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Abstract -A low cost, chemically stable with enhanced electrocatalytic activity counter electrodes based on
reduced graphene oxide (RGO) coating was easily deposited on fluorine doped tin oxide (FTO) substrate was
developed for CdS QDSSCs. Polyvinylidene fluoride (PVDF) was used as a binder for the coating to increase
the mechanical stability of RGO counter electrode through increasing its adhesion on the FTO substrate. The
structure and morphology of RGO powder were analysed by UV-visible, FTIR spectroscopy, X-ray powder
diffraction, and SEM microscopy. The electrocatalytic activity of RGO counter electrodes were investigated by
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The QDSSCs assembled using
RGO counter electrode shows a high short circuit current reaches to a value of 2.843 mA\ cm? and yields power
conversion efficiency (PCE) of 0.52%. An enhancement 46.3% in the fill factor (FF) also was achieved with
RGO as a counter electrode when compared to expensive traditional Pt thin film counter electrode. The unique
electrocatalytic activity of the tailored RGO electrode was discussed in terms of its high electrical conductivity
and large surface area.
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1. Introduction

Among the newly developed materials nanostructures, Graphene got a lot of scientists’ attention as
the next generation nanomaterials due to its low production cost, abundance of carbon on earth, and
its exceptional unique properties (Choi et al. 2010). Graphene is a 2- dimensional planer sheet of sp?-
hybridized bonded carbon atoms densely packed in a honeycomb crystal lattice with single atom
thickness (Geim and Novoselov 2007). With large surface area, 0 eV bandgap, excellent electrical
conductivity, and high intrinsic electron mobility, graphene became the strongest candidate to replace
the others carbonaceous materials in electronics, electrochemical, and photo- electrochemical
applications (Kucinskis, Bajars, and Kleperis 2013; Li et al. 2012; Strong et al. 2012). The problem of
mass production was the large obstacle that facing the developing of scalable commercial devices
based on graphene. Graphene that prepared by direct mechanical exfoliation from pristine graphite or
that prepared by chemical vapour deposition is produced in small quantities and not suitable for low
cost and large scale production, but it can used only for scientific research (Pei and Cheng 2012).
Producing graphene from exfoliation graphite oxide and reduction of graphene oxide (GO) can produce
larger quantities of graphene which can be applicable on the industrial scale (Gamil et al. 2014). It is
already known that the morphological and electrical properties of reduced graphene oxide (RGO) are
lower when compared to the pristine graphene, but RGO obviously enhances the performance of all
applications when it replaces the others carbonaceous materials (Hassan, Suzuki, and El-moneim
2014).

Quantum dot sensitized solar cell (QDSSC) that belongs to the third generation solar cell is a
promising candidate to replace the widespread wafer based solar cell from the first generation
(Kouhnavard et al. 2014). QDSSC is a modified version of dye sensitized solar cell (DSSC) that
invented in 1991 by Grétzel and O Regan (O’Regan and Gritzel 1991). The dye molecules adsorbed on
wide bandgap semiconductor mesoporous film in DSSC is replaced with narrow bandgap
semiconductor nanoparticles (Kamat 2008). The ease of fabrication, the low cost, and the high
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theoretical power conversion efficiency (PCE) were the reasons made the scientists to intensively
investigating and developing nanostructured material for enhancing the performance of QDSSCs
(Badawi et al. 2013). semiconductor nanoparticles (QDs) offer a number of unique properties over the
complex dyes used in DSSCs such as tunability of the bandgap, large intrinsic dipole moment, high
molar absorption coefficient, and multiple carrier generation by a single photon (Kouhnavard et al.
2014; Rihle, Shalom, and Zaban 2010). These unique properties are theoretically aimed to raise the
PCE beyond the Shockley and Queisser limit of 32%. Until now the PCE of QDSSCs are still lower
the PCE of DSSCs and far away from the theoretical calculated values. The high recombination rate at
the active layer- electrolyte interface, the lack for the suitable redox system, and the scarcity of perfect
counter electrode are the main reasons for inefficient utilization of the photogenerated electrons in
QDSSCs.

