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ABSTRACT: The grape extract is a potential natural reducing agent because of its high B pe.
phenolic content. The extracts of seeds, skin, and pulp of grape were prepared by digestion, P
grinding, and soxhlet methods and used for reducing graphene oxide (GO). The reduced GO :
made using the soxhlet extract of grape seed (GRGO) was hydrothermally treated with  /
titanium dioxide (TiO,) for the synthesis of GRGO—TiO, nanocomposite. The X-ray
diffraction (XRD), thermogravimetric analysis (TGA), Fourier transform infrared (FT-IR),
UV-—vis, photoluminescence, and Raman spectra studies further confirmed the formation of ‘
GRGO and the GRGO-TiO, hybrid. Scanning electron microscope and transmission
electron microscope studies showed the decoration of spherical TiO, particles (<100 nm) on

the few-layered GRGO sheets. The GRGO—TiO, hybrid was explored as a working electrode \\\

| super capacitor application
| of GRGO-TiO, composite

\ o /
Visible light \ s /

degradation of \\ ""/ ‘
B — /

for supercapacitors and visible light photocatalyst for water decontamination. GRGO-TiO,
showed higher specific capacitance (175 F g™') than GRGO (150 F g”') and TiO, (125 F
g™') in an aqueous electrolyte. GRGO—TiO, exhibited 83.6% capacitance retention even after
2000 cycles, indicating the good stability of the material. Further, under visible light irradiation
(1 > 400 nm), GRGO—-TiO, showed ~30% higher photo-oxidation of the bromophenol blue (BPB) dye than TiO,. Also, GRGO—
TiO, decreased the total organic carbon content of BPB from 92 to 18 ppm. Overall, the soxhlet extract of grape seed was found to
be a cost-effective reducing agent for the preparation of GRGO, which is a suitable material to be used in supercapacitors and
photocatalysis.

1. INTRODUCTION

aggregation of graphene sheets upon reduction. Irreversible

An atom-thick two-dimensional all-carbon chemical structure
makes graphene a material possessing greater electronic
conductivity, mechanical strength, and thermal stability." To
produce in a large scale, graphene sheets stacked in graphite
are being subjected to oxidative chemical exfoliation, which
introduces oxygen functionalities in the edges and surfaces and
renders nonconducting graphene oxide (GO) sheets.”® For
applications demanding electronic conductivity, such as
electrodes in electronic circuits and supercapacitors, the
original all-carbon chemical structure of graphene sheets
must be restored. To achieve structural restoration, the oxygen
functionalities in GO sheets are often removed by either liquid-
phase or solid-state reduction.* Heating of GO to elevated
temperatures is required to achieve solid-state reduction that
often leads to restacking of graphene sheets. Classical chemical
reducing agents, microorganisms, and Ph7ytoextracts have been
used as liquid-phase reducing agents.””" Due to their strong
reducing power, the classical chemical reducing agents such as
hydrazine and sodium borohydride were causing irreversible
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aggregation restricts the application of reduced GO (RGO)
sheets via cost-effective solution processing. In addition, these
reducing agents are highly toxic and expensive.”” Clean and
aseptic conditions must be maintained to culture and grow the
microorganism, so the microbial reduction of GO is considered
as cumbersome.' "’

Natural and plant extracts can be processed at ambient
environment, and their use eliminates the chemical toxicity.
Notably, their mild reducing potential allows the slow and
controlled reduction of GO, and thereby, the problems of
restacking and irreversible aggregation can be avoided. Extracts
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of orange peel,”‘ lemon,"? barberry fruit,"* guava leaf,'® and
carrot'® are typical phytoextracts investigated for this purpose.
Similarly, grape extract is a rich source of phytochemicals such
as polyphenols, flavonoids, and catechins.'” Grape fruit has
three parts: the pulp, skin, and seed. The total extractable
phenolics in grape are about 10% in pulp, 60—70% in the
seeds, and 28—35% in the skin.'® Due to these polyphenol
constituents, grape extract reduces noble metal salts, ketones,
and nitro compounds. Grape extract was explored for the
synthesis of gold and silver nanoparticles.'” Therefore, to take
advantage of its great reducing ability, it was used as a reducing
agent for the reduction of GO into RGO.

The RGO materials prepared by chemical and thermal
reduction have found applications in electronics, energy,
environment, and biological fields. >~ Accordingly, the
suitability of RGO prepared using grape extract can also be
evaluated for typical applications. Exploring representative
applications in the fields of energy and environment would be
beneficial as the world needs to address the increase in demand
for energy and rise in the issue of water pollution associated
with chemical contamination. Supercapacitors are an electro-
chemical energy storage system that can store more energy
than a conventional capacitor. In combination with transition
metal oxides (TMOs), RGO has been used to prepare
supercapacitors with high energy and power densities.”
Semiconductor photocatalysis is considered as an environ-
mentally benign technoloégy for the mineralization of organic
contaminants in water.””*"” Similar to supercapacitors, RGO
is incorporated with TMOs to obtain a visible light active
photocatalyst as well as for improving the efficiency under
ultraviolet light. It is very important to emphasize that TiO, is
a one of the most efficient TMOs that has found use in both
supercapacitor and photocatalysis applications.”**” Thus,
preparation of grape extract reduced graphene oxide
(GRGO) and its TiO, hybrids (GRGO—-TiO,) can be a
useful application-oriented strategy. To obtain an efficient
GRGO-TiO, useful for the aforementioned applications, the
reducing capability of various parts of grape fruit must be
evaluated systematically such as by using various extraction
methods; to the best of knowledge, so far, there has been no
attempt made.

