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ABSTRACT: Novel polymorphic MoxW1−xTe2-based counter
electrodes possess high carrier mobility, phase-dependent lattice
distortion, and surface charge density wave to boost the charge-
transfer kinetics and electrocatalytic activity in dye-sensitized solar
cells (DSSCs). Here, we report the syntheses of stoichiometry-
controlled binary and ternary MoxW1−xTe2 nanowhiskers directly
on carbon cloth (CC), denoted by MoxW1−xTe2/CC, with an
atmospheric chemical vapor deposition technique. The synthesized
MoxW1−xTe2/CC samples, including 1T′-MoTe2/CC, Td-WTe2/
CC, Td-Mo0.26W0.73Te2.01/CC, and 1T′- & Td-Mo0.66W0.32Te2.02/
CC, were then employed as different counter electrodes to study
their electrochemical activities and efficiencies in DSSCs. The
photovoltaic parameter analysis manifests that MoxW1−xTe2/CCs
are more stable than a standard Pt/CC in the I−/I3

− electrolyte examined by cyclic voltammetry over 100 cycles. A 1T′- & Td-
Mo0.66W0.32Te2.02/CC-based DSSC can achieve a photocurrent density of 16.29 mA cm−2, a maximum incident photon-to-electron
conversion efficiency of 90% at 550 nm excitation, and an efficiency of 9.40%, as compared with 8.93% of the Pt/CC counterpart.
Moreover, the 1T′- & Td-Mo0.66W0.32Te2.02/CC shows lower charge-transfer resistance (0.62 Ω cm2) than a standard Pt/CC (1.19 Ω
cm2) in electrocatalytic reactions. Notably, MoxW1−xTe2 nanowhiskers act as an electron expressway by shortening the path of
carrier transportation in the axial direction from a counter electrode to electrolytic ions to enhance the reaction kinetics in DSSCs.
This work demonstrates that the nanowhisker-structured 1T′- & Td-Mo0.66W0.32Te2.02/CC with high carrier mobility and robust
surface states can serve as a highly efficient counter electrode in DSSCs to replace the conventional Pt counter electrode for
electrocatalytic applications.
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■ INTRODUCTION

The development of dye-sensitized solar cells (DSSCs) has
revolutionized the third-generation photovoltaic technology by
achieving efficient solar-energy conversion, low-cost large-scale
processing, and facile fabrication methodology.1,2 Despite the
rise of various highly efficient architectures for solar cells,3−6 a
large scale of research has been conducted for boosting the
efficiency of DSSCs with durable and low-cost novel functional
materials.7−12 In DSSCs, a counter electrode (CE) is crucial
and has a vital influence on the photovoltaic performance. A
competent CE should have eminent electrical conductivity,
large surface area, excellent electrocatalytic activity, and reliable
electrochemical and mechanical stabilities.13−15 Platinum (Pt)
is a popular CE material for DSSCs;16 however, its scarcity and
expensiveness have sparked research for other alternative
sources. Up to now, a wide range of electrocatalytic materials
has been explored for electrocatalytic applications,17−21

including the transition metal dichalcogenides (TMDs) of
MX2 (M = Mo or W and X = S, Se, Te, etc.).22−26 These two-

dimensional (2D) TMDs of strong intralayer covalent bonds
and weak interlayer van der Waals interaction27 possess
excellent electrical conductivity and large surface area, which
are ideal candidates to be used as CEs in DSSC devices.28

For TMD-based electrocatalysts to assist the redox reactions
in DSSCs, a constant electron supply on the TMD surface can
benefit electrochemical activity significantly. Among various
TMD crystals, although the metallic 1T phase is unstable and
could make an easy transition into the semiconducting 2H
phase, the 1T phase exhibits better electrocatalytic activity than
the 2H phase because the high carrier mobility in the metallic
1T materials reduces the energy loss during redox
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reactions.29,30 Nevertheless, recent studies predicted that Weyl
semi-metals (WSMs) hold high carrier mobility31,32 and can be
an excellent candidate for electrocatalysts where the WSM
surfaces containing robust topological states can act as long-
term stable catalytic planes.30,33,34 In WSMs, the valence and
conduction bands cross near the Fermi energy level, called
Weyl points, which can enhance carrier mobility and exhibit
robust metallic surface states.32,35 In the electrocatalytic
processes of DSSCs, a dense flow of electrons and holes is
favorable for redox reactions. In addition, the high mobilities of
charge carriers can not only accelerate charge transfers to
enhance reaction kinetics at the CE but also reduce electron−
hole recombinations at the photoanode by the rapid separation
of electron−hole pairs.32 Moreover, the topological states of a
WSM protect the semi-metallic surface from contamination,
which is one of the significant challenges encountered in
electrocatalysis.36

