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A detailed comparative study on the synthesis process of coral-like CuO/Cu,O nanorods (NRs) and nanopolycrystals (NPCs)
fabricated on Cu foil employing aqueous electrolyte via potentiostatic (POT) and galvanostatic (GAL) modes is discussed. The
structural, morphological, thermal, compositional, and molecular vibration of the prepared CuO/Cu,O nanostructures was
characterized by XRD, HRSEM, TG/DTA, FTIR, and EDX techniques. XRD analysis confirmed the crystalline phase of the
formation of monoclinic CuO and cubic Cu,O nanostructures with well-defined morphology. The average particle size was
found to be 21.52nm and 26.59 nm for NRs (POT) and NPCs (GAL), respectively, and this result is corroborated from the
HRSEM analysis. POT synthesized nanoparticle depicted a higher thermal stability up to 600°C implying that the

potentiostatically grown coral-like NRs exhibit a good crystallinity and well-ordered morphology.

1. Introduction

Development of efficient energy storage devices has gained a
tremendous attention in recent years and. In this scenario,
supercapacitors are emerging electrochemical energy storing
devices due to its enormous properties like high power
density, safe operational quality, fast charging/discharging
rate, faster response time, long-term cycle stability and
ecofriendliness [1-8]. Transition metal oxide/hydroxide such
as CoO [9, 10], RuO, [11], NiO [12, 13], MgO, CuO [14-18],
TiO, [19, 20], and FeO [21, 22] is the most commonly used
electrode material in a electrochemical setup, and they deter-
mine the electrochemical performance of the supercapacitors
[23]. Among these transition metal oxides, CuO is a multifunc-
tional material, and it has versatile properties like inexpensive-
ness, low-toxicity, high theoretical capacity (670 mAhg ™), and
low electrical conductivity [24-26].

The two forms of Cu, namely, cuprous oxide (Cu,O) that
has a bandgap of ~2.17 eV and copper oxide (CuO) that has a
bandgap of ~1.2-1.5¢V, are identified as excellent p-type

semiconductors. Therefore, these materials can be used as
electrodes in supercapacitors [27, 28], infrared photo detec-
tors [29], lithium ion batteries [30], and photovoltaic solar
cells [31]. Previous studies have been stimulated by these
excellent properties to synthesizeCuO-Cu,O nanoparticles
[32]. It is evident from literature reviews that the bicompo-
nent functional materials have improved the properties of
super capacitors to greater extent than those of single compo-
nent with morphologies such as CuO-Cu,O nanowires [33],
CuO-Cu,O microspheres [34], nanorods [35, 36], CuO-
Cu,O nano-flowers [36], Leaf-Like CuO-Cu,O [37], Cu,O
films [38], nanoribbons [39], Cu,0 nanocorals [40], and
Cu,O polycrystal [41]. The widely used processing routes
among the various methods reported in the literature to fabri-
cate CuO-Cu,O are the hydrothermal method, electrochemi-
cal deposition [42], electrostatic spray deposition (ESD),
sonochemical methods [43], and chemical bath method.

The one-step electrochemical deposition method is
adopted for the fabrication of CuO/Cu,O in the present
work because
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(i) It is a low-temperature growth process
(ii) Unbinding structure [44]

(iii) Constant temperature bath maintenance during
phase composition

(iv) pH dependant

(v) Low applied potential to attain high degree of
crystalline

(vi) High conductivity [45]

Although CuO/Cu,O is abundant in nature, the most
challenging issue is that they are highly unstable in aqueous
phases. An attempt is therefore made in the present work
to study the formation mechanism of CuO/Cu,O nanostruc-
tures with various morphologies on Cu surface based on
potentiostatic (POT) and galvanostatic(GAL) modes in
NaOH, an aqueous electrolyte with pH > 10 [46]. The com-
parative study fascinatingly helps to identify the prominent
structures in which large amount of electrons could be
packed into a small surface area that may help promoting
the applications of the super capacitors.

2. Experimental Details

2.1. Materials. All the chemicals are of analytical grade and
were used without further purification. High-purity copper
foil (99.99%, 0.25mm thick) was purchased from Sigma-
Aldrich. NaOH from (Merck, India). Deionized water (DI)
was obtained from the Deionizer Millipore Simplicity UV
system, alumina powder has been procured from Merck,
and acetone (99.5% purity), isopropyl alcohol (98% purity),
and ethanol (96% purity) were purchased from Sigma-
Aldrich. Hydrochloric acid (37%) was purchased from
Emplura Merck. Pt mesh was bought from Sigma-Aldrich.

2.2. Synthesis of CuO/Cu,O Coral-like Nanorods and
Nanopolycrystals. Copper foil was uniformly cut into small
pieces in the dimension of 2 x 1 cm? and then polished with
0.2 ym alumina powder for the removal of the native oxide
followed by a DI water rinse. Cu foils were ultrasonically
cleaned in acetone, isopropyl alcohol, ethanol, and deionized
water consecutively for 15min and then immersed in 1.0
mold m™ of HCL (35%) solution to remove surface impuri-
ties. The surface of the copper foil turned bright and smooth
after the treatment. The precleaned Cu foils were then dried
in air, and teflon tape was used to cover for one-sided anod-
ization. In typical synthesis procedure, potentiostatic (POT)
and galvanostatic (GAL) anodization was performed using
two-electrode cell with Cu foil as the working electrode
(WE). Pt mesh was used as a counter electrode (CE), and
1 M NaOH aqueous solution is used as electrolyte. Elico pH
meter was used to confirm the alkaline nature (pH =12).
The working electrode and the counter electrode are
placed at a constant distance of 3cm to provide better
dissemination of heat formed at the bottom of the pores.
The distance between the WE and CE is maintained in order
to attain a highly ordered pore diameter, wall thickness, and
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rod dimension. During the anodization process, a constant
voltage of about 20 V and a constant current density of about
10mA cm™> were set to using Keithley 2400 as DC power
source for both POT and GAL approaches, respectively.
The anodization took place for 480 seconds at room temper-
ature (~28°C). Once the anodization time is complete, the foil
was cleaned with ethanol to obtain the exfoliated nanoparti-
cles. Subsequently, the amorphous samples were then crystal-
lized by annealing at 350°C for 1 hour. Finally, a black
colored uniform film on the Cu foils is obtained which was
taken for further characterizations.

2.3. Instrumentation. The structure, phase, and crystalline of
the CuO/Cu,O of POT and GAL were investigated by the X-
ray diffraction system (Bruker XRD 3003 TT) using mono-
chromatic nickel filtered CuK, (A=1.5406 A) radiation.
The Fourier transform infrared (FT-IR) spectral analysis
was carried out using a Perkin Elmer Spectrum Two. Scan-
ning electron microscope (SEM Quanta 200 FEG) was
employed for morphological study. The instrument is
attached with an energy dispersive X-ray spectrometry
(EDX) for performing crystalline information from the few
nanometer depths of the material surface.

3. Results and Discussion

Figure 1 illustrates the one-step electrochemical anodization
process of fabricating the CuO/Cu,O on Cu electrode. Under
the effect of POT and GAL, the copper substrate was made to
oxidize and release Cu®* and Cu* ions into the NaOH solu-
tion respectivley, while OH" in the solution captured the
Cu®" and Cu" ions to form Cu(OH), and CuOH nuclei with
the following reactions [31],

anodization

Cu —  Cu,"+2e, (1)

anodization _
Cu — Cu'+e. (2)

During the process of anodization, the Cu surface on
interaction with the OH™ ions that form the electrolyte
under the influence of potential will change from the brown
color to a faint blue color due to the formation copper II
hydroxide. Cuprate ions in the form of the complex
Cu(OH),* were generated at the substrate-electrolyte
interface, which creates nucleating sites on the copper
substrate. Because of the negative charge on Cu(OH), , it
gets attracted rapidly toward the copper anode, where this
combination precipitates the creation of the Cu(OH), film
on Cu at the anode. The obtained copper hydroxide film
being crystalline is engineered to enhance the band gap or
the phase formation by calcination in the presence of oxy-
gen to yield a black precipitate indicating the presence of
both CuO and Cu,O [6, 45, 47].

Cu®* + OH™ — Cu(OH), {anode}, (3)

Cu" + OH™ — Cu(OH), (4)
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FIGURE 1: Schematic representation of fabrication of coral-like CuO/Cu,O

Cu(OH), — CuO + H,0, (5)

1
CuOH — Cu,0 + EHZO. (6)

XRD studies were carried out in order to understand
the structural property of the prepared samples. The phase
identification of a crystalline material and crystal structure
of the as-prepared CuO-Cu,0 POT and GAL were ana-
lyzed by the XRD (Figure 2). The four peaks marked with
diamond shape which can be indexed to the (111), (200),
(111), and (-311) planes are presented in (Figure 2(a) and
2(b)) of the cubic Cu substrate (JCPDS No. 01-1241). The
peaks are marked with clover shape which can be perfectly
indexed to (002), (111), (-202), (202), (-311), and (220)
planes of monoclinic CuO (JCPDS no. 89-2530), while the
peaks marked with spade shape that can be indexed to
the (111), (200), and (220) are the planes of the cubic
Cu,O (JCPDS 1n0.77-0199), and no other crystalline peaks
of impurities were observed which indicates that the as-pre-
pared sample was highly pure. By using the Debye Scherrer
formula, we could find average crystallite size (d) is calcu-
lated for both POT and GAL and was found to be
~21.52nm and~26.59 nm, respectively. It is clearly evident
that the sample obtained by the potentiostatic anodization
(POT) shows small crystal size than that of the galvanosta-
tic (GAL) method.

