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This study investigates the applicability of a counter electrode with a P-type semiconductor oxide (such as NiO) on a dye-sensitized
solar cell (DSSC). The counter electrode is fabricated by depositing an NiO film on top of a Pt film, which has been deposited
on a Fluorine-doped tin oxide (FTO) glass using an ion-sputtering coater (or E-beam evaporator), using a simple spin coating
method. This study also examines the effect of the average thickness of TiO2 film deposited on a working electrode upon the
power conversion efficiency of a DSSC. This study shows that the power conversion efficiency of a DSSC with a Pt(E)/NiO counter
electrode (4.28%) substantially exceeds that of a conventional DSSC with a Pt(E) counter electrode (3.16%) on which a Pt film was
deposited using an E-beam evaporator. This result is attributed to the fact that the NiO film coated on the Pt(E) counter electrode
improves the electrocatalytic activity of the counter electrode.

1. Introduction

Solar power is the most notable among renewable energy
resources because of its low environmental impact and global
availability. Among alternative forms of solar cells, dye-
sensitized solar cells (DSSCs), as proposed by O’Regan and
Grätzel [1], have attracted considerable interest since 1991
because of its properties, such as low production cost and
low environmental impact during fabrication [2, 3].

In the past few years (2006–2009), several methods
have been utilized in modifying the structure of a working
electrode (TiO2 electrode) to improve the performance
of DSSCs [4–22]. Novel sensitizers were synthesized and
applied in DSSCs to promote the absorption of the visible
spectrum [3, 23–29]. Novel electrolytes were proposed to
prevent leakage of the electrolyte or to increase the lifetime
(or performance) of DSSCs [30–35]. Moreover, a quasisolid
DSSC with straight ion paths based on an anodically oxidized

Al2O3 film, which was full of nanopores from one side of the
film to the other, was presented [36].

The counter electrode is an equally important compo-
nent of the DSSC. The role of the counter electrode is to
transfer electrons from an external circuit to the tri-iodide
and iodine in the redox electrolyte. Currently, a layer of plat-
inum (Pt) coated on a transparent conducting oxide (TCO)
substrate is widely used as a counter electrode in DSSCs.
Besides platinum (Pt), carbon materials (such as graphite
powder and carbon black [37, 38], hard carbon spherule
[39], single-walled carbon nanotubes [40], multiwalled car-
bon nanotubes [41], and nanosized carbon powder [42, 43])
have been used to prepare platinum-free counter electrodes.

Aside from the carbon materials, counter electrodes
with metal oxide biphase materials (such as Pt/NiO [44,
45] and Pt/TiO2 [45]) have been prepared using an RF
magnetron cosputtering system. However, these highly effi-
cient Pt/NiO (or Pt/TiO2) bi-phase counter electrodes are
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Figure 1: Schematic of the dye-sensitized solar cell with a Pt/NiO
counter electrode.

obtained using an expensive vacuum technology which
requires a sophisticated process control. Aside from this
observation, Kay and Grätzel reported that a small amount
of platinum might be dissolved in the electrolyte by oxidation
and complex formation with iodide/tri-iodide (such as PtI4

or H2PtI6) [37]. This may degrade the performance of
counter electrodes after a certain period of exposure to light.
Accordingly, decreasing the oxidation of Pt film in contact
with the electrolyte is one of the most important factors in
increasing the power conversion efficiency of DSSC; this is
worthy of further study.

Therefore, in this study, a simple method (i.e., spin
coating) was used to deposit a NiO film on top of a Pt
film (Figure 1), which had been deposited on a FTO-glass
(Fluorine-doped tin oxide, SnO2:F) substrate using an E-
beam evaporator (or ion-sputter coater) to protect the Pt
film from oxidation and corrosion. The effect of P-type NiO
on the electrocatalytic activity of the counter electrode and
the power conversion efficiency of DSSC was investigated. A
comparison of a DSSC with the proposed counter electrode
with the conventional DSSC was also made in this study.

2. Experimental Details

The experiments involved (1) preparing the colloid of TiO2

particles (P-25); (2) preparing the working electrode and
measuring its properties; (3) preparing the colloid of P-type
NiO; (4) preparing the counter electrode and measuring its
properties; (4) assembling the DSSC by fitting the working
electrode, the counter electrode, the electrolyte, and the
copper conductive tape; (5) making J-V measurements of the
DSSC.