Among WSMs, both MoTe2 and WTe2 of various crystal
phases, thicknesses, and morphologies have shown their
catalytic abilities in electrochemical applications.35−40 Interest-
ingly, the MoxW1−xTe2 alloys by doping Mo into the WTe2
crystal were theoretically predicted41 and spectroscopically
proven42 to be able to possess polymorphic WSMs and tunable
topological surface states. The structures of Te-based
compounds exhibit polymorphism with diverse electronic
properties in different crystal phases, including the 2H
semiconductor (hexagonal, space group P63/mmc), 1T′
semi-metal (monoclinic, space group P21/m), and Td semi-
metal (orthorhombic, space group Pmn21).

42−44 Based on
theoretical, crystallographic, and spectroscopic analyses, the
stoichiometry-dependent MoxW1−xTe2 crystal exhibits the 1T′
phase at x ≥ 0.96 and the Td phase at x ≤ 0.37 (Figure 1a) but
a mixture of 1T′ + Td phases for the intermediate compositions
of 0.37 < x < 0.96.42,45 It is noted that 1T′-MoxW1−xTe2 (x ≥

0.96) is unstable and easily gives rise to a phase transition to
the 2H phase.41 In our previous work, we demonstrated that
semi-metallic Td-MoxW1−xTe2 nanosheets hold high carrier
mobility and act as efficient electrocatalysts in DSSCs.46

To explore the electrochemical activities of this Te-based
alloy system, we fabricated one-dimensional (1D) binary and
ternary MoxW1−xTe2 nanowhiskers with semi-metallic 1T′ or
Td phase and made comparative analysis for their catalytic
efficiencies in electrochemical reactions. Notably, 1D nano-
structures not only enhance the carrier collection ability by
exposing more active sites than 2D-layered structures but also
act as an electron expressway by shortening the path of carrier
transportation in the axial direction.47−49 In this work, we
synthesized stoichiometry-controlled MoxW1−xTe2 nano-
whiskers, which were further employed as competent electro-
catalytic CEs in a Pt-free DSSC. We established an
atmospheric chemical vapor deposition (APCVD) system to
grow stoichiometry-controlled MoxW1−xTe2 nanowhiskers
directly on carbon cloth (CC) substrates (denoted by
MoxW1−xTe2/CC). We then conducted the structural
characterization and compositional analysis for the as-grown
MoxW1−xTe2 nanowhiskers followed by employing these
MoxW1−xTe2/CCs as CEs in a DSSC to investigate their
electrocatalytic performance. From our studies, the stoichiom-
etry-tuned MoxW1−xTe2 nanowhisker-based CEs exhibited the
minimal charge-transfer resistance and enhanced the power
conversion efficiency of 9.4%, comparable to a standard Pt CE
under the same experimental conditions.

■ EXPERIMENTAL METHODS
Synthesis of MoxW1−xTe2 Nanowhiskers. An APCVD system,

equipped with a three-zone tube furnace (Thermocraft Inc. Winston
N.C, USA) and a 1″ quartz tube, was utilized to synthesize
MoxW1−xTe2/CC. Before the APCVD reactions, CC was soaked

Figure 1. (a) A layered structure of the MoxW1−xTe2 crystal possesses the Td or 1T′ phase in which the red dotted box indicates a unit cell. (b)
APCVD experimental setup for the growth of MoxW1−xTe2 nanowhiskers is represented. The SEM images of (c) MoTe2, (d) Mo0.26W0.73Te2.01, (e)
Mo0.66W0.32Te2.02, and (f) WTe2 nanowhiskers decorated on CC substrates are presented. The detailed structures of MoxW1−xTe2 nanowhiskers on
a CC fiber, marked by the dashed circles in the top panels, are highlighted in the bottom panels.
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into a 95−97% H2SO4 solution for 1 week and then washed with
deionized water, ethanol, and isopropanol sequentially. The CC
substrates on a ceramic boat were loaded into the quartz tube and
placed downstream in the APCVD furnace. The ceramic boat
contained the chemical precursors with an adjustable stoichiometric
(molar) ratio between MoO3 and a mixture of WO3, WCl6, and Te
with the weight ratio of 1:1:1 (source I). In the quartz tube, an excess
of 200 mg Te powder (source II) was placed upstream relative to the
mixture of chemical precursors. After the quartz tube was flushed with
Ar twice, the reaction chamber was evacuated to 20 mTorr and then
filled with Ar (at 50 sccm) to 760 Torr. While heating source I to 825
°C, source II was heated to 550 °C and H2 (at 7 sccm) was
introduced at 760 °C to assist the reduction of the metal oxides. After
the growth of nanowhiskers for 15 min, the H2 supply was turned off
followed by an Ar flow (600 sccm). Meanwhile, the rapid cooling of
the substrates was performed by drawing the growth substrate quickly
out of the hot zone of the furnace with the assistance of a magnet. The
as-synthesized samples were kept in vacuum for further structural
characterizations. The MoxW1−xTe2 nanowhiskers of different
composition ratios were synthesized following the same procedures
by changing the stoichiometric ratios of the alloys.
Structural Characterizations. Surface morphology and elemen-

