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A Catalytic Graphene Oxide Film for a Dye-sensitized Solar Cell
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We have demonstrated that a partially-reduced graphene oxide (GO) film exhibits good catalytic
effects in a dye-sensitized solar cell (DSSC). We obtained a solar power conversion efficiency (η) of
1.6%, a short-circuit current density (Jsc ) of 10.6 mA/cm2 , an open current density (Voc ) of 0.68
V, and a fill factor (FF ) of 0.22. The η was higher than the η of a DSSC without catalysis (0.74%)
and the reported η of other DSSCs (0.84%) and organic solar cells (1.1%) with conductive graphene
electrodes. The catalytic effect is explained by using the ion conductivity of the GO film.
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II. EXPERIMENTAL

I. INTRODUCTION
Graphene oxide (GO), which is produced by the chemical oxidation of graphite [1], has attracted considerable attention because of its industrial potential for the
mass production of graphene powders (GPs) via chemical [2] and thermal [3,4] reduction. Further, GO is compatible with wet-based or polymer-based coating processes; therefore, a variety of pure or composite GP films
can be produced. Recently, chemically- and thermallyreduced GP films have been used as flexible electrodes
and transparent electrodes in organic solar cells [5] and
dye-sensitized solar cells (DSSCs) [6]. However, the solar power conversion efficiencies, η, of DSSCs and organic
solar cells with conductive GP films are low: 0.84% for
DSSCs and 1.1% for organic solar cells.
In this research, the GO film was first tested for application in a DSSC. GO is an insulator and is water soluble
because of the presence of hydrophilic hydroxyl/carboxyl
groups and intercalated water molecules; these properties hinder the application of GO in DSSCs. To overcome
this problem, we carefully subjected a GO film to partial
thermal treatment to make it water insoluble. Importantly, the solar power conversion efficiency of a DSSC
with a catalytic GO film was 1.6%, which is higher than
those of DSSC without catalysis (0.74%) and other types
of solar cells that use conductive GP electrodes.
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1.
Films

Preparation of Graphene oxide and PGO

The GO was prepared using a modified version of
Hummer’s method [7,8]. First, 5 g of natural graphite
(99.995%, Alfa), 3.75 g of NaNO3 (99%, Aldrich), and
310.5 g of H2 SO4 (96%) were mixed in a 10-L pyrex
reactor with a water cooling system; this mixture was
then stirred for 30 min. Then, 22.5 g of KMnO4 (99%,
Aldrich) was carefully added to this mixture over a period of 1 h. The resultant mixture was stirred for 5 days
at room temperature, and 5 L of H2 SO4 aqueous solution (5%) was then slowly added to it over a period of
1 h. This mixture was stirred for 2 h; then, 150 g of
H2 O2 (30%, Aldrich) was added to it. After centrifugation, the bottom GO slurry was washed with 3%-H2 SO4 /
0.5%-H2 O2 solution and then with deionized water. The
15 ± 5% GO aqueous solution was also spin-coated on
a surface-cleaned F-doped tin-oxide (FTO) substrate (8
Ω/sq, Philkington) with a hole to inject the electrolyte.
The hole with a diameter of 1 mm was made by drilling.
The coated GO film was heated on a hot plate at ∼250 ◦ C
for ∼2 min in air. This process resulted in the production
of a partially-reduced GO (PGO) film. This PGO film is
nearly water-insoluble and has insulator-like properties
with > ∼M Ω/sq.
Three types of DSSCs were prepared: a DSSC with
a thin catalytic PGO film (DSSCP GO ), a DSSC without catalysis (DSSCF T O ), and a DSSC with a thin catalytic Pt film (DSSCP t ). The characteristics of the
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GO and the PGO films were determined using a fieldemission scanning electron microscope (FE-SEM: JEOL,
JSM 6700F), a field-emission transmission electron microscope (FE-TEM: JEOL, JEM-2000EX (200 keV)), an
X-ray dispersive spectroscope (EDS) with a FE-SEM
instrument, a Fourier-transform infrared spectroscope
(FT-IR, Jasco4100), and an ultraviolet-visible spectroscope (UV-Vis, JascoV-570).

