS survey spectrumof
both as-grown CNTs and 𝛼-Fe2O3/CNT films was carbon (C
1s; ∼284 eV), oxygen (O 1s; ∼530 eV), silicon (Si 2p; ∼100 eV),
silver (Ag 3d; ∼370 eV), and iron (Fe 2p; ∼700 eV) [33–35].
In 𝛼-Fe2O3/CNT thin films, peak at 100 eV is observed and
corresponds to silicon of silicon substrate; this is because
of the ultra-thin films of the Fe2O3/CNTs. In addition, the
atomic percent (At%) table (see the inset table) demonstrated
that the O : Fe atomic ratio on the 𝛼-Fe2O3/CNT films was
close to 2 : 3, which is probably Fe2O3 [25].

The phase analyses in 𝛼-Fe2O3 have been achieved via the
Fe 2p deconvolution, as shown in Figure 2(b). The peaks in
the Fe 2p spectrum were considered as species of Fe in films,
which is referenced in the previous reports of Fe2O3 [36–
38]. Fe 2p1/2 and Fe 2p3/2 are doublet spin orbit component

of Fe 2p. According to Figure 2(b), the as-grown CNT films
were composed mostly of Fe metal, followed by Fe3C (Fe-
C), FeO, Fe3O4, and Fe2O3, respectively. After annealing,
the dominant component in 𝛼-Fe2O3/CNT films was Fe2O3.
In addition, two distinct peaks are observed at binding
energies of 711.4 (Fe 2p3/2) and 724.4 (Fe 2p1/2) eV with
a broad shake-up-satellite peaking at 719.3 eV. These peaks
suggested that the phase formation of 𝛼-Fe2O3 was as good
as those reported in the previous 𝛼-Fe2O3 studies [18, 36].
The occurrence of 𝛼-Fe2O3 is similar to that obtained by our
Raman results. These results indicated that the most of Fe
elements in 𝛼-Fe2O3/CNT films were 𝛼-Fe2O3, followed by
the Fe3O4, Fe (OH)𝑥, and Fe-Si, respectively. The increase in
intensity of the O 1s deconvoluted peak at 530.4 eV indicated
that the surface of 𝛼-Fe2O3 had mostly adsorbed oxygen
ions [39], as shown in Figure 2(c). The peaks at 532.4,
533.4, and 534.2 eV corresponded to carboxylate/carbonyl
(O–C=O/C=O), epoxy/hydroxyl (C–O–C/C–OH), and sili-
con oxide (Si–O) respectively. It should be noted that the 𝛼-
Fe2O3/CNTs showed the occurrence of a new peak at 531.7 eV
(in O 1s deconvolution; Figure 2(c)) and that Fe–C (in Fe
2p deconvolution; Figure 2(b)) disappeared.This may be that
bonding of metallic Fe and CNTs (Fe–C) was changed to 𝛼-
Fe2O3 andCNTs (Fe–O–C), of which Fe atom andCNTswere
contacted via carbonyl groups (–O–C). The peak at 531.7 eV,
therefore, possibly is assigned to the binding of 𝛼-Fe2O3 and
oxygen functional group on CNTs through Fe–O–C bonds.

Furthermore, more structure and characterization of the
CNTs were carried out by the C 1s deconvolution [39],
as shown in Figure 2(d). Both of as-grown CNT and 𝛼-
Fe2O3/CNT films presented the main peak at 284.9 eV, which
can be assigned the C 1s (Sp2) binding energy of CNTs. The



4 Journal of Nanomaterials

600 400 200 0800
Binding energy (eV)

In
te

ns
ity

 (c
ps

.)

C 1s

C 1s

O 1s

O 1s

Fe2p

Fe 2p

As-grown CNTs

Ag 3d

Ag 3d

Si 2p

Si 2p

Surveys scan

�훼-Fe2O3/CNTs

�훼-Fe2O3/CNTsAs-grown CNTs
Elements

At.% Wt.% At.% Wt.%

5.2

89.1

5.7

—

——

—

20.0

73.7

6.3

18.0

44.3

31.5

0.6

5.6

44.5

23.5

22.2

3.0

6.8

(a)

725.8 eV

720 710 700730
Binding energy (eV)

In
te

ns
ity

 (c
ps

.)