Figure 3 depicts the morphologies of nanostructures of
CuO/Cu,0 investigated with scanning electron microscopy
(SEM). Figures 3(a) and 3(b) exhibit coral-like CuO/Cu,O
nanorods (NRs) which are formed during the potentiostatic
modes of anodization carried out at the rate of about 20V,
whereas (Figures 3(c) and 3(d)) represent high-
magnification images of CuO/Cu,O nanopolycrystals
(NPCs) formed during galvanostatic modes of anodization

Electrochemical M
setup ':J
Clean with DI, C,H;OH, Anodlzatlon : ——
C3HO, C3HgO process

Cu(OH),&CuOH nuclei

W

Cu(OH),&CuOH nuclei

i

F

(NRs) and CuO/Cu,O (NPCs) on Cu substrate.

a
3 %
< - e
&
2 2 S
g \3\-} *
.S
S * &
= ' 2 e
I[ * | w
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— POT & CuO
GAL & Cu,0

¢ Cu

FIGURE 2: XRD pattern of the POT grown CuO/Cu,O and GAL
grown CuO/Cu,0.

at the rate of about 10mA cm™. The coral-like nanorods
have a pointing tips that are around 26.9nm and 29.3 nm
presented in Figure 3(b) indicating a well-ordered morphol-
ogy, demonstrating a controlled-size and rod-like structure
which may help to enhance for the supercapacitor applica-
tions [48]. Figure 3(d) represents the size and shape of the
CuO/Cu,O nanopolycrystals (NPCs) that are around
50.3nm and 57.2nm which are in general larger in size
compared to its counterpart.

The thermal stability of the nanomaterials was deter-
mined by thermogravimetry and differential thermal analysis
(TG/DTA). The TG/DTA traces of CuO/Cu,O nanoparticles
are shown in (Figure 4). A small weight loss appears room
temperature to 100°C recognized due to dehydration of
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(d)

FiGure 3: The high magnification SEM images of (a, b) POT grown CuO/Cu,O (NRs) and (¢, d) GAL grown CuO/Cu,O (NPCs).
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FIGURE 4: TG/DTA of CuO/Cu,O for potentiostatic (POT) and galvanostatic (GAL) modes.

surface moisture. The POT samples gradually lose weight but
is almost stable until 600°C with an estimated weight loss of
10%; on the other hand, GAL depicted a weight loss of 5%
at 200°C and another 5% at 500°C and a slope nearing 20%
at 600°C. From the TG graphs, it is clearly evident that the

POT route synthesized samples were more stable at higher
temperature than the GAL route.

FT-IR spectra of the CuO/Cu,O nanostructures prepared
in different modes are shown in (Figure 5). The broad
absorption peaks at 3444 cm ™" and 3437 cm™" belong to the
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symmetric or asymmetric stretching of O-H bonds. The
peaks were observed at 1630cm ™" and 1629 cm™" indicate
the formation of CuO nanoparticles. The stretching vibra-
tion of Cu-O bonds of Cu,0 nanoparticles is found at
1100-1400 cm™'and shown in (Figure 5). The two infrared
absorption peaks reveal the vibrational modes in the range
of 500-700 cm™". The peaks observed at 530 cm™" represent
the formation of CuO/Cu,O (NRs) and 554 cm™ for CuO/-
Cu,0 (NPCs), respectively. Therefore, the metal-oxygen

frequencies observed for CuO nanoparticles are in close
agreement with those reported in the literature. Figure 6
shows the energy dispersive X-ray (EDX) analysis of POT
(NRs) and GAL (NPCs) annealed at 350°C for 1 hr. Graph-
ical representation reveals the presence of copper (Cu) and
oxygen (O) elements in nanoparticals, and the data indicate
that the nanocomposites are nearly stoichiometric. The
weight percent of copper and oxide calculated from EDX
analysis is shown in Figures 6(a) and 6(b). No other
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TaBLE 1: Comparison of research approaches and findings.

Substrate Electrolyte Time (min) Morphology Current/potential applied References

Cu foil 2M KOH 15 Nanowires 2.5mA/cm? [49]

Cu foam 3M KOH 20 Leaf-like 30 mA/cm® (37]

Cu foam 3M KOH 30 Nanosheets 20 mA/cm?> [50]

Cu foil 3M KOH 120 Flower-like 6 mA/cm” [51]

Cu foil 0.1-0.5 M oxalate 30 Spheres 7.5-9V [52]

Cu foil Ni(NO,),-6H,0 (1 M) 5 1 mA/cm® [53]
2M KOH 20

Cu foil Needle 1.3 &1.8V [54]
3M KOH 20

Cu foil 1M NaOH 15 Ro.ds 20V (PZOT) This work
1M NaOH 15 Particles 10 mA/cm” (GAL)

elemental impurities are detected in the EDX spectra. This
result confirmed that the formation of as-prepared metal
oxides was CuO/Cu,O nanoparticals. Table 1 describes a
list of materials fabricated by a similar procedure.

4. Conclusion

In this paper, we have demonstrated a facile and cost-
effective potentiostatic and galvanostatic modes of the anod-
ization method to synthesize the coral-like CuO/Cu,O
nanorods and CuO/Cu,O nanopolycrystals on copper foil.
Fascinatingly, the comparative studies from the XRD
patterns revealed that the galvanostatically anodized CuO/-
Cu,0 NPCs have a chaotic structure and large crystallite size
on comparison with POT mode, whereas potentiostatically
anodized coral-like NRs have a well-layered structure and
binder less and smaller crystallite size as compared to the
galvanostatic technique from HRSEM analysis. The thermal
studies indicate that the POT mode fabricated samples were
found to be more stable than the GAL mode. EDX analysis
depicted a higher purity of both the samples.

Data Availability

The data supporting this work is available from the corre-
sponding author upon request.
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This paper is aimed at how to select, extract, and characterize natural dyes and to use them as sensitizers in dye-sensitized solar cells
(DSSCs). Dyes obtained from fresh sources of annatto fruits, black plums, cactus fruits, turmeric roots, and red spinach leaves were
used as sensitizers. The dye pigments were analyzed using UV-Vis spectrophotometer and FT-IR for the characterization of their
spectral properties. The combination from Titanium dioxide paste with the powdered nanotubes was used as photoanodes for
DSSCs. The photovoltaic properties of the DSSCs such as efficiency, fill factor, open-circuit voltage, and short circuit current
were studied using a standard illumination of air-mass 1.5 global (AM 1.5 G) having an irradiance of 100 mW/cm”. The highest
power conversion efficiencies (1) of 0.7% was achieved for the DSSCs fabricated using dye extracted from annatto fruits and
0.4% each for dyes extracted from black plum fruits and cactus fruits, respectively. The widespread accessibility of these fruits,
roots, and leaves and ease of extraction of dyes from these ordinarily available natural resources render them unique and low-

cost candidates for solar cell fabrication.

1. Introduction

The emergence of dye-sensitized solar cells (DSSCs) was
pioneered by O’Regan and Gritzel in 1991 [1]. The dye as a
sensitizer in a DSSC plays a key role in absorbing sunlight
and transforming solar energy into electric energy. DSSCs
belong to the third generation in the photovoltaic devices,
and they also hold a good relation for the low-cost conver-
sion of solar energy to electricity due to the rather simpler
materials and lower cost of fabrication [2]. The essential need
for the innovative selection of materials for the photosensitiz-
ing applications led to the production and improvement in
DSSCs [3-5]. These cells are based on the coating of the glass
with a suitable nanostructured, mesoporous metal oxide
films anchored to the visible light with the aid of adsorbed
molecular dye. The injection of the electrons forms the
excited states of the dye to the conduction band of the metal

oxides. The passing electrons travel along the current-
carrying collector, while the dye gets regenerated by the elec-
tron donor within the electrolyte solution. Usually, the dyes
are generated from plant leaves, fruits, and other naturally
occurring products. Several papers have been reported in this
regard [6-16]. Although metal complex-based DSSCs have
provided a relatively high efficiency, their limited resources
and costly production remain to be a major disadvantage.
Recently, organic dyes with related characteristics that of
Ru-based compound having higher absorption coeflicients
have been reported [17-20]. Organic dyes used in the DSSC
often show similarity to natural dyes that are found in plant
leaves, fruits, and other natural products. Employing natural
dyes as sensitizers DSSC is emerging as a prevalent area of
research due to their low cost, nontoxicity, and far-reaching
biodegradation. Thus far, numerous natural dyes have been
employed as sensitizers in DSSC [21-26]. In the recent past,
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FIGURE 4: (a) The FESEM image of the TiO,NT and (b) the XRD pattern of the TiO,NT.
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several steps have been taken to optimize the structure of
these natural dyes to improve the efficiency of DSSC, and
the outcomes are promising.

This paper summarizes the work of five different types of
natural dyes extracted from various fruits, leaves, and roots
which are found common in the southern part of India.
UV-Vis absorption and FT-IR spectroscopy studies were car-
ried out on the extracted dyes. The photovoltaic properties of
natural DSSCs were also investigated.