In this work, we develop a feasible low cost, chemically stable, and reproducible electrically
conducting coating based on RGO and used as counter electrode for QDSSCs. A thin film from the
RGO coating was produced on fluorine doped tin oxide (FTO) substrate by simple drop casting
method. RGO counter electrodes showed better electrocatalytic activity towards the reduction of
polysulfide electrolyte (S*\S,*) than the expensive and widely used platinum (Pt) counter electrode.
CdS QDSSCs that employed RGO counter electrodes showed better photovoltaic performance than
that use Pt counter electrode. The high PCE and FF obtained in the cells with RGO counter electrode
was a result of the high electric conductivity and the good catalytic activity of the RGO towards the
polysulfide electrolyte as well as its large surface area which promotes more active sites for better
regeneration process of the (S*\S,%) electrolyte.

2. Experimental Work

2. 1. RGO Counter Electrode Preparation

Graphite oxide was prepared according to Hummer and Offeman’s method with some
modification as reported elsewhere (Becerril et al. 2008a, 2008b; Sui et al. 2011). Graphite oxide was
dispersed in distilled water at concentration of 1 mg/ml using magnetic stirrer. Graphite oxide was
exfoliated into Graphene oxide (GO) by ultrasonication for 30 min in ultrasonic bath (Falcon RS2).
GO sheets was chemically reduced into Graphene with using Hydrazine hydrate as a reducing agent
and continuous heating at ~80 °C overnight. The chemically reduced graphene (RGO) powder was
separated and washed with distilled water via vacuum filtration and dried to get yield the RGO
powder. RGO conducting coating was made by mixing 50 mg of prepared RGO powder with 5 mg
PVDF (10% w/w) and then dispersed in 3 ml N-Methyl pyrrolidinone (NMP) through ultrasonication
for 60 min. The PVDF polymer was used to prevent re-stacking of graphene sheets in the paste as
well as a binder to increase the adhesion of RGO on FTO substrate. The RGO thin film counter
electrode was prepared by drop casting 50 ul of RGO dispersion on pre-cleaned FTO slide of exposed
area 1 cm? followed by drying at moderate temperature and under vacuum for 24 hours to form the
counter electrode.

2. 2. Tio, Photoanode Preparation

The photoanode is prepared on FTO coated glass (Pilkington TEC15, surface resistivity ~13
Q/sq) that was first ultrasonically cleaned using detergent solution, water, and acetone respectively.
A dense TiO; blocking layer was first formed on the FTO by spin coating 0.1 M Titanium
Isopropoxide (TIP) in isopropanol at 1000 rpm for 10 seconds, followed by sintering at 500 °C for 1
hour (Barceld et al. 2012). A mesoporous TiO; layer was formed over the blocking layer by coating
TiO, aqueous paste using doctor blade technique followed by sintering at 500 °C for 1 hour. The TiO»
prepared by grinding 1 g of TiO, powder with1.8 mL of H>O, 30 pL of acetylacetone, and 30 pL of
Triton X-100 (Lana-villarreal et al. 2010). The TiO, photoanodes were sensitized with CdS QDs using
SILAR method(Santra and Kamat 2012). The photoanode is immersed for 1 min in 0.1 M
(Cd(NOs3)2.4H,0) in methanol as a cation source (Cd*?) and to be adsorbed on the TiO, electrode.
The TiO; electrode was then rinsed with methanol to remove the excess Cd*? cations. Then the
photoanode is immersed in 0.1 M Na,S methanolic solution as the anion source (S?) for 1 min in
order to react with Cd*2 cations followed by methanol rinsing. This procedure was referred to as one
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SILAR cycle. The SILAR cycles were repeated for 3, 4, 5 and 6 cycles. All the photoanodes were
passivated by two SILAR cycles of ZnS as reported elsewhere (Zhu et al. 2011).

2. 3. Pt Counter Electrode Preparation

The platinum counter electrode was prepared through thermal decomposition of Chloroplatinic
acid (HzPtClg). A 20 ul of HoPtCls in isopropanol (5 mM) is spin coated on the previously cleaned
FTO substrate of exposed area 1 cm? and then burned at 500 °C in air for 30 min. a transparent layer
of Pt was formed on the FTO substrate to be used as a reference counter electrode in QDSSCs.

