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INTRODUCTION

The dye-sensitized solar cells (DSSC) has been considered
as an ideal alternative of silicon-based solar cells despite the
low conversion efficiency compared to single crystal Si solar
cells since it was proposed in 1991 by Prof. Michael Grätzel1-3.
Low cost, long life, easy to manufacture and other advantages
compared with conventional solar cells prompt it to prosperity4.
CuInS2 as a typical ternary I-II-IV2 compounds semiconductor
material attracts a good proportion of research attention because
of its high absorption coefficient, good stability under solar
radiation, easy conversion of n/p carrier type and band gap of
1.45 eV, which is close to the optimum range for high photo-
voltaic conversion5,6.

It is well known that the platinum metal is used as counter
electrode in the traditional dye-sensitized solar cells due to its
high catalytic activity. However, noble metal Pt is relatively
so expensive to restrict its large-scale manufacture7. Hence,
searching for low cost substitutes for Pt as active materials for
counter electrode become the focus of the current work. CuInS2

as a substitute has been attracted a lot of attention and different
morphologies of CuInS2 have been obtained, such as nano-
particles8-10, foam-like nano-crydtallites11, nano-wires12,13,
microspheres14-16, vertically oriented nanosheeets7 and bullet-
like nanocrystals17. Here, we report the synthesis of flower-
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like CuInS2 by a one-step solvothermal method and apply as
counter electrodes in dye-sensitized solar cells. This morpho-
logy has some obvious advantages, e.g., large specific surface
area to adsorb more electrolyte. Using this prepared material,
a higher photoelectric conversion effciency has been exhibited.

EXPERIMENTAL

Cuprous chloride, indium chloride tetrahydrate, sublimed
sulfur powder were used as received without further purifi-
cation.

Synthesis of flower-like CuInS2 microarchitectures: In
a typical synthesis18,19, CuCl (1.0 mmol) and InCl3·4H2O (1.0
mmol) and sublimed sulfur powders (3.0 mmol) were dispersed
in 35 mL of triethylene glycol with the aid of thoroughly
magnetic stirring and then followed by ultrasonication for 20
min to obtain an opaque yellow-green suspension. Subse-
quently, the suspension was transferred into a 50 mL Teflon-
lined stainless steel autoclave. The autoclave was sealed and
maintained at 200 ºC for 48 h. After cooling to room tempe-
rature naturally, the obtained black precipitate was filtered off,
washed with absolute ethanol and distilled water for several
times and finally dried in a vacuum at 60 ºC for 12 h to obtain
high-purity CuInS2.

Preparation of counter electrodes (CEs): A CuInS2

counter electrode was typically prepared by dispersing CuInS2



powder (0.1 g) and polyethylene glycol powder (0.025 g) in
1 mL absolute ethanol and then ground with an agate mortar
to form a colloid. Afterwards, the colloid was coated on the
FTO conductive glass via the doctor-blading technique
followed by drying naturally and annealing at 550 ºC for 0.5 h
under the protection of nitrogen. Then it was prepared after
naturally cooling to room temperature.

Fabrication of dye-sensitized solar cells: The prepared
photoanodes were porous TiO2 film fabricated with commer-
cial TiO2 slurry (Wuhan Georgi Science Instrument Co., Ltd.,
China) by the doctor-blading technique and sensitized with
N719 dye. Subsequently, the photoanodes were assembled with
the as-prepared counter electrodes. The electrolyte contains
0.5 M LiI, 0.6 M 1-propy1-2,3-dimethylimidazolium iodide,
0.05 M I2 and 0.5 M 4-tert-buylpyridine with acetonitrile as
the solvent was then injected.

The as-synthesized samples were characterized by X-ray
powder diffraction (XRD) equipped with monochromatized
CuKα radition (λ = 1.5406 Å) at 36 KV and 25 mA. Scanning
electron microscopy (SEM) images were acquired using a
Hitachi S-4800 scanning electron microscope. Transmission
electron microscopy (TEM) images were carried out on a JEOL
JEM-100SX transmission electron microscope at an accele-
ration voltage of 200KV. The UV-visible spectra were recorded
on a liquid Hitachi U-4100 Spectrophotometer. The J-V curves
were determined using a xenon lamp solar simulator under
AM 1.5 illumination (Continuous Solar Simulator for PV
Cells) and measured under 100 mW cm-2 which was calibrated
beforehand by an optical power meter. All the measurements
were performed at room temperature.

