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ABSTRACT: Here we show that a counter electrode based on carbon
network supported Cu2ZnSnS4 nanodots on Mo-coated soda-lime glass
for dye-sensitized solar cells can outperform the conventional best
electrode with Pt nanoparticles on the fluorine-doped SnO2 conducting
glass. In the as-developed electrode, all of the elements are of high
abundance ratios with low materials cost. The fabrication is scalable
because it is conducted by a screen-printing based approach. Therefore,
this research lays a solid ground for the large area fabrication of high-
performance dye-sensitized solar cell at reduced material cost.
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Dye-sensitized solar cells (DSSCs) have received renewed
interest because of their low fabrication cost, environ-

mental friendliness, and reasonably high power conversion
efficiency (PCE, η).1−3 Typically, the device consists of dye-
adsorbed TiO2 nanoparticle network, filled with electrolyte
containing redox couples such as I−/I3

−, and counter electrode
(CE). Conventionally, Pt nanoparticle, as catalyst, on the
F:SnO2 (FTO) glass, is applied as the CE, which shows highly
efficient catalytic characteristics.3−5 However, as a noble metal,
Pt features high cost and low abundance ratio in nature. To
reduce the materials cost, much efforts have been put into the
development of low-cost catalyst and a variety of materials
based on carbon, metal carbide, nitride, and chalcognide have
been examined and shown promising catalytic perform-
ance.6−13 It is noted that all of the investigations are based
on the FTO coated glass. In fact, the FTO glass accounts for
nearly 60% of the total cost in DSSCs.14 Therefore, to explore
low cost alternatives to FTO glass is of practical significance.
Nevertheless, the exploration of high-efficiency cost-effective
conducting substrate is less successful when compared with the
development of Pt-free catalyst. To date, conducting polymers
such as PEDOT,14 carbon fiber,15 PEDOT:PSS,16 and metal
nanowire network17 have been examined for the conducting
substrates. However, all of them show much poorer perform-
ance than the FTO-based substrates, mainly due to the large
sheet resistance. Herein, we demonstrate that Mo-coated soda-
lime glass (Mo/glass), coupling with carbon supported
Cu2ZnSnS4 (CZTS) nanodots, can outperform FTO when
used as conducting glass for the CE of DSSCs. The use of Mo/
glass is also under the consideration that its work function (4.6
eV) is quite close to the FTO (4.4 eV). This research

demonstrates that a Pt- and TCO-free CE can outperform the
“champion” CE based on Pt/FTO.
Considering that the ultimate goal of DSSC investigation is

for practical large-area applications, we aim at developing
screen printable fabrication procedure. In order to reduce the
materials cost as much as possible, we intentionally adopt easily
attainable and low-cost chemical compounds CuCl2·2H2O,
ZnCl2 and SnCl4·5H2O as the CZTS precursors, ethylcellucose
as binder, and t-butanol and ethanol as solvents to tune the
viscosity of the paste. The details for the paste preparation are
provided in the Supporting Information. The paste coating is
compatible with the conventional printing techniques. After-
wards, heating the substrate at 550 °C in H2S/Ar mixture gas at
50−100 Pa for 60−80 min can generate carbon-supported
CZTS nanodots (Figure 1a). To make a systematic
investigation, we also conducted the synthesis in selenium
vapor to obtain carbon-supported Cu2ZnSnSe4 (CZTSe)
nanodots.
To determine the phase purity of the as-synthesized

materials, we first performed X-ray diffraction (XRD) character-
ization. For the sample annealed in H2S/Ar gas, the major XRD
diffraction peaks appears at 28.2, 47.1, and 55.9° (Figure 1b),
which can be indexed as (112), (220), and (312) planes of
CZTS (JCPDS Card No. 26-0575). Additionally, the lattice
parameter of the CZTS is calculated to a = 0.5427 nm and c =
1.0848 nm, consistent with the reported results.18 However, the
phase purity of CZTS cannot be identified by XRD alone
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because ZnS and Cu2SnS3 exhibit similar patterns. In this case,
Raman scattering characterization was additionally employed to
identify the materials. The result shows Raman shift at 327
cm−1 (Figure 1c), which is the typical Raman scattering of
CZTS.19 Since the annealing is conducted in reducing gas
(H2S/Ar), the carbonization of the polymer precursor should
occur. Therefore, energy-dispersive X-ray spectroscopy (EDS)
was obtained to examine the composition. It is found that
carbon atoms account for an atomic percentage of 40% in the
film (Figure 1d). In the selenized product, the XRD shows
typical CZTSe pattern, with 2θ appears at 27.2, 45.2, 53.6, 65.9,

and 72.6° (Figure 1b), corresponding to the (112), (204),
(312), (008), and (316) crystal planes of CZTSe. The Raman
scattering shows typical peaks at 197 and 234 cm−1 (Figure
1c).20

