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a  b  s  t  r  a  c  t

The  reduced  graphene  oxide  (RGO)  counter  electrodes  were  prepared  by drop  casting  method  and  fol-
lowed  by  heat  treatment.  The  as-prepared  RGO  counter  electrodes  were  used  as substitution  for  Pt counter
electrode  in  dye-sensitized  solar  cells  (DSSCs).  The  effects  of  hydrazine  hydrate  in graphene  oxide  (GO)
suspension  on  the  performance  of  RGO  counter  electrodes  were  investigated.  The  cyclic  voltammetry  (CV)
eywords:
ydrazine hydrate
educed graphene oxide
ounter electrode
ye-sensitized solar cell

and electrochemical  impedance  spectroscopy  (EIS)  measurements  revealed  that  a moderate  amount  of
hydrazine  hydrate  can  enhance  the  catalytic  activity  of  the  RGO  film  toward  the  reduction  of  I3

− and
decrease  the sheet  resistance  of  the  film.  The  efficiency  (�)  of  DSSC based  on  the RGO  counter  electrodes
with  optimum  addition  of hydrazine  hydrate  increased  from  1.826%  to 2.622%  under  a simulated  solar
illumination  of 100  mW  cm−2 (AM  1.5).

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Since the breakthrough work by Grätzel in 1991 and the increas-
ng public concern about the development of new energy sources,
ye-sensitized solar cell (DSSC) has attracted more and more
ttention because of their advantages such as low cost, simple
reparation process, green material and relatively high conversion
fficiencies [1–5]. Typically, a traditional DSSC is mainly composed
f three parts, including a dye-sensitized nanocrystalline porous
emiconductor photoanode, electrolyte and a Pt counter electrode.
lthough platinum can meet the main requirements of counter
lectrode material for DSSCs due to its high catalytic activity and
ood electrical conductivity, however, the high cost, limited reserve
nd the possibility of corroded by I3−/I− redox electrolyte of Pt
onfine its application to a large scale [6]. Therefore, exploring
on-platinum counter electrode material with low cost and high
atalytic activity has important practical significance for large-scale

pplication of DSSC.

Carbonaceous material has long been regarded as the most
opular candidate for substitution of Pt due to its high electrical
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conductivity, heat resistance, corrosion resistance, good catalytic
activity and stability for the reduction of I3−, abundant reserves,
low cost and so on [7,8]. Carbon materials such as graphite [9], acti-
vated carbon [10], carbon black [11], carbon nanotube [6], carbon
nanofiber [12] and fullerene [13] have been widely used as counter
electrode materials. Since the discovery of graphene in 2004 [14], it
has been considered to be the most promising carbon material for
the counter electrode material of DSSC. Because the special two-
dimensional honeycomb crystal structure of graphene enables it
with a series of excellent performances such as larger surface area,
chemical stability, high transmittance and electrical conductivity
[15].

In 2008, flexible graphene film was  used as electrocatalyst layer
for the first time to modify the FTO counter electrode of DSSC [16].
Since then the graphene counter electrode gradually becomes the
research hotspot in the field of DSSC. Jang et al. prepared graphene
film on the FTO conductive glass by spin-coating method and heat
treatment [17]. The DSSC with graphene counter electrode heat-
treated at 350 ◦C achieved a highest conversion efficient of 3.6%.
Zhang et al. prepared graphene nanosheets (GNs) counter electrode
by screen printing technology [18], which showed a highest con-
version efficiency of 2.94% after heat treatment at 450 ◦C. Yen et al.
coated rGO films on FTO glasses by solvent-casting method fol-

lowed by drying in vacuum at 120 ◦C overnight and the constructed
DSSC showed a conversion efficiency of 2.89% [19].

However, the methods for preparing graphene counter elec-
trode are always complex in the previous studies. In this work, we
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repared RGO counter electrode by a simple drop-coating method
sing GO as precursor. The degree of GO reduction has great impact
n the performance of graphene counter electrode. Hence, addition
f hydrazine hydrate into the GO precursor solution and the fol-
owing thermal treatment were taken to ensure proper reduction
f GO to RGO. The effects of hydrazine hydrate on the structure and
roperties of RGO counter electrode were investigated.

