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A B S T R A C T

Interests in the development of economical and high-efficiency counter electrodes (CEs) of dye-sensitized solar
cell (DSSC) to replace the excessively cost and scarce platinum (Pt) CEs have been increased. In this report, we
demonstrate a facile chemical bath deposition (CBD) route to prepare layered MoS2/fluorine-doped tin oxide
(FTO) films that directly act as the CEs of DSSCs. A DSSC containing the CBD-synthesized MoS2/FTO CE (pre-
pared at 0.03M Mo source concentration, 90 °C bath temperature and 30min deposition time) exhibits high
power conversion efficiency (PCE) of 7.14%, which is approaching that of DSSC with Pt/FTO CE (8.73%). The
electrocatalytic activity of the MoS2/FTO and Pt/FTO CEs are discussed in detail with their cyclic voltammetry
(CV), Tafel polarization curves, and electrochemical impedance spectra (EIS). The observed results indicate that
our low-cost CE has a high electrocatalytic activity for the reduction of triiodide to iodide and a low charge
transfer resistance at the electrolyte–electrode interface with a comparable state to that of a Pt/FTO CE.

1. Introduction

The development of green alternatives to energy generation is es-
sential to preserve the global environment for future generations.
Photovoltaics (PVs) offer a clean solution to the energy and environ-
mental crisis. Widespread research has been carried out in the area of
dye-sensitized solar cells (DSSCs) since 1991, and this interest is due to
their low-cost and simple fabrication process, excellent durability, and
relatively high efficiency [1–3]. DSSCs are a promising third-generation
PV device, which can be easily and economically fabricated using me-
soporous-TiO2 structure, on which dyes are absorbed, an electrolyte
(usually a redox mediator such as iodide/triiodide), and a counter
electrode.

The counter electrode (CE) reduces the oxidized electrolyte, which
is crucial for high-efficiency DSSCs [4,5], and a noble metal such as
platinum (Pt) is conventionally used as a CE material because of its
excellent electrical conductivity and high catalytic activity [6].

However, Pt is expensive and scarce, and therefore alloying Pt with
various transition metals including Mo, Fe, Co, Pd, Cu and Ni has been
studied as a candidate to enhance electrocatalytic activity and to reduce
the fabrication cost of the preferred Pt catalysts [7–13]. Remarkably,
low content Pt has effectively enhanced the efficiency of the resultant
alloys compared with that of the conventional Pt electrode
[7,11,14–16]. Moreover, various approaches to replace Pt and its alloys
to Pt-free alloy-based electrocatalysts (e.g. PdNi, CoNi) have been also
suggested [13,17–20].

Meanwhile, cost-effective, chemically stable, and high-performance
Pt-free CE materials such as conducting polymers [21], carbonaceous
materials [22–24], and inorganic compounds [25,26] have been widely
investigated. Especially, transition metal dichalcogenides (TMDs),
which is a class of two-dimensional (2D) layered crystals [27,28], at-
tracting much interest as a graphene alternative [29], have shown its
potentials as a Pt-free CE material, and TMD-based CEs have shown
even better electrochemical stability than that of standard Pt CE in
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iodine-based electrolytes under ambient conditions [30,31]. Mo-
lybdenum disulfide (MoS2), from the family of TMDs [32–34], is an
attractive CE material for DSSCs. MoS2 is made up of three atom layers:
two S layers and a Mo layer sandwiched between the two S layers. The
three layers are stacked and held together by weak van-der Waals in-
teractions. Advantageously, MoS2 has abundant exposed active sulfur
edges, and it has been confirmed, both theoretically and experimen-
tally, that the catalytic activity of MoS2 originates from the active sulfur
edges [35,36]. Many researchers have applied commercial MoS2 with
different structures and morphologies as the CE material for DSSC ap-
plications, proving their potentials [37–40]. A variety of strategies has
been explored to prepare MoS2 CEs, such as radio-frequency sputtering,
pulsed electrochemical deposition, and hydrothermal processes
[32,34,41]. Furthermore, carbon materials (such as graphene sheets
and carbon nanotubes) and polymers have been combined with MoS2 to
yield composite CEs for DSSCs [42,43]. For example, Li et al. reported a
power conversion efficiency (PCE) of 8.01% using a MoS2/graphene CE
prepared by an electrochemical method, and the PCE is comparable to
that of a Pt CE (8.21%) [44]. However, the reported experimental
procedure requires sophisticated instrumental facilities and a clean
room environment; consequently, it is not cost-effective, and it is time-
consuming.