tal mapping of the as-grown MoxW1−xTe2 nanowhiskers were
conducted in a scanning electron microscope (Jeol JSM-7800F)
with an energy-dispersive spectroscopy (EDS) detector. The X-ray
diffraction (XRD) experiments at λ = 0.1377 nm were carried out
with the beamline BL17B at the Taiwan light source, National
Synchrotron Radiation Research Center (NSRRC) Facility, Taiwan.
X-ray photoelectron spectroscopy (XPS) was performed using an
ESCA spectrometer (VG Scientific, Escalab 250) equipped with a
monochromatic X-ray source (1486.6 eV Al Kα) and CASA XPS
software (v.2.3.17, Casa Software Ltd., Wilmslow, U.K.) was used to
analyze the spectra. The binding energies of the observed signals were
calibrated against the carbon C 1s peak at 284.8 eV. The Shirley−
Sherwood method was employed to subtract the background. Raman
spectra were acquired in a microRaman spectrometer (Horiba,
LabRAM HR Evolution), including an optical microscope (Olympus,
CX41), a grating of 1800 grooves/mm, a detector (Jobin Won
Horiba, SDrive-500 Syncernity), and a 532 nm laser for excitation.
Frequency calibration of the observed Raman signals was assisted by
the peak of Si at 520 cm−1. High-resolution transmission electron
microscopy (HR-TEM) was conducted in a transmission electron
microscope (JEOL, JEM-2100F) with an operating voltage of 200 kV.
DSSC Fabrication. A cleaned fluorine-doped SnO2 (FTO)

conducting glass substrate (TEC-7, 10 Ω sq-1, NSG America), a
scattering layer (∼4 μm in thickness), a transparent layer (∼10 μm in
thickness), and a compact layer (∼100 nm in thickness) of TiO2 were
used as the photoanode. Each TiO2 layer was sintered at 500 °C for
30 min under an ambient condition. The TiO2 electrode was then
immersed in a dye solution (500 μM N719 in a mixed solvent of
acetonitrile and tert-butyl alcohol with the volume ratio of 1:1) for 24
h. The as-prepared dye-sensitized TiO2 photoanode and a CE were
used to fabricate the DSSC device with a cell gap of 60 μm by using a
Surlyn film as the spacer (Solaronix S.A., Switzerland). The electrolyte
used for DSSC measurements contained 0.5 M 4-tert-butylpyridine
(TBP), guanidine thiocyanate (GuSCN), 0.35 M I2, 0.1 M, and 1.2 M
1,2-dimethyl-3-propylimidazolium iodide (DMPII) in 3-methoxypro-
pionitrile (MPN)/acetonitrile (ACN) (with the volume ratio of 8:2).

■ RESULTS AND DISCUSSION

A three-zone tube furnace was employed to synthesize
stoichiometry-controlled MoxW1−xTe2 nanowhiskers by prop-
erly selecting the stoichiometric ratios of chemical precursors.
The ternary MoxW1−xTe2 nanowhiskers were grown at 820 °C
on a CC substrate followed by rapid cooling after the growth at
a rate of 90 °C min−1 to preserve the crystal phase formed
during the APCVD reaction (especially to prevent the phase
transition from 1T′ to 2H). The APCVD system used for the

growth of MoxW1−xTe2 nanowhiskers is illustrated in Figure
1B with the synthesis procedures for different stoichiometric
ratios given in Experimental Methods and Section S1 of the
Supporting Information. The detailed chemical processes of
growing MoxW1−xTe2 crystals in the APCVD reactions can be
found in our earlier publication.50 With this synthetic method,
MoxW1−xTe2 nanowhiskers were grown on carbon fibers
(Figure S2a−f of Section S2 of the Supporting Information).
The formation of nanowhiskers could have followed the self-
catalyzing vapor−solid−solid (VSS) model,51−53 but the
growth mechanism needs further investigation. Shown in
Figure 1c−f are the SEM images of the as-grown MoxW1−xTe2
nanowhiskers with four different stoichiometric ratios (x = 0,
0.26, 0.66, and 1) where MoxW1−xTe2 nanowhiskers of ∼400
nm in length were grown densely on CC fibers (also see Figure
S2a−c of the Supporting Information).
Figure 2a shows the energy-independent synchrotron XRD

spectra of Td-Mo0.26W0.73Te2/CC and 1T′ & Td-

Mo0.66W0.32Te2.02 nanowhiskers plotted in q space (q = π
λ

θ4 sin

) where θ is the Bragg’s diffraction angle and λ is the
wavelength of the X-ray radiation. The data analysis shows the
(002), (004), (006), and (008) peaks with a significant reflex
along (002), featuring the preferred growth direction of