2.1. Preparing and Measuring the Working Electrode. Fabri-
cating a DSSC working electrode with a film of TiO2 particles
(Figure 1) followed these steps: (1) a colloid of TiO2 particles
(P-25) was prepared and homogenized; (2) using spin
coating, the colloid of TiO2 particles was deposited on top

of a FTO-glass substrate, and it was then sintered at 500◦ C
for 1 h in a high-temperature furnace (Thermolyne, 46100);
(3) the FTO-glass substrate with the film of TiO2 particles
was immersed into a (3×10−4 M) solution of N-719 dye
(Ruthenium, RuL2(NCS)2) and ethyl alcohol (CH3CH2OH,
95%) at 70◦C for 6 h. The area of TiO2 electrode of DSSC was
0.25 cm2 in this study.

An α-step (Dekeak 6M) surface profiler was utilized to
obtain the average thickness of the film on the FTO-glass
substrate of the working electrode. In order to show the
crystal structure of the TiO2 powder, which was obtained
by heating the solution of TiCl4, its X-ray diffraction (XRD)
patterns were measured using a powder X-ray diffractometer
(Shimadzu, XRD-6000).

2.2. Preparing and Measuring the Counter Electrode. The
procedure for fabricating a counter electrode of DSSC with
a film of Pt sandwiched between a NiO film and a FTO-glass
substrate (Figure 1) is as follows. (1) The P-type NiO was
obtained by annealing the Ni powder in a high-temperature
furnace at 500◦C; (2) the NiO colloid was prepared by mixing
1 g of NiO with solvents (20 ml of DI water, 1 ml of ethanol,
0.1 ml of acetylacetone, and 0.1 ml of Triton X-100) and then
homogenized in an ultrasonic homogenizer for 30 min; (3)
using spin coating, 2-3 ml of the NiO colloid was deposited
on top of a Pt film, which had been deposited on the FTO-
glass substrate using an E-beam evaporator (or ion-sputter
coater); (4) this substrate was then sintered at 500◦C for 1 h
in a high-temperature furnace.

In this study, in order to show the effect of the vacuum
level on the performance of a DSSC, an E-beam evaporator
(Kaoduen Tech. Corp.) with a vacuum level of 4× 10−7 Torr
and an ion-sputter coater (Hitachi E-1010) with a vacuum
level of 10−2 Torr were used to deposit a Pt film on the FTO-
glass substrate of the counter electrode. The area of a Pt film
of counter electrode was 4.0 cm2 in this study. Aside from
this, the two-stage spin coating was used in this study: (1)
in the first stage, the rotation speed of 1000 rpm and the
duration of 5 s were used to remove the extra NiO colloid
from the substrate; (2) in the second stage, the rotation
speed of 1500 rpm and the duration of 15 s were used to
homogenize the NiO film on the substrate.

The image and the micrograph of the counter electrode
with a Pt film were obtained using a digital camera
(Panasonic DMC-LZ2) and a scanning electron microscope
(HITACHI S-4700), respectively. The reflectance and the
cyclic voltammogram (CV) of the counter electrode were
obtained using a UV-VIS-NIR spectrophotometer (Jasco V-
600) and an electrochemical workstation (CH Instruments
CHI-660C), respectively. Further, the surface roughness
and the 3D micrograph of the counter electrode were
obtained using a atomic force microscope (Digital Instru-
ment NanoMan-NS4+D3100).

2.3. Assembling and Testing the DSSC. The working elec-
trode, the counter electrode, and the copper conductive tape
(Ted Pella) were fitted together, with the space between two
electrodes adjusted to approximately 25 μm for the liquid
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Figure 2: XRD patterns of Ni, NiO, and dehydrated TiCl4.

electrolyte. After sealing, the liquid electrolyte was injected
into the cell through a prepared hole in the cell. The detailed
preparation of the photoanode and the DSSC assembly were
presented in [22].

A digital source meter (Keithley 2000) measured the
open-circuit photovoltage and the short-circuit photocur-
rent of the DSSC, and a solar simulator (Science Tech. SS150)
illuminated the DSSC. The power conversion efficiency η of
the DSSC is determined by

η(%) = VocJscFF

Pin
× 100, (1)

where Voc, Jsc, and Pin represent the open-circuit photovolt-
age, the short-circuit photocurrent per unit area, and the
incident light power (100 mW/cm2), respectively. Aside from
this, fill factor (FF) is given by

FF = VmaxJmax

VocJsc
, (2)

whereVmax and Jmax represent the voltage and the current per
unit area at the maximum output power point, respectively.