In the present investigation, three different parts of grape
fruit, i.e., the pulp, seed, and skin, were separated, and their
aqueous extracts were made through digestion, grinding, and
soxhlet methods. To evaluate the chemical constituents, these
extracts were subjected to gas chromatograph equipped mass
spectrometer (GCMS) analysis and used for reducing GO.
The resultant grape extract reduced GO (GRGO) was
hydrothermally treated with titanium alkoxide. The chemical
compositions of GO, GRGO, and GRGO—TiO, were studied
using ultraviolet—visible (UV—vis), Fourier transform infrared
(FTIR), Raman, X-ray photoelectron (XPS), and energy-
dispersive X-ray (EDS) spectroscopic analyses. Crystalline
structures of these materials were evaluated by X-ray
diffraction, and field-emission scanning electron microscope
(Fe-SEM) and transmission electron microscope (TEM) were
used to observe the morphology. To explore the super-
capacitor application, the working electrode fabricated by
coating the GRGO-TiO, hybrid on a graphite sheet was
characterized using an electrochemical workstation. Further,
GRGO-TiO, was explored for the photocatalytic degradation
of bromophenol blue (BPB) dye under visible light irradiation.

2. EXPERIMENTAL

Graphite flakes (CAS No. 7782-42-5 (60 mesh)), sulfuric acid
(H,SO,) with 0.1 M concentration (CAS No. 7664-93-9),
hydrochloric acid (HCI) with 0.1 M concentration (7647-01-
0), hydrogen peroxide (H,0,) (7722-84-1), potassium
permanganate (KMnO,) (7722-64-7), sodium nitrate
(NaNO,) (7631-99-4), and tetrabutyltitanate (5593-70-4)
were purchased from Sigma Aldrich (India) and used as
received. Acetylene black (1333-86-4), polyvinylidene fluoride
(24937-79-9), and N-methyl-2-pyrrolidone (872-50-4) were
purchased from Sigma Aldrich. Waste black grapes (Vitis
vinifera) were collected from the Alanduari fruit market (near
Karunya Institute of Technology and Sciences), Coimbatore,
Tamil Nadu, India.

2.1. Preparation of GRGO and GRGO-TiO,. The
scheme shown in Figure 1 depicts the various steps involved

in the preparation of GRGO and GRGO—-TiO,.

GRGO-TiO, nanocomposite GRGO

Figure 1. Schematic of the synthesis of GRGO and GRGO-TiO,.

2.1.1. Synthesis of GO. The scheme shown in Figure 1
depicts the various steps involved in the preparation of the
GRGO-TiO, hybrid. Graphite oxide was synthesized by the
modified Hummer’s method.” Under ice-cold conditions, 2 g
of graphite flakes was stirred with 60 mL of H,SO,, and 6 g of
KMnO, was added gradually added. Once KMnO, addition
was made, the system was brought to 35 °C and the stirring
was further continued for the next 48 h. To the resultant pasty
brown crude mixture, 1 L of deionized (D.I.) water was added.
Then, 10 mL of H,0, was gradually added to terminate the
oxidation reaction. The solid residue was washed with 0.3 M
HCl and D.I. water. Finally, graphite oxide powder was
obtained after drying the washed solid residue at 60 °C under
vacuum.

2.1.2. Preparation of Black Grape Fruit Extract from Three
Different Parts by Three Different Extraction Methods. First,
the pulp, seed, and skin parts of black grape fruit (contains lots
of resveratrol, a phytochemical and antioxidant) were
separated and subjected to boiling water digestion, grinding,
and soxhlet extraction. In all the methods, these parts were
processed with 100 mL of D.I. water. For water digestion,
these parts were separately treated at 100 °C for 3 h and
filtered. A kitchen grinder was used for grinding. The grounded
contents digested in water were filtered with a 70 mesh streel
filter. Soxhlet extraction was performed with D.I. water at
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refluxing conditions. The contents from both of these methods
were made up to 150 mL using D.I. water and used for the
preparation of GRGO.

2.1.3. Synthesis of GRGO by Grape Extract. For the
synthesis of GRGO, 50 mg of graphite oxide powder was
exfoliated into GO by sonicating with 100 mL of ethanol for 1
h. In separate experiments, 30 mL of grape extract mentioned
in Section 3.2 was mixed with GO—ethanol dispersion and
refluxed at 80 °C for 5 h. After reduction, the brown GO
dispersion turned black, and it was centrifuged at 10,000 rpm
for 20 min. The residue was washed with water and dried at
ambient temperatures under vacuum overnight. As-obtained
GRGO was collected for further use.

