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ABSTRACT: Nickel sulfide (NiS) nanowall networks have been prepared by a
novel one-step hydrothermal method on a nickel (Ni) foam substrate. The Ni
foam has a high conductivity and porous structure. To our knowledge, the Ni
foam is used as a conductive substrate for the dye-sensitized solar cell (DSSC)
for the first time. The Ni foam is used as not only the conductive substrate but
also the Ni sources of the reaction. The Ni foam supported NiS prepared by
this simple hydrothermal method shows high catalytic activity for reduction of
triiodide ions. The DSSC with a transparent conductive oxide (TCO)-free NiS
counter electrode (CE) was herein developed and showed a higher power
conversion efficiency of 8.55% than that with a TCO supported NiS CE
(7.47%) and a TCO supported platinum CE (7.99%).
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) have attracted extensive
attention in recent years due to their high conversion efficiency,
easy fabrication, and low cost.1−3 The conventional DSSC has a
sandwich-type structure consisting of a counter electrode (CE),
an electrolyte, and a dye-sensitized photoanode. As a crucial
component, the CE collects electrons from the external circuit
and promotes the regeneration of I− from I3

−.4,5 An efficient
CE should have good stability, high electrical conductivity, and
excellent electrocatalytic activity.6 The standard CE used in
DSSCs is transparent conductive oxide (TCO) supported
platinum (Pt), which is normally prepared by a sputting or
thermally drying method. A TCO supported Pt CE has high
conductivity, excellent electrocatalytic activity, and good
chemical stability.7 However, the limited availability and high
price of TCO and noble Pt restrict the large-scale application of
DSSCs.8−11 TCO-free electrodes are meaningful to produce
low-cost flexible DSSCs.12,13 Therefore, an inexpensive and
high-performance substitute for TCO supported Pt CEs is
highly desirable. On one hand, the TCO substrate has been
replaced with a conducting plastic film, a nickel (Ni) sheet, and
a stainless steel substrate.14,15 The power conversion efficiency
(PCE) of the DSCS based on the CE with the metal substrate
was comparable to that with the fluorine-doped tin oxide
(FTO) glass substrate. The Ni sheet substrate supported Pt CE
has been demonstrated to be stable in the electrolyte.7,14,15 On
the other hand, the noble Pt was replaced by many low-cost
materials, such as conducting polymers,16 graphene,17−19

nitrides,20,21 sulfides,6,22,23 and carbon.19,24,25 A hydrothermal
approach for in situ growth of metal selenides (Co0.85Se and

Ni0.85Se) on conductive glass substrates had been used by
Wang’s group.26 The DSSC based on Co0.85Se CE achieved a
PCE of 9.4%. The hydrothermal approach is mild, facile, and
low cost. Nickel sulfide (NiS) possesses good electrocatalytic
activity.27−30 The NiS CEs prepared by a traditional electro-
deposition method have been reported.31,32 The DSSC based
on a NiS CE electrodeposited by a potential reversal technique
showed a comparable performance (6.82%) to the cell
assembled with a Pt CE (7.00%).31 Highly transparent NiS
CEs were prepared by an electrodeposition technique and
presented a good photovoltaic performance for thiolate/
disulfide mediated DSSCs.32 Therefore, NiS is a good candidate
for an efficient CE. The TCO supported NiS CE was
traditionally prepared by an electrodeposition method.
However, there is still no report on in situ synthesis of NiS
on Ni foam as a CE for DSSCs so far.
In this paper, we report a new method to prepare a novel

structure of NiS on Ni foam as a CE. A novel one-step
hydrothermal reaction of Ni foam with sulfur was used to
prepare NiS nanowall networks. The Ni foam was used as not
only the conductive substrate but also the Ni sources of the
reaction. The Ni foam, sulfur powders, and ethanol are low-cost
and environmentally friendly. Furthermore, a maximum PCE of
8.55% has been received for the DSSC based on the TCO-free
and Pt-free NiS CEs, which is higher than that of cells
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assembled with a TCO supported NiS CE (7.47%) or a
platinum CE (7.99%).