3. Results and Discussion

3.1. Characteristics of TiCl4 and NiO. Figure 2 shows the X-
ray diffraction (XRD) patterns of dehydrated TiCl4, as well
as powders of Ni and NiO. The solid square, circle, and
square in Figure 3 represent rutile, Ni, and NiO, respectively.
From JCPDS 89-4920 (rutile), the XRD patterns of the
dehydrated TiCl4 show that three major peaks of rutile at
2θ = 27.47◦, 2θ = 36.14◦, and 2θ = 54.31◦ correspond to
the diffraction from the <110>, <101>, and <211> planes,
respectively. The purpose of immersing a FTO-glass substrate
in the TiCl4 solution before depositing the TiO2 (P-25)
colloid is to prevent the FTO-glass substrate from dye (or
electrolyte) contamination, which might penetrate through
the cavities of the TiO2 (P-25) film. Ito et al. observed that
TiCl4 treatment induced improvements in the adhesion and
mechanical strength of a nanocrystalline TiO2 layer [22].

From JCPDS 89-5881 (nickel oxide), the XRD patterns of
the NiO powder, obtained by annealing the Ni powder, show
that three major peaks of NiO at 2θ = 37.3◦, 2θ = 43.3◦, and
2θ = 62.9◦ correspond to the diffraction from the <222>,
<400>, and <440> planes, respectively. Instead of depositing
and annealing Ni to form a NiO deposit on platinum, we
have preferred to spin coat a previously formed NiO before
sintering. This is because, compared with the Ni powder, NiO
powder can be more easily dispersed in the solvent.

3.2. Characteristics of the Counter Electrode. This study used
four kinds of counter electrode: (1) a counter electrode with
a Pt film deposited on the FTO-glass substrate using an E-
beam evaporator (called Pt(E)), (2) a counter electrode with
a Pt film deposited on the FTO-glass substrate using an ion-
sputter coater (called Pt(S)), (3) a counter electrode prepared
by depositing a NiO film on top of Pt(E) (called Pt(E)/NiO),
and (4) a counter electrode prepared by depositing a NiO
film on top of Pt(S) (called Pt(S)/NiO).

Figure 3 shows the images and the SEM micrographs
(20 kx) of the counter electrodes of Pt(E) and Pt(S). Figure 4
shows the variations in reflectance with light wavelength of
the Pt(E), Pt(S),t(E)/NiO, and Pt(S)/NiO counter electrodes.
For the counter electrodes used in this study, the reflectance
increases with an increase in wavelength. For example, for
the Pt(E) counter electrode, as the wavelength increases to
800 nm, its reflectance goes up to 50.4% (Figure 4). The
light-reflecting character of the Pt film is desirable because
it increases the light harvesting efficiency of the sensitizing
dye [45, 46]. Aside from this, at a fixed wavelength, the
reflectance of the Pt(E) counter electrode substantially
exceeds that of the Pt(S) counter electrode. For example,
at a fixed wavelength of 800 nm, the reflectance of the
counter electrodes of Pt(E) and Pt(S) are 50.4% and 13.4%,
respectively. This result is attributed to the fact that the
vacuum level of the ion-sputter coater used in this study
(10−2 Torr) is not higher than that of the E-beam evaporator
(4 × 10−7 Torr), so the target (such as Pt) and the residual
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Figure 3: Image of the Pt(E) counter electrode (a), SEM micrograph (20 kx) of the Pt(E) counter electrode (b), image of the Pt(S) counter
electrode (c), and SEM micrograph (20 kx) of the Pt(S) counter electrode (d).
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Figure 4: Variations in reflectance with the wavelength of the light for counter electrodes of Pt(E), Pt(S), Pt(E)/NiO, and Pt(S)/NiO.
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Table 1: Test conditions and power conversion efficiencies of DSSCs.