The film thickness and surface morphology were charac-
terized by scanning electron microscopy (SEM). Figure 1e
shows the cross-section of the composite carbon and CZTS
film on Mo/glass, the average thickness is measured to be 730
nm. The surface of the film presents nanoscale network
morphology (Figure 1f). Detailed inspection on the as-
synthesized product was performed by high-resolution trans-
mission electron microscopy (HRTEM). It is observed that the
CZTS nanodots distribute onto the carbon network (Figure
1g), forming carbon-supported CZTS nanodots; the average

Figure 1. (a) Schematic illustration of the methodology for the fabrication of carbon-supported CZTS nanodots on Mo-coated soda-lime glass,
where the precursor for the paste are CuCl2·2H2O, SnCl4·5H2O, ZnCl2, ethyl cellulose, t-terpinol, and ethanol; (b) XRD patterns of the as-prepared
catalyst; (c) Raman spectra of the as-synthesized catalyst on Mo-coated glass; (d) EDS of the carbon-supported CZTS nanodots; (e, f) SEM images
of the cross-section of the as-synthesized catalyst on Mo-coated glass and the surface morphology; (g, h) HRTEM images of the as-synthesized
carbon-supported CZTS nanodots, the CZTS nanodots are marked with circles in f.

Figure 2. Photocurrent density−voltage characteristics of the devices
with C/CZTS and C/CZTSe on Mo/glass, Pt/FTO glass, and Pt/Mo
glass as counter electrodes.

Table 1. Photovoltaic Parameters of the Dye-Sensitized
Solar Cells with Different Counter Electrodes: Carbon-
Supported Cu2ZnSnS4 Nanodots and Carbon-Supported
Cu2ZnSnSe4 Nanodots on Mo-Coated Soda-Lime Glass, and
Pt Nanoparticles on FTO and Mo/Glass Surface, Measured
under 1 Sun Illumination (AM 1.5 G, 100 mW cm−2)

counter electrode PCE (%) Jsc (mA cm−2) Voc (V) FF (%)

C/Cu2ZnSnS4/Moa 8.56 16.2 0.74 71.0
C/Cu2ZnSnSe4/Mo 8.45 16.1 0.73 71.8
Pt/FTOb 8.42 14.8 0.75 73.0
Pt/Mo 7.92 15.99 0.70 71.3

aCarbon-supported Cu2ZnSnS4 on Mo-coated soda-lime glass as the
counter electrode. bTraditional Pt nanoparticles on FTO surface as
counter electrode.
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size of the CZTS nanodots is 3 nm (Figure 1h). The lattice
fringe is calculated to be ∼0.31 nm, which corresponds to
(112) plan of CZTS. The carbon-supported CZTSe network
shows similar morphology (see Figure S1 in the Supporting
Information) and thickness is ∼450 nm.

In the synthesis, the volume change as a result of
carbonization and evaporation of terpinol and ethanol during
sulfurization or selenization at high temperature contributes to
the formation of network, in which the carbonization is the
main reason because the reaction carried out in absence of
reducing gas (i.e. low degree of carbonization) cannot lead to
the nanoscale network (see Figure S2 in the Supporting
Information). We also tried to produce CZTS nanodots in
absence of polymer binder. However, it is difficult to synthesize
well-distributed nanodots on the Mo/glass comparable to that
in the C/CZTS film (see Figure S3 in the Supporting
Information). Therefore, the use of polymer binder with
inorganic salt precursors is critical for the formation of well-
defined carbon-network-supported nanodots.
To compare the CE behavior in DSSC, we prepared the

device using identical photoanodes that are composed of a 12
μm transparent layer and a 6 μm scattering layer according to
our reported method,21−25 N719 was utilized as the dye
sensitizer for all the devices. For each CE, we fabricated three to
five devices to obtain reliable results. Figure 2 compares the
photovoltaic behavior of the DSSCs with different CEs; the
device parameters are tabulated in Table 1 for easy comparison.
The DSSC using Pt/FTO as the counter electrode generates a
PCE of 8.42%, with short-circuit current density (Jsc) of 14.8

Figure 3. (a) Cyclic voltammetry curves of the devices with C/CZTS and C/CZTSe on Mo/glass and Pt/FTO as working electrodes in a three-
electrode system; (b) electrochemical impedance spectra of the symmetric cells based on the electrode with C/CZTS and C/CZTSe on Mo/glass
and Pt/FTO.