In this work, we report a facile chemical route to synthesize MoS2
layers directly onto fluorine-doped tin oxide (FTO) by utilizing am-
monium heptamolybdate tetrahydrate ((NH4)6Mo7O24⋅4H2O) and
thiourea (CH4N2S). The MoS2 atomic layers were systematically in-
vestigated to optimize the growth of MoS2 for best use as a CE. On using
the MoS2 film as CEs in a DSSC, we found that the devices have ex-
cellent electrical conductivity and electrocatalytic activity; further-
more, a PCE of 7.14% was obtained for the MoS2 CE, which is ap-
proaching that of a Pt CE (8.73%) under the simulated solar
illumination of 100mW cm−2 (AM 1.5).

2. Materials and methods

2.1. Synthesis of MoS2 on FTO substrates

A low-cost and simple chemical bath deposition (CBD) process was
used to synthesize the MoS2 atomic layers. Fluorine-doped tin oxide
(FTO)-coated substrates with a size of 2× 2 cm2 were used for the film
preparation process. All the substrates were cleaned using acetone,
isopropyl alcohol (IPA), and deionized (DI) water, followed by the
drying and baking of the substrates for 5min. MoS2 atomic layers were
grown by CBD using a precursor solution bath containing 0.01–0.03M
ammonium molybdate ((NH4)6Mo7O24) and 0.5M thiourea (CH4N2S;
purity 99%, analytical reagent grade, Sigma-Aldrich). The concentra-
tion of thiourea was fixed, because MoS2 growth was optimized at that
condition. Hydrochloric acid (HCl) was used to control the solution pH
(10 ± 0.1) and the reaction rate. The deposition time was varied from
5 to 60min to grow MoS2 layers of different thicknesses. The bath
temperatures used were 80 and 90 °C. The reaction took place in the
presence of hydrazine hydrate (N2H4, 1.0M). The MoS2 layers were
post-annealed at 450 °C for 60min under S environment to improve the
crystalline quality of the layers. Then, the samples were rapidly cooled
to room temperature. The carrier gas flow rate was kept at 100 sccm
during the annealing process, and the pressure of the chamber was
maintained at 2×10−2 Torr.

2.2. Characterization of MoS2 layers

The synthesized MoS2 films were analyzed by Raman spectroscopy
(Renishaw inVia RE04, 512-nm Ar laser) using a spot size of 1 μm and a
scan speed of 30 s. X-ray diffraction (XRD) measurements were per-
formed on a Rigaku D/max-2500 diffractometer, using Cu-Kα radiation
as the X-ray source in the range of 10–90°. Mo and S photoelectron
reflection spectra were analyzed using X-ray electron spectroscopy

(XPS) (PHI 5000 Versa Probe, 25 WAl Kα, 6.7× 10−8 Pa).
Photoluminescence (PL) spectra were recorded at room temperature
with an HORIBA microspectrometer (Jobin Yvon, LabRam HR
Evolution) using a Nd:YAG laser (532 nm) with a spot size of 1 μm.
Field-emission scanning electron microscopy (FE-SEM, JEOL JSM-
6700F) was employed to analyze the morphology and thickness of the
films.

2.3. DSSC device fabrication

Dye-sensitized solar cells (DSSCs) were prepared to evaluate the
performance of the MoS2 films as counter electrodes (CEs). The detailed
fabrication procedures are described elsewhere [37,45]. In brief, a thin
TiO2 blocking layer (100 nm) was deposited onto FTO glass substrate by
immersing the FTO substrate in 0.1 M TiCl4 for 45min at 70 °C followed
by annealing the substrate at 450 °C for 30min in air. A 4-μm-thick TiO2