2.1.4. Synthesis of the GRGO-TiO, Nanocomposite.
GRGO powder (200 mg) was dispersed with 60 mL of
ethanol by sonication for 3 h, the resultant GRGO dispersion
was centrifuged at 5000 rpm for 10 min, and the supernatant
was collected. Then, the reaction mixture containing 5 mL of
GRGO dispersion and 10 mL of tetrabutyltitanate solution was
added to 0.1 mL of the HF solution of cooled condition under
vigorous stirring. After stirring for 2 h at room temperature, the
black solution was transferred into a 100 mL Teflon-lined
stainless steel autoclave for hydrothermal reaction, heated at
200 °C for 24 h, and centrifuged at 10,000 rpm for 15 min.
The final product was dried at ambient temperatures under
vacuum for 24 h. The GRGO-TiO, nanocomposite was
synthesized where both anatase and rutile phases of titania
were present. After completing the reaction, the final product
was filtered. To remove impurities from the product, it was
washed with a copious amount of DD and acid. In addition,
the final product was dried at 70 °C in a hot air oven overnight
to get the black fine carbon powder by grinding. Meanwhile,
bare titanium dioxide (TiO,) (without GRGO) for compar-
ison was synthesized following a similar procedure.

2.1.5. Fabrication of Electrodes for Supercapacitor. The
GRGO, TiO,, and GRGO-TiO, electrodes were prepared
using the binder mixture prepared as below. In the weight ratio
of 80:10:10, acetylene black and the binder polyvinylidene
fluoride were dispersed in N-methyl-2-pyrrolidone. The
resultant slurry was mixed with GRGO, TiO,, or GRGO—
TiO, and uniformly coated onto a graphite sheet (1 X 1 cm?)
and dried at 50 °C for 12 h in air. The electrochemical cell was
a three-electrode system, where Pt wire; Ag/AgCl, KCI
(saturated); and the hybrid or reference material coated
graphite sheet were used as counter electrode, reference
electrode, and working electrode, respectively. A 6 M KOH
aqueous solution was used as the electrolyte. The electro-
chemical tests were performed at ambient temperature. The
cyclic voltammetry (CV) was carried out at scan rate of S to 50
mV 57!, and the voltage range was —0.4 to 0.6 V.

2.2. Characterization. FTIR spectra were recorded using a
Shimadzu FT-IR spectrometer (Japan). UV—Vis spectra were
measured using a JASCO V-630 (Japan) instrument. XRD
patterns were obtained using a Shimadzu XRD 6000 (Japan).
TEM (JEM 2100) and FE-SEM images were observed with
JEM 2100 and JOEL JSM-6390 instruments, respectively. TGA
was performed with a Shimadzu DTG-60 device (Japan). GC—
MS studies were carried out using a Shimadzu GC—MS-
QP2010 Ultra instrument.

2.3. Photocatalytic Experiment. The photocatalytic
action of GRGO-TiO, was assessed by examining the
photodegradation of the BPB dye as a model contamination
under visible light illumination. For this study, a 70 W CFL

light (4 < 400 nm, 70 WBCB22 220—240 V, Philips India) was
used. In this experiment, 10—50 mg of GRGO-TiO, was
suspended in 100 mL of the aqueous BPB solution (1 X 107°
M) in a hollow vessel and equilibrated in the dark for 10 min
with constant stirring. After being exposed to the light source,
for every 10 min, 3 mL aliquots were withdrawn. Using a UV—
Visible spectrophotometer, the concentration of BPB was
monitored on the basis of changes in its absorbance at 590 nm.
The extent of photo-oxidation of BPB was determined by using
eq 1:

%D = (A, — A,) X 100/4, (1)
where A, and A, are the initial and equilibrium concentration
at time "t”, respectively.

3. RESULTS AND DISCUSSION

3.1. Evaluation of the Reducing Capability of Various
Grape Extracts. First, the capability of grape extracts to
reduce the GO was evaluated using XRD studies (Figure 2).
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Figure 2. XRD patterns of graphite, GO, GRGO, TiO,, and GRGO—
TiO, nanocomposites.

The changes in the intensity of 26 peaks 10.5 and 26.35° were
taken into account. The former is associated with graphite
oxide that arises due to the increase in the interlayer spacing to
0.34 nm, and the latter corresponds to graphite. Among all
samples, GRGO prepared using the soxhlet extract of grape
seed showed relatively sharp and intense peak graphitic at 20 =
20.35°. In addition to that, the 10.5° observed in graphite
oxide almost completely disappeared, confirming the restora-
tion of the graphitic structure. Thus, the SES extract was found
to be a more efficient reducing agent (Figure 3). TGA results
(Figure 4) further confirmed the deoxygenation of GO by SES.
Both GO and GRGO showed two stages of weight loss. In the
first stage, up to 200 °C, the residual water and oxygen
functionalities such as hydroxyl, epoxy, and carboxyl groups
were removed. This was less prominent in GRGO because its
hydrophobicity, caused by the deoxygenation, occurred during
reduction with SES. In stage two, above 200 °C, the pyrolysis
led to the breakage of carbon bonds. At around 550 °C, the
bonded carbon turned to residue. The GRGO shows more
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Figure 3. XRD patterns of (a) digestion method extract (seed, flesh,
and skin) rGO, (b) grinding method extract (seed, flesh, and skin)
rGO, and (c) soxhlet method extract (seed, flesh, and skin) rGO.
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Figure 4. TGA thermograms of GO and GRGO prepared using the
soxhlet extract of grape seed (SES).

residue than graphite oxide due to its high carbon content.
These results confirmed the formation of GRGO.