. Experimental

.1. Preparation of RGO counter electrode

Firstly, graphite oxide was synthesized by a modified Hummer’s
ethod [20]. In detail, concentrated H2SO4 (92 mL), natural flake

raphite (4 g), NaNO3 (2 g) and potassium permanganate (12 g) was
dded in sequence to a 1000 mL  three-neck flask which was kept
n a water bath at the temperature of 3 ◦C. Then the mixture was
tirred for 2 h at 3 and 35 ◦C, respectively. After that the temper-
ture was increased to 75 ◦C. During the heating process, 184 mL
f distilled water was dropped into the mixture. After stirring for
nother 15 min, a moderate of H2O2 (30%) was dropped into the
olution until there was no gas generation. The suspension was
ashed and centrifuged repeatedly with distilled water until the

ulfate ions could not be detected by Ba(NO3)2. The resulting prod-
ct was dried in an oven at 45 ◦C. Secondly, 0.01 g of ethyl cellulose,
.08 g of terpineol and 1 mL  of graphite oxide aqueous solution
10 mg/mL) were added to 9 mL  of absolute alcohol, and then the

ixture solution was ultrasonicated for 1 h to obtain GO suspen-
ion. After that different content of hydrazine hydrate (0, 0.1, 0.2
nd 0.3 mg)  was added into the suspension, and the mixture was
ltrasonicated for another few minutes. GO films were coated on
TO conductive glass by drop coating method and dried at a con-
tant temperature of 25 ◦C. Finally, the GO films were calcined at
50 ◦C for 30 min  under air condition to obtain RGO counter elec-
rodes. The resulting RGO counter electrodes are named as rGO,
GO-0.1, rGO-0.2 and rGO-0.3 according to the amount of hydrazine
ydrate.

.2. Preparation of TiO2 photoanodes and DSSCs

The commercial Degussa P25 TiO2 (P25) was employed as the
aterial for photoanode film. The P25 paste was fabricated accord-

ng to our previously report [21]. The obtained paste was coated
n clean FTO conductive glass using screen printing technique,
nd the thickness of film was controlled by printing times. After
oating, the thin film electrode was dried at 80 ◦C and then sin-
ered at 450 ◦C for 30 min  in air. The calcined TiO2 electrodes were
mmersed in 0.5 mM of N719 dye (purchased from Dalian Hep-
aChroma SolarTech Co., Ltd. of China) ethanol solution and kept at
oom temperature for 24 h. Thus, dye-sensitized TiO2 photoanodes
ith thickness of ca. 11.5 �m were obtained.

Sensitized TiO2 photoanodes and RGO counter electrodes were
ssembled into DSSCs by Surlyn 1702 gasket (60 �m thickness) as
eported in the previous literature [21]. Then the liquid electrolyte
DHS-E23, Dalian HeptaChroma SolarTech Co., Ltd. of China) was
njected into the space between the two electrodes by capillary
ction.

.3. Characterizations

The surface morphology of RGO counter electrode was  obtained
n a ZEISS IGMA field emission scanning electron microscope.

aman spectroscopy was carried out using a Lab RAM HR 800 UV

aser Raman spectroscopy. Cyclic voltammetry (CV) and electro-
hemical impedance spectroscopy (EIS) were measured using an
lectrochemical workstation (CHI660E, Shanghai Chenhua Device,
ence 319 (2014) 339–343

China). A three-electrode system was used to test the CV curve
in the voltage range of −0.7 to 1.0 V at a scan rate of 10 mV/s. A
Pt electrode and an Ag/Ag+ electrode were used as the counter
and reference electrodes. The electrolyte for CV tests consists of
10 mM LiI, 1 mM I2 and 0.1 M LiClO4 in acetonitrile. The EIS mea-
surement was carried out with two identical counter electrodes,
sealing with thermoplastic hot-melt Surlyn and leaving an exposed
area of 0.56 cm−2. The electrolyte (also purchased from Dalian Hep-
taChroma SolarTech Co., Ltd. of China) was  also injected into the EIS
symmetric cells. The EIS tests were carried out under alternating
current (AC) signal amplitude of 10 mV  and frequency range from
0.01 to 105 Hz at 0.65 V direct current (DC) bias in the dark. The
Zview software was used to fit the experimental EIS data with an
equivalent circuit model.

The photocurrent–voltage characteristics of DSSCs were done
on an electrochemical analyzer (CHI660C) under irradiation of
100 mV  cm−2 (AM 1.5) from a solar simulator (Newport 91160) in
ambient atmosphere. The active area of DSSCs was 0.14 cm2.