Figure 2. (a) The observed synchrotron XRD spectra of Td-
Mo0.26W0.73Te2.01/CC (red) and 1T′ & Td-Mo0.66W0.32Te2.02 (blue)
were analyzed to obtain the crystalline domain sizes of 21.6 and 15.9
nm, respectively. (b) The observed XPS spectra of Td-
Mo0.26W0.73Te2.01 (top traces) and 1T′- & Td-Mo0.66W0.32Te2.02
(bottom traces) exhibit the Mo 3d, W 4f, and Te 3d levels. In Td-
Mo0.26W0.73Te2.01, the binding energies include 228.69 (3d5/2) and
231.85 eV (3d3/2) for Mo, 32.19 (4f7/2) and 34.33 eV (4f5/2) for W,
and 573.60 (3d5/2) and 583.96 eV (3d3/2) for Te. Similarly, in 1T′- &
Td-Mo0.66W0.32Te2.02, the binding energies observed are 228.94
(3d5/2) and 232.17 eV (3d3/2) for Mo, 32.46 (4f7/2) and 34.65 eV
(4f5/2) for W, and 573.90 (3d5/2) and 584.29 eV (3d3/2) for Te. (c)
Raman spectra of the as-synthesized WTe2 (green), Td-
Mo0.26W0.73Te2.01(red), 1T′- & Td-Mo0.66W0.32Te2.02 (blue), and
MoTe2 (orange) nanowhiskers. The vertical grey dotted lines are a
guide to the eye for inspecting the spectral shifts of A2

2, A1
3, A1

5, A1
7 and

A1
11 with respect to MoTe2 and A1

9 to WTe2.
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MoxW1−xTe2/CC nanowhiskers in a specific crystallographic
orientation. The peak positions in the XRD spectra obtained in
this work are similar to the powder diffraction file data of 01-
071-2156 and 01-071-2157. Compared with the peak
intensities of Td-Mo0.26W0.73Te2/CC in the XRD spectrum,
an intensity drop was observed in 1T′ & Td-Mo0.66W0.32Te2.02,
indicating the reduced crystallinity due to the mixed phases in
the sample. The (002) signal of 1T′ & Td-Mo0.66W0.32Te2.02/
CC shows a peak shift of 0.05° to the lower angle side and a
peak broadening, relative to Td-Mo0.26W0.73Te2.01/CC, reveal-
ing different crystalline domain sizes of the two samples. The
asymmetric line shape of (004) with a shoulder at the lower
angle side is contributed from the carbon cloth.54 The peak
broadening due to the reduced domain size, D, has been
calculated using the Scherrer’s formula of D = Kλ/βcosθ where
K denotes the Scherrer’s constant of 0.9 and β is the full width
at half-maximum (FWHM, in radians) of the peak. The
FWHMs of (002) are 0.33° for Td-Mo0.26W0.73Te2.01/CC and

0.45° for 1T′ & Td-Mo0.66W0.32Te2.02, corresponding to the
calculated domain sizes of 21.6 and 15.9 nm, respectively. As
compared to Td-Mo0.26W0.73Te2.01/CC, the reduced domain
size in 1T′ & Td-Mo0.66W0.32Te2.02 thus provides more grain
boundaries, giving rise to more seeding locations for a higher
density of whisker growth. Moreover, it has been studied55 that
the domain size affects the surface charge density wave
(SCDW) dynamics where the smaller domains result in the
larger SCDW amplitudes. As a representative example, the
Peierls-type lattice distortion and the presence of SCDW in
1T′-MoTe2 were reported to enhance electrocatalytic
activity.17 In this study, 1T′ & Td-Mo0.66W0.32Te2.02/CC
owns the higher composition ratio of MoTe2 in the alloy, a
smaller domain size, and likely the more enhanced SCDW than
Td-Mo0.26W0.73Te2.01/CC, consequently leading to the better
electrocatalytic performance of 1T′ & Td-Mo0.66W0.32Te2.02/
CC, as will be demonstrated in the following sections.