2. Material and Methods

2.1. Preparation of TiO, Nanotubes. TiO, nanotubes were
synthesized by the anodization method where ethylene glycol
(EG) electrolyte is used in the presence of NH,F. Ti foils
(0.5 mm thickness, 99.4% purity, Sigma Aldrich) were suc-
cessively cleaned before anodization in acetone, ethanol,
and deionized (DI) water. Anodization was performed in a
two-electrode arrangement with titanium foil as the cathode
and platinum foil as the anode [25-27]. Keithley 2400 was
used as the voltage source to drive the anodization. The elec-
trolyte consisted of 0.3 wt% NH,F and 2 vol% H,O in ethyl-
ene glycol. The anodization was conducted at 60V for 12h
at room temperature. After the prescribed duration, the
anodized samples were annealed at 450°C for 2 h in air. The
annealed samples were characterized using FESEM and
EDAX to study the surface morphology and chemical com-
position of the synthesized materials. XRD and HRTEM
analyses were carried out to evaluate the crystalline nature
of the samples. Later, the annealed freestanding tube arrays
were crushed into powder and mixed well with the TiO,
NP paste (Dysol Ltd.) to form the photoanode. The detailed
preparation method is illustrated in our previous article [28].

2.2. Preparation of Natural Dye Sensitizers. The annatto seeds
were collected from fresh fruits and vacuum dried at 60°C.
After drying, these seeds were dipped in absolute ethanol at

room temperature in the dark for 24 h, and then, the solution
was filtered to remove the seeds and other solid particles. The
filtered solution was then used as sensitizer. The dye attained
from black plums is as follows; fresh fruits were collected and
the black skins of the fruits were carefully separated and dried
in vacuum. After drying, the product was immersed in etha-
nol for 24 h to extract the dye. The solids were then filtered
out from the dye solution. Similarly, fresh cactus fruits were
collected, washed, and crushed well in ethanol solution and
kept for 24h to extract the dye. Once the ethanol solution
became deep red in color, the solids were removed from the
solution by filtration.

To obtain turmeric dye, fresh turmeric roots were cut
into small pieces and dipped in ethanol for 24 h and filtered
out to obtain dark yellow turmeric dye. The dye from red
spinach leaves was extracted with acetone. The leaves were
dried sufficiently well in a dark room. The dried leaves were
crushed and soaked in acetone for 24 h, and a fine green col-
ored dye was obtained. The red color disappeared once the
leaves got dried.

Figure 1 demonstrates the five different natural dyes
which were used as the sensitizers. These natural dyes were
used to sensitize the photoanodes prepared from the com-
posite of TiO, nanoparticle/TiO, nanotube paste (TiO,
NP/TiNT). Later, DSSCs were assembled, and the photoelec-
trical properties were inspected.

2.3. Fabrication of Natural Dye-Sensitized Solar Cells. The
natural dye-sensitized solar cell (n-DSSC) was fabricated
using TiO, NP/TiNT composite photoanodes with platinum
sputtered FTO (Dyesol Ltd.) as counter electrode. The com-
mercially available iodine/triiodide electrolyte (Dyesol Ltd.)
was used as electrolyte solution in the preparation of n-
DSSC. The sintered photoanodes after cooling into the nor-
mal temperature was immersed in to the solution containing
natural dye for 24 h. Once the dye was completely absorbed
by the photoanodes, it was sandwiched with the platinum
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FIGURE 6: UV-Vis absorption spectra of dye extracts and corresponding photoanodes: (a) annatto, TiNT/TiO, NP, and TiNT/TiO,
NP/annatto dye; (b) black plum, TiNT/TiO, NP, and TiNT/TiO, NP/black plum dye; (c) turmeric, TiNT/TiO, NP, and TiNT/TiO,
NP/turmeric dye; (d) red spinach dye, TiNT/TiO, NP, and TiNT/TiO, NP/red spinach dye; and (e) cactus dye, TiNT/TiO, NP, and
TiNT/TiO, NP/cactus dye. (Inset: photographs of corresponding dye sensitized photoanodes).

counter electrode with iodine/triiodide electrolyte between
them. As soon as the electrolyte was injected, it was sealed
properly to avoid any outflow of the electrolyte.

3. Result and Discussion

3.1. Characteristics of TiO, Nanotube-Array Electrode.
Figure 2(a) shows the FESEM image of the TiO, NT array
film after anodization of Ti foil. The nanotubes are well
defined after the ultrasonic treatment of the synthesized sam-
ples. As compared with the planar film, the nanotubular
assembly provides a high specific surface area for the absorp-
tion of a sufficient amount of dyes on the electrode surface
followed by the crystallization obtained by the annealing of
TiO, onto the DSSCs [29]. HRTEM images of the synthe-
sized TiO,NT are depicted in Figures 3(b)-3(d) and the
SAED pattern in Figure 3(a). Figure 4(a) shows the FESEM
image of the as formed TiO,NT, and Figure 4(b) shows the
XRD patterns of TiO, nanotubes annealed at 450°C. It is evi-
denced that TiO, transforms from amorphous phases to
crystalline anatase phases after the annealing at 450°C.

3.2. Spectroscopic Characterization of
Natural Photosensitizers

3.2.1. Annatto Dye (Bixa orellana). Annatto or Bixa orellana
is a small tree from the family of Bixaceae that contains pig-
ment bixin. From the annatto seeds, a dark-red extract is
obtained, which is widely used for food colouring and fla-
vouring. The pericarp of the seeds contains a high concentra-
tion of carotenoids and is composed of up to 80% of the
carotenoid cis-bixin and the remaining 20% include trans-

and cis-norbixin [30]. Cis-bixin (C,sH;,0,) is insoluble in
water and consists of a chain of alternating double conju-
gated bonds, with a carboxylic acid group at one end of the
chain and a methyl ester group at the other. Norbixin
(C,,H,40,) is a water soluble carotenoid with only difference
is the presence of a carboxylic acid moiety in the position of
the methyl ester group in bixin [30].

Figure 5(a) shows the FT-IR spectrum of annatto dye.
The following assignments were made in the spectrum; at
3410cm™, the O-H stretching vibration is observed. The C-
H stretches due to methyl and methylene groups are
observed at 2915 cm ™ and 2850 cm ', respectively. At around
1722 cm’’, the carboxylic C=0 group, and at 1608 cm™’, the
alkene C=C stretch are seen. The peaks positioned at
1438 cm™ and 1378 cm™ represent the C-H bending of the
methyl groups, and the peak at 1287 cm™ is attributed to
the C-O vibrations. The peaks at 1254cm™ and 1159 cm™
represent the symmetric and asymmetric vibrations of the
C-O-C ester group [30, 31].

Figure 6(a) demonstrates the UV-Vis absorption spec-
trum of annatto dye. From the spectrum, it is observed that
the annatto dye shows a wide absorption peak in the visible
region (360-40nm). With TiNT/TiO, NP composite, there
is a widening of the peak from 360-570 nm and thereby con-
firms the integration of the dye into the TiNT/TiO, NP com-
posite film.

3.2.2. Black Plum Fruits (Syzygium cumini). Black plum
fruits (Syzygium cumini) are commonly found in India.
The black plum fruits are deep violet or bluish in color,
having various medicinal properties. The anthocyanin
compounds that are present in the fruit are responsible
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TaBLE 1: ] — V characteristic of DSSC fabricated using TiNT/TiO, NP photoanodes with natural dye sensitizers in comparison with the

literature survey.

Natural dye Aoy (M) V, (V) Jo (mA/cm)? FF 1 (%) Ref.
Mulberry 543 0.86 0.42 0.43 [37]
Myrtus cauliflora Mart (Jaboticaba) 520 7.20 0.59 0.54 — [38]
Red cabbage 537 0.50 0.37 0.54 0.13 [39]
Hylocereus polyrhizus (dragon fruit) 535 0.20 0.22 0.30 0.22 [40]
Bixa orellana L (annatto seeds) 474 1.1 0.57 0.59 0.37 [41]
Spinach 437 0.47 0.55 0.51 0.13 [32]
Cherries 500 0.46 0.30 38.3 0.18 [9]
Fructus lycii 447,425 0.53 0.68 46.6 0.17 [42]
Raspberries 540 0.26 0.42 64.8 1.50 [43]
Turmeric 507.2 1.857 0.503 0.473 [44]
Annatto 455 0.63 6.19 18.9 0.74 This work
Black plum 550 0.51 5.43 14.68 0.40 This work
Turmeric 425 0.62 4.59 7.99 0.22 This work
Red spinach 430 and 665 0.51 3.56 9.21 0.16 This work
Cactus 550 0.58 5.68 13.48 0.44 This work

for the violet or bluish color of the dye. The FT-IR spec-
troscopy studies confirmed the presence of anthocyanin
pigment extracted in the black plum fruits. Figure 5(b)
displays the FT-IR spectrum of the black plum fruit.
The peak at 3520cm™ corresponds to the -OH stretching
vibration. The peaks at 2933 cm™' are assigned to the -CH
stretching modes [32]. The spectral region between 1550
to 1700cm™ allows infrared absorption of C=C. Conse-
quently, the peak at 1627cm™ corresponding to the dou-
ble bond (C=C) stretching vibration could be correlated
with the stretching of aromatic C=C in anthocyanin.
The peaks at 1730cm™ are assigned to the C=O stretch-
ing vibration [32, 33].

Figure 6(b) explains the UV-Vis absorption spectrum of
black plum dye and the dye-sensitized TiNT/TiO, NP photo-
anode. A maximum absorption is observed at 570 nm for the
dye. After immersing the photoanode in the black plum dye,
the photoanode films turn to blue in color (inset of Figure 6).
The absorption band of the adsorbed dye was broader than
the absorption band of the fresh dye solution.

