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ABSTRACT

Graphene oxide (GO) was synthesized from graphite via a modified
Hummer's method, followed by thermal and chemical reductions to
produce reduced graphene oxide (RGO) samples at various
temperatures. A suite of characterization techniques including
Fourier Transform Infrared Spectroscopy (FTIR), Scanning
Electron ~ Microscopy  (SEM),  Energy-Dispersive  X-ray
Spectroscopy (EDS), UV-Visible Spectroscopy, thermogravimetric
analysis (TGA), X-ray diffraction (XRD), and Hall effect
measurements were employed to assess the structural,
morphological, optical, and electrical properties of the samples.
FTIR analysis confirmed the successful functionalization of
graphite to GO and subsequent reduction to reduced graphene
oxide, with peak intensities decreasing as the reduction
temperature increased. UV-visible spectroscopy of GO showed a
maximum absorption at 235 nm which confirmed the synthesis of
GO while the reduction revealed a notable red shift in absorption
peaks with increasing annealing temperature, and that signified a
reduction in bandgap. XRD analyses demonstrated the removal of
oxygen functional groups. The X-ray diffraction (XRD) analysis of
GO showed diffraction at 26 = 10.74° which revealed a fully
oxidized graphene oxide with oxygen-containing functional groups,
and hence an increase in interlayer spacing (doo2) from 3.341 A
(graphite) to 8.228 A (GO). Upon reduction, there is a gradual
decrease in dooz from 8.228 A (GO) to 3.387 A (HRG0300),
suggesting the gradual removal of intercalated oxygen molecules,
and hence the gradual restoration of sp2hybridisation in graphene.
The EDS analysis revealed an increase in the carbon-to-oxygen
(C/O) ratio from 1.78 in GO to 2.75 in HRGO300 as the annealing
temperature for the reduction process increased which further
confirmed the removal of oxygen functional groups. The Hall effect
data showed hole mobility of 4.634 x10' (GO), 4.831 x10
(HRGO200), and 5.462 x100 (HRGO300) with conductivities of
8.985 x10% (GO), 1.087 x10° (HRGO200) and 1.791 x10" 1/Q cm,
suggesting an increase in conductivity as the annealing
temperature increased as revealed in the EDS. Out of the three
samples identified as hole transport materials, the sample
HRGO300 with the highest C/O ratio of 2.75 has the highest
conductivity, and hence most suitable for application as hole
transport material in perovskite solar cell.

Keywords: solar cell, graphene oxide, reduced graphene oxide,
hole transport material.
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INTRODUCTION

Graphene oxide (GO) has emerged as a promising material for
various applications due to its unique properties, including its high
surface area, excellent mechanical strength, and tunable electronic
properties. Among the diverse methods employed for GO
reduction, thermal reduction in hydrazine vapour has gained
attention for its effectiveness in producing reduced graphene oxide
(rGO) with enhanced conductivity and structural integrity. This
literature review explores the synthesis and optimization of
graphene oxide reduction by thermal reduction in hydrazine
vapour, focusing on its potential application in solar cells.

Various methods have been developed for the synthesis of
graphene oxide (GO). Brodie's method, dating back to 1859,
involved the treatment of graphite with fuming nitric acid and
potassium chlorate, laying the foundation for subsequent methods.
Staudenmaier's method replaced nitric acid with a mixture of
sulphuric acid and nitric acid, enhancing efficiency. The Hummers
method (HM), developed in 1958, revolutionized GO synthesis by
using a mixture of sulphuric acid, potassium permanganate, and
other reagents. Tour's method introduced modifications to HM,
increasing the yield of GO. Modified & improved Hummers
methods (MHM) have since been developed to address limitations
and improve efficiency, often by removing sodium nitrate and
incorporating other catalysts. Recent advancements include
multiple oxidations to tailor GO for specific applications and
achieve higher yields.