Counter Electrode Working Elect rode JSC(mA/cm2) VOC FF(%) η(%)

RMS(nm) Ra(nm) Average film thickness (μm)

D1 Pt(E) 18.570 14.213 12.0 9.15 0.65 50.42 3.00

D2 19.0 9.27 0.65 52.49 3.16

D3 Pt(S) 16.734 12.894 11.0 6.11 0.65 58.64 2.33

D4 15.0 8.28 0.65 44.98 2.34

D5 Pt(E)/NiO 123.30 97.321 12.4 9.05 0.65 59.77 3.51

D6 16.0 10.44 0.65 63.15 4.28

D7 Pt(S)/NiO 112.46 92.859 13.1 7.70 0.65 56.40 2.82

D8 14.8 8.45 0.65 50.06 2.92

Note: “(E)”, “(S)”, RMS, and Ra represent E-beam evaporator, sputtering, root mean square, and roughness average.

substance in the chamber are probably deposited on the
substrate during sputtering. Therefore, unlike the Pt(E)
counter electrode, the Pt(S) counter electrode is not able to
mirror the digital camera, which was used to take images
of the counter electrodes (Figure 3). At 800 nm wavelength,
the reflectance of the Pt(E)/NiO counter electrode (26.6%)
is close to that of the Pt(S)/NiO counter electrode (26.2%).
Further, the sheet resistance of the Pt(S) counter electrode
(9.73Ω/sq) also substantially exceeds that of the Pt(E)
counter electrode (5.57 Ω/sq).

Figure 5 shows the 3-D microstructures of the Pt(E),
Pt(S), Pt(E)/NiO, and Pt(S)/NiO counter electrodes. The
surface roughness average (Ra) of the Pt(E) counter electrode
(14.213 nm) exceeds that of the Pt(S) counter electrode
(12.894 nm), as shown in Figure 5. This is attributed to the
fact that compared with evaporation, it is easier to maintain
a stable deposition rate during sputtering, and it is also much
easier to deposit a uniform film on a large area substrate
[47]. Song and Lin observed that the hillock formation
in a Pt/Ti film was obtained using UHV electron beam
evaporation, but a rosette-type microstructure in the Pt/Ti
film was obtained using DC-sputtering [48]. Aside from this,
Zhou et al. indicated that the increased roughness improved
the light scattering of the counter electrode [49].

Figure 6 shows the CVs of the Pt(E), Pt(S), Pt(E)/NiO,
and Pt(S)/NiO counter electrodes. The oxidation and reduc-
tion peaks of I−/I−3 on these counter electrodes are similar.
For example, their oxidation potential ranges from 0.4 V
to 0.9 V, and the reduction potential ranges from 0.0 V to
0.5 V (Figure 6). The presence of a NiO film enhances the
current density during the redox process. For example, in the
oxidation process, the highest current density of Pt(E)/NiO
(7.2 mA/cm2) exceeds that of Pt(E) (6.1 mA/cm2). In the
reduction process, the lowest current density of Pt(E)/NiO
(−5.2 mA/cm2) also exceeds that of Pt(E) (−3.9 mA/cm2).
This result is attributed to the fact that a larger active surface
area due to a deposited NiO film corresponds to a more
energetic electrocatalytic activity. A similar tendency was also
observed by Kim et al. [45] and Yoon et al. [46].

3.3. Photoelectrochemical Behaviour. The J-V characteristics
of DSSC in all tests are shown in Figure 7, and Table 1
presents the open-circuit photovoltage (Voc), the short-
circuit photocurrent per unit area (Jsc), the fill factor (FF),

and the power conversion efficiency (η) of the DSSC in tests
D1 to D8. In this study, the Voc of the DSSC is kept at
0.65 V. The power conversion efficiency of DSSC with Pt(E)
(or Pt(E)/NiO) exceeds 3%.

At a fixed counter electrode, as the average thickness
of TiO2 film increases, the power conversion efficiency
increases. For example, for the Pt(E) counter electrode, the
power conversion efficiency increases from 3.00% to 3.16%
as the average thickness of the TiO2 film increases from
12.0 μm (in test D1) to 19.0 μm (in test D2). The J-V curve
of DSSC with a thicker TiO2 film is above that of DSSC
with a thinner TiO2 film (Figure 7). This result is due to
the following: (1) a TiO2 film with a larger average thickness
contains more TiO2 (P-25) particles, which may absorb more
ultraviolet light; (2) the working electrode with a thicker
TiO2 film corresponds to a higher adsorptive capability of
the dye because more tiny cavities are created in this film on
a FTO-glass substrate so that the larger number of electrons
may be excited as the DSSC is exposed to the light.