3.2.3. Turmeric Dye (Curcuma longa). Turmeric rhizome
root contains up to 5% essential oils and up to 3% curcumin
a polyphenol. Curcumin is the active ingredient of turmeric.
It exists at least in two tautomeric forms, keto and enol. The
keto form is preferred in solid phase and the enol form in
solution [34]. The extract of turmeric root yields a deep
orange-yellow dye.

FT-IR spectrum of turmeric dye recorded in the wave-
band 4000-500cm™ is illustrated in Figure 5(c). The -OH
stretching frequency appears at 3368 cm™'. The asymmetrical
C-O-C stretching frequency of aryl alkyl ethers appears at
1287 cm™". The band at 1688 cm™ corresponds to the sym-
metrical C=0 stretching of the keto group. The sharp band
at 1087 cm™ is assigned to the C-O-C stretch of alkyl aryl
ether. The sharp band at 1039cm™ is assigned to the C-O
stretch of the phenyl alkyl ether that confirms the molecular
structure of curcumin extracted from turmeric [34].

Figure 6(c) reveals the UV-Vis absorption spectrum of
pure curcumin and curcumin sensitized TiO, photoelec-
trode. As perceived from the curves of the absorption
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FIGURE 8: ] — V curves of natural DSSC: (a) annatto, (b) black plum, (c) turmeric, (d) red spinach, and (b) cactus.

spectrum, the maximum absorption peak of curcumin is at
the wavelength 425 nm.

It also shows a broad peak at the wavelength range from
400 nm to 450 nm. Owing to adsorption on the TiO, of all
pigments, the absorption band shifts to higher energy in the

visible range. The broad range also indicates that the dye is
stained well on the TiO, nanoparticles. This broadening
can lead to the capacity of dye to harvest photons in a broader
spectrum of solar energy, which eventually produces a higher
photocurrent [34].
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3.2.4. Red Spinach (Amaranthus dubius). Red spinach is a
normally available vegetable in many parts of India. Its leaves
are usually round thick and red in color. It also has a bright
red color central stem. The leaves and stem of red spinach
contain a red liquid. To extract dye from red spinach, the
leaves were initially dried, crushed, and then soaked in ace-
tone and fine green-colored dye was obtained. The red color
disappeared once the leaves got dried. Figure 5(d) shows the
FT-IR spectrum of red spinach dye in the spectral range
within the waveband of 4000-500 cm ",

The dye extracted from red spinach exhibits the following
bands corresponding to different functional groups. The
peak at 3416 cm™' corresponds to the -OH stretching vibra-
tion. The CH, and CH,, vibrations are observed at 2930 cm’
"and 2817 cm™, respectively [35]. Moreover, C=O vibration
at 1721cm™ and C-O vibration at 1045cm™ are also
observed. The UV-Vis absorption spectrum of red spinach
dye is shown in Figure 6(d). It has approximate absorption
maxima at 430 and 662nm, which were attributed to the
presence of chlorophyll pigment in the extract.

3.2.5. Cactus Fruit Dye (Opunitia ficus). The fruit of the cac-
tus, known by the name prickly pear, is in oval shape with a
reddish-purple color. The reddish color is due to the presence
of anthocyanin compounds. The properties of cactus fruit
dye have been investigated by FT-IR and UV-Vis spectro-
scopic techniques.

The FT-IR spectrum of cactus dye was recorded in the
spectral range of waveband 4000cm™ to 500cm™
(Figure 5(e)). From the spectrum, the broad absorption range
between 3200 and 3400 cm™ indicates that the chemical has
an intermolecular H-bond, and the sharp peak between
1600 and 1700 cm™ shows that C=0 stretching vibration is
conjugate. The sharp peak around 1030-1060 cm™ is due to
the C-O- C stretching vibration of esters acetates [35, 36].

The results prove that the due from cactus fruit contains
anthocyanin which is one of the core compositions for natu-
ral dye. Chemically, cactus dye contains intermolecular H-
bonds, conjugate C=0 stretching, and existing ester acetates,
C-O-C asymmetric stretching vibrations, all of which are
caused by the anthocyanin component [36]. The carbonyl
and hydroxyl groups in cactus fruit dye can be bound with
the surface of TiO, and thus result in photoelectric effects.

The absorption spectrum of cactus fruit was obtained in
the wavelength range between 300nm and 800nm using
UV-Vis spectroscopy. In Figure 6(e), the cactus dye is found
to have an absorption peak at 535nm and show a good
absorption level between 450 and 600 nm. The structures of
the dye based on the natural sources are depicted in Figure 7.

3.3. Photoelectrochemical Performance of DSSCs Sensitized
with Natural Dyes. In the presence of white light emit-
ted(100 mW cm™?) from the solar simulator, the DSSC with
the natural dyes was studied. The performance of DSSC
using natural dye sensitizers was evaluated by short circuit
current density (J,.), open-circuit voltage (V.), fill factor
(FF), and energy conversion efficiency (). The ] — V charac-
teristics of the DSSC sensitized with natural dyes are listed in
Table 1. Figures 8(a)-8(f) show the photocurrent photo-

Journal of Nanomaterials

voltage (J — V) characteristics of the DSSCs, and the fill fac-
tors of these DSSC are found to be very low. The V_ varies
from 0.51 to 0.63V, and the J, changes from 3.56 to
6.19mA cm . Specifically, a high V.. (0.63V) and J_
(6.19 mA cm™) were obtained from the DSSC sensitized by
the annatto dye, where the efficiency of the DSSC reached
up to 0.7%.

4. Conclusion

An investigation on the use of natural dyes as photosensi-
tizers for DSSC fabrication was taken up in this study. Natu-
ral dye-based solar cells appear to be limited by low V. and
Js.- Though the studies cornered with the natural dyes are
still below the necessary requirements, the obtained results
are highly encouraging and could also pave way for new nat-
ural dyes or modification to the present ones. The environ-
mental friendliness and low-cost production make it a
promising candidate for natural dyes as sensitizers.

Data Availability

The data supporting this work is available from the corre-
sponding author upon request.
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In this study, visible-light-driven ZnO microrod-rGO heterojunction composites were successfully synthesized via a facile and
scalable hydrothermal process. The prepared photocatalyst heterojunction was examined using different techniques including
XRD, SEM, FTIR, UV-Vis spectroscopy, and TGA to reveal their crystal phase, morphology, and other optical properties. The
photocatalytic performance of the obtained ZnO-rGO composites was measured by the photodegradation of phenol under
visible light illumination. The addition of graphene over the catalyst exhibited an enhanced photocatalytic activity for phenol
degradation due to its high surface area and decreasing rate of electron-hole separation. Kinetic studies proved that the
degradation of phenol process happened by following the pseudo-first-order kinetic model. The effective conditions for
degradation of phenol using ZnO-rGO composite were 0.2 g L ' catalyst dose, pH -4, and initial concentration 20 ppm of phenol
solution. Comparing with ZnO microrods, the heterojunction composite degraded the organic pollutants of phenol solution up
to 84.2% of efficiency displaying the highest photocatalytic activity, whereas urchin-like ZnO catalyst exhibited much less
photocatalytic activity for phenol degradation under visible light irradiation. This result envisages immense properties, showing

a great potential industrial application for the removal of phenolic wastewater.

1. Introduction

In today’s industrialization, environmental pollution has
been booming day by day. Industries that use plenty of water
include textile companies, refining petroleum, automotive
manufacturing, and primary metals [1]. The discharge from
these industries produces plenty of organic contamination
which makes severe damages to the ecosystem especially to
the aqueous system by decreasing the concentration of oxy-
gen dissolved in the environment. Among the biorecalcitrant
toxic compounds, phenol is the most harmful organic com-
pound which is a ubiquitous water pollutant that plays a vital
role in industries such as pharmaceuticals, coal conversion,
paint, cresols, dyeing, and pulpmill [2]. The European Union
regulation has declared the maximum permitted amount of
phenolic compounds in freshwater as 0.5 mgL™" [3].

Therefore, there has been a growing interest to eliminate
these contaminations from the industrial water and make it
usable for the ecological systems like plant, animal, and
human beings. Thus, researchers have done a lot of work to
develop fascinating methods for the removal of water pollut-
ants in this area including the approaches like ion floatation,
sonocatalytic degradation, photocatalytic degradation,
swirling jet-induced method, hydrodynamic cavitation,
electrochemical oxidation, and advanced oxidation processes
[4-11]. Among these, heterogeneous photodegradation is the
most remarkable and effective method for converting toxic
organic pollutants into carbonaceous products [12].

Nowadays, many researchers prefer heterogeneous
photodegradation process owing to its good electron conduc-
tivity, huge specific surface area, material consumption, high
stability, high absorption, conduction empty band (CB), and
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electronic structure packed valance band (VB) [13-16]. The
method of phenol degradation through semiconducting
metal oxide has been under usage as photocatalyst materials
involving TiO, [17], ZnO [18], V,0, [19], Fe;O, [20], and
MgO [21] and is well known and ascribed to the arrangement
of electron-hole pair at the valance and conduction band
after absorption of less amount of energy from UV or visible
light.