To obtain an insight regarding the mechanism involved in
the reduction of GO, SES was subjected to GC—MS analysis.
The GC—MS spectra are shown in Figure S1. The molecular
ion peak seen at 789 m/z was found, which was identified as
echinacoside (a phenolic compound). The other peaks are also
relevant to phenolic compounds. The higher concentration of
these phenolic compounds accounted for the higher reducing
capability of SES. Figure 5 shows the plausible mechanism for
the reduction of GO by the phenolic compounds. The removal
of oxygen from GO is initiated by the removal of epoxide
groups from GO. The epoxide removal follows an SN,
mechanism in which hydrogen in the polyphenol group attacks
the sp” carbon atom of the epoxide ring and opens it. It leads
to the formation of the C—O—C bond between GO and
polyphenol in intermediate I. In step two, another hydrogen
atom from the polyphenol is transferred into the hydroxyl

OH
R OH
OH )
(_\HO OH
>ﬁ< + — > >Lk
R Intermediate |
GO Polyphenol
R
R
OH
OH + >:< -
o 0 GRGO >b_k

Intermediate Il

Figure S. Plausible mechanism for the reduction of GO by phenolic
compounds in SES.

group of GO and forms the C—O—C bond in intermediate IL
Finally, the reduced form of GO is formed. Likewise, the
carboxylic acid group undergoes a condensation reaction
during reduction to form ester, and finally, the reduction
causes the ring og}gening in the ester groups to form the reduced
graphene oxide.”"”'

3.2. Preparation and Physiochemical Properties of
GRGO-TiO, Hybrids. By considering the highest efficiency
in terms of reducing GO, the SES reduced GO was used for
preparing GRGO—TiO, hybrids. Unless otherwise stated, the
GRGO discussed hereafter was prepared using SES. UV—Vis
spectra of GO and GRGO are shown in Figure 6. In GO, UV
absorption peaks appeared at 232, which corresponds to the
n—7n* transitions of aromatic C=C bonds, and the shoulder
30S nm is attributed to the n—7z* transition of aromatic C=0
bonds. Figure 7ab shows the UV—Vis spectra of TiO, and
GRGO-TiO,. GRGO shows a red shift at 278 nm due to the
restoration of electronic conjugation during the reduction
process. Because of the reduction mechanism, all the oxygen
functional groups are removed by natural reducing agents such
as the seed part of grape; at the same time, the C=C double
bonds were restored, and therefore, it enhanced the
conjugation of 7 bonds. TiO, exhibited the peak relevant to
its anatase phase at 303 nm. The peaks associated with GRGO
and TiO, were found in GRGO-TiO,. Due to the
intermolecular interactions between GRGO and TiO,, the
peak associated with TiO, was red shifted to 344 nm. Notably,
GRGO-TiO, showed absorption beyond 400 nm, which
indicates its ability to absorb visible light. The Tauc plot
(Figure 7c,d) was used to calculate the band gap of TiO, and
GRGO-TiO,. The band gap of TiO, appeared to be 3.68 eV,
which corresponds to the energy of the UV region. The
GRGO-TiO, hybrid exhibited the band gap of 2.89 eV,
confirming its absorption of visible light. Thus, GRGO
imparted the visible light activity to TiO,.The PL emission
spectra of TiO, and GRGO—TiO, are shown Figure 8. TiO,
exhibited the intense bands at 450 and 500 nm, while in the
same range, a broad band was observed for GRGO—TiO,. Due
to the addition of GRGO to the intensity of peaks associated
with TiO, was decreased because of the suppression of the
electron—hole recombination. Lowering of the electron—hole
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recombination increases the availability of electron and holes
for photocatalytic reactions.

Figures 2, 9, and 10 show the XRD patterns, FTIR, and
Raman spectra of GO, GRGO, TiO,, and GRGO—TiO,. In
the XRD patterns, graphitic oxide exhibited the peaks
associated with oxidized and undisturbed graphitic carbon
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Figure 10. Raman spectrum of GO, GRGO, TiO,, and GRGO-TiO,
nanocomposites.

peaks at 10.5 and 26.35°, respectively. Hydrothermally
synthesized TiO, was found to be crystallized into both
anatase and rutile phases. The former appeared predominant as
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Figure 11. Morphology of GO, GRGO, TiO,, and GRGO—-TiO,. FE-SEM images of (a) GO, (b) GRGO, and (c) GRGO—TiO, (inset therein

represents TiO,).