3. Results and discussion

3.1. Morphologies and structures of counter electrodes

Fig. 1 shows the SEM images of the as-prepared RGO counter
electrodes (rGO, rGO-0.1, rGO-0.2 and rGO-0.3). It can be seen
from these images that compact films were uniformly formed
on the FTO glass. Further observation indicates that some wrin-
kles exist on the surface of the films, and the number of wrinkles
continuously increases with increase of hydrazine hydrate. These
wrinkles increase the contact area at the interface of electrode and
electrolyte, and the enlarging effective reaction area can enhance
charge transfer reaction with electrolyte, thus improving the cat-
alytic activity of RGO counter electrodes for I3− reduction. In
addition, there was  no obvious crack in the films. The close contact
between RGO films and FTO glass is beneficial for electron transfer.

Raman spectroscopy is a very effective and non-destructive
tool for investigating the structural variations in carbonaceous
materials under different conditions. It can distinguish between
disordered and ordered crystal structures according to the vibra-
tion state of the carbon atoms. Fig. 2 shows the Raman spectra of the
as-prepared GO and RGO counter electrodes (rGO, rGO-0.1, rGO-
0.2 and rGO-0.3). All the Raman curves have two  obvious vibration
peaks consisting of a D peak and a G peak. D peak corresponds to the
disordered structure (sp3) and G peak to the ordered structure (sp2)
of material, thus the integrated intensity ratio (area ratios) of D
peak and G peak (ID/IG) can be used to evaluate the sp2 domain size
and degree of disorder of the graphene-based materials [22–26].
The ID/IG of GO, rGO, rGO-0.1, rGO-0.2 and rGO-0.3 were 0.81, 1.96,
2.01, 2.02 and 2.05, respectively. After reduction process, the great
change of ID/IG indicated that the GO was successfully reduced to
RGO. In addition, the ID/IG of RGO counter electrodes increase with
the addition of hydrazine hydrate. The increase of ID/IG is usually
the result of (a) the increase of the amount of amorphous carbon,
(b) the decrease of the crystalline size and (c) higher defect density
[27]. In our case, the increase of ID/IG is attributed to the increase of
the defect density on the surface of RGO counter electrode, which
can provide more active sites for reduction of I3− and improve the
catalytic activity of RGO counter electrodes.

3.2. Electrochemical properties of counter electrodes
As we all know that the main function of counter electrode in
a DSSC is providing the pathway for electron transfer from the
external circuit to the redox electrolyte and catalyzing the reduc-
tion of I3− to promote the regeneration of dye molecules [17,28].
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Fig. 1. FESEM images of (a) rGO, (

hus, the conductivity and electrocatalytic activity to the reduc-
ion of I3− are the key factors for determining the performance of
ounter electrode in a DSSC. CV is a very useful electrochemical
ethod to study the nature, mechanism and kinetic parameters of

he electrode reactions. Fig. 3 shows the CV curves of rGO, rGO-
.1, rGO-0.2 and rGO-0.3 counter electrodes. The potential of the
lectrodes ranges from −0.7 to 1.0 V (vs. Ag/Ag+) at the scan rate
f 10 mV s−1. Two pairs of redox peaks can be observed in all of
he CV curves. Aox and Ared peaks correspond to the oxidation and
eduction peaks of I3−/I2, while Box and Bred peaks correspond to
he oxidation and reduction peaks of I−/I3− [29]. The reduction of
3

− to I− by the electrons from counter electrode is very important
uring the electrochemical reaction in a DSSC. Therefore, the Box

nd Bred peaks reflect the electrocatalytic properties of the counter
lectrodes. By comparing the reduction peaks of RGO and Pt counter
lectrodes, we can see that the Bred peaks of RGO counter electrodes

re weaker than Pt counter electrode, indicating that the catalytic
ctivity of RGO counter electrodes are relatively lower than that of
t electrode. The electrocatalytic performance of the counter elec-
rode in a DSSC can be evaluated by the peak current density and
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ig. 2. Raman spectra of GO, rGO, rGO-0.1, rGO-0.2 and rGO-0.3 counter electrodes
ith the corresponding ID/IG in parentheses.
-0.1, (c) rGO-0.2 and (d) rGO-0.3.

peak-to-peak separation (Epp) of Box and Bred peaks. A higher peak
current density and a lower Epp value correspond to a better per-
formance [30]. For the RGO counter electrodes, the Epp cannot be
confirmed due to weak Bred peaks. It can be seen from Fig. 3 that
the peak current density of the RGO counter electrodes increases
with the increasing addition of hydrazine hydrate, showing the
improved catalytic activity of RGO counter electrodes. This result
is consistent with the Raman analysis.

