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ABSTRACT: Graphene oxide (GO) nano-powder is synthesized by o
the modified Hummer’s method, and further thin films are deposited % 5]
by using the water solution of GO through spin-coating. These films [
are thermally reduced along with the synthesized GO nano-powder g " :::Z:_,,.s..n..eo
at 50 to 200 °C in a high vacuum. Microstructural, electrical, and 2 o] ——Touaoig

. . . e —+-Ti0,-rGO-150 C
optical properties are expectedly controlled by thermal reduction. LI
The electronic properties of GO are investigated by X-ray 0

photoelectron spectroscopy and near-edge X-ray absorption fine Votage ()
structure. The reduction is confirmed by Raman spectroscopy. The
work function and band gap of GO are tuned with the thermal
reduction. The changes in properties of GO are not linear, and
anomalous changes are observed for the reduction around 150 °C.
Pristine and reduced GO nano-powder is incorporated into TiO,
paste to be the photoanode for dye-sensitized solar cells (DSSCs). It is observed that the performance of the fabricated cells is
significantly enhanced for the GO reduced at 150 °C, and the cell exhibited a significant increment of ~23% for the power
conversion efficiency in comparison to DSSC based on an unmodified TiO, photoanode.

1. INTRODUCTION due to its superior electrical and optical properties. It serves a
dual purpose of providing a high surface area for the
photovoltaic sensitizer as well as being a conductor of
photogenerated electrons from the sensitizer.* Although a
mesoporous nanostructure provides a larger surface area for
dye, the linkage between these nanoparticles must be improved
so the photogenerated electrons can be collected at the cell
anode instead of recombining with the oxidized dye molecules
present in the TiO, matrix.” Furthermore, nanostructures of
TiO, also contain charge-trapping sites and larger grain

Solar energy is one of the favorite kinds of renewable energy,
but its popularity is limited due to some extent by the high cost
of conventional solar cells. Among different photovoltaics, dye-
sensitized solar cells (DSSCs) have gained significant interest
due to their light weight, remarkably high power conversion
efficiency (PCE), overall low cost, and eco-friendly fabrica-
tion." The DSSCs consist of a transparent conducting oxide
(TCO) layer; a wide band gap semiconductor as an electron
acceptor, which is treated with an organic dye to harvest
sunlight; a hole conductor medium, which is often iodide/tri-
iodide electrolyte; and a platinum (Pt)-deposited counter
electrode (CE).” The sensitizer dye molecules absorb sunlight
and get into an excited state. The excited dye molecule injects
the electrons into the conduction band (CB) of the electron
acceptor semiconductor material. It leads to the dye molecule
being oxidized. The electrons are collected at the TCO layer
and flow through the external circuit to the cathode CE side.
These electrons combine with triiodide ions in the electrolyte,
which help the oxidized dye molecules to return to the ground
state by accepting electrons from iodide ions.” Metal oxide Received: ~ August 31, 2022
wide band gap semiconductors such as ZnO and TiO, are Accepted:  November 7, 2022
widely used for photogenerated electron acceptor layers Published: November 18, 2022
because these can prevent shunting and leakage currents

under reverse bias." The film of nanoparticles of mesoporous

TiO, has been identified as an excellent photoanode material

boundaries, causing retardation in the charge transport.” The
incorporation of carbon nanostructures in the TiO, matrix
provides a solution that has been widely investigated recently
to overcome the reasons for the inefficiency of DSSCs. These
carbanion nanostructures improve the linkage between the
TiO, matrix, leading to faster electron transport, and/or reduce
the recombination at the nanoparticle—electrolyte as well as
nanoparticle—oxidized dye molecule interface.” Graphene has
been significantly explored for its applications in solar cells,
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such as transparent electrodes and CE in DSSCs. In addition
to the transparent electrode and the CE, graphene also has
been demonstrated as the electron acceptor and charge transfer
medium to improve the efficiency of solar devices.”” Yang et
al.” added graphene as a 2D bridge into the nanocrystalline
electrodes of DSSCs and found that the short-circuit current
density (Jsc) improved without losing the open-circuit voltage
(Voc). The nanocrystalline TiO, could anchor on the
graphene flake trimly to form graphene bridges across several
intermolecular forces, such as physisorption and electrostatic
binding. Additionally, due to its excellent electrical conduction,
the bridged graphene behaves as an electron transfer medium
to quickly improve the electron transport from the CB of TiO,
at the anchor position, leading to the suppression of the
recombination of photogenerated electrons.