Among semiconducting nano/microstructure, ZnO is a
promising candidate with suitable bandgap energy of
~3.4eV and versatile material for photodegradation under
the removal of various types of organic dyes in an aqueous
or gaseous medium [22]. It has been confirmed that ZnO
can exhibit high photocatalytic degradation than TiO, for
some dyes owing to its economic viability and ecofriendly
nature [23]. These are diverse experimental methods for the
synthesis of ZnO-rGO heterojunction materials [24], includ-
ing solvothermal, hydrothermal, microwave synthesis, elec-
trochemical deposition, precipitation method, and solution
combustion synthesis. In this paper, a hydrothermal
approach was used for synthesizing urchin-like ZnO with
the addition of graphene material with the idea to enhance
the photocatalytic performance. Furthermore, the morphol-
ogy plays a significant role for the better performance of pho-
tocatalytic activity. In the recent studies, hierarchically
ordered ZnO microstructures are found to exhibit high pho-
tocatalytic performance due to their high stability against
aggregation and large specific surface area [25, 26]. Literature
reviews suggest that graphene sheet enhances various prop-
erties such as large values of Young modulus, extremely high
surface area, high visible light optical transparency, superior
mobility of charge carriers (200,000 cm”*V~"'s™"), and ther-
mal conductivity [27, 28]. Thus, reduced graphene oxide-
(rGO-) based metal oxide photocatalytic materials have
recently gained a lot of attention among the scientists to
improve the charge transfer at the interface; it reduces the
recombination of charge carriers on the surface of catalysts
and offers high performance to absorb pollutants. These mul-
tifunctional heterojunctions have been demonstrated to be
outstanding candidate fruits in fields like photocatalytic deg-
radation of organic pollutants over visible light irradiation.
Research has been conducted for several decades on ZnO-
based nanocomposite due to its better photocatalytic perfor-
mance and high surface area, but the complexity to recover
from the reaction system and agglomeration are two major
problems that restrict its practical application [29, 30]. Thus,
microsized ZnO with a high surface area is an alternative
pathway to overcome these problems.

For instance, Qin et al. reported ZnO microsphere-rGO
nanocomposites for photodegradation of methylene blue
pigment under UV irradiation [31]. Pant et al. synthesized
ZnO microflowers arranged on reduced graphene oxide of
MB dye over UV irradiation [32]. To the best of our knowl-
edge, there are limited works which used urchin-like ZnO
microrod-rGO composites as a heterojunction for degrada-
tion of phenol in visible light irradiation. Herein, we report
the synthesis of urchin-like ZnO microrod-rGO composites
by a facile and environmentally friendly hydrothermal
method. The synthesized composite was examined and char-
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acterized for photocatalytic degradation of phenol under vis-
ible light illumination. Moreover, the effect of special
parameters including optical, magnetic, photoconductivity,
phenol concentration, catalyst dosage, and photocatalytic
properties of urchin-like ZnO microrod-rGO composite
was also investigated.

2. Materials and Methods
2.1.  Materials. Graphite, zinc nitrate hexahydrate
(Zn(NO,),-6H,0), polyethylene glycol (PEG 4000),

ammonium hydroxide (NH;-H,O), potassium persulfate
(K,S,04), sulfuric acid (H,SO,), phosphorus pentoxide
(P,0O5), hydrochloric acid (HCI), potassium permanganate
(KMnO,), ethylene glycol (C,HO,), hydrogen peroxide
(H,0,), and ascorbic acid (C;H4O,) were purchased from
Aldrich and used as received.

2.2. Preparation of Graphene Oxide (GO). Graphene oxide
was synthesized from graphite powder by using the modified
Hummers method [33]. Typically, 3g of graphite, 2g of
P,0Os, and 2 g of K,S,04 were added into 24 mL of concen-
trated H,SO, under stirring at 95°C for 6h. The mixture
was cooled down to normal room temperature and 1L of
deionized (DI) water was added into the mixture and kept
under ageing for 48 h. The mixture was then washed, filtered,
and dried out to obtain the black powder. Subsequently, 15 g
of KMnO, and 125mL of concentrated H,SO, were added
into the mixture and kept in an ice bath below 10°C and mag-
netically stirred at 40°C for 3 h. The obtained grey sample was
diluted with the dropwise addition of 10mL of H,O,
followed by the slow addition of 0.5L of DI water to quench
the solution, and the colour of the solution became yellowish.
The obtained product was centrifuged, cleaned with HCI to
remove impurities, and washed with DI water. The final
product was dried at 40°C in a vacuum oven to attain the
GO sample.

2.3. Preparation of Reduced Graphene Oxide (rGO). Reduced
graphene oxide (rGO) was synthesized from graphite oxide
(GO) by using ascorbic acid as a reductant [34]. 0.1 mg/mL
of GO solution and 0.1 M ascorbic acid were mixed and kept
at 70°C on a heating shield and stirred for 35 min; the colour
of the solution turned from yellow to black. The product was
centrifuged and dried at 120°C in a vacuum.

2.4. Preparation of the Urchin-Like ZnO Microrod-rGO
Composite Materials. In a typical experiment, 10.8g
Zn(NO,),-6H,0, 2.5wt. % of rGO, 30 mL of C,H.O,, and
0.6g PEG 4000 were dissolved in distilled water (120 mL).
Then, NH;-H,O was added dropwise until the pH adjusted
to 8. After being magnetically stirred for 35 min, the solution
was transferred into a 250 mL Teflon-lined stainless steel
autoclave. The autoclave was kept at 120°C for 24h in an
oven and then cooled down to the room temperature
naturally. The product was washed with distilled water and
absolute ethanol several times and dried at 60°C for 24 h.

Finally, the product of urchin-like ZnO microrod-rGO
was obtained.
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2.5. Evaluation of Photocatalytic Activity. The degradation
reaction of urchin-like ZnO microrod-rGO of the prepared
catalysts was conducted by measuring the photodegradation
of the phenol in aqueous solution (10mg/L) under visible
light illumination at ambient temperature. The adsorption
process was kept under a dark region as a batch process. Typ-
ically, 30mg of photocatalyst was added to 50mL of the
aqueous solution and stirred for some time to evade residue
of the catalyst. Prior to irradiation, the experimental set-up
was placed in a complete dark portion and magnetically stir-
red for 60 min in the dark to achieve adsorption-desorption
equilibrium. Subsequently, the photocatalytic reaction was
in progress by the exposure of a 50 W tungsten lamp as a vis-
ible light source. The distance between source and photoreac-
tion sample was 20 cm, and 5mL of sample was taken out
with the help of a syringe (~5mL) at time interval of each
15min. The mixture solutions were then centrifuged, and
the supernatant of the dye was analysed by using a UV-Vis
spectrophotometer (Shimadzu 2450 series, Japan). The deg-
radation efficiency of the phenol can be defined as follows:

D(%) = (1 ;Cf) x 100%, (1)

0

where C, is the initial dye concentration (mg/L) at time t =0
and C, is the residual concentration of phenol (mg/L) at
different irradiation intervals ¢, respectively. The photodegra-
dation follows pseudo-first-order kinetics, which can be
expressed as follows:

C
-In <C—;> = Koppt> (2)

where k (min™) is the rate constant of photodegradation [35].

2.6. Characterization. The X-ray diffractogram patterns of
the prepared samples were recorded using an X-ray diffrac-
tion system (XRD 3003 TT) from 10 to 70" with Cu Ka«
(1.5406 A) radiation. High-resolution scanning electron
microscopy (HRSEM) was employed for morphological
study by using GMS 5900, JEOL, Japan. Fourier transform
infrared (FT-IR) spectrum studies were recorded using a
PerkinElmer Spectrum 2 spectrometer in the wavenumber
ranging from 4000 to 400 cm. Thermogravimetric (TGA)
analysis was carried with the instrument (NETZSCH STA
449F3, Germany), to investigate the stability of samples at
higher temperatures. A UV-Vis spectrometer (PerkinElmer
Lambda 25) was used to collect the UV-visible absorption
spectra of the dye samples.

3. Results and Discussion

3.1. X-Ray Diffraction Analysis. The recorded powder XRD
patterns of the as-prepared rGO, ZnO, and the ZnO-rGO
composite is shown in Figure 1. The diffraction pattern of
rGO shows a broad peak at 20 value 25.6° corresponding to
the (002) planes of interlayer distance of 3.47 A [36]. The
XRD peak of ZnO shows sharp and intense diffraction peaks
at20 of 31.5%, 34.1°, 36°,47.2°,56.3°, 62.6°, 66.1°, 67°, and 68.8"

(100)
(101)

(002)

(101)
— (102)
)
(
(200)
(201)

(100)

(002)

=

L (102)

g(los
(20(())
(201)

Intensity (a.u)

T T T T T T T
10 20 30 40 50 60 70

Degrees (20)

—— ZnO-rGO
—— ZnO
— GO

Ficure 1: X-ray patterns of the rGO, ZnO, and ZnO-rGO
composites.

and its corresponding lattice planes (100), (002), (101), (102),
(110), (103), (002), (112), and (201), respectively. The as-
prepared urchin-like ZnO microstructure exhibited good
crystalline nature with hexagonal wurtzite structure and is
in agreement with the standard JCPDS card No: 36-1451
[37]. In addition, the ZnO-rGO composite reveals a similar
XRD pattern of ZnO-related diffraction peaks with the
rGO-related wide peak that confirms the heterojunction
structure. However, the rGO peak is not seen in the ZnO-
rGO composite due to the relatively less intensity [38]. No
proof of any other impurities is detected conforming that
the ZnO-rGO composite is successfully prepared.