Fe 2p

As-grown CNTs

�훼-Fe2O3/CNTs

726.4 eV

724.4 eV

719.3 eV

714.8 eV

713.3 eV

720.5 eV
721.8 eV
723.5 eV

Fe2p1/2

Fe2p 3/2

�훼-Fe2O3; 711.4 eV

Fe3O4; 710.5 eV

FeO; 709.5 eV
Fe3C; 708.5 eV
Fe; 707.5 eV

(b)

538 536 534 532 530 528540
Binding energy (eV)

In
te

ns
ity

 (c
ps

.)

As-grown SWNTs

�훼-Fe2O3/CNTs

O–Fe; 530.4 eV

Fe–O–C; 531.7 eV
O–C=O, C=O; 532.4 eV

C–O–C, C–OH; 533.4 eV
O–Si; 534.2eV

O 1s

(c)

290 288 286 284 282292
Binding energy (eV)

In
te

ns
ity

 (c
ps

.) As-grown SWNTs

�훼-Fe2O3/CNTs Sp2; 284.9 eV

Sp3/C–OH/C–O–C;
285.1–285.4 eV

C–O; 286.5 eV

C 1s

C–Fe∗ ; 284.1 eV

�휋–�휋∗/O–C=O;
288.9--289.8 eV

(d)

Figure 2: (a) XPS survey scan of as-grown CNTs and 𝛼-Fe2O3/CNT films. (b) XPS deconvolution of (b) Fe 2p, (c) O 1s, and (d) C 1s. The
inset in (a) shows the atomic percent (At%) and weight percent (Wt%) of as-grown CNTs and 𝛼-Fe2O3/CNT films.

peaks in the shoulder of the main peak at 285.1–285.4, 286.5,
and 288.9–289.8 eV could be assigned to Sp3/C–OH/C–O–C,
C–O, and 𝜋–𝜋∗/O–C=O, respectively. Sp3 was attributed to
amorphous carbon/defects in the nanotube structure, which,
at this defect, could be grafted to the –OH and –C–O [40, 41].
It is widely recognized that the mixing of oxide NPs by the
formation of nucleus Fe+ on CNTs induces damage in CNTs
[25]. However, ourmethod did not further significantly affect
the CNTs due to the Fe spontaneously grow and uniformly
assemble on the entire surface of each nanotube by CVD.
In addition, the sp2/sp3 ratio of the 𝛼-Fe2O3/CNT films was

higher than that of the as-grownCNTfilms.This is consistent
with 𝐼G/𝐼D ratios in the Raman results, implying that the
structure of CNTs was not damaged even when annealed in
air.

3.3. FE-SEM/AFM Analyses. From the obtained results from
XPS and Raman spectroscopy, it is confirmed that the as-
grown CNTs were decorated with metallic Fe. However,
these metallic Fe could be easily transformed to 𝛼-Fe2O3
by air annealing. In this section, we investigated that the
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variation of deposition time effected on the morphology of
𝛼-Fe2O3/CNTs.

Figures 3(a)–3(c) present the SEM images of as-grown
CNT films on silicon substrates, which were prepared at
different deposition times of 15, 60, and 90min, respectively.
As-grown CNT films consist of CNTs and metallic Fe
particles. The decrease in the distribution of CNTs and Fe
particles suggest that the density of CNTs and Fe particles
increases with increasing the deposition time. In addition,
the hydroxide (OH–) part was observed onto CNTs and Fe

particles in XPS result. These components may be attributed
to the remained filters. The CNTs were the loosely packed
and were consisted of the randomly oriented entangled CNT
bundles, which were decorated with Fe NPs (size averaged
7.33 nm in diameter; Supplement Figure S1).