The GO is a solution-processable hydrophilic allotrope of
graphene. The GO is less conducting but offers several
advantages over pristine graphene as being amenable to
solution-based processes, making it easy to deposit as a thin
film, with low-cost synthesis, ease of material processing,
mechanical flexibility, adhesion compatibility with several
substrates, and so forth. Furthermore, the high work function
of GO creates a large energy level offset at the interface,
leading to efficient charge separation.'’ The typical structure of
the fabricated DSSCs with a charge flow scheme is shown in
Figure S1 (Supporting Information). In the DSSC structure,
the mixing of GO flakes with TiO, paste provides a better
Brunauer—Emmet—Teller (BET) area and further improves
charge transportation.'" The detailed photovoltaic parameters
of the DSSC with GO, synthesized using different techniques
as reported in the literature, are provided in Table S1 in the
Supporting Information.

The reduction of GO led to be change in the CB energy
level, and hence by controlling the reduction of GO, the
electronic and optical properties of GO can be tuned in the
desired way. Thermal annealing in the vacuum provides better
control over reduction in comparison to chemical reduction
processes.'> "

This paper reports on the studies of GO synthesized by the
Hummers method and the nanostructures of reduced GO
(rGO) achieved by thermal annealing of GO in the vacuum of
~107¢ mbar at 50, 100, 150, and 200 °C. The GO is used in
DSSCs to prove the enhancement in the device’s performance.

2. EXPERIMENTAL SECTION

2.1. Synthesis of GO Nano-Powder. The GO was
prepared via the modified Hummers method.'"'* Fine mesh 2
g graphite powder (~6 nm) was stirred with 2 g NaNO; in
98% concentrated sulfuric acid (92 mL) for 1 h at 0 °C.
Further, 12 g KMnO, was gradually mixed in intervals, keeping
the temperature below 10 °C, and the mixture was then stirred
at 60 °C for 90 min. The final solution was diluted with 50 ml
of water, which caused the heating of the solution to 90 °C.
The reaction was terminated by adding 150 mL de-ionized
(DI) water and 30% H,O, solution (10 mL). This solution was
filtered and washed using a 5% HCI aqueous solution. Finally,
it was washed three times with DI water. The resulting GO
powder was dried in a dark and cool place. The powder was
slowly crushed into fine particles with the help of a mortar and
pestle. Thus, the obtained powder was equally divided into five
parts, and keeping the pristine one untouched, the other parts
were reduced to 50, 100, 150, and 200 °C in high vacuum. All
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these powders were ready for further use to prepare the DSSC
photoanode.

2.2. Deposition of GO and rGO Thin Films. The pristine
GO powder was mixed ultra-sonically in the DI water for use
for film deposition. Multi-layered films were deposited on the
corning glass and fluorene-doped tin oxide (FTO) substrates
by a spin coater at 2000 rpm. The deposited films were divided
into equal pieces for further thermal reduction in high vacuum
(~107% mbar) at four different temperatures: 50, 100, 150, and
200 °C. All the thin films were characterized in detail to
investigate the properties of GO and rGO and to establish the
correlation with the DSSC performance.