RESULTS AND DISCUSSION

Flower-like CuInS2 were successfully synthesized via a
facile solvothermal method at 200 ºC for 48 h. XRD patterns
shown in Fig. 1 easily give the phase and crystallinity of the
as-synthesized products. The XRD patterns are indexed to
chalcopyrite crystal structure and all the diffraction peaks can
match well with the reported data of tetragonal lattice para-
meters of a = 5.529 Å and c = 11.11 Å (JCPDS card No. 27-
0159, a = 5.523 Å, c = 11.14 Å). No miscellaneous charac-
teristic peaks such as CuS or In2S3 were detected, which
indicates that a high purity CuInS2 phase has been obtained.
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Fig. 1. XRD patterns of flower like CuInS2 and the standard card of JCPDS
No. 27-0159

The morphology of CuInS2 was clearly demonstrated in
Fig. 2. SEM images reveal that the sample is mainly composed
of mono-dispersed microspheres with average diameter of 5
µm. In Fig. 2, a single CuInS2 hierarchical microsphere which
was composed of many interleaving two-dimensional flakes
(average thickness 26 nm) cause the formation of irregular
cavities with different sizes inside the microsphere was
observed. Further structural analysis was performed by the
TEM images shown in Fig. 3.

Fig. 2. SEM images of flower like CuInS2 at different magnifications

Fig. 3. TEM images (A, B and C) of flower like CuInS2 at different
magnifications and the corresponding SAED image (D), the selected
area was marked in C of Fig. 3

The flower-like microspheres display pale edges and dark
centers which suggest the existence of side/density variations
intrinsic inside the spheres20. The selected area electron diff-
raction (SAED) pattern of a portion of the flakes ultrasoni-
cally exfoliated from a microsphere exhibits that the flakes
are single crystals with a tetragonal lattice, which was shown
in Fig. 3D.
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The UV-visible absorption spectra shown in Fig. 4 provide
the optical properties of the as-synthesized sample. It clearly
indicates that the sample exhibits a abroad peak at around 720
nm, which illustrates that the obtained sample’s photo absor-
ption range mostly distribute in the visible light region and a
slight blue-shift phenomenon compared with the bulk CuInS2

(at 810 nm). The curve of (αhν)2 versus photon energy was
also drawn in Fig. 4. The value of the band gap of the as-
synthesized CuInS2 microsphere can be intuitively observed
as 1.38 eV in the figure through the intersection point of the
extrapolated linear portion and the abscissa, which is near to
the previous reported value of bulk CuInS2 (1.53 eV). It is
well known that the band structure of a semiconductor is
strongly dependent on the pattern of orbital interactions, which
is affected by the symmetry and the microstructure of the
crystal21. The result is in accordance with the theoretical calcu-
lation that disordering of cations in chalcopyrite structure
induces band gap decrease, which has been reported in previous
literatures22-24. The different band gaps of bulk and nanoscale
CuInS2 are presumably associated with crystal structure. In
the previous literature4, the energy gap alters followed by
variation of the [Cu]/[In] and[S]/[In] ratio, which indicates
that many factors probably lead to the decrease of band gap of
nanoscale CuInS2 compared to bulk CuInS2. In this regard,
the flower-like CuInS2 microsphere can be a suitable catalytic
material for the dye-sensitized solar cells.