Figures 3(d), 3(e), and 3(f) present the SEM images of
𝛼-Fe2O3/CNT films prepared with different deposition time
of 15, 60, and 90min, respectively. The hydroxide part was
removed during air annealing leading to the formation of 𝛼-
Fe2O3 nanoparticles. It is seen that the CNTs network with
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(c) 𝛼-Fe2O3/CNTs prepared under 90min

Figure 4: Morphology of surface measured using AFM on samples of the 𝛼-Fe2O3/CNT films with different deposition times.The 3D images
recorded at 5 𝜇m × 5 𝜇m planar in contact mode.

interconnected 𝛼-Fe2O3 nanoparticles is formed in Figures
3(d) and 3(e). In addition, the small agglomeration of the
𝛼-Fe2O3 particles is also observed at the interconnections
of network structure along leading to the formation of the
high porous surface. The 𝛼-Fe2O3/CNT structure with high
porous is beneficial towards LPG sensing application because
of the gas molecules enable to enter quickly through the
porous structure.

Figures 4(a), 4(b), and 4(c) present that the AFM images
of 𝛼-Fe2O3/CNT films. Root mean square (RMS) roughness
of 𝛼-Fe2O3/CNT films is ∼42, ∼120, and ∼2 nm for 𝛼-Fe2O3/
CNT films prepared under deposition time of 15, 60, and
90min, respectively. In our previous report [47], the sensor
response of LPG sensor increases as a result of the high RMS
value, because of the increase in the number of the active
adsorption sites for oxygen or hydrocarbon molecules on the
sensor surfaces.

According to SEM and AFM observations, it is seen
that the porous structure and the surface roughness of 𝛼-
Fe2O3/CNT films were controlled by deposition time along
with spatial distribution of CNTs and 𝛼-Fe2O3 particles.
SEM and AFM images (Figures 3(f) and 4(a)) of such 𝛼-
Fe2O3/CNT films prepared under deposition time of 90min
clearly indicate that their surface had a bulk structure and
low roughness. For a spatial distribution of Fe2O3/CNT films

under prepared 90min, small particles were closed together
and easily aggregated into a flat surface with reduced sur-
face area of 𝛼-Fe2O3/CNT films. Obtained results indicated
that choosing a suitable deposition time could generate 𝛼-
Fe2O3/CNT films along with a highly porous structure and
high roughness.

3.4. Sensing Properties of LPG Sensors. The sensor response
to LPG was defined as 𝑆 (%) = (|Δ𝑅|/𝑅𝑔) × 100%, Δ𝑅 is
𝑅𝑎−𝑅𝑔, where𝑅𝑔 and𝑅𝑏 denote the resistance of sensorwhen
exposed to LPG gas and that when exposed to baseline gas,
respectively [48]. Response/recovery time [49] is an impor-
tant sensing performance indicator for a sensor to detect a
flammable gas. A sensor’s response time (𝑇resp.) is defined as
90% change in resistance from its baseline value to the maxi-
mum value in the presence of LPG. Recovery time (𝑇rec.) is
defined as the time required for recovering of the original
resistance. In the examination of the sensor, carbon conduc-
tive electrodes were added onto the top of sensing films.

Figures 5(a), 5(b), and 5(c) display the change in the
resistance of as-grown CNTs, 𝛼-Fe2O3/CNTs, and purified
CNTs sensors in the presence of LPG at various concentra-
tions. The baseline resistances in N2 for as-grown CNTs, 𝛼-
Fe2O3/CNTs, and purified CNTs were approximately 2.5 kΩ,
1.9MΩ, and 360 kΩ, respectively. Figure 5(a) presents that
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Figure 5: Dynamic responses of (a) as-grown CNTs; (b) 𝛼-Fe2O3/CNTs; and (c) purified CNTs to LPG in air atmosphere. (d) demonstrates
sensor responses by sensor type to varying LPG concentrations of 1–5 vol.%.