Graphene oxide (GO) reduction is a crucial step in harnessing the
full potential of graphene-based materials for various applications.
In recent years, a wide array of reduction methods have been
explored, including thermal, microwave, photo, chemical,
electrochemical, and solvothermal approaches (Pei, 2012; Dreye,
et al., 2012; Chua, et al., 2014, Obeta, 2013). Among these
methods, thermal reduction in hydrazine vapour has emerged as a
promising technique due to its simplicity, scalability, and
effectiveness in producing rGO with enhanced properties.

Chemical reduction routes remain the most commonly applied
methods for GO reduction, utilizing a diverse range of chemical
compounds as reducing agents. Strong reducing agents such as
hydrazine and its derivatives, metal hydrides, and hydroiodic acid
are frequently employed, along with weaker reducing agents like
ascorbic acid, hydroquinone, and alkaline solutions (Pei, 2012).
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These chemical reduction methods offer versatility in controlling the
degree of reduction and tailoring the properties of RGO for specific
applications.

Reduced graphene oxide (rGO) exhibits significantly improved
properties compared to GO, including higher conductivity,
mechanical strength, and thermal stability. While GO behaves as
an insulator due to defects and oxygen groups that isolate the sp?
areas, rGO demonstrates substantially higher conductivity, making
it ideal for various electronic and energy-related applications (Zhao
etal., 2012).

The optical properties of GO and rGO undergo significant
alterations during the reduction process. GO exhibits characteristic
absorption peaks in the ultraviolet range, attributed to m—* and
n—Tr* transitions in aromatic C=C and C=0 bonds, respectively
(Chen, 2013). Upon reduction to rGO, these transitions are
modified, leading to changes in absorption intensity and spectrum
broadening. The restoration of the sp? network in RGO results in
increased absorption in the visible range, further enhancing its
optical properties.

Thermal reduction in hydrazine vapour offers a straightforward and
efficient method for producing RGO with desirable properties. This
process involves exposing GO to hydrazine vapor at elevated
temperatures, leading to the reduction of oxygen-containing
functional groups and the restoration of the sp? network (Qiu, et al.,
2023). The reaction between hydrazine and GO results in the
generation of nitrogen gas and water vapor, accompanied by a
distinct color change in the solution, indicating the reduction
process (Zhang, et al., 2022).

Optimizing the synthesis of rGO through thermal reduction in
hydrazine vapor involves fine-tuning various parameters such as
temperature, reaction time, and precursor concentration. Higher
temperatures and longer reaction times generally lead to increased
reduction efficiency and conductivity of the resulting rGO
(Sengupta, et al., 2018). However, it is essential to balance these
parameters to avoid structural damage and defects that may
compromise the material's performance.

Characterizing the properties of RGO synthesized via thermal
reduction in hydrazine vapour requires a combination of analytical
techniques. Common characterization methods include X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, atomic
force microscopy (AFM), and X-ray diffraction (XRD) (Altaee, et al.,
2020). These techniques provide valuable insights into the
chemical composition, structural integrity, and morphology of RGO,
aiding in the optimization of synthesis parameters for specific
applications.

The unique properties of RGO synthesized via thermal reduction in
hydrazine vapour make it highly suitable for various applications,
including solar cells. The enhanced conductivity, mechanical
strength, and thermal stability of RGO make it an attractive
candidate as a hole transport material in perovskite solar cells
(Nowsherwan et al., 2022).

Several methods have been used to prepare reduce graphene
oxide, including heating to a very high temperature in vacuum or
inert atmosphere, which is expensive and cumbersome. This

investigation provides a facile route to moderate temperature
reduction of graphene oxide in ambient condition, yet obtain
fantastic results similar to heating at a high temperature in inert
atmosphere or vacuum.

In conclusion, thermal reduction in hydrazine vapour offers a
promising approach for the synthesis and optimization of reduced
graphene oxide (rGO) with enhanced properties for potential
application in solar cells. By fine-tuning the synthesis parameters
and optimization strategies, researchers can tailor the properties of
rGO films to meet the specific requirements of solar cell devices.
Continued advancements in characterization techniques and
optimization strategies will further accelerate the development of
RGO-based solar cell technologies.