EIS were employed to further evaluate the catalytic activity
and charge transfer process of Pt and RGO counter electrodes
treated with different amount of hydrazine hydrate. Fig. 4 shows
the Nyquist plots of the symmetrical cells fabricated with two iden-
tical electrodes. The Nyquist plots were modeled with an equivalent
circuit (inset in Fig. 4). Rs corresponds to the high-frequency inter-
cept on the real axis in Nyquist point and represents the series
resistance of the symmetrical cells. Rct represents the charge trans-

− −
fer resistance at the electrolyte/electrode interface for I /I3 redox
reaction, and it is determined by the diameter of the high-frequency
semicircle in Nyquist plot. In addition, C1 and W1 in the equivalent
circuit represent double layer capacitor and the Nernst diffusion
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Fig. 3. Cyclic voltammograms of I−/I3
− redox couple of the rGO, rGO-0.1, rGO-0.2,

rGO-0.3 and Pt counter electrodes.
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Fig. 4. Nyquist plots of the symmetrical cells fabricated with two  identical counter
electrodes and equivalent circuit model for fitting the resultant impedance spectra.

Table 1
Photovoltaic parameters for DSSCs fabricated with different counter electrodes.

Counter
electrodes

Jsc (mA/cm2) Voc (V) FF � (%) Rct (� cm2) Rs (� cm2)

rGO 6.544 0.658 0.424 1.826 33.95 13.39
rGO-0.1 8.669 0.597 0.444 2.299 26.16 13.27

r
[
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3
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F
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rGO-0.2 9.125 0.681 0.399 2.481 22.53 12.37
rGO-0.3 9.475 0.684 0.405 2.622 21.32 11.56
Pt 8.769 0.704 0.720 4.446 3.32 6.63

esistance of redox couple I−/I3− in the electrolyte, respectively
31,32]. The Rs and Rct values are listed in Table 1. It can be seen
rom Fig. 4 and Table 1, all the Rct and Rs of RGO electrodes decrease
ith increasing amount of hydrazine hydrate. The decreased sheet

esistance and charge transfer resistance result in the gradually
mproved performance of RGO electrodes. Furthermore, Rct is a

easure of the catalytic activity of counter electrode for reduc-
ng I3− [28]. Therefore, it can be revealed that with the increasing
ddition of hydrazine hydrate, the catalytic activity of RGO counter
lectrodes for reducing I3− would be enhanced, which is in conso-
ance with the CV results.

.3. Photovoltaic performance of DSSCs
Fig. 5 displays the J–V curves of P25 based DSSCs with vari-
us counter electrodes of rGO, rGO-0.1, rGO-0.2, rGO-0.3 and Pt
nder a simulated solar illumination of 100 mV  cm−2 (AM 1.5). The
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ounter electrodes.
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photovoltaic parameters of the DSSCs such as short-circuit pho-
tocurrent density (Jsc), open-circuit voltage (Voc), fill factor (FF)
and power conversion efficiency (�) are listed in Table 1. The Jsc

and � of the RGO counter electrodes increased with increasing
amount of hydrazine hydrate. The � raises from 1.826% to 2.622%.
The improved conversion efficiency of the DSSCs can be attributed
to the larger active surface-area, lower sheet resistance and higher
catalytic activity of the RGO counter electrodes pretreated with
hydrazine hydrate, which is advantageous for increasing the I−/I3−

redox reaction rate on the counter electrode, thus increasing the Jsc

and � [33].

4. Conclusion

The RGO counter electrodes were prepared by drop casting
method with addition of hydrazine hydrate and following by heat
treatment at 350 ◦C. The as-prepared RGO counter electrodes were
used as substitution for Pt counter electrode in DSSCs. Results
obtained from SEM images and Raman spectra show that the addi-
tion of hydrazine hydrate can improve the surface area and defect
density on the surface of RGO counter electrodes, which is benefi-
cial for improving the catalytic activity of RGO counter electrodes.
Furthermore, CV and EIS results confirmed that the sheet resis-
tance decreases with increasing addition of hydrazine hydrate.
The � of DSSCs based on the RGO counter electrodes with 0.3 mg
of hydrazine hydrate (2.62%) was 43.2% higher than that of RGO
counter electrode without hydrazine hydrate (1.83%). Although the
performance of DSSCs based on the RGO counter electrodes is still
lower than DSSC based on the Pt counter electrode, it has great
potential to be used as counter electrode in DSSCs due to its unique
crystal structure, good electrical conductivity, and chemical stabil-
ity and so on.
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