the p-type LPG sensing behavior is observed for as-grown
CNTs, which resulted from the CNTs sensing while the Fe
catalyst was encapsulated with carbon [27]. Meanwhile, 𝛼-
Fe2O3/CNT films display an n-type sensing behavior due
to the formations of 𝛼-Fe2O3 that act as LPG sensing. It is
well known that the sensing behavior of gas sensor has been
related to the properties of sensing materials such as p-type
material, which had hole majority carriers. The amount of
hole will be decreased dramatically when reducing gas (LPG)
exposure, due to the fact that an electron of reducing gas was
injected to p-type material resulting in increased resistance
of the sensor [50]. This could explain the sensing behavior of
as-grown CNTs and 𝛼-Fe2O3/CNTs composite based on LPG
sensor. Figure 5(c) clearly depicts that the sensing behavior of
CNTs without 𝛼-Fe2O3 is of p-type.

Figure 5(d) presents the sensor response, and 𝛼-Fe2O3/
CNT films showed the maximum in response along with fast
response/recovery time, while as-grown CNT and purified
CNT films had a low response. This was due to the fact that

high bonding energy among LPG atoms allows limited elec-
tron transfer from LPG molecules to the CNTs [51]. How-
ever, the purified CNTs had a quick response/recovery time
because of the highly purified CNTs than that of CNT films.
These results indicated that the 𝛼-Fe2O3/CNT films had an
excellent responsive to detect the LPG.

Moreover, we observed that the time response of 𝛼-
Fe2O3/CNTs was faster than that of as-grown CNTs. This
observation can be explained by the different sensing mech-
anism. For as-grown CNT films, the response is attributed
to the adsorption between the LPG and the surface of the
carbon nanotube. On the other hand, the fast response of
𝛼-Fe2O3/CNT films might be due to the sensing process of
the interface between the CNTs and the 𝛼-Fe2O3. According
to this mechanism, the quick response of Fe2O3/CNT-based
sensors could be attributed the Schottky barrier formed at 𝛼-
Fe2O3 andCNTs junction [52].Moreover, the annealing in air
could improve the response time of 𝛼-Fe2O3/CNT films [53].



8 Journal of Nanomaterials

0 500 1000 1500 2000 2500 3000

−5

−2.5

0

2.5

Time (sec)

(S1)

(S2)

(i)

5vol.%LPG

P

N

#90m
in

#60m
in

#4
5m

in

#30
m
in#15

m
in

LP
G

 re
sp

on
se

 (%
)

Figure 6: Sensing performances of 𝛼-Fe2O3/CNT films prepared
under varying the deposition time of 15, 30, 45, 60, and 90min.

In next section, we investigated the effect of the deposi-
tion time on LPG sensing, as showed in Figure 6. “S1” and
“S2” are defined as the sensor response of n- and p-type,
respectively. The 𝛼-Fe2O3/CNT films were prepared under
varying deposition time of 15, 30, 45, 60, and 90min. For the
sensing behavior of 𝛼-Fe2O3/CNT films, we found that the 𝛼-
Fe2O3/CNT films present the both of n- and p-type behavior.
However, notable behaviors of the sensor were attributed
to the deposition time. 𝛼-Fe2O3/CNTs prepared for 15min
showed the p-type sensing behavior while 𝛼-Fe2O3/CNTs
prepared under deposition time of 30, 45, 60, and 90min
presented n-type sensing behavior. Note that the resistance of
the 𝛼-Fe2O3/CNT composites prepared under the deposition
time of 120minwas also investigated, because of its extremely
high resistance at room temperatures, which is out of the
range of our instrument. Moreover, SEM and AFM images
of 𝛼-Fe2O3/CNT films indicated that the choosing a suitable
deposition time could be generated the 𝛼-Fe2O3/CNT films
along with a highly porous structure and high roughness.
This could explain the 𝛼-Fe2O3/CNT films prepared under
deposition time of 45min, which is the maximum response
of ∼6% to 5 vol.% of LPG.