2.3. Preparation of Photoanode. The photoanode was
prepared by adding S wt % GO and rGO in TiO, paste
(18NR-T, Dyesol) by grinding method and then doctor
blading for the desired thickness on FTO glass substrates (7
/). Fabrication of the DSSCs using N719 dye and iodine
electrolyte has been reported in our earlier publication.w TiO,
photoanodes were dipped in a 0.5 mM N719 dye (Dyesol)
solution for ~20 h at room temperature in the dark. Afterward,
the photoanodes were washed with ethanol. Platinum CE was
prepared using H,PtCl; in ethanol.'” Subsequently, photo-
anode and platinum CE were sealed using 25 ym Surlyn. The
iodine electrolyte was filled via predrilled holes in CE using the
vacuum pump. The active area of the device was 0.25 cm®
Details of the characterization techniques are available in the
Supporting Information.

2.4, Characterization Techniques. The GO and rGO
samples are characterized via X-ray diffraction (XRD), Raman,
X-ray photoelectron, near-edge X-ray absorption fine structure
(NEXAFS), and UV-—vis spectroscopy. Topography and
morphology were investigated by scanning Kelvin probe
microscopy (SKPM) and field emission scanning electron
microscopy (FESEM). The detail of these characterization
instruments is provided in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Reduction Tuning of Graphene Oxide. Figure 1
shows the XRD pattern of rGO films along with that of pristine
GO films.

The deposited films are in (001) orientation. A sharp and
intense peak at 20 = 10.211° with the (001) plane was
observed with full width at half maxima (fwhm) 1.318° for the
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Figure 1. XRD pattern of pristine and rGO thin films.
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Figure 2. Raman spectra of GO thin films (a) pristine, and reduced at (b) 50, (c) 100 (d) 150, (e) 200 °C.
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Figure 3. Deconvoluted high-resolution C,, spectra for (a) pristine and the samples reduced at (b) 50, (c) 100 (d) 150, and (e) 200 °C; (f)
reduction dependence of the relative contribution of C;, peak components.

pristine sample; meanwhile, this peak was observed at 10.148, spacing. Interlayer spacing in GO was possibly reduced due to
10.631, and 10.742° with fwhm 1.327, 1.34S, and 1.401° for the evaporation of oxygen links between the basal planes.'®
the films reduced at 50, 100, and 150 °C, respectively. This However, it is observed that with the increment of reduction
peak was slightly shifted toward higher angles with the degrees, the peak gets weak and broad, and it indicates a
reduction temperature, which may decrease the interlayer change from a bigger flake structure to a micro-granular carbon
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Figure 4. Deconvoluted high-resolution O, spectra for (a) pristine and the samples reduced at (b) 50, (c) 100 (d) 150, (e) 200 °C; (f) reduction

dependence of the relative contribution of O, peak components.

Table 1. Reduction Dependence of the Relative Percentage Contribution of Different Functional Groups and the Relative
Percentage Elemental Composition Estimated by Full Scan Spectra

group pristine
elemental composition (%) C 75.43
(¢) 24.57
C=C/C-C 30.05
C,s deconvolution C—-OH 27.15
>C=0 35.33
—COOH 10.0S
O, deconvolution —COOH 16.53
>C=0
C-OH 83.47

50 °C 100 °C 150 °C 200 °C
75.62 76.24 83.86 89.83
24.38 23.76 16.14 10.17
36.43 40.72 71.53 83.16
20.14 18.88 14.86 8.20
32.74 31.65 9.32 S.11
8.75 8.09 4.29 3.54
16.72 17.72 46.25 35.45
30.38 46.39

83.28 82.28 23.36 18.16

matrix. However, the film reduced at 200 °C shows a broad
peak around 22° (26) corresponding to (002) planes of the
graphite framework.'®"? At such a higher degree of reduction,
the deterioration of (001) meanwhile arising of the (002)
illustrates the domination of graphite structure over graphene
oxide (GO).