EXPERIMENTS

Preparation of graphene oxide and reduced graphene oxide

The preparation of graphene oxide and then reduced graphene
oxide was carried out in three stages. The first step involved the
oxidation of graphite powder, followed by the exfoliation of graphite
oxide to form graphene oxide. The graphene oxide was then
reduced by thermal reduction on the one hand, and, on the other
hand, by chemical and thermal methods simultaneously. The
oxidation of graphite powder produced graphite oxide; the
exfoliation of graphite oxide produced graphene oxide; and the
reduction of graphene oxide produced reduced graphene oxide.

Preparation of graphene oxide

Graphene oxide (GO) is produced from graphite powder using a
modified Hummers’ technique (Shahriary, et al., 2014). A round
bottom flask is kept in an ice bath and filled with 120.0mL H2SO4
(95%). Graphite powder (5.0 g) and NaNOs (2.5 g) are added to
the flask under vigorous stirring. Following this step, 15.0 g KMnO4
is mixed under continued stirring at a temperature of less than 10
°C. After mixing KMnO4, the ice bath is taken off and the solution
is stirred at 30 °C for over 24 hours. The mixture progressively grew
thick (paste) and turned light brown. Following this, 150.0mL of
deionized water was gradually added to this mixture under constant
stirring. The diluted suspension was stirred for 2h at 98 °C.
Subsequently, the temperature was decreased to 60°C, and 50.0
mL H202 (30%) was further added to the mixture to remove any
leftover MnO4~, and then the colour of the suspension changed to
bright yellow. Thereafter, 150 ml 1 M HCI (36%) was added to
remove the sulphate and phosphate ions followed by centrifugation
at 5000 rpm. The process was followed by washing with water ten
times, and was each time centrifuged at 5000 rpm for 15 minutes
until a solution with neutral pH was obtained, and was then
sonicated for 4 hours. Thereafter, it was dried in an oven at 60 °C.
A solution of 1 mg/ml was then prepared from the dried graphene
oxide by dissolving 5 mg in 1 ml of solution and was then diluted
five times to obtain 1mg/ml, and was labelled graphene oxide (GO)

Pretreatment of soda lime glass substrate

Soda-lime glass slides were cut into 1 x 1cm? and then watched
with ethanol, rinsed with pure water, and immersed into a solution
containing H2S04(98%) and H202 (30%) in a ratio of 3:1, a solution
generally referred to as Piranha Solution. This process was carried
out to rid the substrate of surface impurities. It was then allowed to
dry in an oven at 30 °C for 30 minutes and then stored dried.
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Preparation of thin films of graphene oxide and reduction of
graphene oxide

GO thin films were prepared by spin coating at 2000 rpm for 30 s,
and the graphene oxide thin films were reduced by thermal
reduction in hydrazine hydrate vapour at 100, 200 and 300 °C. The
reduction process was allowed to proceed for 30 minutes after
reaching the respective temperatures. The heating is stopped and
allowed to cool gradually on the hot plate before removing it. These
samples were labelled HRGO100, HRGO200 and HRGO300
where HRGO means hydrazine vapour of reduction of graphene
oxide at 100, 200, and 300 °C respectively, with a heating rate of
10 °C/min. The films were placed in a petri dish and covered with
another petri dish and the temperature of the hotplate was set to
the designated reduction temperature with 1 ml of hydrazine in the
petri dish containing the thin films on soda lime glass.