layer with an average particle size of ∼20 nm was coated on to FTO
substrate by the doctor blade method. The TiO2-coated FTO was then
sintered in five steps of 70, 325, 375, 450, and 500 °C for 30, 5, 5, 15,
and 15min, respectively, in a high-temperature furnace (Lab house
Co.). A light scattering TiO2 layer (∼3 μm) was applied over the pre-
viously deposited TiO2 and sintered again at 450 °C for 30min. Finally,
the as-prepared FTO/TiO2 film was sensitized with 0.5 mM N719 (di-
tetrabutylammonium cis-bis(isothiocyanato) bis(2,2′-bipyridyl-4,4′-di-
carboxylato)ruthenium(II)) in an absolute ethanol:acetonitrile (1:1)
solutions for 24 h. The Pt-coated CE were prepared by spreading a drop
of 2mM chloroplatinic acid hexahydrate (H2PtCl6) in isopropanol onto
the FTO substrates and heating to 400 °C for 10min under ambient air.
The dye-sensitized TiO2 with an active area of 0.25 cm2 and the as-
fabricated CE were assembled using a 50-μm-thick spacer polyimide
adhesive tape. The polymer electrolyte, which was prepared using
0.1 M LiI, 0.6 M 1-propyl-2,3-dimethylimidazolium iodide, 0.05M I2,
0.5 M 4-tert-buylpyridine, and 3% w/w polyethylene oxide (Mw

250,000) with 5ml acetonitrile as a solvent, was then injected between
the two electrodes.

2.4. Photoelectrochemical measurements

A solar simulator (150-W Xe lamp, Sun 2000 solar simulator, ABET
5 Technologies, USA) equipped with an AM 1.5G filter was used to
generate simulated sunlight with a corrected intensity of
100mW cm−2. The current density-voltage (J-V) spectra of DSSCs with
different MoS2/FTO and Pt/FTO CEs were obtained using a Keithley
2400 source meter. The cyclic voltammetry (CV) was performed using a
three electrode system and iodine-based electrolyte consisting of 10mM
lithium iodide(LiI), 1 mM iodine (I2) and 0.01M lithium perchlorate
(LiClO4) in 200ml acetonitrile solvent at scan rate of 10mV s−1.
Electrochemical impedance spectroscopy (EIS) spectra were obtained
using CompactStat (IviumStat Technologies, Netherlands). The fre-
quency of the applied sinusoidal AC voltage signal was varied from
150 kHz to 0.1 mHz. The polarization measurements were performed at
a scan rate of 10mV s−1. For the EIS and polarization measurements,
the symmetrical dummy cells were assembled with two identical CEs
filled with the same electrolyte as that used in the DSSCs.

3. Results and discussion

A facile chemical bath deposition (CBD) technique was used to
prepare MoS2 with atomic layer thickness on the FTO substrates.
Different concentrations of ammonium molybdate were used, from 0.01
to 0.03M, to optimize the efficient growth of the electrocatalytic MoS2
CE. The deposition bath temperatures used were 80 and 90 °C. The
deposition time was changed from 5 to 60min to investigate the effect
of layer thickness on the electrocatalytic ability. The as-prepared
atomic layers were subjected to post-deposition annealing at 450 °C in
an S environment to improve their crystallinity.
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The concentration of ammonium molybdate (Mo source) and the
deposition time in CBD play a key role in the growth of MoS2 layers.
The Raman spectra of the MoS2 layers with 0.01–0.03M Mo source
concentrations (5min deposition time and 90 °C bath temperature) are
shown in Fig. 1a. In the spectrum of the sample prepared with a 0.01M
Mo source, the E12g mode, associated with the in-plane vibrations of S
atoms, and A1g mode, associated with the out-of-plane vibrations of the
Mo and S atoms, peaks are observed at ∼384.63 and ∼407.28 cm−1,
respectively. The difference between the E12g and A1g mode peaks (Δk) is
∼22.65 cm−1, which corresponds to tri-layer MoS2 [46,47]. In the case
of the sample deposited using a 0.02M Mo source, the E12g and A1g