Figure 2 shows the Raman spectra of deposited GO and
rGO thin films. Raman spectroscopy is a powerful tool to
extract the identification of the GO samples, including the
structural disorder defects, crystallization, and amount of
carbon present during oxidation and reduction. The two major
peaks at 1314 and 1591 cm™', corresponding to the D-band
and G-band, are observed clearly. Raman spectra of carbon-
based materials are due to (i) the D-band being related to the
disorder and defects in the hexagonal lattice and (ii) vibration
mode for sp* carbons atoms (G-band), which occurs owing to
c-C stretching.20 The integrated intensity I,/Ig ratio
(calculated by dividing the area covered by the peaks, obtained
from the origin peak fitting) slightly initially decreased from
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1.89, calculated for the pristine sample, to 1.81, 1.78, and 1.75,
with increase of the reduction temperature as 50, 100, and 150
°C, respectively. It indicates the removal of oxygen
functionalities due to vacuum annealing and lesser defects on
the surface of rGO.”” The I/ ratio significantly increased to
2.22 for the sample reduced at 200 °C. The increase in the I,/
I; ratio is ascribed to an increase in the number and/or the size
of sp* clusters,”’ and it may be due to the domination of the
graphite matrix. A less-intense band was also observed in the
Raman spectra at ~2700 cm™'. This 2D band is the assertion
of graphene structure and may provide information about the
number of layers in GO sheets.”!

The atomic concentration and evolution of surface
functionalization were determined by XPS. The full scan
XPS survey analysis was carried out for atomic concentration,
and high-resolution spectra of C,; and O, were carried out for
quantitative analysis of surface functionalities. The deconvo-
lution of Cj and O, spectra was performed using Casa XPS
software with Shirley background correction. Figure 3 shows

https://doi.org/10.1021/acsomega.2c05637
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Figure S. Normalized NEXAFS for GO and rGO films: (a) C K-edge, (b) C K-edge difference spectra, (c) O K-edge, and (d) O K-edge difference

spectra.

high-resolution C, spectra. The deconvoluted peaks of the C;
spectrum of GO consist of four broad components. The
component at 284.7 eV is attributed to the sp’ component
(C=C/C—C). The component at 285.4 eV is attributed to
hydroxyl configuration (C—OH). The components at 287.3
and 288.6 eV are assigned to carbonyl (>C=0) and carboxyl
groups (COOH or OH—C=0). The high-resolution O, are
shown in Figure 4. The deconvoluted peaks of the Oy
spectrum with binding energies (BE) 531.5, 532.0, and 533.1
eV represent —COOH (HO—-C=0), >C=0, and C—OH,
groups, respectively. The relative intensity of peak C—OH
exhibits an initial increase at 50 °C (Table 1), which is most
possibly due to the internal conversion of OH-C=0 to C—
OH.>” The shift of sp* peak-maxima back to lower BE with
increasing temperature signifies the transformation of electri-
cally insulated GO to the conducting nature of graphite.

The relative intensity of the sp* component (C=C/C—C)
increases as the reduction temperature increases, and an
associated decrease of the oxygen groups (Table 1) confirms
the reduction of GO as shown in Figures 3f and 4f, which
agrelezsz\;srsith the results demonstrated by Gaashani et al. and Bai
et al™

The NEXAFS spectra in the total electron yield (TEY)
mode at the K-edge of principal constituents C and O are
shown in Figure Sa,c, respectively. Meanwhile, the difference
spectra are shown in the inset of these figures. The spectra
were recorded at 90° incidence of the linear polarized X-ray
beam. The NEXAFS measurement is an effective method for
analyzing the unoccupied electronic structure of carbon-related
materials. Furthermore, NEXAFS provides information about
hetero generations in local structure, chemical bonding
configurations, and nearest/next neighbor environment.