To examine the sensor’s multiple-cycle sensing perfor-
mance under air environment, the 𝛼-Fe2O3/CNT films were
measured under at various concentrations of 0.1, 0.4, and
0.7 vol.% of LPG diluted in zero air, as shown in Figure 7.The
electrical resistance of sensors decreased upon LPG exposure
and increased after replacing LPG with zero air. The sensor
response, response, and recovery times of 𝛼-Fe2O3/CNTs
on Figure 7 are summarized in Figure 8. It is observed that
the sensor response and response/recovery times were stable
and nearly equal at each concentration, indicating a good
reproducibility of the sensing performance. Moreover, the 𝛼-
Fe2O3/CNT films could detect LPG at concentration levels of
less than 0.5 vol.% of LPG, which corresponds to 25% LEL
of LPG. Note that LEL (lower explosive limit) is defined as
the minimum level of concentration of LPG contained in the
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Figure 7: Dynamic responses of 𝛼-Fe2O3/CNT composite films to
LPG concentrations varying from 0.1 to 0.7 vol.% in a different mix
environment of air.

S 
(%

)

Concentration (vol.% of LPG)
0.1 0.4 0.7 0.4 0.1

2

4

6

50

0

50

1000

1000

T
re

sp
(s

ec
)

T
re

c
(s

ec
)

Figure 8: Summarizing the sensing properties of 𝛼-Fe2O3/CNT
composite films to LPG concentrations varying from 0.1 to 0.7 vol.%
in a different mix environment of air.

air sufficient enough to propagate a flame when exposed to a
source of ignition.

3.5. LPG Sensing Mechanism. The sensing mechanism of the
reducing gas (electron donors) like LPG results from the
chemical reaction (between LPG molecules and the surface
of materials) and relates to change in electrical properties
of the samples, as discussed in many reports [48, 54]. For
example, LPG sensing of the n-Fe2O3 semiconductor has
been shown to be n-type sensing behaviors due to reducing
in resistance when exposed to LPG [18]. In air, oxygen
molecules in the ambient air absorb continuously on the
empty absorption sites Fe2O3, which can be described by the
following equations:

O2 (gas) ←→ O2 (adsorbed; ads) (1)

O2 (ads) + e
− ←→ O2

− (ads) (2)

2C𝑛H2𝑛+2 + 2O2
− ←→ 2H2O + 2C𝑛H2𝑛O + 2e

− (3)
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Table 1: Nanocomposite materials-based LPG sensors operating at room temperature.

Years [ref.] Materials LPG (vol.%) 𝑆 (%) 𝑇resp. /𝑇rec.@90%
2011 [1] Ferric oxide 2.0 5100.0 ∼120 s/∼150 s
2013 [4] Ppy/TiO2 0.10 55.0 ∼112 s/∼130 s
2013 [11] PTh/SnO2 hybrid 0.5–2.5 ∼9.5–56.2 196–94 s/182–466 s
2014 [42] CuO-SnO2 0.5 ∼4200.0 ∼180 s/∼200 s
2014 [10] PANI//-Fe2O3 0.02 ∼140 ∼60 s/N/A
2014 [43] ZnFe2O4 5.0 ∼1600.0 ∼120 s/∼150 s
2014 [44] Cu2ZnSnS4 0.12 ∼20.0 ∼70 s/∼40 s
2016 [45] Cu2ZnSnS4 0.1 ∼60.0 ∼40 s/∼40 s
2017 [46] BaTiO3 0.5 50 ∼30 s/∼60 s
This study As-grown CNTs 5.0 ∼0.25 ∼290 s/N/A

Purified CNTs 5.0 ∼0.25 ∼20 s/45 s
𝛼-Fe2O3/CNTs 0.1–5.0 ∼1.0–6.0 ∼25–13 s/∼30–80 s

According to (1)–(3), the oxygen extracts electrons from
the conduction band of Fe2O3 to formO2

− (at room tempera-
ture), leading to an increase in resistance [25].When Fe2O3 is
exposed to LPG (C𝑛H2𝑛+2), O2

− on the film surface interacts
with the LPG molecules and produces gas intermediates
(C𝑛H2𝑛 : O), water (H2O) vapor, and electron. An electron in
(3) led to a decrease in resistance of Fe2O3 materials. In con-
trast, p-CNTs presented the resistance reduced upon expo-
sure to LPG, showing p-type sensing behaviors, as illustrated
in sensor response of as-grown CNTs (see in Figure 5).