Figure 3. (a−d) Compositional analysis and crystal characterization of Td-Mo0.26W0.73Te2.01 nanowhiskers. (a) EDS spectrum of a Td-
Mo0.26W0.73Te2.01 nanowhisker (with its TEM image presented in the inset) shows the constituent elements of Mo, W, and Te. The Cu signals in
the EDS spectrum are due to the Cu TEM grid. (b) EDS mappings (rightmost column) of the green demarcated region in the SEM image (left
panel) show the uniform elemental distributions (Mo, W, and Te) along the CC fiber. (c) HR-TEM image displays the lattice spacings along the a-
and b-axes, respectively. (d) SAED pattern along the <001> direction shows an orthorhombic crystal. (e−h) The compositional analysis and crystal
characterization of 1T′- & Td-Mo0.66W0.32Te2.02 nanowhiskers were conducted following the same procedures presented in panels (a−d) for Td-
Mo0.26W0.73Te2.01 nanowhiskers. (g) HR-TEM image of 1T′- & Td-Mo0.66W0.32Te2.02 nanowhiskers. The image of the region marked by a green
dashed square is magnified in the inset to show the tilting b-axis, highlighted by the nonlinear red−blue dotted lines. (h) SAED pattern along the
<001> direction demonstrates the co-existence of the orthorhombic (Td) and monoclinic (1T′) phases with a tilt angle of 4° between both phases.
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The elemental compositions of the as-grown MoxW1−xTe2/
CC were determined by XPS. Shown in Figure 2b are the XPS
spectra of MoxW1−xTe2 nanowhiskers, including the doublets
resulted from the spin−orbit couplings in Mo, W, and Te,
respectively. The elemental compositions were determined
quantitatively by integrating the peak intensities of Mo 3d5/2,
W 4f7/2, and Te 3d5/2 with individual atomic sensitive factors
considered, i.e., 1.66 for Mo 3d5/2, 1.76 for W 4f7/2, and 5.71
for Te 3d5/2. The composition ratios of the synthesized
nanowhiskers were determined to be Mo0.26W0.73Te2.01 and
Mo0.66W0.32Te2.02 of which the crystal phases correspond to a
pure Td and a mixture of 1T′ & Td phases, respectively,
according to the previous studies.21,45 The observed blue shift
of ∼0.3 eV and spectral broadening in 1T′ & Td-
Mo0 . 6 6W0 . 3 2T e 2 . 0 2 /CC , a s compa r ed w i t h Td -
Mo0.26W0.73Te2.01, support the co-existence of the Td and 1T′
phases.21 In addition, the XPS spectra of the as-grown MoTe2
and WTe2 nanowhiskers are also presented in Figure S3 of the
Supporting Information.
The phase identification and alloy features of the as-

synthesized MoxW1−xTe2 nanowhiskers were further examined
by Raman spectroscopy (Figure 2c). We identified the phonon
modes of MoTe2 nanowhiskers at 83 (A2

2), 105 (A1
3), 126 (A1

5),
161 (A1

7), and 262 cm−1 (A1
11) and those of WTe2

nanowhiskers at 82 (A2
2), 107 (A1

3), 131 (A1
5), 160 (A1

7), and
208 cm−1 (A1

9) in which the spectral assignments are consistent
with the literature reports.20,48 Both Td-Mo0.26W0.73Te2.01 and
1T′ & Td-Mo0.66W0.32Te2.02/CC have a similar vibrational
pattern consisting of a strong A1

7 band and an intermediate A1
9

band with their intensities proportional to the composition
ratios of Mo:W.42,45

To characterize the crystal structures, HR-TEM was used to
investigate Td-Mo0.26W0.73Te2.01 (Figure 3a−d) and 1T′ & Td-
Mo0.66W0.32Te2.02/CC (Figure 3e−h). The elemental compo-
sitions of Mo, W, and Te in Td-Mo0.26W0.73Te2.01 were
examined by EDS (Figure 3a), and the uniform distribution
of constituent elements in the nanowhiskers decorated on CC
fibers was demonstrated by EDS mapping (Figure 3b). The
HR-TEM image shows the lattice constants of a = 0.62 nm and
b = 0.35 nm for the orthorhombic Td crystal (Figure 3c) in
which the lattice spacings are further supported by the plot
profiles along the a- and b-axes (Figure S4a of the Supporting
Information). The structural uniformity and high crystallinity
over a wide area are supported by the selected area electron
diffraction (SAED) pattern along <001> where the observed
lattices in the 90° orientation (β value) once more support an
orthorhombic crystal structure (Figure 3d). Similarly, the EDS
spectrum and mappings also show the uniform elemental
distributions of 1T′ & Td-Mo0.66W0.32Te2.02 nanowhiskers along
the CC fibers (Figure 3e,f). The HR-TEM image in Figure 3g
shows the co-existence of orthorhombic (Td) and monoclinic
(1T′) crystals in 1T′ & Td-Mo0.66W0.32Te2.02 nanowhiskers of
which the structural analysis is consistent with our earlier
results observed by XPS and Raman spectroscopy.
Although the HR-TEM image (Figure 3g) of 1T′ & Td-