The resonance peaks for 1s—7* and 1s—o™ are located for
the carbon K-edge NEXAFS observed around ~28S and ~293
eV, respectively. The spectral features for the carbon K-edge in
the TEY mode are displayed in Table 2. The recorded spectra
at the carbon K-edge are compared with standard spectra for
highly ordered pyrolytic graphite (HOPG). The strong 2D
geometry in the ideal structure of the graphite matrix is
supposed to have strong directionality of the orbitals: hence, 1-
orbitals lie within the basal plane, and p-orbitals are directed
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Table 2. Spectral Features for the Carbon K-Edge in the
TEY Mode

photon

ener

(eV%y NEXAFS spectral feature

2852 excitation of carbon in the sp* network into the 7* bond

286.5  m* excitation for carbon that is single bonded to oxygen either in
hydroxyl or in epoxy configuration/functional groups

2887  C=O0, a n* resonance in carboxyl groups

291.6 o resonance is broader, and absence of core excitation defects, the
sp” network

292.6  o* resonance for un-interruptedsp® network

297.5  o* resonance attribute to single-bonded oxygen

330 strong functionalization and interference with many states, C=0

sigma features from carboxyl expected cannot be resolved
(usually not shown in spectra)

perpendicular to the basal plane. For the sp* hybridized carbon
structure, the sigma bond lies in the plane of the structure, and
the pi-bond exists out of the plane (in the perpendicular basal
plane), so the E- vector of X-rays must be parallel for
perpendicular incidence to the highly ordered graphene
structure. As a result, the intensity of the ls—z* transition
should be extremely poor compared to 1s—o™*. However, the
observed intensity of z* in recorded spectra compared to
HOPG suggests that the synthesized GO and rGO do not
possess a perfectly plane structure. It may be due to the
coexistence of different micro-domains and disordered stacking
of GO and rGO planes contrasted to HOPG and the disorder
induced by the oxidation processes. Moreover, the hydroxyl
and epoxy groups dispersed randomly on the top and bottom
of the basal plane of each graphene coating would draw the
bonded carbon atoms up and down concerning the basal plane.
The 1s—o* transition observed with a broad peak compared to
HOPG also implies a defective sp> geometry.

The transition observed at 288.7 eV related to 7* resonance
in the carboxyl group (>C=0, shown by the arrow in Figure
5a), is intensified with reduction temperature; this relative
change can be observed from the difference spectra shown in
the inset of Figure Sb and result in the gradual reduction of
GO. A shoulder peak of ~292 eV of rGO should be an
excitonic state; the presence of this excitonic state implies that
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rGO consists of too many sp? hybridized carbon atoms, as this
peak is commonly observed for pristine graphite.”*

The XAS spectra for the K edge of O are recorded with
two clear resonance peaks at ~532 and ~540 eV (Figure Sc).
The peak around 532 eV could be assigned to 7™ resonances,
and the peak around 540 eV is possible from ¢* resonances of
the carbonyl group (—C=0).”** Spectral features of the O—
K edge (A, A, A; and A,) are shown in Table 3. The

Table 3. Spectral Features for the Oxygen K-Edge in the
TEY Mode

photon energy

peak (ev) NEXAFS spectral feature
Ay 531.88 7* resonances from oxygen double bonded to
26,27
carbon (C=0)""
A, 535.10 o* (O—H)>"**
A, 537.43 o* related to C—OH and C—0—C***’
A, 539.34 o* related to C=0%"

intensities of both transitions are notably affected by the
reduction temperature, as can be seen clearly from the
difference spectra (Figure 5d), and it leads to the tunable

defunctionalization of GO. NEXAFS spectra suggested
relatively higher degrees of recoveries of 7-conjugation upon
reduction.

The angle dependence NEXFAS spectra recorded in the
PEF mode are shown in Figure 6. It can be observed from the
spectra that synthesized samples are isotropic.