3.2. Morphological Analysis. The morphologies and micro-
structures of rGO, urchin-like ZnO, and ZnO microrod-
rGO composites were investigated via HR-SEM and shown
in Figures 2(a)-2(d), respectively. The compact wrinkled-
like rGO sheet confirms the formation of the 2D structure
which clearly indicates that the graphene oxide has been well
reduced during the hydrothermal process (Figure 2(a)) [35].
The pure urchin-like ZnO (Figures 2(b) and 2(c)) with a
diameter of about 10 um is self-assembled by micro/nanor-
ods. It has a length of approximately 3-5ym and a diameter
of 600-800nm as shown in Figure 2(c). The network of
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FIGURE 2: SEM images of (a) rGO, (b, ¢) urchin-like ZnO microrods, and (d) ZnO microrod-rGO composite.

urchin-like ZnO also shows a compact distribution of
nanorods, and hence, it caused the well-ordered shape of
nanorods. In the SEM image of ZnO-rGO (Figure 2(d)), it
can be identified that urchin-like ZnO micro/nanorods are
anchored and well dispersed on the rGO sheet. After the
growth of ZnO micro/nanostructures on the rGO, the gra-
phene has changed its morphology due to larger size of
ZnO particles. Hence, the larger size of composites will
enhance a conductive to recycling and the more channels in
the nanorods will provide better transportation of electrons
during the process of photodegradation [39].

3.3. Fourier Transform Infrared (FT-IR) Analysis. Figure 3
shows the FT-IR spectra of rGO, urchin-like ZnO, and
ZnO-rGO composite. All samples exhibit a strong and wide
absorption peak around 3200-3500 cm™ which is attributed
to the stretching of O-H vibration of the amide group [40].
In the case of rGO, we observed that the absorption bands
decreased distinctly to less intensity and oxygen functionali-
ties disappeared, which conforms the surface of GO has been
reduced to rGO [41]. Besides, the strong peaks at 459 cm™
are assigned to the stretching vibration of the Zn-O hexago-
nal phase [42]. The absorption peaks at 1627 cm ™, 1385 cm’’,
and 893cm™ correspond to the aromatic C=C bond and
skeletal ring vibrations from the graphitic domain, C-OH
stretching vibrations, and bending vibration of C-OH,
respectively [40, 43]. But after hydrothermal reaction, the
intensity of the peak significantly decreased. However, this
peak was red shifted to 534cm™ in the ZnO-rGO composite
due to interactions between the urchin-like ZnO microstruc-
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Ficure 3: FT-IR spectra of the rGO, ZnO, and ZnO-rGO
composites.

ture and residual epoxy and hydroxyl functional groups of
the rGO [40, 44, 45].

3.4. UV-Visible Absorbance Analysis. To examine the optical
properties of the as-synthesized materials, UV-Vis optical
absorption spectra were recorded (Figure 4(a)). It is an effec-
tive way to study about surface defects and is strongly associ-
ated with the photocatalytic activity of ZnO-rGO composites
[46]. The strong characteristic absorbance peak at about
377nm indicated highly crystalline and inherent bandgap
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FIGURE 4: (a) UV-visible absorbance spectra for the as-synthesized rGO, ZnO, and ZnO-rGO; (b, ¢) Tauc plot to examine the bandgap of ZnO

and ZnO-rGO.

absorption of ZnO particles [28]. rGO shows the absorption
peak seen at 264 nm and is attributed to 77 — 7 * orbital tran-
sition [47], while the characteristic spectra of ZnO-rGO com-
posites show a peak at 264 nm which belongs to the rGO, and
another absorption peak at 382nm is attributed to ZnO
microstructure. Therefore, the ZnO in the composite mate-
rial got red shifted from 377 to 382 nm mainly due to the
addition of rGO through ZnO. The overall peak shows that
the composite material of urchin-like ZnO-rGO microstruc-
ture has higher absorption capacity than pure ZnO which is
confirmed from the UV-spectrum. Thus, the higher absorp-
tion capacity plays an important role in the photocatalytic
performance of visible light irradiation for dyes.

To estimate the bandgap energy of synthesized catalysts,
the UV-visible absorbance spectra of samples were analysed
by performing by the Kubelka-Munk theory. The material
was calculated by plotting (ahv)® versus (hv) photon energy
by using the following equation:

ahv =A(hv - Eg)'"?, (3)
where « is the absorption coefficient of the catalyst, v is the
frequency of light, hv is the photon energy, A is the constant
energy, and E, is the bandgap energy, respectively. From
Figures 4(b) and 4(c), the estimated bandgap energy values
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FIGURE 5: TGA curves of (a) rGO, (b) urchin-like ZnO, and (c¢) ZnO-rGO composites.

for ZnO and ZnO-rGO composites are 3.20eV and 2.97 eV,
respectively. It can be seen that the E  value of the composite
material is red shifted from the E value of ZnO microstruc-
ture, suggesting the bandgap reduction of ZnO-rGO catalyst,
which can enhance high visible light absorption for the pho-
tocatalytic performance of phenol.

3.5. Thermogravimetric Analysis. As presented in Figure 5(a),
the thermogram of rGO, the weight loss at about 73.38 wt.
% mainly occurs at the range of 400°C and drops drastically
due to the increasing temperature range from 410°C and
735°C, indicating that rGO has a homogeneous composi-
tion distribution to the oxidation of carbon in air simulta-
neously. The residual weight of rGO which is about
12.66 wt. % denotes that rGO is totally combusted [47].

From Figure 5(b), the TGA traces of ZnO one could
observe the three weight loss in the range of 50-150°C,
150-350°C, and 350-600°C. Weight loss of about 3.2wt. %
from 50 to 150°C is related to the dehydration of surface-
adsorbed water molecules and removal of chemically
absorbed alcohol. The weight loss of about 6.97 wt. % from
150 to 350°C is due to the degradation of the organic mol-
ecules and the hydroxide groups. Therefore, annealing at
above 350°C assured the formation of ZnO particles [48].
The TGA trace of ZnO-rGO composites is illustrated in
Figure 5(c). The weight loss of about 9.61wt. % above
250°C is ascribed to be oxidation of graphene under atmo-
sphere. A significant mass loss of about 19.49wt. % is
observed at the temperature range above 400°C-510°C
which is supposedly due to decomposition of rGO in the
composite [49]. Based on the above result, we can conclude
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degradation by the photocatalysts was also investigated.

that the residual weight ratio of ZnO-rGO composites is
about 63 wt. % at 520°C, respectively.

3.6. Photocatalytic Activity. The photocatalytic performance
of urchin-like ZnO and ZnO microrod-rGO composites
was examined for their photodegradation of phenol solution
as a model pollutant under visible light irradiation. Figure 6

represents the time-dependent UV-Vis absorption spectrum
of the aqueous solution of phenol which leads to the decrease
in its absorbance reduction with various duration. Prior to
the irradiation, the sample was stirred magnetically in the
completely dark area for 60 min to attain the adsorption
equilibrium of phenol solution over the photocatalyst. The
photodegradation was carried out for 150 min, and the
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degradation rate of phenol solution has shown a maximum
absorption wavelength at A, =270 nm [3].

In general, the concentration of phenol or absorbance
gradually decreases with the increasing illumination time in
the presence of urchin-like ZnO and ZnO-rGO photocata-
lyst, respectively. After irradiation, the concentration of phe-
nol is reduced, implying the decolourization of photocatalyst,
and ascribed to the oxidation of phenol in the existence of -
OH radicals. The degradation result shows that the ZnO
nano/micro-rGO heterojunction degrades the organic pol-
lutants of phenol solution up to ~84.2% and urchin-like
ZnO catalyst degrades ~71.5% in just 150 min under similar
operating conditions. Therefore, the ZnO nano/microrod-
rGO composites exhibit better photocatalytic activity than
those of wurchin-like ZnO microrods. As shown in
Figures 6(a) and 6(b), the typical absorption peak at 270 nm
does not change its wavelength even after 150 min, which
indicated that the prepared photocatalyst of phenol is active
under visible light irradiation.

According to literature, the addition of rGO in the cata-
lysts favours a larger surface area to bind a phenol molecule
through the 7 — 7 conjugation with face-to-face direction
[50]. The dispersion of ZnO-rGO composites enhances the
surface of oxygen species, improves the electron-hole pairs,
and lowers the bandgap. Moreover, the absorption edge of
ZnO-rGO composites shifted to the broad wavelength after
135min and provides a favourable absorption of phenol
under visible light irradiation. The observed normalized tem-
poral concentration changes (C,/C,) of phenol during photo-
degradation activity of prepared photocatalysts (urchin-like
ZnO and ZnO microrod-rGO composites) vs. time graph
are shown in Figure 7(a). It is clear that ZnO-rGO with
84.2% demonstrates an outstanding enhancement in the
photodegradation of phenol compared with urchin-like
ZnO microrods.

Pseudo-first-order reaction. The reaction was calculated
from the slope of -In(C,/C,) and reaction time, t
(Figure 7(b)). From this graph, we can understand that
urchin-like ZnO and ZnO microrod-rGO composites exhibit
linear fit lines and confirm that the photocatalytic degrada-
tion reaction follows pseudo-first-order reaction kinetics.
As shown in Figure 7(b), the rate constant of urchin-like

ZnO exhibits a K,,, of 0.015 min”', whereas the ZnO

microrod-rGO composites reach into 0.024 min™', which is
about 1.5 times faster rate than that of pure ZnO microrods.
The higher rate constant of ZnO microrod-rGO composites
yields a large number of photoelectrons which enhance the
photocatalysis. Herein, to better assess, the performance of
the synthesized catalyst was compared with the detoxifica-
tion of phenol reported in literature studies (Table 1). It is
concluded that ZnO microrod-rGO composites are an effi-
cient catalyst for decontamination of phenol over visible light
irradiation. It may be beneficial for the use of industrial appli-
cations due to its cost-effective and great performance.