peaks are observed at ∼382.74 cm−1 and ∼405.87 cm−1, respectively,
with a Δk value of ∼23.13 cm−1, corresponding to tetra-layer MoS2
[48]. The Raman spectrum of the MoS2 atomic layer prepared with
0.03M precursor concentration contains E12g and A1g peaks at
∼383.48 cm−1 and ∼408.93 cm−1, respectively, with Δk, 25.45 cm−1,
corresponding to few-layered MoS2 [46,49]. The Raman spectra of
MoS2 atomic layers with 5, 10, 20, 30, and 45min deposition time
(0.03M precursor concentration and 90 °C bath temperature) are
shown in Fig. 1b. The two characteristic phonon modes of Raman
spectra are shown in the range of 382–385 cm−1 (E12g mode) and
407–410 cm−1 (A1g mode). As the deposition time increased, the in-
tensities of peaks as well as the layer thickness increased (Fig. 1b). The
formation of the MoS2 layer with a bath temperature 80 °C was also
investigated at different precursor concentrations and deposition times,
and the Raman spectra of the corresponding samples are given in Fig.
S1.

X-ray electron spectroscopy (XPS) analysis was performed to mea-
sure the Mo and S binding energies. For the MoS2 prepared by 0.01M
Mo source (5min deposition time and 90 °C bath temperature), Mo4+

3d peaks are observed at 227.9 and 231.2 eV (Fig. 2a), which are at-
tributed to the doublet of Mo4+ 3d5/2 and Mo4+ 3d3/2, respectively
[50], and a weak S 2s peak is observed at 225.3 eV (Fig. 2a). Further-
more, S 2p-related peaks are observed at 161.1 and 162.4 eV, arising
from S 2p3/2 and S 2p1/2, respectively (Fig. 2b). The binding energies
varied slightly with precursor concentrations, such as 0.02 and 0.03M,
which could be attributed to the increment in the number of layers. The
results are in good agreement with the reported values for MoS2 crystals
[51].

The surface morphologies of the MoS2 layers were investigated in
more detail using scanning electron microscopy (SEM), and the images
of MoS2 layers prepared using different Mo source concentration (90 °C
bath temperature and 5min deposition time) are shown in Fig. 3a–c. As
for the MoS2 layers prepared with 0.01M concentration Mo precursor, a
smooth surface consisting of spherical shaped grains without any ag-
glomeration was found (Fig. 3a), and uniformly distributed grains

became more discernible on the surface of the layers as the Mo con-
centration increased to 0.03M (Fig. 3b and c). These layers are compact
and dense, and the surfaces are free from pin-holes, cracks, and voids.
From these images, we confirm that the growth of MoS2 follows
homogeneous nucleation as the thickness of the layer increases. The
morphological evolution provides valuable insights into the surface
formation processes during the layer growth. Meanwhile, further in-
creased deposition time (30 and 45min at 0.03M Mo source and 90 °C
bath temperature) generates larger agglomerations of uniform spherical
grains with voids as shown in Fig. 3d and e. Additionally, the AFM
thickness profile spectra are provided in Fig. S2 with their 2D images
(inset of Fig. S2), and it was confirmed that the film thickness increased
with the deposition time.

The X-ray diffraction (XRD) patterns of MoS2 layers prepared with
different Mo source concentration (5min deposition time and 90 °C
bath temperature) are shown in Fig. 4a. The (002) lattice-oriented peak,
corresponding to the preferential orientation, is observed at
2θ=13.85°, which is in good agreement with previous results [52,53].
The XRD results provide convincing evidence confirming the MoS2
layer structure. The luminescence properties of the MoS2 atomic layers
were investigated by photoluminescence (PL) spectroscopy (Fig. 4b).
The PL spectra of MoS2 prepared with different Mo precursor con-
centration (5min deposition time and 90 °C bath temperature) are
shown in Fig. 4b. The PL spectrum of the MoS2 layer prepared using
0.01M Mo source contains a broad and intense luminescence peak at
705 nm (1.75 eV) and a smaller peak at 741 nm (1.66 eV) (Fig. 4b). The
main emission peak corresponds to the band gap of the materials, and
the latter peak could be attributed to the valence band splitting caused
by strong spin-orbit coupling, which corresponds to the direct excitonic
transition at the K-point of the Brillouin zone of MoS2 [54–56]. The
measured energy difference (∼0.09 eV) is in close agreement with that
in the literature [54,57]. Additionally, two sharp PL peaks at ∼572 and
580 nm were observed, and these are associated with the surface re-
combination of quantum-confined MoS2 [58,59] and the surface states
of the MoS2 [60,61]. Meanwhile, the luminescence peak intensity de-
creased with increasing precursor concentrations, which might be due
to the increase in the film thickness (Fig. 4b). The optical absorption of
the MoS2 atomic layer was investigated using UV-visible spectroscopy.
The absorption peaks, observed at 392, 451, 620, and 676 nm (Fig. 4c),
correspond to the characteristic absorption bands of earlier reported
MoS2 samples [62–65]. Excitonic peaks at 676 (A) and 620 nm (B),
arising from the K-point of the Brillouin zone, can be clearly seen, and
the threshold observed at ∼392 (D) and ∼ 451 nm (C) can be assigned
to the direct transition from the deep valence band to the conduction
band [59,66]. The absorption peaks observed in the near-UV region
(λ < 300 nm) can be attributed to the excitonic features of the MoS2