2. EXPERIMENTAL DETAILS
2.1. Materials. Sulfur powders, hydrogen hexachloroplatinate(IV),

ethanol, nitric acid, diethanol amine, tetrabutyl titanate, thioacetamide,
polyethylene glycol, and glacial acetic acid were purchased from
Sinopharm Chemical Reagent Co., Ltd. Guanidine thiocyanate
(GuSCN), 4-tert-butylpyridine (TBP), iodine (I2) and 1-methyl-3-
propyl imidazolium iodide (PMII) were purchased from Aladdin
Industrial Corporation. Titanium isopropoxide and lithium iodide (LiI,
99.99%) were purchased from Acros. FTO (sheet resistance 14 Ω
sq−1) and N719 were purchased from Asahi Glass (Japan) and
Solaronix (Switzerland), respectively. The Ni foam was purchased
from Beijing Yuceda Trade Co., Ltd. The pore size, porosity, thickness,
and purity of Ni foam are 0.2 mm, 95%, 0.5 mm, and 99.5%,
respectively. All the used reagents were analytical grade, without
further purification.
2.2. Fabrication of TiO2 Photoanodes. The photoanodes were

prepared according to a standard procedure that has been reported in
our previous work.33 Firstly, a 50 nm thick compact TiO2 film was
coated on FTO by using a spin-coating method and then heated to
550 °C for 30 min in air. Secondly, a 12 μm thick porous TiO2 film
was coated on compact TiO2 film by using a doctor-blade method and
then sintered at 500 °C for 30 min in air. Finally, a 6 μm thick
scattering layer was coated on porous TiO2 film by using a doctor-
blade method and then sintered at 500 °C for 30 min in air too. To
absorb the dye adequately, the film was kept at 60 °C for 12 h in a 0.3
mM N719 anhydrous ethanol solution.
2.3. Fabrication of CEs. A FTO supported NiS (FTO-NiS) CE

was prepared by the following processes, which is similar to our
previous work.33 Firstly, a 1 μm thick Ni film was coated on FTO by
radio frequency (RF) magnetron sputtering from a Ni target (99.99%
purity) at room temperature. The film was deposited at a RF power of
100 W and sputtering pressure of 1 Pa. Secondly, 0.03 g of sulfur
powders, the prepared Ni film, and 50 mL of ethanol were put into a
100 mL Teflon-lined autoclave. To form NiS, the Ni film was kept in
the autoclave at 130 °C for 12 h. The film was washed by ethanol
several times and finally heated to 50 °C for 1 h in air. An FTO
supported Pt (FTO-Pt) CE was prepared by RF magnetron sputtering
from a Pt target (99.99% purity) in the optimum conditions. A Ni
foam supported NiS (Ni-NiS) CE was prepared by putting 0.03 g of
sulfur powders, 50 mL of ethanol, and the clean Ni foam into a 100
mL Teflon-lined autoclave directly. The reaction was kept at 130 °C
for 12 h. The film was washed with ethanol several times and finally
heated to 50 °C for 1 h in air.
2.4. Characteristics. The morphology of FTO-NiS and Ni-NiS

CEs was observed by a high-resolution field emission scanning
electron microscope (FEI Nova Nano-SEM 450). Transmission
electron microscopy (TEM) images were taken on a JEOL-2010
TEM operated at 200 kV. The chemical states and compositions of the
CuS films were characterized by X-ray photoelectron spectroscopy
(XPS, Thermo Scientific, Escalab 250Xi). Film crystal structure was
examined by X-ray diffraction (XRD, Bruker Axs, D8 Advance) with
Cu Kα radiation under operation conditions of 40 kV and 40 mA. The
DSSC was assembled with a photoanode, an electrolyte, and a CE. A
Surlyn film was used to separate the CE and the photoanode. The back
of the porous Ni-NiS CE was covered with a piece of glass sheet, so
the leakage of the liquid electrolyte through the porous Ni-NiS CE
without FTO did not occur. The electrolyte contains 0.5 M TBP, 0.1
M GuSCN, 0.03 M I2, 0.04 M LiI, and 1 M PMII in propylene
carbonate and acetonitrile (1:1 in volume ratio). A 0.25 cm2 mask was
used to control the irradiated area. A standard ABET Sun 2000 Solar
Simulator with a power density of 100 mW cm−2 (AM1.5 simulated
irradiation) was used to irradiate the prepared DSSCs. The scan rate
was 10 mV s−1. A symmetrical dummy cell (CE/electrolyte/CE) in the
dark was used to perform the Tafel polarization measurements, EIS
experiments, and CV. The effective area of the symmetrical cell was
0.25 cm2. A CHI660D electrochemical workstation (ShangHai, China)