Fig. 4. The UV-visible absorption spectra of the as-prepared CuInS2 sample
and the bandgap value which was estimated by a related curve of
(αhν)2 versus photon energy plotted

The capability of the dye-sensitized solar cells was investi-
gated and shown in Fig. 5. The flower-like CuInS2 nanostruc-
ture has higher electrocatalytic activity because of its larger
specific surface area to capture more electronics and provide
more transport channels compared to other morphology
nanostructure. Fig. 5(a) shows the photocurrent versus voltage
curve, which indicates that the short current density Jsc was
about 11.5 mA cm-2 and the open voltage was 0.71 V. Through
the curve, we can calculate the filling factor (FF) = 55.5 % of
the dye-sensitized solar cells and the photoelectric conversion
efficiency can yield 4.5 % [Fig. 5(b)]. It can be seen that filling
factor of the dye-sensitized solar cells is not high. The filling
factor may reflect the output characteristics of solar cells, which

Fig. 5. J-V curve (a) and P-V curve (b)of the dye-sensitized solar cellss
with flower like CuInS2 as counter electrode under AM 1.5 solar
simulator illumination at 100 mW cm-2

is an important parameter. There are many factors to affect
the filling factor including series resistance and parallel resis-
tance of solar cells. The greater solar cell series resistance and
the smaller solar cell parallel resistance are, the smaller the
filling factor is. The filling factor is also related to the internal
resistance, which indicates that the greater the internal resis-
tance is, the smaller the filling factor is. According to chemical
analysis, internal resistance also restricts mass transfer kinetics
of electrolyte, namely the redox couple’s diffusion rate of the
electrolyte. The fill factor is facile to be affected by the interface
of TiO2 photo anode and electrolyte. The reflux of conductive
electrons back into the the electrolyte result in the decrease of
filling factor. This explains the filling factor is not so high and
we can proceed to reduce series resistance, increase parallel
resistance and reduce internal resistance to increase the filling
factor. Generally, the higher filling factor can promote the
photoelectric conversion efficiency parameter. If filling factor
is enhanced to more than 65 %, the much higher conversion
efficiency will be expected.

EIS measurements were tested on dummy cells with a
typical sandwich-like structure, i.e., two symmetric counter
electrode and the electrolytes between the two electrodes. The
Nyquist plots (A) were shown in Fig. 6, which corresponds
with the equivalent circuit diagram of the impedance (B). In
the figure, a typical semicircle is visible25. Generally, the
intercept on the real axis (Z’-axis) of the high-frequency region
can be assigned to the series resistance (Rs). The value of series
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Fig. 6. Nyquist plots of EIS for the symmetrical cells fabricated with CuInS2

film and sputtering Pt, respectively (with areas of 0.25 cm2) (A)
and the fitting equivalent circuit (B)

resistance is 5.562 Ω, which is smaller than the value of Pt
electrode. In literature26, when the two devices have the same
photocurrent, the higher series resistance leads to higher
photovoltage, which indicates that the Voc of obtained CuInS2

is lower than the Pt. The size of the first semicircle (on the left)
is consistent with charge-transfer (Rct) between the electrode
and electrolyte and the double-layer capacitance (C) at the
electrolyte-counter electrode interface. The results of data
analysis from the EIS spectra are summarized in Table-1. It
was generally recognized that a smaller Rct represents a higher
electrocatalytic activity27,28. Charge transfer of CuInS2 electrode
possesses a larger value (2.842 Ω) than the Pt electrode (1.734
Ω). Charge transfer is associated with the power conversion
efficiency and the decrease of the charge-transfer resistance
leads to the improvement of the energy conversion efficiency,
which is consistent with our experimental results.

TABLE-1 
EIS PARAMETERS OF THE DUMMY CELL ASSEMBLED WITH 
TWO IDENTICAL COUNTER ELECTRODES OF CuInS2 AND Pt 

CE Rs (Ω) Rct (Ω) C (µF) Zw (Ω) 
CuInS2 5.562 2.842 5.923 1.596 

Pt 6.767 1.734 47.77 2.625 
 

Conclusion

The flower-like CuInS2 were successfully synthesized via

a facile one-step solvothermal reaction and the CuInS2 counter
electrodes for dye-sensitized solar cellss were prepared by
doctor-blading technique. The J-V curves indicated that flower-
like CuInS2 could greatly promote the reduction of I3

– and the
photoelectric conversion efficiency of dye-sensitized solar

cellss with prepared counter electrodes reached 4.5 %. As a
promising alternative to Pt electrode, CuInS2 nanomaterials
may have a good development prospect.
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