Mo0.66W0.32Te2.02 shows similar lattice constants to those of the
Td phase (see the lattice plot profiles in Figure S4b of the
Supporting Information), the b-axis was found to tilt (with a
magnified image represented in the inset of Figure 3g for the
region demarcated by a green dotted square), suggesting the
presence of an additional phase. This observation is consistent
with the literature report that both Td and 1T′ phases have
similar lattice spacings but differ in the β values by ∼4°.56 In

Figure 3h, the analysis for the SAED pattern of 1T′ & Td-
Mo0.66W0.32Te2.02 nanowhiskers reveals that the Td and 1T′
phases co-exist in the crystal with a tilt angle of ∼4°, giving a β
value of ∼94°. The HR-TEM images and SAED patterns of
both MoTe2 and WTe2 are also presented in Figure S5 of the
Supporting Information.
To evaluate the electrocatalytic performance of the as-grown

MoxW1−xTe2/CCs used as different CEs in a DSSC, we
conducted the parameter measurements in a custom-made
DSSC system. As illustrated in Figure 4a, the DSSC system

consists of a TiO2 nanoparticle-coated fluorine-doped SnO2
(FTO) photoanode decorated with N719 dye molecules and a
MoxW1−xTe2/CC CE to assist the electrocatalytic performance
in the iodide/triiodide (denoted by I−/I3

−) redox reaction.
Upon sunlight illumination, the N719 dye absorbs photons
followed by injecting the excited electrons to the conduction
band of the TiO2 of a mesoporous network. Transported by
the FTO substrate, the migrating electrons transfer to the
MoxW1−xTe2/CC-based CE through an external electrical load
and subsequently pass over to the I−/I3

− electrolyte. At this
stage, the oxidized N719 dye molecules, induced by the
photoexcitation, are restored by the electron transfer from the
electrolytic iodide/triiodide oxidation (i.e., 3I− → I3

− + 2e−).
The I− ions are further regenerated on the MoxW1−xTe2/CC
CE surface via the reduction reaction of I3

− + 2e− → 3I− to
make the circuit completed. An energy band diagram to
present this oxide/dye/electrolyte/electrocatalyst (i.e., TiO2/
N719/I−/MoxW1−xTe2/CC) system and the charge transfers

Figure 4. (a) An illustration represents the DSSC system used in this
study, which consists of a TiO2 nanoparticle-coated FTO photoanode
decorated with N719 dye molecules and a MoxW1−xTe2/CC CE for
the reduction of I3

− ions. (b) An energy band diagram depicts the
respective components in the DSSC system (S0: the ground electronic
state (HOMO), S+: the hole left after photoexcitation, and S*: the
excited state (LUMO) of the dye molecule).
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of electrons and holes involved in the whole system through
these interfaces are illustrated in Figure 4b.
Within the DSSC system, a CE is used for the reduction of

I3
− ions, i.e., I3

− + 2e− → 3I−; the electrocatalytic ability of the
CE is studied by cyclic voltammetry (CV) analysis. Herein, we
investigated the electrocatalytic ability of five CEs, including
P t/CC , 1T ′ - & Td -Mo0 . 6 6W0 . 3 2Te 2 . 0 2 /CC , Td -
Mo0.26W0.73Te2.01/CC, MoTe2/CC, and WTe2/CC (repre-
sented as the five tested CEs hereafter). As shown in Figure 5a,

the higher cathodic peak current density (JPC) reflects the
better electrocatalytic activity for the reduction of I3

−ions. The
JPC values of the five tested CEs follow the order of 1T′- & Td-
Mo0 . 6 6W0 . 3 2Te2 . 0 2/CC (−2.73 mA cm− 2) > Td -
Mo0.26W0.73Te2.01/CC (−2.66 mA cm−2) > Pt/CC (−2.03
mA cm−2) > MoTe2/CC (−1.87 mA cm−2) > WTe2/CC
(−1.32 mA cm−2). The separation (ΔEp) between the
oxidation and reduction peaks shows an order of Td-
Mo0.26W0.73Te2.01/CC (0.50 V) > WTe2/CC (0.47 V) > 1T′-
& Td- Mo0.66W0.32Te2.02/CC (0.46 V) > MoTe2/CC (0.42 V)
≈ Pt/CC (0.42 V). We found that the ΔEp value of the Mo-
rich sample is closer to that of the Pt/CC sample; however, the
mechanism for this outcome needs further investigation. A
comparative electrocatalytic performance of Pt on an FTO
substrate is also shown in Figure S6 and Table S1 of the
Supporting Information.
The poor electrocatalytic activities of the binary compounds