4. Conclusion

In this investigation, we successfully synthesized a cost-
effective and highly active ZnO microrod-rGO composite of

heterojunction via a facile hydrothermal process. The ZnO-
rGO (2.97eV) displayed a narrow bandgap when compared
to urchin-like ZnO (3.20 eV) and also showed strong visible
light absorption and an enhanced photoresponse to visible
light regions. The photodegradation efficiency of the com-
posite reached 84.2%, and the catalyst performance was eval-
uated by phenol degradation under the irradiation of visible
light. The ZnO-rGO composite incorporated with additional
electronic channels with the presence of urchin-like structure
can absorb a large quantity of phenol because of its large sur-
face area and transfer of electrons faster due to the presence
of rGO in the composite. Therefore, the obtained results sug-
gest that the prepared ZnO-rGO composite is a promising
candidate for photodegradation process under visible-light-
driven photocatalyst for decontamination of toxic com-
pounds and effluents.
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To enhance reusability and to maintain higher efficiency in degradation, Mn;0,/rGO nanocomposites were synthesized by a facile
thermal treatment. Initially, Mn,O, nanoparticles were prepared and analyzed by powder XRD and HR-SEM. The composition of
manganese oxide was varied to obtain different nanocomposites. The Mn,0, ions were found to be well anchored onto the rGO
surface. The obtained samples were taken for the photodegradation studies with phenol as the pollutant. Under a dynamic

mode, the absorption efficiency was found to be maximum for the MnsR0.75 sample for phenol.

1. Introduction

Discharge of organic wastes into local water bodies has been
one of the most serious issues. The highly toxic wastes in
industrial effluents contain a large portion of phenolic com-
pounds that have adverse effects on both nature and public
health [1-3]. The common sources of phenolic pollution
are paints, pesticides, coke ovens, coal conversion, polymeric
resin, paper mills, petroleum refineries, and petrochemical
and pharmaceutical industries [4-6]. These compounds have
stubborn nonbiodegradable properties and toxicity and,
therefore, posed to be fatally harmful to aquatic life and
humans since the phenolic compounds own considerably
high binding capacity in aqueous medium. Furthermore,
their unpleasant odor and taste add to the detrimental effect
on aqueous systems [7-10]. Thus, it is important to develop
an adhesive-like material to remove the organic pollutants
from water bodies to minimize pollution [11-13]. Many
techniques have been used to remove phenol from wastewa-
ter such as photocatalytic degradation, membrane filtration,
chemical oxidation, and solvent extraction [14-21]. Recently,
Wang et al. prepared 2D/2D y-MnO,/rGO using rGO and
KMnO, for the catalytic ozonation of 4-chlorophenol in the
presence of PMS [22]. Ramesh et al. examined the catalytic

efficiency of MnO,/rGO nanowires for the degradation of
reactive red using a sono-Fenton-assisted process in the pres-
ence of H,0, [23]. Qu et al. used a suspension of GO/MnSO,
from the modified Hummers method to fabricate
rGO/MnO, to degrade methylene blue dye in the presence
of H,0, [24]. Recently, the research has turned towards the
removal of pollutants via photocatalysis employing either
UV or visible light [25-29]. In recent times, rGO has gained
considerable attention in this area as an effective metal-free
catalyst which has been used in order to weaken up the per-
sulphate, eventually wearing away the O-O band present at
the dynamic sites and forming an excellent electron bridge
(Duan et al., 2015, [30]). In a similar way, nanodiamonds,
cubic mesoporous carbon, and CNT have been extensively
used by researchers in degrading organic pollutants [2, 31,
32]. Though these materials caused degradation of the target
compounds, a longer time was required to achieve a complete
degradation. Hence, graphene was employed in this work to
attain a higher surface area along with unique properties such
as good conductivity, charge delocalization, chemical stabil-
ity, and electron transfer properties thereby making it an
excellent candidate for the purpose. Graphene, with these
qualities, could be considered a suitable material to be used
in the degradation of organic pollutants [26, 33]. In addition,
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metal oxides based on manganese have been extensively
explored owing to their superior physical and chemical prop-
erties, low toxicity, and abundance. The presence of their
unique redox loops leads to a higher potential activity via
the single electron transfer making its way to be a suitable
catalyst [34]. The additional difficulty arises due to the super-
fine nature of Mn as it forms a well-dispersed solution [35,
36]. In a nutshell, photocatalysis is the acceleration of photo-
electrons due to the presence of a catalyst like Mn used in this
case. Thus, more attention has been paid towards metal-free
catalysts like carbon materials which are both cheap and
environment-friendly and also for sustainable sources. In a
typical heterogeneous experiment, the carbon material will
be acting as an adsorbent [37], catalytic support [38], and
in some cases also a catalytic support [39]. These peculiar
properties make it an interesting candidate along with other
properties like their stability with acids and bases, surface,
texture, and mechanical and electrical properties. It is also
commendable to observe that the incorporation of a carbon
material induces an encouraging effect not only on the effi-
ciency but also on the degree of degradation achieved in the
reactions [40, 41]. This work is aimed at creating a metal
oxide-based composite with the addition of a carbon support
to facilitate a better degradation of phenol.

2. Materials and Methods

2.1. Synthesis of rGO. All the chemicals used were of analyti-
cal grade and used without any further purification. In a
synthesis procedure, 1g of graphite flakes was added to
50 ml concentrated sulfuric acid while stirring in an ice-
water bath and maintaining the temperature under 10°C.
0.379M potassium permanganate was gradually added to
the above solution; the reaction was quenched by the addi-
tion of 200 ml distilled water. An extra 2h ultrasonic treat-
ment was carried out and processed for the preparation
(reduction) of rGO. After adjusting the pH to ~6 with the
addition of sodium hydroxide (0.1 M), the suspension was
further sonicated for 1h. 0.567 M of the reducing agent L-
ascorbic acid was dissolved in 100 ml distilled water and then
was slowly added to the exfoliated graphite oxide suspension
at room temperature, to act as a mild reducing agent. The
reduction was performed by maintaining the solution at
95°C for 1h. The resultant black precipitate was simply
filtered by cellulose filter paper and was further washed with
a 1 M hydrochloric acid solution to wash away the remaining
impurities and followed by washes in distilled water, and the
pH was brought to neutral. Finally, the filtrate was freeze-
dried to obtain rGO powder.

2.2. Synthesis of Mn;O, Nanospheres. The sol-process is one of
the easiest ways to synthesize Mn,O, nanostructures. An
aqueous solution consisting of manganous chloride (0.05 M)
and N,N-dimethylformamide (0.01M) was stirred on a
magnetic stirrer at room temperature for 15min. Under this
stirring condition, an equal volume of 0.05 M sodium hydrox-
ide was added drop-wise into this reaction mixture. The color-
less solution turns initially to light brown and later to a dark
brown colloidal precipitate, which indicates the formation of
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FIGURE 1: X-ray diffractograms of rGO, pristine Mn;0,, MnsR0.25,
MnsR0.50, MnsR0.75, and MnsR1.
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FIGURE 2: Raman plot of pristine Mn;0,, rGO, MnsR0.25, and
MnsRI1.
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FIGUre 3: HR-SEM images of (a) pristine Mn,O,, (b) bare rGO, (c) MnsR1, (d) MnsR0.75, (e¢) MnsR0.50, and (f) MnsR0.25.

the Mn,0, nanostructure. The stirring process was prolonged
for 2 hours. The particles were centrifuged and washed with
distilled water several times and finally with ethanol and then
conventionally annealed at 400°C for 2 hours to eliminate the
coordinated H,O molecule.

2.3. Preparation of rGO/Mn;O, Nanocomposites. The
rGO/Mn;0, nanocomposites were formed from the individu-
ally prepared rGO and Mn;O, nanoparticles. Ethylene glycol
aided in the composite formation process; 100 mg of Mn,0,
was added to 20 ml of ethylene glycol and then for an hour.
A brownish-black color solution was obtained, and to this col-
loidal solution, an equal amount (100 mg) of rGO was added.
The colloidal mixture was allowed to stir for 30 minutes and
dried in an oven at 140°C to obtain the rtGO/Mn;0, compos-
ites. By keeping the mass of rGO a constant (100 mg), three
more composites were prepared by changing the Mn,O, mass
as 25, 50, and 75mg. The samples prepared with the mass of
25, 50, 75, and 100 mg are labeled as MnsR0.25, MnsR0.50,
MnsR0.75, and MnsR1, respectively.

2.4. Characterization. The structural, morphological, optical,
compositional, and thermal data of the as-prepared samples
were investigated. X-ray diffraction was carried out on a Rich
Seifert X-ray diffractometer in the range 10-75°; Raman anal-
ysis was performed with the QE Pro Raman Series Spectrom-
eter. HR-SEM and EDX analyses were carried out on a
Quanta 200 FEG High-Resolution Scanning Electron Micro-
scope equipped with an EDAX analyzer. The FT-IR spectrum
was taken on Perkin Elmer Spectrum Two within a range of

500-4000 cm™'. TG thermograms were obtained from Perkin
Elmer STA 6000 in the presence of nitrogen atmosphere
(20 ml/hr) in the temperature range of 100-800°C.