2. 4. Assembly Of Qdsscs

QDSSCs were constructing by assembling the TiO, photoanodes sensitized with CdS QDs and
the counter electrodes into sandwich type solar cell using paper clamps as shown in figure (1).
Parafilm was used as spacer between the two electrodes and also as a sealing to prevent the
evaporation of the electrolyte. The space between the two electrodes was filled with aqueous
polysulfide electrolyte. The polysulfide electrolyte prepared by dissolving 1M Na.S, 1 M S, and 0.1
M KCI in deionized water.

o ¥ o

TiO, NPs

‘ | |
/‘ ' . RGO Sheets |
ST \ /

FTO

|

Fig. 1. Schematic representation of the assembled QDSSCs. The counter electrode was constructed by coating
reduced graphene oxide RGO sheets on FTO substrate.

3. Results And Discussion

3. 1. Structural And Morphology Analysis

Figure (2) shows the UV- Visible absorption spectra of GO and the RGO. It is well known that
pure GO has a strong absorption peak around 226 nm which belongs to the t—* transition of C=C
bond in GO. After the chemical reduction process, the absorption peak of GO is red shifted to 262 nm
due to the completion of deoxygenation process. The absorption peak at 262 nm arise from the
electrons n—7* transitions in addition to restoration of the electronic conjugation within the graphene
upon hydrazine reduction (Ghadim et al. 2014; Khanra et al. 2012).
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Fig. 2. UV-Visible absorbance spectra of GO and RGO.
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Fig. 3. FTIR spectra of the prepared GO and RGO.

To investigate the success of graphite oxidation process and the reduction process of graphene
oxide, FTIR measurement was acquired. Figure (3) shows the FTIR spectra of GO and the chemically
reduced graphene oxide (RGO). In GO spectrum, all the characteristic absorption peaks of carbon
containing functional groups are present. The broad peak at 3412 cm™ and the peak at 1385 cm™ are
due -OH stretching mode and bending deformation mode respectively, while the peak located at 1729
cm? is for C=0 stretching in the carboxylic (-COOH) functional group located on GO sheets edges.
The peaks at 1223 cm™ and 1070 cm™ are due to C-O stretching modes in the epoxy and alkoxy
functional groups respectively. The strong peak at 1626 cm is attributed to C=C in plane stretching
for the unoxidized graphite (Yang et al. 2010; Zhang et al. 2010). In FTIR spectrum of RGO, the
absorption peaks of -OH found in GO are significantly decreased in intensity, and the absorption
peaks of C=0 and C-O attributed to carbon containing groups are nearly disappeared. This
observation implies that the deoxygenating process using hydrazine was performed successfully and
sp? hybridization of graphene sheets was successfully restored.

The powder XRD was also employed as another characterization for the prepared GO and RGO
as shown in Figure (4). In GO diffraction pattern, a clear and sharp characteristic peak of GO is
located at 10.9° which corresponding to the (002) with inter-planer spacing (2d) of 8.14 A. So the
oxidation and functionalization processes of the graphite has been done and GO was successfully
synthesized. After the reduction of GO, this peak was completely disappeared and a broad peak at
25.1° which is the characteristic peak of graphene was obtained. The new peak of the RGO is
corresponding to 3.63 A inter-planer spacing of graphene (Feng et al. 2013; Yang et al. 2010). Hence
we can conclude that the success removal of the function groups, and a well ordered 2- dimensional
graphene sheets was obtained.
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Fig. 4. X-ray diffraction patterns of the prepared GO and RGO.
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The SEM micrographs of RGO counter electrode are shown in Figure (5). The well dispersed
RGO sheets with homogeneous distribution of the sheets in the counter electrode can be seen clearly
from the low magnification SEM micrograph. The high magnification micrograph confirms the 2-D
layered structure of the few layers RGO sheets with wrapped edges resulting from using the PVDF as
a binder. The wrapped edges of RGO sheets provides a high surface area of the counter electrode with
more active sites which positively affecting the regeneration process of the electrolyte and it is
reflected clearly in the high fill factor obtained when RGO used a counter electrode in QDSSCs.
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Fig. 5. SEM micrographs of RGO counter electrode (a) low magnification (b) high magnification.