was used to measure the cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), Tafel polarization measurement, and
photocurrent density−voltage (J−V) characteristics. The EIS measure-
ment was performed with a frequency ranging from 100 kHz to 0.1 Hz
at zero bias, and the AC amplitude was set at 10 mV. The Tafel
polarization measurements and CV were carried out with a scan rate of
10 mV s−1.

3. RESULTS AND DISCUSSION
The sandwich-type structure of the DSSC based on a Ni-NiS
CE is shown in Figure 1. The SEM and TEM images of FTO-

NiS and Ni-NiS CEs are shown in Figure 2. Figure 2a,b shows
the images of the FTO-NiS CE at a low magnification and high
magnification, respectively. The NiS electrode film is uniformly
distributed on FTO, which featured a nanowall network-like
shape. Figure 2c−e shows the images of Ni-NiS CEs at different
magnifications. As shown in Figure 2c, the Ni foam has a
porous network structure. The surface of the Ni foam has been
fully covered with NiS (Figure 2d). The NiS has a regular

Figure 1. Schematic illustration of the structure of the DSSC.

Figure 2. SEM images of FTO-NiS (a, b) and Ni-NiS (c−e) CEs at
different magnifications. TEM image of Ni-NiS (f).
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nanowall network structure (Figure 2e). As shown in Figure 2f,
the NiS nanowall has many nanoparticles on its surface. We
attribute the formation of the NiS nanowall to a typical Ostwald
ripening process, according to our previous work.33 The sulfur
powders reacted with Ni on the surface of the Ni foam. A
nucleus was formed and then followed by crystal growth. The
Ni foam has enough Ni source. A secondary growth process
may have occurred, which results in nucleation/growth on the
sidewall surface of the NiS nanowall. Therefore, the NiS
nanowall on the Ni foam substrate has many nanoparticles on
its surface, which is thicker than that on the FTO substrate. To
check the composition and phase structure of NiS nanowall
networks, XPS and XRD measurements were carried out. A
thick Ni film was coated on a glass sheet substrate by RF
magnetron sputtering from a Ni target. The NiS nanowall
networks on glass were prepared by a hydrothermal method in
the same condition. The NiS powders were peeled off from the
as-obtained NiS nanowall networks on glass. The powders were
used to measure the phase structure. As shown in Figure 3a, the
diffraction peaks of the powdered NiS contain (101), (300),
(021), (220), (211), (131), (410), (401), (321), (330), and
(012) faces, which confirms the formation of a rhombohedral
structured NiS. As shown in Figure 3b, the XPS survey
spectrum of as-obtained NiS nanowall networks confirms the
presences of Ni and S signals. The binding energies of the S
2p1/2 and S 2p3/2 peaks are 162.93 and 161.83 eV, respectively
(Figure 3d). The binding energies of the Ni 2p1/2 and Ni 2p3/2
peaks are 870.98 and 853.68 eV, respectively (Figure 3c). The
result is close to the previous reported values for NiS.34−36

Therefore, a rhombohedral NiS phase was obtained via this
simple hydrothermal process. Figure 4 shows the J−V curves of
DSSCs with FTO-Pt, FTO-NiS, and Ni-NiS CEs. The PCEs of
7.99% and 7.47% are obtained for the DSSCs based on FTO-Pt
and FTO-NiS CEs, respectively. The photovoltaic parameters
are listed in Table 1. The optimum thickness of Ni film is 1 μm.
The sample prepared by a too thick Ni film will have a poor
adhesion with the substrate. By the way, the NiS film will be