Figure 4. Tafel plots of the symmetric cells based on the electrode
with C/CZTS and C/CZTSe on Mo/glass and Pt/FTO.

Figure 5. (a) Digital photo of the counter electrode composed of C/CZTSe on Mo/glass with area of 100 mm × 10 mm; (b) low-magnification
SEM image of the electrode surface; (c−e) high-magnification SEM images of the C/CZTSe catalyst on the Mo-coated glass from different areas as
indicated in a.
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mA cm−2, open-circuit voltage (Voc) of 0.75 V and fill factor
(FF) of 73.0%. Remarkably, the device with C/CZTS on Mo/
glass as CE presents a PCE of 8.56%, with Jsc of 16.2 mA cm−2,
Voc of 0.74 V, and FF of 71.0%; and the DSSC with C/CZTSe
on Mo/glass as CE exhibits a PCE of 8.45% (Figure 2 and
Table 1). Both the C/CZTS and C/CZTSe on Mo/glass show
better performance that of Pt/FTO, indicating the potential to
replace the high-cost Pt nanoparticle on FTO for high-
efficiency DSSC.
To further explore the roles played by CZTS in the catalysis,

we performed the synthesis in the absence of CZTS precursors.
Consequently, the final carbon materials display nonuniform
morphology on the Mo substrates (see Figure S4 in the
Supporting Information). The DSSC based on this CE presents
PCE of 6.01% (see Figure S4 in the Supporting Information),
substantially lower those CEs based on carbon supported
nanodots or Pt. Actually, in the literature, carbon materials
usually display poorer catalytic performance than Pt nano-
particles for CE in DSSC.26−29 Therefore, the formation of C/
CZTS composite catalyst is significant for the high catalytic
performance. On the other hand, the CZTS is a narrow band
gap semiconducting material;30,31 it can probably serve as active
materials for the light absorption and thus photovoltaic energy
conversion. In this regards, we conducted the device fabrication
in absence of dye-adsorbed TiO2 film, the device did not show
photovoltaic energy conversion (see Figure S5 in the
Supporting Information), indicating that the C/CZTS cannot
act as light absorbing materials but only catalyst for the I3

−

reduction reaction.
Because the photoanodes of the devices are identical, the

better photovoltaic performance in the Pt- and FTO-free device
should be resulted from the excellent catalytic properties. We
thus performed comparative study to probe the catalytic
mechanism. First, cyclic voltammetry (CV) characterization
using a three-electrode system under a I−/I3

− system was
conducted. The CV curves of I−/I3

− redox reaction on the
counter electrodes present similar shape (Figure 3a), where two
pairs of redox peaks appear in each of the system. The left pair
of peaks is corresponding to the reduction (reaction 1),
whereas the right pair represents the oxidation of I2 (reaction
2).

+ ⇄− − −I 2e 3I3 (1)

+ ⇄− −3I 2e 2I2 3 (2)

Reaction 1 is pertinent to the DSSC performance, thus we
pay special attention into this reaction. The peak positions of
C/CZTS and C/CZTSe based systems are at −3.00 and −3.01
mA cm‑2, respectively. They are more negative than that of the
Pt-based device (−2.50 mA cm−2), indicating the reaction 1 is
more efficiently preceded in the C/CZTS and C/CZTSe
electrodes. Therefore, both C/CZTS and C/CZTSe on Mo/
glass show stronger catalytic property for reduction reaction
than that of Pt/FTO based electrode. On the other hand, the
separation between the two peaks (Epp) in a pair is in an inverse
correlation with the standard electrochemical rate constant of
the corresponding redox reaction. It is observed that the
separations in the C/CZTS, C/CZTSe, and Pt electrodes are
0.650, 0.625, and 0.495 V, respectively, indicating a fast
electrochemical rate in Pt/FTO based electrode. This
phenomenon can be ascribed to the thickness of C/CZTS
(∼730 nm) and C/CZTSe (∼450 nm) is much larger than that
of Pt nanoparticles distributed on FTO surface (see Figure S1

in the Supporting Information). The ion diffusion in the C/
CZTS or C/CZTSe network becomes seemingly slow. These
opposite trends lead to the comparable catalytic activity in the
electrodes.
In this investigation, the Mo/glass was used as a substrate to