Characterization

Characterization techniques Fourier transform infrared (FTIR)
spectra of the samples were recorded on a ATR-FTIR (ATR-FTIR
Cary 630, Japan). Ultraviolet-Visible (UV-Vis) spectra of the
samples were collected on a UV-Vis spectrophotometer
(Cary 60 UV-Vis Spectrophotometer, Japan). The X-ray diffraction
analysis (XRD) of powders was carried out on an XRD
diffractometer (Rigaku Mini Flex 600, Japan) with monochromatic
CuKa, radiation (A = 1.5406 A°). Data were collected from 10° to
60° at a scan rate of 0.1° min-!. The mobility and conductivities of
the samples were observed under (Hall Effect Analyzer, Lake
Shore Cryotronics, Inc.).

https://dx.doi.org/10.4314/swj.v19i1.26

RESULTS AND DISCUSSION

Functional group analysis of graphite and its derivatives

To confirm the functionalization of graphite to graphene oxide and
the subsequent reduction of GO to reduced graphene, Figure 1
shows the FTIR spectra of the samples. The FTIR spectra revealed
the presence of new peaks different from the precursor (graphite).
The GO and HRGO 100°C samples showed peaks for the carboxyl
C=0 (1730 cm-1), aromatic C=C (1638 cm~"), epoxy C-O (1237
cm"), alkoxy C-O (1043 cm™), and hydroxy —OH (3402 cm™)
groups. The presence of —-OH broad peak suggests the
hydrophilicity of graphene oxide, as a result of which GO can be
dispersed in several solvents like water and ethanol (Stobinski, et
al., 2014).

The presence of oxygen-containing functional groups, such as
C=0 and C-O, further confirmed that the graphite was indeed
oxidized into GO by the intercalation of oxygenated functional
groups into the structure of graphite. This observation is consistent
with the literature (Zhou, et al., 2011; Zhang et al., 2011; Shen et
al., 2011). Itis evident that the characteristic peak for carboxyl C=0
at 1735 cm™! showed a much lower intensity for HRGO (Stobinski,
et al, 2014). These peaks are obviously reduced in RGO100,
HRGO200 and HRGO300°C which suggests the removal of
oxygen-containing functional groups.

Wavenumbar (em-1)

Figure 1: FTIR of graphite, GO, HRGO 100, HRGO 200, and HRGO 300

Ultraviolet (UV) visible spectrophotometer analysis of
graphene oxide and reduced graphene oxides

Figure 2 shows UV-Vis absorbance of (a) GO and (b) HRGO
samples. The GO shows maximum absorption at around 235 nm
which is due to Tr to T* transition and corresponds to the aromatic
C = C bonds, and a shoulder at around 300 nm corresponds to n
to m* transition of GO. As the annealing temperature increases,

c=C
(b)
HRGO@300"C GH H-CH H-C-H A M.
Pt ~ | / 1_{;- "M-.,.\
I 7
SRS T - T 1,_./
HRGO@200°C ; foam_ .
''''' P s Iy -
. —\\-1,.,.‘_? i T . - ;|I‘ll ‘f’m'-,
T P
HRGO@100°C "~ e
4—1{:,61...\; |, J B Y .
\ PO | g \ )
\. Fd 1.1[ g o }
e 1 Y i 154 A \
Graphite h‘v """" -y _ 3 AT\ Y
! b g T ]
\ | Iy - 1‘*’ "] N
% E‘ i '_5__;"
\ |/ i i —t
\ [/ | ¥ .
N "
L] T L] T I T I 1 T T | T T I T T T T T I ! L) _1{‘ |
3500 3000 2500 2000 1500 1000

HRGO 100, 200 and 300 show a red shift towards a higher
wavelength as the annealing temperature increases which suggest
a shift towards a higher wavelength which implies a shift from
higher energy of transition to a lower energy of n to T due to a
reduction in bandgap. This result is consistent with literature
(Eluyemi et al., 2016)
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Figure 2: UV absorbance of (a) GO and (b) HRGO samplesA