easy to fall off due to the stress difference between NiS and
FTO at a high temperature. If the Ni film is too thin, the
catalytic activity of the CE will be poor. When the reaction
procedure is finished, the metallic film turned black. It also
means that the 1 μm thick Ni film was exhausted after the
reaction was kept at 130 °C for 12 h, and the Ni film was
converted to NiS completely. The reaction of Ni foam with
sulfur lasting 12 h at 130 °C is adequate too. The Ni foam is
covered with NiS nanowall networks fully. The reaction
becomes very slow after a longer time. Furthermore, the film
will be easy to fall off the substrate and the reaction will be too
violent at a higher temperature. The Ni film or Ni foam does
not react with sulfur at a too low temperature. Therefore, the
autoclave duration and temperature presented here is the
optimum condition. It is amazing that the DSSC with Ni-NiS
CE received a maximum PCE of 8.55%. As shown in Table 1,
the DSSC with Ni-NiS CE has a high fill factor and open-circuit
voltage. The Ni foam has a better electrical conductivity than
that of the FTO. The FTO has a large sheet resistance value
(14 Ω sq−1). The CE based on a metal substrate can be aimed
at lower-cost markets and applicable for flexible DSSCs.14,15 It
has the merit of improving the PCE, open-circuit voltage, and

Figure 3. (a) XRD pattern of NiS nanowall networks. (b) XPS survey spectrum of NiS nanowall networks. XPS spectra of (c) Ni and (d) S of NiS
nanowall networks.

Figure 4. J−V curves of DSSCs based on FTO-Pt, FTO-NiS, and Ni-
NiS CEs.
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fill factor of the DSSCs by reducing its internal resistance.14,15

The roles of the CE are to collect electrons from the external
circuit and to catalyze the reduction of the redox couple.4 A
porous structure of Ni foam may be beneficial to diffuse the
electrolyte, and the three-dimensional structure has a higher
surface area than a planar FTO substrate. Therefore, the
reduction of triiodide ions is faster. The substrate and NiS have
a tight attachment by in situ synthesis of NiS on Ni Foam. The
NiS nanowall networks have a high specific area and good
catalytic activity. All of these reasons may lead the DSSC based
on Ni-NiS CE to have a high fill factor, open-circuit voltage,
and PCE. It is obvious that the short-circuit current density of
FTO-NiS and Ni-NiS CEs are lower than that of the FTO-Pt
CE. We attribute the higher short-circuit current density of the
FTO-Pt CE to that light was absorbed again as the thick Pt film
on FTO is like a mirror.
To further understand the high electrocatalytic activity of Ni-

NiS CE, Tafel polarization measurements, CV, and EIS were
measured by using a symmetrical dummy cell.37 Figure 5 shows

the EIS curves. The inset of Figure 5 shows the equivalent
circuit used to fit the experimental EIS data. The ZView
software was used to fit the parameters of the Nyquist plots.
The charge-transfer resistance (Rct) at the electrolyte/CE
interface and the corresponding phase angle element (CPE)
give rise to the left semicircle (high frequency region). The
high-frequency intercept on the real axis represents the series
resistance (RS). The right incomplete semicircle in the low-
frequency range is assigned to impedance related to the finite
layer Nernst diffusion impedance (ZN) within the electrolyte
and charge-transfer processes occurring at the electrolyte/CE
interface.20,33,38 The RS value of Ni-NiS is 4.95 Ω cm2, which is
lower than that of FTO supported CEs. We attribute the low RS
value of Ni-NiS CE to that the Ni foam has a better electrical
conductivity than the FTO. The Rct values of Ni-NiS and FTO-
NiS are 1.00 and 1.48 Ω cm2, respectively. However, FTO-Pt
CE has a high Rct value (5.15 Ω cm2). All the values are
summarized in Table 1. The catalytic activity of the electrodes
can be reflected from the Rct in the electrode/electrolyte
interface. This result means that the catalytic activity of the
FTO-Pt CE is worse than that of the Ni-NiS CE.

Tafel polarization measurement is an efficient way to
reconfirm the electrochemical catalytic activities of CEs.33

The limiting current density (Jlim) and the exchange current
density (J0) are related to the catalytic activity of the catalysts. A
large Jlim indicates a large diffusion coefficient and a small ZN. A
large J0 generally means high ability for I3

− reduction. The J0
varies inversely with Rct.