3. 2. Electrochemical Characterization

The electrocatalytic activity of the prepared RGO and Pt counter electrodes towards polysulfide
electrolyte was investigated using cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) techniques. Cyclic voltammograms of the prepared counter electrode was
measured on a symmetrical cells composed of two identical counter electrodes (RGO\electrolyte\RGO
or Pt\electrolyte\Pt). Ten cycles of CV was performed in the rage from -1V to 1 V at a scan rate of 10
mV\sec and shown in Figure (6). Counter electrode made of RGO show higher stability in the
presence of polysulfide electrolyte compared to CE made of Pt. the high stability of RGO was a result
of the chemical inertness of graphene towards oxygen and water exist in the electrolyte (Choi et al.
2010). The reduction currents density of RGO CE are nearly constant around 13 mA\ cm? over the all
ten cycles of CV, while that of Pt CE decrease with increasing the number of CV cycles to reach a
value of 6 mA\ cm? at the end of the cycles. The decrease in the reduction current for Pt CE is mainly
due to the poisoning of the platinum surface with sulfur components which reduces its electrical
conductivity as well as its catalytic activity (Radich, Dwyer, and Kamat 2011). The relatively high
catalytic activity of RGO CE can be attributed to the high electrical conductivity of RGO and the
large surface area of the graphene which promote more active sites for the reduction process at the
counter electrode. So, on the long term of QDSSCs running, RGO counter electrode with good
electrocatalytic activity and high chemical stability will guarantee stable photovoltaic performance of
the assembled solar cells.
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Fig. 6. cyclic voltammograms of symmetric cells composed of (a) RGO and (b) Pt counter electrodes acquired at scan rate 10
mV/s.
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EIS measurements were performed on a dummy cell constructed from two symmetrical counter
electrodes (RGO\electrolyte\RGO or Pt\electrolyte\Pt). The EIS test was performed within the
frequency scan range from 10 mHz to 100 KHz with 10 mV RMS amplitude and 0 V DC bias
voltage. The obtained EIS Nyquist plots of RGO and Pt counter electrodes are shown in Figure (7a).
To extract the electrochemical parameters of the counter electrodes, the EIS data were fitted to the
equivalent circuits indicated in Figure (7b) using ZsimWin software and the extracted data are listed
in Table (1). As shown in Table 1, the series resistances (Rs) of the RGO and Pt counter electrodes are
17.3 and 16.5 Q. cm respectively, indicating that the bonding strength between RGO or Pt films on
the underlying FTO substrate is high and comparable for both electrodes (Kim et al. 2014). The high
bonding strength of RGO was arises from using PVDF polymer as a binder causing a good contact
between the RGO sheets and FTO substrate. The charge transfer resistance (Rcr) for the RGO counter
electrode is 55.9 Q. cm2, which is one order of magnitude lower than that of the Pt counter electrode
(558 Q. cm®). The low Rcr of RGO counter electrode was a result of the high electron transfer rate
occurs at RGO unlike that happens at the Pt electrode surface. These data are in consistent with CV
measurements and indicates that the catalytic activity of the RGO counter electrode is better than the
Pt towards the reduction of the polysulfide electrolyte. Probably, the high Rcr of Pt counter electrode
arises from the surface poising of Pt by sulfur species.

Table. 1. The electrochemical parameters obtained from EIS data fitting.

Rs (Q) Rct (Q.cm™) RBinder (Q.cM2)
RGO CE 17.3 55.9 165.4
Pt CE 16.5 558 —
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Fig. 7. (a) Nyquist plots of symmetric cells composed of RGO and Pt counter electrodes (b) Equivalent circuits
for EIS data fitting.