2. Preparation of TiO2 Thin Film and Pt Layers

A TiO2 paste (Ti-Nanoxide T/SP) was coated on the
FTO glasses by screen printing, kept in a clean box for 10
min for the surface leveling, and then dried for 1 h at 100
◦
C. These treatments were performed three times. After
the TiO2 -coated glasses had been sintered at 500 ◦ C for
30 min, they were immersed in a 40-mM aqueous TiCl4
solution at 70 ◦ C for 30 min and then sintered at 500
◦
C for a further 30 min. After the TiO2 films had been
cooled to 70 ◦ C, they were immersed in a 0.5-mM N-719
dye solution and kept at room temperature for 24 h. The
Pt catalyst was deposited on the FTO glass during the
preparation of DSSCP t by coating the glass with a drop
of H2 PtC16 (Heesung PMTECH) solution (2-mg Pt in
1-ml ethanol). The Pt-coated glass was calcined at 400
◦
C for 15 min.

Fig. 1. (Color online) (a) FE-TEM images of a GO film
coated on a TEM grid, (b) digital camera image for the PGO
film coated on a FTO substrate, and (c) DSSCP GO with a
PGO film used for the catalysis part.

3. Fabrication of DSSC Cell and Photovoltaic
Measurement

The dye-absorbed TiO2 film coated on the FTO electrode and the catalyst-coated FTO electrode were assembled using sealing foil (SX1162-60: 6-µm thickness, Solaronix) in a hot pressing. Iodide electrolyte (Idolyte, AN50) was put on the hole in back of the counter electrode
under a vacuum, and the hole was sealed. Photovoltaic
measurement was performed using an AM 1.5 solar simulator equipped with a 150-W xenon lamp (PEC-L11,
Peccell). The power of the simulated light was calibrated
to be 100 mW/cm2 by using a reference Si photodiode
equipped with an IR-cutoff filter to reduce the mismatch
between the simulated light and AM 1.5 (in the region of
350 - 750 nm). The active cell area was 0.25 cm2 . Photovoltaic I-V curves were obtained by applying an external
bias to the cell without the mask. The voltage step and
the delay time of the photocurrent were 10 mV and 1 s
(scan rate: 10 mV/s), respectively.

III. RESULTS AND DISCUSSION
Figure 1(a) shows an FE-TEM image of the GO film
coated on a Cu TEM grid. The GO film has a layered

Fig. 2. FT-IR spectra of a GO film (top) and a PGO film
(bottom).

AB-stacked structure [9] with an interlayer space of ∼7.9
Å. After careful and partial thermal treatment at ∼250
◦
C for 2 min, the GO film (initially brown) is converted
to a PGO film with a deep brown-black color (Fig. 1(b)).
Figure 1(c) shows an image of the prepared DSSCP GO .
Figure 2 shows the FT-IR spectra of the GO film coated
on glass (upper side) and the PGO film coated on an
FTO substrate (lower side). Although the intercalated
water molecules are considerably reduced, the PGO film
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Table 1. Cell efficiency (η), short circuit current density (Js c), open current density (Vo c), and fill factor (FF )
for DSSCGP O with a catalytic GPO film, DSSCF T O without
catalysis (bared FTO), and DSSCP t with a catalytic Pt thin
film.
Type of DSSC
DSSCPGO
DSSCFTO
DSSCPt

a

η (%)
1.6
0.74
6.02

b

Jsc (mA/cm2 )
10.6
10.4
12.8

c

Voc (V)
0.68
0.78
0.70

d

FF
0.22
0.0
0.68

Error: a (±0.1), b (±0.5), c (±0.05), and d (±0.02).

Fig. 5. Photovoltaic I-V curves for DSSCP t , DSSCP GO ,
and DSSCF T O .

Fig. 3. FE-SEM image of (a) a PGO film with a partiallywrinkled surface morphology and (b) ∼300 ± 50 nm thick
PGO film.

Fig. 6. EDS analysis for a PGO surface attached to a FTO
electrode after exfoliation from DSSCP GO , which is the side
opposite the iodide electrolyte.

Fig. 4. UV-Vis spectra of (a) a FTO glass and (b) a PGO
film coated on a FTO substrate, indicating a transmittance
of 68.12% and 6.59%, respectively, at 550 nm.