33 The values of J0 and Jlim are also in
good agreement with the result of EIS measurement, which are
according to the following equation20,33,38

=J RT nFR/0 ct (1)

where F is Faraday’s constant, n is the electron number
involved in the reaction, T is the absolute temperature, and R is
the gas constant. The J0 can be obtained by eq 1

=J nFCD l2 /lim (2)

where F is Faraday’s constant, n is the electron number
involved in the reaction, C is the triiodide concentration, l is the
spacer thickness, and D is the diffusion coefficient of the
triiodide. The Jlim can be obtained by eq 2.
Tafel polarization characterization was carried out in a

symmetrical dummy cell similar to the one used in the EIS
measurement. As shown in Figure 6a, the cathodic and anodic
branches of the Ni-NiS and FTO-NiS CEs exhibit a larger slope
than that of the FTO-Pt CE. It indicates that Ni-NiS and FTO-
NiS have a high Jlim and J0. Moreover, the J0 and the Jlim of the

Table 1. Electrochemical and Photovoltaic Parameters of DSSCs Based on FTO-Pt, FTO-NiS, and Ni-NiS CEs

CEs Voc (V) Jsc (mA cm−2) FF PCE (%) Rs (Ω cm2) Rct (Ω cm2) ZN (Ω cm2)

FTO-Pt 0.75 17.13 0.62 7.99 12.55 5.15 9.16
FTO-NiS 0.75 15.75 0.63 7.47 12.56 1.48 8.53
Ni-NiS 0.80 16.26 0.66 8.55 4.95 1.00 5.79

Figure 5. EIS of symmetrical cells fabricated with two identical FTO-
Pt, FTO-NiS, and Ni-NiS CEs.

Figure 6. (a) Tafel polarization curves and (b) cyclic voltammetry of
symmetrical cells fabricated with two identical FTO-Pt, FTO-NiS, and
Ni-NiS CEs.
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Ni-NiS are the highest. A larger J0 means that Ni-NiS CE has a
better catalytic activity for I3

− reduction.
The electrochemical catalytic activities of NiS and Pt CEs,

which is crucial for CEs used in DSCs, are examined by cyclic
voltammetry under an I−/I3

− electrochemical system with the
symmetrical dummy cells which is the same one used in the
Tafel polarization and EIS measurements (Figure 6b). It is well-
known that triiodide is reduced to iodide on the CE surface
(I3

− + 2e− → 3I−).39 The inverse slope of a voltammogram at
the potential of 0 V characterizes the catalytic activity of an
electrode.40−43 The FTO-NiS and Ni-NiS CEs show a good
catalytic activity for the I3

− reduction with a sharp slope.
Furthermore, the Ni-NiS CE has a higher current density than
the FTO-NiS and FTO-Pt CEs, indicating that a faster rate for
triiodide reduction reaction can be presented, which is in
accordance with the EIS and Tafel polarization measurement
results. It means that Pt film has a worse catalytic activity than
NiS nanowall network film on Ni foam. Therefore, the PCE of
the FTO-Pt CE is lower than that of the Ni-NiS CE. In
consideration of the high PCE and simple method, the NiS
nanowall network film on Ni foam is a good candidate as a
TCO-free and Pt-free CE.

4. CONCLUSION
In conclusion, NiS nanowall networks on FTO and Ni foam
were prepared by a novel and facile one-step hydrothermal
reaction of Ni foam with sulfur. The electrochemical results
reveal that the Ni-NiS CE has a good catalytic activity for the
I3
− reduction. The Ni-NiS CE has a good electrocatalytic

activity. The DSSC with Ni-NiS CE received a higher PCE of
8.55% than that with FTO-Pt CE (7.99%), suggesting that Ni-
NiS CE is an extremely interesting alternative to FTO-Pt CE
for DSSCs. Furthermore, the Ni foam is bendable. A flexible
and stable substrate is much desired for mass production of
DSSCs. Therefore, it is of significance to fabricate a low-cost,
large-area, and flexible DSSC with the TCO- and Pt-free CE.
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