Figure 7a—e shows the Kelvin probe microscope spectra of
pristine GO and rGO thin films thermally reduced at 50, 100,
150, and 200 °C, respectively. SKPM is a modified version of
atomic force microscopy, which provides non-destructive and
non-contact topography of the sample, including the contact
potential difference between a sample and the tip. The SKPM
is employed to determine the work function of these films. For
this purpose, one set of films was deposited on FTO-coated
glass substrates and annealed along with other samples. It
provides desired measurement results without introducing
extra effects due to Schottky barrier formation.””*" Tt is well
known that the work function depends on the carrier
concentrations. Hence, tuning GO from semiconductor to
metallic work function will have an expected response.
Scanning probe methods such as SKPM provide spatial
resolution and allow the detection of local surface potentials.*’
In general, Vi, is the voltage needed to compensate for the

L(a) Pristine

I 'HOPG30

Normalized Intensity (arb. units)

(b) 50 °C

I ‘HOPG30

Normalized Intensity (arb. units)

1 1 1 1

288 290 292 294
Photon Energy (eV)

284 286

286 288 290 292 294
Photon Energy (eV)

284
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Figure 6. Angle dependence of the GO samples in the PEY mode (a) pristine, and reduced at (b) 50, (c) 100, and (d) 150 °C.
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probe microscope spectra.

non-biased setup (Vi;,s = 0), and Vi, is equal to the contact
potential difference between the tip and the sample.”'

1
‘/CPD = ;(q)tip - q)sa.mple)

where @y, and @y, are the work functions of the tip and
sample, respectively, and e is the elementary charge. This
method is implied to investigate the surface potential of GO
thin films on FTO-coated glass substrates.

During the measurements of surface potential scans,
Gaussian distribution is considered due to typical disorder in
a polycrystalline carbonaceous semiconductor thin film.>* The
work function is measured at around 5.58 eV for the pristine
GO; meanwhile, it is decreased with a reduction grade of GO
(shown in Figure 7f), with the values 5.44, 5.38, 5.29, and 5.03
eV for the samples reduced at 50, 100, 150, and 200 °C,
respectively. The reduction in the work function may be a
possible reason to enhance the charge transport property of
GO.

The UV—vis absorption spectrum of aqueous GO dispersion
is shown in Figure S2 (Supporting Information). The pristine
GO shows two kinds of characteristic features: a major peak is
observed at ~235 nm due to 7—7* transitions of aromatic ring
electrons related to C=C and C—C bonds. Another
characteristic shoulder peak at ~307 nm corresponds to the
n—7* transitions of the carbonyl group (C=0) electrons.’

The band gap is evaluated by employing Tauc plots (shown in
the inset of Figure S2) for the spectra to fit the data, assuming

a'’? = (v — Eg) relationship corresponding to the indirect

transitions, where “a” is the absorption coeflicient and “hv” is
photon energy.”* The sharp adsorption edges were not
observed in the Tauc plots due to the domination of the
less-arranged carbon matrix and non-uniform oxidation levels
in GO itself. The band gap is measured at around 2.76 eV for
the pristine one, which is inconsistent with the reported
indirect band gap for GO.”**> Meanwhile, the band gap
shrinkage is significant with values of 2.35, 2.12, 1.24, and 0.79
eV for the samples reduced at 50, 100, 150, and 200 °C,
respectively.

The surface morphology of pristine GO and rGO films
(thermally reduced at 50, 100, 150, and 200 °C) analyzed by
FESEM is shown in Figure S3a—e (Supporting Information).
The reduction process can reduce as well as exfoliate the
pristine GO into fluffy and wrinkled rGO, which can be
observed. The deformation of rGO observed in FESEM images
is mostly due to the elimination of oxygen-containing groups
from the carbon planes during the reduction. The wrinkled
structure offers a maximum accessible surface area of rGO to
occupy the charge carriers from TiO,. The samples were
reduced at 150 °C, and higher temperatures were noticed with
tiny-granular morphology instead of flakes as was observed in
the pristine one. The granular microstructure enhances the
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Figure 8. (a) J—V curve of DSSCs using GO/rGO photoanodes and (b) Jsc and PCE of DSSC with reduction temperature.

surface-to-volume ratio and further assists in improving the
charge transfer. The absence of charging during SEM imaging
suggests the relative electrically conductive behavior of rGO,
Whicl;ﬁis related to the electron charge transport property of
rGO.