Fig. 1. Raman spectra of MoS2 layers prepared onto FTO substrates using (a) different concentration of Mo source at 5 min deposition time and 90 °C bath temperature and (b) different
deposition time at 0.03M Mo source and 90 °C bath temperature.
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[56]. The peaks are slightly red-shifted with an increase in the layer
thickness. The film transparency is diminished with increasing layer
thickness [55,67].

The current density–voltage (J–V) curves of DSSCs with MoS2/FTO
and Pt/FTO CEs were obtained under simulated solar illumination (AM
1.5G) with a light intensity of 100mW cm−2. A schematic representa-
tion of the DSSCs using MoS2/FTO CE is given in Fig. 5a. As summar-
ized in Table S1, the performances of MoS2/FTO CE-based DSSC were
maximized at 30min CBD deposition time condition (0.03M Mo source
and 90 °C bath temperature); that is, an efficiency of 7.14% (short
circuit current density (Jsc)= 15.92mA cm−2, open-circuit voltage

(Voc)= 0.73 V, and fill factor (FF)= 0.61), and these values are ap-
proaching those of a Pt/FTO CE with an efficiency of 8.73%
(Jsc = 17.84mA cm−2, Voc= 0.71 V, and FF= 0.69). The J-V char-
acteristic curves of DSSCs with MoS2/FTO and Pt/FTO CEs and their
performances under the same illumination conditions are represented
in Fig. 5b and Table 1.

The performances of DSSCs with MoS2-based CE were improved as
the deposition time increased, because the larger agglomerations of
uniform spherical grains, grown for longer deposition time (Fig. 3),
have a large surface area with numerous edge sites, which promote the
electrocatalytic activity. However, their performances were degraded

Fig. 2. XPS spectra of MoS2 layers prepared using
different Mo source concentrations at 5 min de-
position time and 90 °C bath temperature: (a) Mo
and S and (b) S atoms binding energy spectra.

Fig. 3. SEM images of MoS2 layers: (a–c) according to different Mo source concentrations (0.01–0.03M) at 5min deposition time and 90 °C bath temperature. (c–e) according to different
deposition time (5–45min) at 0.03M Mo source concentration and 90 °C bath temperature.
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with MoS2, grown for 45min deposition time. To understand the per-
formance degradation of MoS2/FTO CE-based DSSCs prepared by
longer deposition time condition (@ 45min), the structural properties
of the CBD-deposited MoS2 atomic layers, at different deposition time
(10–45min) conditions (with 0.03M Mo source concentration and
90 °C bath temperature), were further investigated by XRD patterns.
The preferential orientation of (002) peak intensity is slightly varied
with increase of deposition time as shown in Fig. S3. In addition to
preferential lattice plane, some novel peaks are emerged with increase
of deposition time. Due to increase of deposition time as well as layer
thickness of MoS2, different to the XRD pattern of 5min deposition
sample that have the preferentially oriented (002) peak (Fig. 4a), (004),
(102), (103), (006), (105), and (112) lattice planes of MoS2 were ad-
ditionally observed (JCPDS–87–2416) from those of 30min deposition
sample (Fig. S3). Moreover, as the deposition time was further in-
creased to 45min, (004) lattice orientation was exhibited as a pre-
ferential orientation and (104) and (106) lattice planes also became
discernible (Fig. S3), suggesting that layered MoS2 structure turned