3. 3. Photocurrent- Voltage Characterization

Photocurrent density — Photovoltage (J-V) curves of CdS QDSSCs based on RGO and Pt counter
electrodes were characterized under standard simulated solar light of air mass coefficient (AM 1.5)
and intensity of 100 mW/cm?. The (J-V) curves of solar cells utilizing RGO counter electrode are
presented in Figure (8), and the photovoltaic performance parameters are summarized in Table 2. The
cell comprises TiO. photoanode sensitized with 3 CdS SILAR cycles shows the lowest PCE (0.12%),
this because at this sensitization level the loading of CdS QDs was low. By increasing the number of
the SILAR cycles, the PCE of the cells also increases due to the increase in the quantity of CdS QDs
loaded on the TiO, mesoporous layer and more solar light is harvested. The PCE reaches a maximum
value of (0.52%) for the cell assembled with TiO, photoannode sensitized by 5 SILAR cycles of CdS
QDs and uses RGO as a counter electrode. The further increase in the SILAR cycles above 5 cycles
causes a drop in the PCE and FF because at this level of sensitization the TiO, mesoporous is totally
covered with CdS QDs and losing it porosity. This represents a barrier preventing the electrolyte to
penetrate into the photoanode in order to reduce the deeply adsorbed oxidized QDs. It is worth
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mentioned that, all QDSSCs assembled using RGO counter electrode had high FF and good short
circuit current (Jsc). This behaviour can be attributed to the high electron transfer exist at the
electrolyte \counter electrode interface arising from the high electric conductivity and large surface
area of RGO counter electrode as was expected previously from the electrochemical measurements
(Lietal. 2012).
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Fig. 8. Photocurrent density — Photovoltage (J-V) curves of QDSSCs sensitized with CdS QDs using SILAR
method for 3 to 6 cycles and with RGO as counter electrode.
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Fig. 9. Photocurrent density — Photovoltage (J-V) curves of QDSSCs sensitized with 5 SILAR cycles of CdS QDs
when RGO or Pt used as counter electrode.

Figure (9) indicates a comparison between the (J-V) curves of two QDSSCs use RGO and Pt
counter electrodes assembled with photoanode sensitized with 5 CdS SILAR cycles. Although the cell
uses Pt shows Jsc of (3.06 mA\cm?) higher than that use RGO counter electrode (2.84 mA\ cm?), but
the PCE of cell with RGO counter electrode was 30% higher than that use the Pt one. The reason for
this manner was that, the fill factor of the cell with RGO counter electrode was 40.16% while that of
the Pt was 27.4% , 31% lower than the RGO. So, counter electrode based on low cost, chemically
stable, and good electrocatalytic activity RGO shows an enhancement in the photovoltaic performance
of QDSSCs compared to the reference Pt counter electrode. For these reasons, graphene with proper
design will be one of most suitable materials candidate to replace the incompatible and the expensive
Pt counter electrode usually in QDs photo-electrochemical cells.
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Table. 2. The Photovoltaic performance parameters of QDSSCs based on the different counter electrodes.

Voc (V) Jsc (mA\cmz) FF % PCE %
Cds (3)-RGO 0.318 1.022 36.49 0.12
CdS (4)-RGO 0.402 1.850 44.80 0.33
Cds (5)-RGO 0.455 2.843 40.16 0.52
CdS (6)-RGO 0.426 2.029 26.67 0.23
CdS (5)-Pt 0.481 3.059 27.45 0.40

4. Conclusion

RGO counter electrodes were successfully prepared by facile low temperature method and used
in CdS QDSSCs. UV-visible, FTIR, and XRD analyses were employed to characterize the chemically
prepared RGO. SEM was used to investigate the surface morphology of RGO counter electrode. The
electrochemical activity and stability of RGO counter electrodes towards polysulfide electrolyte were
checked using cyclic voltammetry CV and electrochemical impedance spectroscopy EIS. RGO
counter electrode has been showed more electrochemical stability and activity than the Pt counter
electrode as probed by CV. The charge transfer resistance (Rcr) extracted from EIS measurements of
RGO counter electrode was one order of magnitude lower than that of the Pt. CdS QDSSCs used
RGO as a counter electrode showed an enhancement 30% in PCE and 46.3% in FF than the cell that
used Pt thin film counter electrode. The good electrical conductivity, the high chemical stability, and
the large surface area of RGO were the key factors behind these enhancements in the photovoltaic
performance of QDSSCs. our resulted data suggested that, graphene based materials may be the
suitable materials to replace the lower active and expensive noble metals usually used as counter
electrodes in QDSSCs.
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