replace the FTO, which would also cause a change in series
resistance because of the different conductivities. We analyzed
it from the electrochemical impendence spectroscopy (EIS).
The measurement was conducted on the dummy cells
fabricated with two identical electrodes. Figure 3b shows the
EIS results and the equivalent circuit is depicted as an inset
therein. The high frequency intercept on the real axis represent
the series resistance (Rs). The Rs of both C/CZTS on Mo/glass
(3.4 Ω) and C/CZTSe on Mo/glass (8.3 Ω) are significantly
smaller than that of the Pt/FTO based CE (23.8 Ω). This is
due to the fact that the inherent conductivity of the Mo (2 Ω/
□) is considerably smaller than FTO (15 Ω/□). In this case,
the Mo/glass is a superior conducting substrate to FTO. It is
thus easy to think that the sputtering of Pt nanoparticles on Mo
glass could lead to even higher device performance. We
fabricated Pt nanoparticles on the Mo/glass for the CE using
the same method for sputtering Pt on FTO surface.
Surprisingly, the device showed efficiency (7.90%) lower than
that of Pt/FTO and C/CZTS on Mo/glass (Figure 2 and Table
1), and the performance degradation is very fast. The
electrochemical characterizations are shown in Figure S6 in
the Supporting Information. Only after consecutive measure-
ment for four times does the PCE drop to 5.04%. We suspect
that a Pt/Mo alloy is formed on the surface, and it is not an
effective and stable catalyst for the redox reaction; further
investigation is beyond the scope of current investigation.
Herein, we focus on the development of a new type of Pt- and
FTO-free CE.
In the EIS (Figure 3b), two maxima in the middle- and low-

frequency regions stem from the charge transfer resistance (Rct)
and the Nernst diffusion impedance (Z) of the I3

−/I− couples
in the electrolyte, respectively.32 The Rct of C/CZTS and C/
CZTSe on Mo/glass electrodes are obtained by fitting the left
arcs, which are 6.9 and 29.1 Ω, respectively, whereas that of the
Pt-based electrode is 0.8 Ω. It is known that the charge transfer
frequency is in an inverse correlation with the resistance.
Therefore, the high frequency of charge transfer is obtained in
the Pt based electrode. Similarly, this observation should be due
to the thickness of the Pt nanoparticles being much smaller
than those of composite catalysts. In addition, though the Rct of
C/CZTS is slightly higher than that of Pt/FTO, the excellent
conductivity of Mo substrate is able to compensate the minor
drawback,33 finally leading to comparable catalytic properties.
To study the diffusion coefficient of the redox species, we

performed Tafel polarization characterizations in dummy cells.
Figure 4 shows the logarithmic current density (log J) as a
function of the voltage for the oxidation/reduction reactions.
The anodic and cathodic branches of C/CZTS on Mo glass
display considerably larger slop than the conventional Pt and
C/CZTSe electrodes, indicating a larger exchange current
density (J0) on the C/CZTS electrode surface and thus better
catalytic property. On the other hand, the limiting current
density, Jlim, is related to the diffusion coefficient in the dummy
cell according to eq 334

=D
l

nFC
J

2 lim (3)
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where D is the diffusion coefficient of the triiodide, l is the
spacer thickness, n is the number of electrons involved in the
reduction of triiodide at the electrode, F is the Faraday
constant, and C is the triiodide concentration. The Jlim of Pt/
FTO is only slightly higher than that of C/CZTS and C/
CZTSe on Mo/glass (Figure 4), suggesting that network-like
structures are effective for the fast diffusion of ions. Because of
the good conductivity of Mo/glass and catalytic properties of
the carbon supported nanodots, the final device efficiencies are
superior to the Pt/FTO CE-based device.
Finally, we performed large area fabrication of the C/CZTS

on Mo/glass as CE. The initial investigation is conducted by
fabricating a rectangular CE with area of 100 mm × 10 mm by
the “printing and annealing” method. The surface is very
uniform in macroscale (Figure 5a, b), and the nanoscale
structures are identical with regard to different locations
(Figure 5c−e) and resemble the small-area CEs (Figure 1f).
The devices fabricated using the CEs from the respective
location of the large-area CE show photovoltaic parameters
similar to those of the CE fabricated in small scale, confirming
the scalability.
In conclusion, carbon-supported Cu2ZnSnS4 and

Cu2ZnSnSe4 nanodots on the Mo-coated soda-lime glass have
been demonstrated as efficient counter electrode materials in
dye-sensitized solar cells. This type of the electrode eliminates
the use of both precious Pt and high-cost FTO-based
conducting substrates, and thus the materials expense of the
devices can be significantly reduced. The printable procedure
has been manifested to be applicable for large-area fabrication
and is thus promising for industrial production. With that, the
proposed method will generate broad interests in the
improvement of energy conversion efficiency, reduction of
the materials cost, and large-scale productions of dye-sensitized
solar cells.
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