still has several carboxyl and hydroxyl groups. This indicates that the PGO film is very partially reduced and,
hence, exhibits an insulator-like property. The PGO
film has many surface wrinkles (Fig. 3(a)); however,
its thickness (∼300 nm) is relatively homogeneous (Fig.
3(b)). The transmittance of the 300-nm-thick PGO film
coated on the FTO substrate is 6.59% at 550 nm (FTO:
65.12%), as shown in the UV-Vis spectra in Fig. 4. This
indicates that the DSSC produced is opaque.
Figure 5 shows photovoltaic I-V curves for DSSCP t

with a catalytic Pt film, DSSCP GO with a catalytic
PGO film, and DSSCF T O without any catalysis. Table
1 summarizes the photovoltaic properties for DSSCP GO ,
DSSCF T O , and DSSCP t . According to Table 1, the
PGO-based DSSC has a photocurrent density (Jsc )
slightly lower than that of the Pt-coated FTO-based
DSSC but similar to that of the plain FTO-based DSSC.
However, the open-circuit voltage (Voc ) is the highest
for the DSSCpt . This is due to the result of the longtailed photovoltaic I-V curves for the DSSCP GO and
DSSCF T O , as shown in Fig. 5. Compared with the
DSSCpt , the DSSCP GO and the DSSCF T O have a low Jsc
in the range from ∼0.3 to 0.7 Voc. The long-tailed photovoltaic I-V curves also yield a poor fill factor (FF ) for the
DSSCP GO (0.22) and the DSSCF T O (0.09) compared to
the DSSCP t . However, Fig. 5 clearly indicates that the
photovoltaic capability of the DSSCP GO is higher than
that of the DSSCF T O and lower than that of the DSSCpt .
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The conventional DSSCP t exhibits the best solar power
conversion efficiency η (6.02%), and the η of DSSCP GO
is low (1.6%). However, the η of DSSCP GO is higher
than that of DSSCF T O (0.74%) and other types of photovoltaic cells with conductive graphene electrodes, such
as DSSC (0.84%: AM1.0G and 98.3 mW illumination
in air) and an organic photovoltaic cell (1.1%: AM1.5G
and 100 mW illumination in air). This indicates that the
water-insoluble and insulator-like GO film certainly has
a catalytic effect.
Two questions arise here. (1) How is the PGO
film water insoluble in spite of the presence of several
hydrophilic oxide groups and water molecules? (2) Why
does the insulator-like PGO film produce a catalytic
effect when used in a DSSC? To investigate these issues,
we conducted a EDS analysis for the PGO film exfoliated
from DSSCP GO . Figure 6 clearly shows that iodine was
detected on the PGO surface on the FTO electrode (the
surface opposite the electrolyte), indicating that the
PGO film had ion conductivity during the photovoltaic
process. From the FT-IR measurement (Fig. 2), it
is clear that although most of the intercalated water
molecules are removed, most of the hydrophilic hydroxyl
and carboxyl groups are not removed from the PGO
film under these experimental conditions [1,10,11]. This
is the reason for the hydrophilic property of the PGO
film. Note that GO is water soluble and that reduced
graphene is water insoluble (hydrophobic). The fact
that the hydrophilic PGO film is water insoluble may
be explained by a model of the partially-reduced GP
microstructure in the internal PGO film. In this model,
if hydroxyl and carboxyl groups are partially removed
from the PGO film during the thermal treatment, the
upper and lower GP sheets come in partial contact
with each other because of the Van der Waals forces.
This partial contact of the sheets (or microscopic GP
structure) may prevent the exfoliation of individual
PGO sheets in a hydrophilic environment and result in a
water-insoluble property. These microscopic GP structures were not detected by using FT-IR measurements.
Although the PGO film has poor electrical conductivity
due to the hydroxyl and the carboxyl groups (GO is
an insulator), the iodide electrolyte can penetrate into
the thin AB-stacked PGO film perpendicularly along
the interlayer hydrophilic space and then reach the
FTO electrode, as shown in the EDS result. Near the
FTO, iodide ions and electrons are exchanged. This is
considered to be the reason for the catalytic effect of the
water-insoluble, insulator-like PGO film in the DSSC.
Furthermore, a fully-reduced graphene film is not useful
for a DSSC because it can easily be destroyed by ions
forced to penetrate into a hydrophobic GP film without
hydrophilic spaces.

IV. CONCLUSION
Partially reduced GO can be both hydrophilic and water insoluble. These properties are applied to devices
using electrolytes, such as DSSCs. In the DSSC with a
PGO film (DSSCP GO ), the solar power conversion efficiency η of DSSCP GO was higher than that for DSSCF T O
and those of other types of photovoltaic cells that use
conductive graphene electrodes. This is explained by the
ion conduction property of the PGO film during the photovoltaic process. This result will be useful for the development of cheap catalytic materials as an alternative
to expensive Pt catalysis in DSSCs.
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