it showed more intense and sharp peaks at 25.21° (101),
37.77° (004), and 47.94° (200), while the peaks corresponding
to the latter that emerged at 27.8° (110) and 35.9° (211) were
less intense.”” In GRGO—TiO,, the peaks relevant to GRGO
and TiO, coexisted and confirmed the formation of the
hybrid.**~** The FTIR spectrum of graphite oxide showed a
broad band at 3100 cm™' corresponding to the O—H group
and relatively sharp peaks at 1707 and 1514 cm™' indicating
the C=O group. The peaks at 1205 and 980 cm™'
corresponded to the C—O bond and epoxy group,
respectively.”® TiO, nanoparticles show a band at around
673 cm™' attributable to the Ti—O bond and at 3454
cm'corresponding to the O—H group.”” The transmittance
intensity of graphite oxide peaks was considerably decreased in
GRGO due to reduction. So, the peaks relevant to TiO, were
predominantly observed in the respective GRGO—TiO,. The
Raman spectrum of graphite oxide, GRGO, and GRGO-TiO,
showed D and G bands at 1365 and 1605 cm™" corresponding
to the sp* hybridized C—C bonds.”® The I,/I; intensity ratio
of GRGO was observed to be 1.15, which is much larger than
that of graphite oxides and confirms the formation of GRGO
from GO by the reduction. TiO, exhibited Raman peaks at
139, 407, 517, and 641 cm™ corres onding to Eg, Bigy Ay and
E, vibrations of the anatase phase. ? Like FTIR, XRD and the
Raman spectra of GRGO—TiO, showed peaks attributable to
both TiO, (139, 407, 517, and 641 cm™) and GRGO (1354
and 1601 cm™!) and further confirmed the formation of their
hybrid.

3.3. Morphology of GRGO and GRGO-TiO,. Figures
1la—c and 12a—d show the morphology of graphite oxide,
GRGO, TiO,, and GRGO-TiO, hybrids observed with FE-
SEM and TEM, respectively. The FE-SEM image (Figure
1la—c) of graphite oxide exhibited a stacked multilayer sheet
structure with a very rough surface. Randomly oriented thin
sheets were found in the GRGO image. Unlike multilayer
sheets, thin sheets possess high surface energy, which favors
high disorderliness (entropy) which states that greater the

disorder enhance higher entropy, so that the GRGO sheets
adopt random orientation. As seen in the inset of Figure 1lc,
spherical particles with a diameter below 50 nm were formed
during hydrothermal synthesis. The surface morphology of
GRGO-TiO, clearly accounted for the hybrid formation.
TiO, nanoparticles can be located on the surface and interfaces
of the graphene sheet. The surface chemical compositions of
these materials were assessed using EDS. The % of oxygen in
GO was 12.61; after reduction with SES, it decreased to 1.84,
confirming the removal of oxygen functionalities. The % of
oxygen and titanium in TiO, was 58.87 and 41.13, respectively.
The surface of GRGO—TiO, was composed of 44.05% oxygen,
44.94% carbon, and 11.01% titanium. The TEM image in
Figure 12a—c of GO sheets appeared as few layered. Also, GO
sheets were wrinkled and folded. GRGO showed a transparent
and single-sheet morphology. The single-sheeted structure
indicates the restoration of graphene sheets as a result of the
removal of oxygen functionalities during the reduction with
SES. The selected area electron diffraction (SAED) patterns
are shown as insets. In the SAED pattern, GO exhibits a
multiple-ring structure, which is indicative of the multilayered
structure, whereas GRGO showed sharp rings corresponding
to the short-range ordering of a single-layer graphene sheet.
From the morphological study, GO shows multiple rings in
the SAED pattern and a folded wrinkle pattern in the TEM
image, indicating the multiple-sheeted patterns present in the
GO. From the Raman spectrum has shifted D band to the
lower region least to the destruction of the sp* character due to
the extensive oxidation of graphite sheets, and in the XRD
pattern of GO has a higher interlayer spacing of 0.95 nm due
to the intercalation of oxygen functionalities such as hydroxyl,
epoxy, and carboxyl groups during the oxidation process. After
the reduction process, GRGO exhibits the complete removal of
the folded and wrinkle pattern in the TEM image, and also, it
shows sharp rings in the SAED pattern, indicating the presence
of a single-sheeted system, which corresponds to the removal
of oxygen-containing functional groups from the GO structure.

https://dx.doi.org/10.1021/acsomega.0c02325
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Figure 12. TEM images of (a) GO, (b) GRGO, (c) GRGO—TiO,, and (d) TiO, nanoparticles on GRGO sheet. Insets therein (a and b) represent

the respective SAED pattern.

Due to the higher intensity ratio (Ip/I;) of the D band to the
G band in the Raman spectrum with reduction time,
responsible for the removal of the oxygen-containing func-
tional groups from GO and in the GRGO exhibits a lower
interlayer spacing because of the removal of oxygen-containing
functional groups from their structure.