Although the average thickness of the TiO2 film in test
D1 (12.0 μm) is very close to that in test D3 (11.0 μm), the
power conversion efficiency of DSSC with a Pt(E) counter
electrode in test D1 (3.00%) substantially exceeds that of
DSSC with a Pt(S) counter electrode in test D3 (2.33%). This
result may be due to the following:. (1) the Pt(S) counter
electrode sheet resistance (9.73 Ω/sq) significantly exceeds
the Pt(E) counter electrode sheet resistance (5.57 Ω/sq); (2)
at a fixed wavelength, the Pt(E) counter electrode reflectance
remarkably exceeds the Pt(S) counter electrode reflectance.
Fang et al. showed that in order for a DSSC to have better
power conversion efficiency, a counter electrode should
have the following characteristics: (1) good conductivity
for transferring electrons, (2) excellent catalytic activity for
I−/I−3 redox, and (3) light-reflecting ability to improve light-
harvesting efficiency [50].

Most interestingly, the presence of a NiO film remarkably
promotes the power conversion efficiency of DSSC. For
example, the power conversion efficiencies of DSSC in
tests D2 (with a Pt(E) counter electrode) and D6 (with
a Pt(E)/NiO counter electrode) are 3.16% and 4.28%,
respectively. Furthermore, the power conversion efficiencies
of DSSC in tests D4 (with a Pt(S) counter electrode) and D8
(with a Pt(S)/NiO counter electrode) are 2.34% and 2.92%,
respectively. These results are due to the following: (1) the
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Figure 5: The 3-D micro-structure of counter electrodes. (a) Pt(E), (b) Pt(S), (c) Pt(E)/NiO, and (d) Pt(S)/NiO.

1.61.20.80.40−0.4−0.8

Voltage (V)

Pt(E)
Pt(E)/NiO

−8

−6

−4

−2

0

2

4

6

8

C
u

rr
en

t
de

n
si

ty
(m

A
/c

m
2
)

(a)

1.61.20.80.40−0.4−0.8

Voltage (V)

Pt(S)
Pt(S)/NiO

−8

−6

−4

−2

0

2

4

6

8

C
u

rr
en

t
de

n
si

ty
(m

A
/c

m
2
)

(b)

Figure 6: Cyclic voltammograms (CVs) of counter electrodes of Pt(E), Pt(S), Pt(E)/NiO, and Pt(S)/NiO.
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Figure 7: J-V characteristics in tests D1 to D8.

NiO film deposited on top of Pt(E) (or Pt(S)) substantially
enhances the surface roughness average (Ra) of the counter
electrode (Table 1); (2) the increased roughness improves the
light scattering as well as the electroactive area of a counter
electrode. Kim et al. [45] showed that the overall conversion
efficiency of DSSC increased to 3.62% and 4.21% through
the use of Pt/NiO and Pt/TiO2 bi-phase counter electrodes,
respectively.

4. Conclusion

The effect of different kinds of counter electrodes on the
power conversion efficiency of a DSSC was investigated. The
power conversion efficiency of the DSSC with a Pt(E) counter
electrode exceeds that of the DSSC with a Pt(S) counter
electrode because the Pt(E) counter electrode has better
reflectance. Furthermore, the power conversion efficiency of
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the DSSC with a Pt(E)/NiO counter electrode exceeds that
of the DSSC with a Pt(E) counter electrode because the
Pt(E)/NiO counter electrode has better electrocatalytic activ-
ity. Most importantly, this study supports the application of
a NiO film deposited on the Pt-FTO substrate using a simple
spin coating method to improve the performance of a DSSC.
However, the optimal process for fabricating a DSSC with
a NiO film on the counter electrode, which can promote
the electrocatalytic activity of the counter electrode, must
be implemented to yield a DSSC with a satisfactory power
conversion efficiency.

Concerning the possible application of this nontranspar-
ent cathode that the NiO is deposited on top of the Pt film,
it may decline the transparency of photovoltaic windows.
However, besides photovoltaic windows, the other real appli-
cations of DSSC, such as DSSC lampshade, flower-shaped
DSSC, and leaf-shaped DSSC, whose transparency may not
be seriously considered, have received substantial attention,
too. We believe that this counter electrode may facilitate the
performance of aforementioned devices of DSSC.
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