of MoxW1−xTe2/CC (i.e., x = 1 for MoTe2/CC and x = 0 for
WTe2/CC), as compared with the ternary compounds of Td-
Mo0.26W0.73Te2.01/CC and 1T′- & Td-Mo0.66W0.32Te2.02/CC,
can be explained by the following reasons. As mentioned

earlier, the easy phase transition from 1T′ to 2H occurs at
MoxW1−xTe2 (x ≥ 0.96), making MoTe2 a semiconductor
rather than a semi-metal. On the other hand, WTe2 is subject
to oxidation under an ambient condition, consequently
deteriorating its electrocatalytic ability. In contrast, the ternary
compounds of WSM MoxW1−xTe2 alloys are highly stable
against phase transition and surface oxidation. Compared with
a Pt/CC, the larger JPC of the ternary MoxW1−xTe2 CEs could
be due to the larger surface areas contributed from the
vertically aligned WSM MoxW1−xTe2 nanowhiskers on CC
fibers. These MoxW1−xTe2/CC CEs with large surface areas
and semi-metallic nature become an effective candidate to
replace Pt in electrocatalysis. Furthermore, 1T′- & Td-
Mo0.66W0.32Te2.02/CC shows a slightly higher JPC than that of
the Td-Mo0.26W0.73Te2.01/CC. Accordingly, the superior cell
efficiency of a 1T′- & Td-Mo0.66W0.32Te2.02/CC CE in DCCSs
can be expected.
Next, the photovoltaic performance of the five tested CEs

was investigated with their photocurrent density versus voltage
(J−V) curves shown in Figure 5b. The photovoltaic parameter
analysis for the photocurrent density (JSC) indicates that 1T′-
& Td-Mo0.66W0.32Te2.02/CC (16.29 mA cm−2) is higher than
Td-Mo0.26W0.73Te2.01/CC (16.01 mA cm−2) and Pt/CC (15.57
mA cm−2). Meanwhile, MoTe2 and WTe2 exhibit much lower
JSC values of 13.54 and 13.78 mA cm−2, respectively. The
higher JSC values of MoxW1−xTe2/CC are again ascribed to the
vertically aligned nanowhiskers on CC fibers to gain more
surface areas for electrocatalysis, as compared with the
constrained electrocatalytic surface area of the sputtered Pt
layer. In the DSSC test, the MoTe2/CC- and WTe2/CC-based
CEs show relatively low efficiencies (η) of 6.97 and 7.27%,
respectively. In contrast to the η = 8.79% of Td-
Mo0.26W0.73Te2 .01/CC CE, the η of 1T′ - & Td-
Mo0.66W0.32Te2.02/CC CE reaches 9.40%, which is ∼5% higher
than that (8.93%) of a standard Pt/CC CE. The electro-
catalytic efficiencies of MoxW1−xTe2 nanowhiskers with
different stoichiometric ratios decorated on CC fibers are
compared in Figure S7 of the Supporting Information. The
best η of a 1T′- & Td-Mo0.66W0.32Te2.02/CC CE stems from the
fact that the vertically-aligned 1T′- & Td-Mo0.66W0.32Te2.02
nanowhiskers on CC fibers provide not only large electro-
catalytic areas but also efficient charge transfers via nano-
whiskers for the reduction of I3

− + 2e− → 3I−. Furthermore, the
semi-metallic 1T′- & Td-Mo0.66W0.32Te2.02 nanowhiskers hold
high charge mobility and demonstrate robust WSM surface
states to boost the charge transport from the CE surface to the
redox ions in a DSSC, thereby enhancing the reaction kinetics
and acting as the best CE among the five tested samples. For
the power conversion efficiency in a DSSC, the 1T′- & Td-
Mo0.66W0.32Te2.02/CC CE is superior to the recently reported
thin films or heterostructures of a MoTe2-based CE.40,57

Notwithstanding the reported efficiencies of the CoSe2 coated
on CC (or a nickel foam) to own η = 9.87% (or 10.46%),27 the
electrocatalytic efficiency of MoxW1−xTe2 nanowhiskers can be
further enhanced by decorating on various supporting
substrates, e.g., graphene hybrids, polymer composites, etc.
In Figure 5c, the incident photon-to-electron conversion

efficiency (IPCE) of a DSSC comprising one of the five tested
CEs was measured. The calculated photocurrent densities
(JIPCE) are summarized in Figure 5c by integrating IPCE with
the AM 1.5G solar light spectrum. In the DSSC applications, it
is noted that the increasing order of the JIPCE values, MoTe2/
CC (13.41 mA cm−2) < WTe2/CC (13.65 mA cm−2) < Pt/CC