3.4. Electrochemical Properties of GRGO and GRGO—
TiO, Working Electrodes. The electrochemical behavior of
synthesized materials (working electrode) was studied using a
three-electrode cell (Ag/AgCl, KCI (reference electrode); Pt
wire (counter electrode); and electrode coated with synthe-
sized materials (working electrode)) in 6 mol KOH electrolyte
medium. Figure 13a—d shows the CV curves for the working
electrode coated with synthesized TiO, and graphene
materials. These electrodes exhibit quasi-rectangular-shaped
curves without redox peaks.'® When the potential is applied, a
fast charging and discharging behavior was observed. Thus,
these materials were found to be stable and rechargeable.
Figure 14a—d shows the charge—discharge curves. Large
enclosed CV curves were obtained for TiO, GRGO, and
GRGO-TiO,. The galvanostatic charge—discharge study was
used to evaluate the specific capacitance of this electrode
material. Potential window was between —0.4 and 0.6 V, and a
saturated calomel electrode at 5 mV s™' current density was
used.

The specific capacitance values of these prepared electro-
active materials were calculated using eq 2:

C _ Ix At
ST mAV ()

where I is the discharge current (A), t is the discharge time (s),
m is the mass of the loaded electroactive material (g), and v is
the operating voltage (V). The specific capacitance values were
calculated using eq 1 and are given in Table 1. The specific
capacitance of TiO,, GRGO, and their hybrid was 125, 150,
and 175 F g7!, respectively. The GRGO-TiO, hybrid
exhibited a higher capacitance value due to the high
electroactivity of TiO, and greater surface area of GRGO.
GRGO enhances the availability of electroactive sites, and the
layered composite materials enhance the rate of the reaction
between the electrode material and ions of the electrolyte,
leading to excellent conductivity.

Figure 15a shows the Nyquist plot. The plot gives a
semicircle in the higher-frequency region and a short Warburg
section between the semicircle and the slope of the line, the
straight line of the higher-frequency region that is almost
parallel to the imaginary components of the impedance. The
semicircle obtained in the high-frequency region on the real
axis responds to the charge-transfer resistance. It indicates that
the ions of the electroactive materials have good conductivity.

https://dx.doi.org/10.1021/acsomega.0c02325
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Table 1. Specific Capacitance of GRGO, TiO,, and the

GRGO-TiO, Composite

S.

no. electrode material
TiO,
green GRGO
3 green GRGO-TiO,
composite

The low-frequency region exhibiting a straight line at an angle
of 45° shows the "Warburg resistance” that depicts the
diffusion resistance of the charged ions in the materials and

current (mA) capac?gicclgc(lﬂ/g) electrodes. The straight line presence in the low-frequency
0.5 125 region corresponds to the ideal capacitance behavior of the
0.5 150 prepared electrode materials. Notably, the GRGO-TiO,
0.5 175 hybrid showed better charge-transfer behavior than its

constituents alone. The stability and reversibility are important
parameters that determine the overall performance of an
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electrode material.** As shown in Figure 15b, discharging time
is decreased as a function of increase in current density due to
the complete diffusion of electrolyte ions into the pores of the
electrode material at higher current densities."’ All the
prepared electrode materials were subjected to a stability
study such as the 1000 cycle experiment in the voltage range of
—04 to 0.6 V at 5 mV s™' in the CV technique. As the
GRGO-TiO, hybrid exhibited high performance as an
electrode material, it was subjected to the capacitance
retention studies as a function of time. For this purpose, the
working electrode was subjected to 2000 cycles in the voltage
range of —0.4 to 0.6 V and the scanning rate of S mVs™'. As
shown in Figure 15¢, GRGO-TiO, exhibits capacitance
retention even after 2000 cycles. The developed GRGO—
TiO, nanocomposite modified electrode shows a better result
for supercapacitor application when compared with the
reported and published methods by different modified
electrodes, and it is shown in Table 2. Figure 15ef shows
the error bar of the current density and cycle stability.

3.5. Photocatalytic Activity. The photocatalytic effect of
synthesized GRGO, TiO,, and GRGO—TiO, nanocomposite
was carried out in the presence of visible light irradiation. The
obtained results are shown in Figure 16a. This figure clearly
explains the relationships between irradiation time and rate of
decolorization of the BPB dye solution treated by the
synthesized materials under visible light irradiation. To
compare the catalytic efficiency of the three catalysts, the
catalyst dosage was kept constant (20 mg) and the degradation
studies were carried out with 1 X 107> M BPB dye with varying
time intervals. After 60 min of irradiation under visible light,
the decolorization rates of the BPB dye solution are 93, 64, and
30% for the GRGO-TiO,, TiO,, and GRGO, respectively.