Moreover, all 𝛼-Fe2O3/CNT films exhibited excessive
recovery (point “i” in Figure 6), which is similar to that
reported by Dai et al. in a gas sensor made of monolayer
𝛼-Fe2O3 [55]. They explained the excessive recovery due
to the one-electron response, one initial electron recovery,
and two-electron eventual recovery. In our work, the one-
electron response has received from the LPG molecules; the
two-electron recovery might be received from the oxygen/
substance intermediates gas (C𝑛H2𝑛O) which may be due to
the high active site on 𝛼-Fe2O3.

The advantageous properties of the CNTs-based gas sen-
sor are high sensitivity and fast response; however, the CNTs-
based LPG sensor is slow to respond and slow to recover.This
was due to the fact that high bonding energy among LPG
atoms allows limited electron transfer fromLPGmolecules to
the CNTs [51]. In our experiment, the 𝛼-Fe2O3/CNTs-based
LPG sensor’s improved response was achieved by converting
Fe, which served as catalyst for the growth of CNTs, to 𝛼-
Fe2O3, causing an increase in LPG active sites in the CNTs. In
addition, the porous morphology and the new characteristics
of the nanocomposite materials such as n-Fe2O3/p-CNT
nanocomposites make it possible to improve LPG sensing
performance. Further investigations are required to clarify
this kind of sensing mechanism, which will be undertaken in
our future work. Moreover, our literature review shows that
various materials have been used in LPG sensor applications
intended for room temperature use, as shown in Table 1.
Our 𝛼-Fe2O3/CNT films-based LPG sensors exhibited a fast
response/recovery time, indicating the promise of possible
applications in LPG leak detection at room temperature.

4. Conclusions

A simple fabrication of liquid petroleum gas sensor based
on 𝛼-Fe2O3/CNT nanocomposite films is reported. 𝛼-
Fe2O3/CNT films were successfully synthesized through the
vertical floating catalyst chemical vapor deposition method
(FC-CVD) using ferrocene-ethanol mist. To fabricate a sen-
sor, the metallic Fe particles on CNTs were changed into 𝛼-
Fe2O3 by annealing in air at 350

∘C. Raman spectroscopy, XPS
analysis, SEM, andAFM images reveal the Fe2O3/CNT struc-
ture with porous and roughness structure. The sensing per-
formance of the sensor was tested at room temperature. The
sensing performance of 𝛼-Fe2O3/CNTs showed that it could
detect LPG concentration at lower value than 25% of LEL
with response/recovery time of less than 30 seconds at room
temperature. These results suggest that the 𝛼-Fe2O3/CNTs
films are a challenging material for monitoring LPG operat-
ing at room temperature.
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Supplementary Materials

Figure S1: (a) TEM imageswhich represent iron nanoparticles
(Fe NPs) at surface of the growth of CNTs; (b) particle-
size distribution of the Fe NPs performed by measuring 45
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individual NPs on the TEM images. Figure S1(a) shows the
TEM image of the as-grown CNT films, which consisted of
the randomly oriented entangled CNTs. The small-diameter
CNTs were coated with Fe NPs, and some of these CNTs
were coated with Fe NP clusters. These NPs were metallic
iron (using XPS). An estimation of the distribution of Fe NPs’
sizes performed by measuring each NP obtained from TEM
images yielded an average particle size of ∼7.33 nm, as shown
in Figure 1S(b). (Supplementary Materials)
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