X-ray diffraction (XRD) analysis of graphite and its derivatives
The phase identification of the sample thin films was analysed
using X-ray diffraction (XRD; Rigaku Mini Flex) with a Cu Ka
radiation (I = 1.540 A) source operated at 40 kV and 30 mA in the
range of 10-70°. Table 1 shows the data obtained from the XRD
diffractogram of graphite, GO and HRGO, while Figure 3 shows the
XRD diffractogram of graphite, GO, and HRGO at 100, 200, and
300 °C. The XRD diffractions at 26 and the corresponding
interlayer distances. Graphite shows a diffraction angle of 26.66°
at an interlayer distance of 3.341 A and graphene oxide shows a
diffraction angle of 10.74° at an interlayer distance of 8.228 A. The
samples HRGO100, HRGO0200, and HRGO300°C have the
following major diffractions at 28 as 23.06, 23.28, and 26.29°,
respectively, and corresponding interlayer spacing of 3.854, 3.838,
3.838, 3.818, and  3.787 A respectively. The diffraction angles
decreased from graphite (26.66°) to graphene oxide (10.74°) and
then increased from HRGO100°C (23.15°) to HRGO300°C
(26.29°).

The behaviour observed in the XRD diffractions and the
corresponding interlayer distances from graphite to graphene oxide
and then to hydrazine vapour reduced graphene oxide (HRGO)
revealed a highly reduced graphene oxide (HRGO) samples.
Graphite exhibits a diffraction peak at 26.66° with an interlayer
distance of 3.341 A, indicative of its well-ordered stacking of
graphene layers. Graphene oxide displays a diffraction peak at
10.74° with a significantly larger interlayer distance of 8.228 A. This
increase is due to the introduction of oxygen-containing functional
groups onto the graphene surface during the oxidation process,
leading to interlayer-spacing increase and structural disruption.
Upon reduction, the oxygen-containing functional groups in
graphene oxide are partially removed, resulting in the partial
restoration of sp? carbon structure and a decrease in interlayer
distance. The interlayer distances observed for HRGO samples
(3.787 A) are lower compared to graphene oxide, indicating a
decrease in interlayer spacing as the reduction progressed. The
decrease in interlayer distance from HRGO100°C to HRGO300°C
suggests a further reduction in interlayer spacing as the annealing
temperature increases. This indicates a more extensive removal of
oxygen functional groups and enhanced graphitization of the
carbon structure at higher temperatures.

00 800 1000 1200

400
wavelength (nm)

Table 1: XRD of graphite, GO and HRGOs

Sample 20 0%) Interlayer Interlayer
distance, distance,
duaz, (A) daaz, (nm)
Graphite 2666 EELN 33N
GO 10.74 8228 8228
HRGO100=C 2315 383 383
HR.GO200=C 2347 3087 Tar
HR.GO300=C 2629 3387 J387
— N —
R T .'-“I-_.— — .—ll
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Figure 3: XRD diffractogram of graphite, GO and HRGO

Energy-dispersive X-ray spectroscopy analysis of graphite
and its derivative Energy-dispersive X-ray spectroscopy (EDS)
was used to analyse the oxygen content in the graphene oxide
synthesized from graphite, and also to analyse the reduced
graphene oxides for carbon-oxygen ratio in HRGO at 100, 200, and
300°C. From Table 2, the carbon-to-oxygen ratios for graphite, GO,
HRGO100, HRGO200, and HRGO300°C are 26.91, 1.78, 1.94,
243, and 2.76.

The results obtained from Energy Dispersion Spectroscopy (EDS)
analysis provide a valuable insight into the elemental composition
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of the samples, particularly the carbon-to-oxygen (C/O) ratio.
Graphite is primarily composed of carbon, with very little oxygen
present. This high C/O ratio (26.91) is expected since graphite is a
pure form of carbon with minimal impurities. The significantly low
value in the carbon-oxygen ratio of the other samples compared to
graphite indicates a substantial increase in oxygen content due to
the oxidation process. Graphene oxide is produced by the oxidation
of graphite, resulting in the introduction of oxygen-containing
functional groups onto the graphene sheets.