14742

Table 2. Comparison of the Voltammetry Performance with
Other Methods for Supercapacitor Application

s.  electrode material/ specific
no. synthesis method current (mA) capacitance (F/g) ref.
reduced GO (rGO) 0.5 112 42
rGO/Zn powder 1 130 43
rGO 100 mV/s 136 44
(scan rate)
4 rGO/CuO 5 mV/s (scan 137 45
rate)
S TiO, decorated 0.5 175 present
reduced graphene work

oxide composite

The reason for the enhanced photocatalytic activity of
GRGO-TiO, compared to GRGO and TiO, is that GRGO
promotes the separation of photogenerated electron holes of
titanium oxide. This observation is also reflected in PL results
that also support the decreased probability of charge
recombination in GRGO—TiO,. The reason for the inhibition
of recombination process in GRGO-TiO, is the fact that
GRGO acts as a trap for the excitons generated by TiO,.
3.6. Effect of Catalyst Dosages. To evaluate the effect of
catalytic dosages to degrade the BPB dye solution, the
photocatalysis experiments were performed by varying the
catalyst dosage between 10 and 50 mg of GRGO—TiO,, while
the amount of the BPB solution was kept constant. It can be
observed from the degradation plot (Figure 16b) that when
the catalyst dose was increased, the percentage degradation
also varied. The maximum degradation was observed when the
catalyst dosage was 20 mg, beyond which the BPB degradation
decreased. The decrease in the photocatalytic oxidation of BPB

https://dx.doi.org/10.1021/acsomega.0c02325
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catalyst. (b) TOC analysis of the BPB dye degradation in the presence of different catalysts under visible light irradiation.

can be attributed to the increased light scattering due to the
higher catalyst amount that led to the decreased photon
interaction with the catalyst. Figure 16¢,d shows the error bar
of the material and dosage variation. In addition to this, the
agglomeration of the catalyst particles decreased the number of
active sites on the catalyst that resulted in decreased
degradation beyond the optimum catalyst concentration. The
optimum concentration was found to be 200 mg/L with 96%
degradation for 60 min of contact time.

3.7. UV-Vis Absorption Spectroscopy. Figure 17a
shows the UV—vis absorption spectra of the BPB dye solution
at different reaction times. The spectra clearly show the five
peaks that are normally observed for the BPB dye solution.
The BPB dye shows a chromophore peak at 248 nm that
corresponds to the blue color of the BPB dye, and the other
three peaks at 590 nm correspond to the benzoic ring structure

14743

in the dye molecule. After 60 min of irradiation, the peak
intensity of the BPB dye peaks was gradually decreased and
finally showed the minimum intensity peak after 60 min of
irradiation in the presence of the GRGO-TiO, nano-
composite. After the completion of the degradation process,
in the visible region, a very small absorption band was seen
because of the maximum degradation of the BPB dye by the
nanocomposite catalyst, and it clearly confirms the degradation
ability of the GRGO-TiO, nanocomposite in the photo-
catalytic process.

3.8. Total Organic Counts (TOCs). A TOC experiment
was used to examine the mineralization property of the
GRGO-TiO, nanocomposite on the BPB dye under visible
light irradiation; it is shown in Figure 17b. The TOC of BPB
before and after the photocatalysis with GRGO-TiO, was
found to be 92 and 18 ppm, respectively. The 82% decrease in

https://dx.doi.org/10.1021/acsomega.0c02325
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TOC after photocatalysis confirms the mineralization of BPB
in H,O and CO,.

3.9. Plausible Photodegradation Mechanism. The
probable mechanism of the catalytic action for GRGO-TiO,
is schematically represented in Figure 18. Upon irradiation of

Excitation
Recombination

Figure 18. Schematic depicting the mechanism for the degradation of
the BPB dye by GRGO—TiO,.

GRGO-TiO, with visible light, the excitons are created due to
the promotion of valence electrons to a conduction band and
are readily moved to the GRGO surface, and then photo-
generated electrons and electron—hole pairs are formed. In the
presence of GRGO, the GRGO sheets act as a trap, leading to
the inhibition of sudden recombination and delay of the
recombination process of the photogenerated electrons into
the electron—hole pairs. The trapped electrons in the GRGO
react with dissolved oxygen in water molecules, causing the
formation of superoxide and hydroxyl free radicals. These
reactive species oxidize the BPB molecules. The enhanced
oxidation is due to surface adsorption of BPB molecules on to
the GRGO surface that makes the availability of pollutants for

the reactive species, which leads to the enhanced photo-
oxidation of pollutants. The photogenerated electron—hole
pairs on the conduction band also directly react with water
molecules and form hydroxyl radicals, which again are involved
in the dye molecule degradation mechanism. The GRGO/
TiO, nanocomposite adsorbed the excess of dye molecules
because of this large surface area.

TiO, + hv — TiO,(h" + ¢7) 3)

GRGO + TiO,(h" + ) = GRGO(e™ + TiO,(h*)  (4)

TiO,(e”) + O, = TiO, + 0,°~ (5)
GRGO(e”) —» CRGO + 0,"” (6)
TiO,(h") + H,0 — TiO, + H* + OH* (7)
(TiO,)e + BPB — (TiO,)e” + BPB'~ (8)

BPB*™ + O,” — degraded products + CO, + H,0 (9)