3. Results and Discussion

Figure 1 shows the X-ray diffraction (XRD) pattern of the
synthesized rGO sheets which exhibits a broad diffraction
peak at 24°. The powder XRD pattern of the as-prepared
Mn,0O, is depicted in Figure 1. These peaks were conve-
niently indexed to a pure tetragonal phase of the Mn,0,
nanostructure (JCPDS card No. 89-4837) [41]. The peaks of
the composite indicate the presence of Mn;O,; the steady
increase in the intensity of the peaks indicates the increasing
presence of manganese in the composites from MnsR0.25 to
MnsR1. The same has been reflected in the Raman analysis
depicted in Figure 2. The XRD pattern of rtGO/Mn,0, nano-
composites is shown in Figure 1, and it shows no structural
changes and contains perfect combinations of the above
peaks corresponding to both Mn,0, and rGO. The crystallite
size of Mn;0, nanospheres was calculated by the Debye-
Scherrer formula:

kA

D= ,
P cos O

(1)

where D is the crystalline size, k is the shape factor, A is the
wavelength of X-ray, f is the full-width half maxima of the
peak, and 0 the angle at which the peak has been observed.
The particle size of the Mn,0O, nanosphere is calculated to
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be between 15 and 25nm. Raman spectroscopy being an
important tool is used in exploring the structural properties
of the materials. The sharp peak at 651 cm™ depicted in
Figure 2 indicates the presence of Mn,O, [42]. The Raman
spectra of the reduced graphene oxide is depicted in
Figure 2 with the characteristic peaks at 1359 and 1608 cm™*
corresponding to the D and G bands of reduced graphene
oxide. The G band corresponds to the radial C-C stretching
of the sp” carbon, and the D band relates to the first-order
zone boundary phonon related to the defects on the edges
of graphene. The intensity ratio (I,/I;) of the D and G bands
was used to qualitatively characterize the defect density of
rGO to be 0.8451 and 0.8576 for the composite MnsR1 [43].

The obtained crystallite size is nearly the same when
compared to those obtained from the HR-SEM images.
Mn;0, exhibits a spherical morphology while rGO demon-

strated a sheet-like morphology (Figures 3(a) and 3(b)), but
in an agglomerated form which is attributed to the higher
adsorption of moisture from the atmosphere. Mn,O, nano-
spheres are clearly visualized in Figure 3(a) where the nano-
spheres are almost in the range of 15-29 nm. Figures 3(c)-3(f)
demonstrate the even coating of Mn;O, onto the rGO sheets.
The EDAX spectrum of the samples also describes the quantita-
tive analysis of the as-prepared samples. Figures 4(a)-4(f) illus-
trate the EDAX spectrum of rGO, Mn,0,, and the composites.
The molecular structure of the synthesized samples was studied
by FT-IR spectra (Figure 5). In the range 500-4000cm™ for
rGO, the broad bands observed at 3338cm™ correspond to
the strong stretching mode of the OH group [44], the absorp-
tion peak at 1635cm™ corresponds to the C=C stretching
mode, and the peaks at 1716, 1154, and 1033 cm™ correspond
to the stretching modes of C=0, C-OH, and C-O, respectively.
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FT-IR spectra of the Mn;O, nanoparticles with absorption
peaks at 620.10cm™" and 540.09cm™' correspond to the
stretching vibration of Mn-O and Mn-O-Mn bonds indicat-
ing the formation of Mn,O,; the peak at 1636cm ™" corre-
spond to O-H bending vibrations. Figure 5 illustrates the
molecular vibrational spectra for the rGO-composed Mn,0,
particles. The resulting vibrations at the lower frequency
region suggested the formation of the Mn;0, molecular struc-
ture. The vibrations at 3462 cm™" may be assigned to the O-H
stretching of adsorbed water, and the absorption bands at
1112cm™" are due to the molecular vibrations of C-O. The
molecular vibrational band at 1636cm™ can be related to the
O-H bending and C-O stretching vibrations. Thermogravi-
metric analysis was conducted to understand the thermal
stability of MnsR1 nanocomposites. The experiments were
performed up to 800°C in a nitrogen atmosphere at a heating
rate of 10°C/min. Figure 6(a) depicts the TGA of the as-
prepared rGO which indicates a significant weight loss linearly
until it reaches around 450°C, attributed to the higher thermal
stability of the sample followed by a sudden weight loss up to
600°C. Further, Figure 6(b) illustrates the TGA of Mn,0,; the
TG depicts clearly three different regions of weight loss.
Region 1 weight loss took place from room temperature to
300°C; this weight loss has been attributed to the removal of
water from the specimen, namely, physisorbed molecular
water and structural water, ie., water of crystallization and
chemically bound water. Region 2 in the range 390-610°C
is attributed to the reduction of Mn from the specimen,
and Region 3 from 650 to 800°C is attributed to the final
decomposition of the specimen. Mn has higher thermal
stability in comparison to other electrocatalysts. The com-
posite MnsR1 has a lower total mass loss (about 15wt%)
than that of rGO (Figure 6(c)). The mass loss from 200
to 400°C can be attributed to the decomposition of rGO.
Since Mn;O, can withstand higher temperatures (about
500°C), the composite of MnsR1 only shows a gradual mass
loss when the temperature is over 500°C. The difference in
the total mass loss between rGO and MnsR1 is about
15wt%. If it is assumed that Mn,O, is thermally stable
and does not have a mass loss below 600°C, the amount
of Mn;0O, loaded in the MnsR1 is about 52.0 wt%.

3.1. Photocatalytic Performance. The photocatalytic perfor-
mance of the prepared samples was carried out in the pres-
ence of visible light. The stock solution was prepared by
dissolving 20 mg/l of phenol in distilled water and further
taken for the analysis. 50 ml of the stock solution was placed
in a dark room setup in order to block the interference of any
stray light. The solution was placed on a stirrer, and 30 mg of
the catalyst was added and left for 30 minutes in the dark to
attain the adsorption desorption isotherm; after the collec-
tion of the sample, visible light via a 20 W bulb was intro-
duced into the dark room for 15 minutes, and again, the
sample was collected. The procedure was repeated until the
completion of 120 minutes. The remaining sample was with-
drawn via centrifugation after every cycle in order to carry
out the repetition cycles. The degradation percentage was cal-
culated as follows:

MnsR1

T~

MnsR0.75

\M

MnsR0.50

M

MnsR0.25

Absorbance (a.u.)

500 1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)

FIGURE 5: FT-IR spectra of bare rGO, pristine Mn,0,, MnsR0.25,
MnsR0.50, MnsR0.75, and MnsR1.
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DE=1- (TT> x 100, 2)

0

where DE is the degradation efficiency, T is the concentration
of the analyte at time 0 minute, and T, is the concentration of
the analyte at various time intervals. The photocatalytic per-
formance of the prepared samples was evaluated by the pho-
tocatalytic decomposition of aqueous phenol solution under
visible light irradiation. From Figure 7, it is evident that
rGO exhibits a lower degradation activity than the metal
oxide. On further studies at the 120" minute, a total of
33.5% was achieved in the case of pure rGO.

On the other hand, pristine Mn;0, exhibits a degradation
of 18.6% at the zeroth minute, and as the time increases with
irradiation of visible light, a net degradation of 73.6% was
achieved. The composites exhibited an average degradation
of 14% at the 0™ min, and maximum degradation of 94.48%
was achieved for the MnsR0.75 sample (Figures 7(a) and 7(b)).

On further increasing the concentration of Mn,0,, it is
evident that the degradation percentage decreasing this could
be attributed to the agglomeration occurring between the
rGO sheets. The 7 - 77 stacking interaction provides a greater
amount of phenol concentration near the Mn,O, nanoparti-
cles on the surface of rGO and therefore leads to the more
efficient contact between them. Due to its excellent electric
conductivity and large specific surface area, it acts as an effi-
cient electron acceptor to enhance the photoinduced charge
transfer mechanism. This condition is also hindered in cases
when the rGO concentration goes higher as in the MnsR1
composite. Figures 8(a) and 8(b) display the reduction ratio
with respect to time. From the degradation percentage, it is
evident that the sample MnsR0.75 exhibited the highest
degradation, repetition of the experiment was carried out,
and the sample was found to degrade around 90%, 87%,
and 79% in the repetition cycle as depicted in Figure 9. On
further repetition, it was found to decrease to around 52%.

4. Conclusion

In conclusion, Mn;O, nanoparticles were loaded onto the
graphene surface by a simple thermal route. Solvent-
ethylene glycol played a vital role in the formation of the
as-prepared product. The small-sized Mn,0, nanoparticles
and high surface area of the reduced graphene oxide compos-
ite exhibited better catalytic activity under visible light irradi-
ation. The photocatalyst is highly stable and has been used
for four successive times without any significant loss in its
activity. The nanocomposite MnsR0.75 exhibited the highest
phenol degradation of 94.48%, taking into account the pres-
ence of rGO in (i) the utilization of a higher number of pho-
toelectrons and (ii) lowering of electron hole recombination.
The high activity exhibited was ascribed due to the strong
interaction and progress of synergetic effect between the
Mn,0, nanospheres and rGO. Thus, the MnsRnanocompo-
sites can be considered a promising material for the removal
of various harmful organic dyes from wastewater.
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