For the carbon-oxygen ratio in HRGO at 100 (1.94), 200 (2.43), and
300 °C (2.76) samples, the trend observed suggests that
increasing the annealing temperature in hydrazine hydrate vapour
leads to a reduction of oxygen functional groups in the samples,
and hence a gradual increase in the carbon-to-oxygen ratio. The
trend observed in C/O agrees with the consequent of reduction of
GO in literature (Zhang et al., 2022).

Table 2: EDS of GO and HRGOs

Charge carriers and mobility

Hall effect measurement is used to determine whether a material
is an electron carrier or hole carrier, alongside other parameters
such as mobility and conductivity. One other important factor, aside
from the bandgap, that plays out in the efficiency of the solar cell is
mobility and conductivity. In terms of hole mobility, it is expected to
expedite the movement of the hole to the conduction band fast
enough to guide against the duration and energy exhaustion of the
excited hole. If the hole transport material does not move the hole
fast enough before duration and energy exhaustion, the hole will
return to the valence band of the perovskite and recombine with the
electron to form an electron-hole pair.

From Table 3, the buck concentrations for GO, HRGO100,
HRGO200, and HRGO300 are 1.210 x10'3, -2.435 x106, 1.404
x10"7, and 2.047 x10'° respectively, while the mobility are 4.634
x101, 2.406 x107, 4.831 x10", and 5.462 x10° cm?/Vs. The bulk
concentration of the sample determines whether the sample is an
electron transport material or not. When the bulk concentration is

Element " . .
Samples (weight %) cio posm\(e, the charge carrier of the sample is a hole tr_ansport
material (p-type semiconductor), and when it is negative, the
- c 0 charge carrier of the sample is an electron (n-type semiconductor).
Graphite 95.54 355 2691 From the buck concentration values, the hole transport materials
GO 6197 3481 178 are GO (1.210 x10™ cm3), HRGO200 (1.404 x10'7 cm-3), and
HRGO@100°C 63.89 3295 194 HRGO300 (2.047x10'° cm3) while the electron transport material
HRGO@200°C £5.39 7689 243 is HRGO100 (-2.435 x10' cm3). This research is primarily
HRGO@300°C 67 14 2433 276 concerned with the hole transport materials, and no interest is

Electrical Conductivity and Resistivity

The electrical conductivity increases with an increase in annealing
temperature (Table 4.4). This implies that the reduction of GO to
RGO or HRGO leads to an increase in the conductivity of RGO and
HRGO (Nyangiwe, et al., 2015).

Table 3 shows the resistivity of the thin films as obtained from the
Hall measurement. RGO 100 has the highest resistivity. For both
RGOs and HRGOs, the resistivity of the thin films decreased with
an increase in annealing temperature. This observation supports
the fact that an increase in annealing temperature leads to a
reduction of GO, and consequently a decrease in oxygen molar
concentration. This is a departure from the insulating property
attributed to GO as a result of the intercalating oxygen atoms
separating the layers of graphene. Therefore, the reduction
process will lead to a decrease in the oxygen concentration, and
thus lead to an increase in conductivity. As the conductivity
increases, the resistance decreases as a consequence of the
decrease in insulating properties.

Table 3: Hall effect data of GO and HRGOs

vested in or associated with the samples that are electron transport
materials.

Table 3 also shows the mobility and the corresponding electrical
conductivity. The samples GO, HRGO100, HRGO200, and
HRGO300°C have 4.634 x10', 2.406 x10', 4.831 x10', and 5.462
x100 cm?Vs mobility respectively, while the conductivities are
8.985 x10%, 9.381 x102, 1.087 x10°, and 1.791 x10" 1/Q cm
respectively. Out of the three HTMs already identified,
HRGO200°C has the highest mobility (4.634 x10' cm2/Vs), the
second is GO (4.634 x10' cm&/Vs), and the least is RGO300°C
(5.462 x10° cm?/Vs), while the corresponding conductivities are
1.087 x10°, 8.985 x105, and 1.791x10" 1/Q cm, respectively. It
becomes obvious that as the temperature increases, conductivity
increases across the samples. However, the high value of mobility
did not translate into high conductivity. The increase in conductivity
is accounted for by the increase in the degree of reduction of the
samples because an increase in the degree of reduction reduces
the number of intercalated oxygen molecules, hence the increase
in conductivity.