BPB*™ + OH® — degraded products + CO, + H,0
(10)
3.10. Stability and Reusability of the Photocatalyst.
Figure 19a shows the efliciency of the GRGO—TiO, catalyst
upon reuse for six consecutive experiments. After completing
each experiment, the used catalyst underwent ultra-centrifuga-
tion, the precipitate was filtered, surface active sites were
regenerated by acid (such as diluted sulfuric acid) washing
followed by DD water washing, and the final dried catalyst
powder was obtained. The regenerated catalyst was reused for
the further degradation of the fresh BPB model pollutant
aqueous solution. From the regeneration and reuse experi-
ments, it was evident that for up to six consecutive
experiments, the catalyst retained the efficiency of ~92%.
The small decrease in the percentage degradation of BPB
might be due to the surface area and active site losses during
the drying process of regeneration. The insignificant decrease
in the efficiency of the catalyst confirms the stability of the
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Figure 19. (a) Degradation of the BPB dye for six consecutive times by GRGO—TiO,. (b) Error bars for the cyclic stability.
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catalyst within the number of experiments conducted. Figure
19b shows the error bar of the cycle stability. Figure 19a,b
(Figure 20) exhibits the XRD patterns of the GRGO-TiO,

(a) |
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Figure 20. XRD patterns of GRGO—TiO, hybrid (a) before the
photocatalytic process and (b) after the photocatalytic process.

nanocomposite carried out (a) before and (b) after four cycles.
It exhibits the peaks of the unused GRGO—-TiO, at 25.2, 37.7,
and 47.9°, which are similar to the used GRGO—TiO, peaks in
the study after the photocatalytic process. The XRD patterns
exhibit the stable behavior of the GRGO-TiO, nano-
composite under photocatalytic study. This experiment result
suggests that the GRGO—TiO, nanocomposite functions as a
photocatalytic study and is suitable for mineralizing a variety of
organic dyes.

3.11. Scavenging Effects. The photodegradation effects
of the GRGO—TiO, nanocomposite on the BPB dye were also
confirmed by scavenging studies, which are used to study the
reactive species’ role in the photocatalytic mechanism (Figure
21). The following scavengers are used to examine the
scavenging studies: tetraethylammonium oxalate (TEAO),
benzoquinone (BQ), DMSO, and isopropanol (IPA) with
active radicals h*, 02°7, e7, and *OH, respectively. For the
catalytic performance, this experiment was carried out without
scavengers in the same conditions with these four active
radicals on the BPB dye in the presence of the GRGO-TiO,
nanocomposite. After completing the degradation process, the
GRGO-TiO, nanocomposite shows 93, 45, 65, and 58% MG
degradation for the catalyst, AO, BQ, and IP, respectively.
Therefore, this experiment confirms the active radical’s
participation in the photocatalytic mechanism and involvement
in the production. The GRGO—TiO, nanocomposite shows a
better result for photocatalytic application for BPB dye
removal when compared with the reported and published
methods by different photocatalytic materials, and it is shown
in Table 3.

100
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Figure 21. Quenching studies of the GRGO—TiO, nanocomposite
on MG dye degradation by using different radical scavengers.

Table 3. Comparative Photocatalytic Study of the GRGO—
TiO, Composite with Other Catalysts for Photocatalyst
Application

s. % of degradation

no. catalysts of BPB dye ref.

1.  graphene-nanoplates-supported TiO, 86% 46

2 AgBr—ZnO nanocomposite 89.3% 47

3. TiO, nanoparticles 85.51% 48

4. ZnO and Ag+ doped ZnO 87% 49

5. tricobalt tetroxide (Co;0,) 89.8% S0
nanoparticles

6. anatase TiO, decorated reduced 93% present
graphene oxide composite work

4. CONCLUSIONS

The reducing capability of the aqueous phytoextracts
successfully prepared from the skin, seeds, and pulp of grape
fruit via digestion, grinding, and soxhlet methods was
investigated for the synthesis of RGO. The seed extracts
showed a higher reducing capability than the others. More
preferably, the soxhlet extract of the seed was highly effective in
restoring the all-carbon structure of graphene sheets. The
higher phenolic content found in the soxhlet extract of the seed
was responsible for its higher reducing capability. The
hydrothermal deposition of TiO, nanoparticles on the
GRGO is confirmed by the presence of peaks relevant to
TiO, in the FTIR and Raman spectra and XRD of GRGO—
TiO, hybrids. The SEM and TEM study shows the few-layered
structure of GRGO and the presence of TiO, nanoparticles in
the GRGO—TiO, hybrids. The TiO, nanoparticles decorated
on the GRGO sheets increased the specific capacitance of
GRGO-TiO, by 25 F g™! with outstanding stability (83.6% of
the initial specific capacitance remained after 2000 cycles). In
addition, the GRGO—-TiO, exhibited ~30% higher photo-
catalytic efficiency, which is much higher than that of TiO,.
Upon photocatalysis, it was also evident that GRGO—-TiO,
mineralized 92% of the BPB dye and showed stable efficiency
over six times of reuse. Finally, this work demonstrates that
SES has higher reducing properties than the other extracts for
preparing GRGO. Therefore, it can be concluded that SES can
be a promising potential eco-friendly reducing agent, which is
suitable for synthesis of GRGO—TiO, hybrid composite for
application as an advanced supercapacitor electrode and

https://dx.doi.org/10.1021/acsomega.0c02325
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developing a novel photocatalytic material for water
purification.
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