toward bulk. In addition, (002) lattice oriented Mo2S3
(JCPDS–89–5113) phase peak (indicated with * in Fig. S3) was ob-
served in 45min deposition sample. Consequently, the longer deposi-
tion time (@ 45min) initiates the change of the layered structure to
bulk and the phase transformation from MoS2 to Mo2S3, as indicated in
the XRD patterns. This would directly decrease the number of active
sulfur site of MoS2 structure, which could affect its catalytic properties
significantly and degrade the performances of solar cells. Similarly, it
has been reported that the edge sites of the 2D material are highly

Fig. 4. (a) XRD patterns, (b) PL spectra and (c) UV-visible
spectroscopy spectra of MoS2 layers prepared with different
Mo source concentrations at 5 min deposition time and
90 °C bath temperature.

Fig. 5. (a) Schematic diagram of DSSCs using MoS2/FTO as
a CE; (b) J-V characteristics of DSSCs with MoS2/FTO and
Pt/FTO counter electrodes.

Table 1
Solar cell and EIS parameters of DSSCs with MoS2/FTO and Pt/FTO counter electrodes.

Type of CEs VOC

(V)
JSC
(mA·cm−2)

FF PCE
(%)

RS

(Ω·cm2)
RCT

(Ω·cm2)
EPP
(mV)

MoS2
(30min)

0.73 15.92 0.61 7.14 8.34 25.77 352

Pt 0.71 17.84 0.69 8.73 7.21 16.69 357
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active compared to the basal sites [68]. Meanwhile, the structural
change of MoS2 at longer deposition time conditions was further con-
firmed by the PL spectra (Fig. S4), and it was shown that the QD surface
state related peaks (∼580 nm) eventually disappeared in the MoS2
prepared at longer deposition times, unfavorable to their electro-
catalytic properties.

From the reflection peak width of XRD data, the crystal size of MoS2
layers (D) was determined by the Debye-Scherrer's relation using
equation (1); [69]

=D Kλ
β θcos (1)

where λ is the X-ray wavelength and K is the particle shape factor,
taken as 1 in all cases. β is defined as the line-broadening at half-
maximum of the peak (FWHM) after subtracting the instrumental line
broadening, and θ is the position (angle) of the peak. The estimated
values of crystallite size are 2.93, 2.94, 2.96, 2.97 and 3.17 nm for MoS2
prepared using 5, 10, 15, 20 and 30min, respectively. For these esti-
mations, the (002) preferential peak has been used. For 45min de-
posited MoS2, the crystallite size is enormously increased to 15.8 nm
which is predicted using (004) lattice preferential peak.

To investigate the electrocatalytic performance of our MoS2/FTO
CE, we carried out cyclic voltammogram (CV) using three electrode
system. For the evaluation of reaction kinetics and the electrocatalytic
activities of the MoS2/FTO and Pt/FTO CEs toward the reduction of −I3 ,
the CV measurements were conducted in a 3-methoxypropionitrile so-
lution consisting of 50mM LiI, 10mM I2, and 500mM LiClO4 at a scan
rate of 10mV s−1. From the CVs curves of MoS2/FTO and Pt/FTO and
CEs (Fig. 6a), two redox pairs were observed (Ox-1/Red-1, Ox-2/Red-
2), where the first pair is associated with the redox reaction of I3−/I−,
and the later pair is related to the redox reaction of I2/I3− [70]. The Ox-
1/Red-1 peaks correspond to the reaction shown in equation (2), while
the Ox-2/Red-2 peaks correspond to that shown in equation (3).