However, for the observed trend in mobility values, it is important
to stress that efficient charge transport requires that the charges be
able to transit from the valence band to the conduction band without

Samples Buck . Mot;ility Resistivity Electricall. being trapped or falling back to recombine. Therefore, charge
concentration (cm4Vs)  (Qcm) Conductivity carrier mobility is influenced by many factors, including molecular

(em?) (1/Q ¢m) packing, disorder, the presence of impurities, temperature, electric

GO 1210x10% 4634 x10' 1.113x10¢ 8 985x10° field, charge-carrier density, size/molecular weight, and pressure.
HRGO100°C 243510  2406x10' 1086x10' @ 381 x102 It would ttJeI tciodlformldabrltedattazktto trythto .dlscutss faltlh the
! experimental studies reported to date on the impact of these

HRGO200°C  1.404x107  4.831x10' 9.200x107 1.087 x107 parameters on charge transport in organic semiconductors.
HRGO 300°C  2.047 x101® 5462 x100 5583 x102  1.791 x101 However, the simplest and most common reason for this

observation is polaron. In organic semiconductors, charge carriers
are often localized in spatial regions called polarons due to
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interactions with lattice vibrations (phonons). These interactions
can reduce the effective mobility of charge carriers, leading to a
discrepancy between mobility and conductivity (Coropceanu, et al.,
2015).

These values of mobility and conductivities meet the requirements
of a hole transport material since the conductivity of the hole is >
10 S/cm and the hole mobility is > 105 cm2V-'s™. It is interesting
to also state that these values supersede those of Spiro-OMeTAD
and PEDOT:PSS, which were reported as 1.23 x 104 S/cm and
247 x 10 S/cm, respectively (Daniel et al, 2019), and are
currently leading in perovskite solar cells.

The mobility of Spiro-OMeTAD has been reported as 2 x 104 cm?2
V-1s1 (Poplavskyy and Nelson, 2003) and also reported as 2.2 x 10
4 cm? Vs with a conductivity of 2.2 x 104 S/cm for Spiro-
OMeTAD doped with LiTFSI in order to improve the conductivity.
In conclusion, graphene oxide was prepared by modified
Hummer’s method, while the reduced graphene oxide was made
by thermal reduction of hydrazine hydrate vapour. The prepared
graphene oxide and reduced graphene oxide were confirmed by
FTIR, UV, and EDS. The suitability of the reduced graphene oxide
was determined using Hall measurements and UV. The Hall
measurements revealed the charge carriers, electrical conductivity,
resistivity, and hole mobility. The GO, HRGO200, and HRGO300°C
are hole conductors, especially HRGO300°C, which has a mobility
of 5.462 cm?/ Vs and a conductivity of 17.91 1/Q cm. The mobility
value aligns with the standard (> 105 cm? Vs) and is greater than
the minimum standard by a wide margin. It also outwits Spiro-
OMeTAD and many other hole transport materials in terms of hole
mobility and conductivity. According to Leijtens (2013), the hole
mobility of pristine Spiro-OMeTAD is 10 -5 cm? V-1 s while that of
doped Spiro-OMeTAD is 10-3 cm? V- ', Poplavskyy and Nelson
(2003) reported values that are even lower for pristine Spiro-
OMeTAD. Therefore, GO, HRGO200, and HRGO300°C are all
good hole transport materials that can be employed as hole
transport materials in perovskite solar cells, but HRGO300°C is far
better because it has the highest conductivity. GO and HRGO200
could also be used but may require doping to improve the
conductivity, especially GO.
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