3.2. Photovoltaic Performance. The current density—
voltage (J—V) curve of DSSCs using GO and rGO are shown
in Figure 8a, with Table 4 giving detailed parameters. The Js¢

Table 4. Photovoltaic Parameters of DSSCs

DSSC Jsc (mA cm™) Voc (mV) FF (%)  PCE (%)
TiO, 13.61 731 717 7.3 + 0.09
TiO,-pristine GO 13.84 743 715 7.35 + 0.10
Ti0,-rGO-100 °C 14.85 743 714 7.87 +0.09
TiO,rGO-150 °C 16.90 739 70.5  8.80 + 0.08
TiO,-rGO-200 °C 16.85 725 69.5 849 + 0.10

of DSSCs using TiO, photoanode is 13.6 mA cm™?, with a
PCE of 7.13%. After the addition of pristine GO into the TiO,
photoanode, there is a slight enhancement in Jsc, with a PCE
of 7.35%. rGO-based TiO, photoanodes yield further
enhancement in Jic and PCE, with the values being dependent
on reduction treatment temperature as explained below.

The DSSCs with TiO,-rGO-150 °C exhibited the highest Js¢
of 16.90 mA cm™? and the highest PCE of 8.80% compared to
as-deposited DSSC. The addition of GO/r-GO into the TiO,
photoanode improves the charge transport and acts as a
pathway for charge transfer.”"”” The reduction of GO at the
appropriate level as here for 150 °C may be the key reason to
adjust the energy level of GO CB energy that implies a higher
driven force to push the electron from TiO, to improve the
charge transfer. DSSCs with the composite photoanode (TiO,-
rGO-150 °C) also effectively suppress the charge recombina-
tion and the back reaction of the photoelectron, which
diminishes the diffuse barrier to photoelectron transfer and
improves the overall improved performance of the DSSC. The
optimum level of oxygen, optical properties, and micro-
structure seems to occur for improving the performance of
DSSCs with rGO-150 °C. The performance of DSSCs with
rGO-200 °C decreases due to changes in the phase formation
of rGO taking place. There is a slight change in the V¢ of
rGO-150 °C and rGO-200 °C, and it is due to the change in
the work function. Figure 8b shows the change in Jsc and PCE
with respect to the reduction temperature of GO. Jsc of DSSCs
increases to 150 °C reduction temperature compared to as-
deposited DSSCs. Jgc starts decreasing at 200 °C due to
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changes in the microstructure and graphite-like phase
formation (as discussed in the earlier section).

4. CONCLUSIONS

Modified Hummers method was employed for the synthesis of
GO. Thin films coated on corning glass substrates as well as
synthesized GO powder were gradually reduced by the vacuum
annealing process at four different temperatures (50, 100, 150,
and 200 °C). It is observed that the pristine structure turned
from a semiconductor to a graphite matrix with the reduction,
and it significantly affects the optical, microstructural, and
electronic structure and hence the charge transfer properties of
GO. It is found that there are anomalous changes in the
properties of GO with a reduction of around 150 °C. At lower
degrees of reduction (pristine level), the GO layers with a fluffy
microstructure and poor charge transfer. On the other hand, at
a very high reduction (200 °C), a graphite-like layer is created.
With the selection of an appropriate reduction treatment, the
maximum advantages can be granted to the GO properties.
The DSSCs fabricated with an optimized photoanode having a
mesoporous TiO, mixed with GO nanostructures reduced at
150 °C show the best performance with a Jgc of 16.90 mA
cm ™2, Ve of 739 mV, and FF of 70.5%, with a PCE of 8.80%.
Therefore, the incorporation of rGO reduced at the optimum
level can play an essential role in improving the DSSC
performance.
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