+ ↔
− − −I e I2 33 (2)

+ ↔
− −I e I3 2 22 3 (3)

Because the CE of a DSSC is responsible for catalyzing the reduction
of I3− to I−, the characteristic Ox-1 and Red-1 peaks are the focus of
our analysis. The value of anodic peak to cathodic peak separation
(Epp), an important parameter for comparing catalytic activities of
different CEs [71], was found to be less for the MoS2/FTO CE (352mV)
than that of Pt/FTO (357mV), indicating a comparable electrocatalytic
activity of MoS2/FTO CE for the reduction of I3− to that of Pt/FTO CE
(Fig. 6a and Table 1), and this is due to the large specific surface area
and more active edge sites of MoS2. The MoS2/FTO and Pt/FTO CEs
have cathodic peak potentials 0.355 and 0.365 V, respectively. Addi-
tional CVs were measured for the I3−/I− redox reaction of the MoS2
CEs at different scan rates (10–100mV s−1) (Fig. 6b), and it was con-
firmed that the current peak values increased linearly with the scan
rate, representing that the inner sites of MoS2 also became reactive and
were catalytically active [38,72]. To demonstrate the electrochemical
stability of MoS2 CE, CV was recorded for 50 consecutive cycles with a
potential ranging from −0.2–1 V. As shown in Fig. S5, even after 50
consecutive scans, the CV curve shapes of MoS2 CE were not noticeably
changed, and their redox peak current values (cathodic and anodic peak
current density) were almost constant, which suggested that the MoS2
CE had reversible redox activity, excellent electrochemical and che-
mical stability, and strong adhesion to the FTO glass substrate
[26,73–75]. The superior electrochemical stability of MoS2 CE is ex-
pected to provide long-term stability of solar cell devices [75].

To further elucidate the catalytic activities of different CEs on the
reduction of triiodide, electrochemical impedance spectroscopy (EIS)
experiments were carried out using symmetric cells fabricated with two
identical electrodes (CE/electrolyte/CE). The Nyquist plots (Fig. 6c) of
the symmetric cells with different CEs illustrate the impedance char-
acteristics, represented by semicircles, and the parameters are

Fig. 6. (a) CVs of I3−/I− redox system using MoS2/FTO and Pt/FTO CEs (scan rate of 10mV s−1). (b) CVs of I3−/I− redox system using MoS2/FTO CEs at various scan rate
(10–100mV s−1). (c) Nyquist plots of MoS2/FTO and Pt/FTO CEs with inset as an equivalent circuit. (d) Tafel polarization curves of symmetrical cells with MoS2/FTO and Pt/FTO CEs.
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summarized in Table 1. According to the Randles-type circuit (inset of
Fig. 6c), the frequency intercept on the real axis represents the series
resistance (RS). The estimated RS value of the MoS2/FTO is at
8.34Ω cm2, which is a closer value to that of a Pt/FTO electrode
(7.21Ω cm2). The semicircle indicates the charge-transfer resistance
(RCT) and the corresponding capacitance (CPE) in the charge-transfer
process for reduction of triiodide at the electrolyte/CE interface. The
Nernst diffusion impedance (ZW) represents the I−/I3− redox couple
transport in the electrolyte. The estimated RCT values of the MoS2/FTO
and Pt/FTO CEs are 25.77 and 16.69Ω cm2, respectively.

Fig. 6d shows the Tafel polarization curves of the symmetric cells
prepared by MoS2/FTO and Pt/FTO CEs. The tangent slope of the
anodic or cathodic branches of Tafel curve provides information about
the exchange current density, which is closely associated with the
electrolyte/CE interface resistance value. A larger slope in the anodic or
cathodic branch gives a higher exchange current density on the elec-
trode, representing higher electrocatalytic activity and lower charge-
transfer resistance at the electrolyte/CE interface. Fig. 6d demonstrates
that the catalytic activity of MoS2/FTO CE is comparable to that of Pt/
FTO CE. From the aforementioned results, we could confirm that the
controlled growth of MoS2 on FTO would be beneficial to develop a
low-cost and efficient electrocatalytic CE for DSSCs.

4. Conclusions

According to CV, EIS, and the Tafel analyses, the layered structure
of MoS2, prepared by the facile solution-based CBD method, had out-
standing electrocatalytic activities. The MoS2 layers have a high specific
surface area and numerous edge active sites, which increase the elec-
trocatalytic behavior. Finally, a DSSC assembled with the MoS2/FTO CE
exhibited an excellent PCE of 7.14%, approaching that of a DSSC with a
conventional Pt/FTO CE (8.73%). This work demonstrates that the
layered MoS2 on FTO grown by CBD could be a low-cost alternative to
expensive Pt-containing DSSCs.
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