Figure 5. (a) The CV plots were measured for the five tested CEs to
compare with the standard Pt/CC electrode. (b) The photocurrent
density-voltage (J−V) curves with AM 1.5G illumination at 100 mW
cm−2 and (c) their corresponding IPCE curves are measured. (d) A
schematic illustration represents the symmetric cell employed in the
EIS measurements. Comparisons of (e) EIS measurements and (f)
Tafel analyses are made for a symmetric cell fabricated with 1T′- &
Td-Mo0.66W0.32Te2.02/CC or Pt/CC on both the anode and cathode.
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(15.40 mA cm−2) < Td-Mo0.26W0.73Te2.01/CC (15.82 mA
cm−2) < 1T′- & Td-Mo0.66W0.32Te2.02/CC (16.17 mA cm−2),
agrees with the above JSC values in the J−V curves shown in
Figure 5b and Table 1. Moreover, the photovoltaic perform-

ance of 1T′- & Td-Mo0.66W0.32Te2.02 nanowhisker-fabricated
CEs in a DSSC is reproducible as tested in Figure S8 and
Table S2 of the Supporting Information.
The interfacial charge-transfer kinetics on the CEs of a

DSSC was investigated by electrochemical impedance spec-
troscopy (EIS). Figure 5d shows a symmetric dummy cell with
its equivalent circuit model to analyze the measured EIS
data.58−60 In this test, we compared the best selected 1T′ & Td-
Mo0.66W0.32Te2.02/CC with a standard Pt/CC using a
symmetric cell where both the anode and cathode were
made with the same electrocatalyst. The FRA2 module was
controlled with an AC amplitude of ±10 mV in an open-circuit
condition at a frequency between 10 mHz and 100 kHz.
Generally, the EIS spectrum of a symmetrical dummy cell
should exhibit two semicircles within the frequency range of
measurements. The first semicircle represents the charge-
transfer resistance at the interface of electrode/electrolyte
(Rct), and the second semicircle refers to the Warburg diffusion
process of I−/I3

− ions in the electrolyte (Rdiff.). However, in this
work, only one semicircle was observed. Here, the second
semicircle could have merged with the first semicircle due to
the low viscosity (i.e., high ion diffusivity) of the electrolyte
used. From Figure 5e, it is clear that the Rct values of the
electrocatalytic electrodes reveal 1T′- & Td-Mo0.66W0.32Te2.02/
CC < Pt/CC (see Rct‑EIS in Table 2). The lower Rct value of a

symmetric cell is attributed to the minimal loss of internal
energy at the electrode/electrolyte interface, indicating the
high efficacy in the reduction reaction of I3

− + 2e− → 3I− at the
electrocatalytic electrode. Consequently, the lower Rct of 1T′ &
Td-Mo0.66W0.32Te2.02/CC yielded a more efficient DSSC.
Meanwhile, the Tafel polarization curve (Figure 5f) was also
applied to examine the charge-transfer resistance in the above
mentioned symmetric cells. The exchange current density (J0)
was obtained from the logarithmic current density (log J)
plotted as a function of the voltage (V) of electrocatalytic
electrode (Figure 5f). The J0 value is the y-axis intercept
obtained by extrapolating the anodic or cathodic curves in the
Tafel zone (120 mV < |V| < 400 mV). The equation of R × T /
(n × F × J0) was used to determine the charge-transfer

resistance (Rct‑Tafel) of an electrode at the electrode/electrolyte
interface where R is the ideal gas constant and T is the absolute
temperature. The decrease in Rct‑Tafel and increase in J0
enhanced the electrocatalytic activity of the electrode. The J0
values in Table 2 show a trend of 1T′ & Td-Mo0.66W0.32Te2.02/
CC > Pt/CC, demonstrating the excellent charge-transfer
characteristics (i.e., the low Rct‑Tafel) of the 1T′ & Td-
Mo0.66W0.32Te2.01/CC electrode.
Ultimately, we examined the long-term stabilities of the CEs

made of 1T′- & Td-Mo0.66W0.32Te2.02/CC and Pt/CC,
respectively, by continuously scanning the CV measurements
for 100 cycles in the I−/I3

− redox reaction (Figure S9a,b of the
Supporting Information). Normally, a stable electrocatalytic
electrode should have no change in the maximum current
density as the number of scanning cycles increases. In Figure
S9a, while the JPC values of 1T′- & Td-Mo0.66W0.32Te2.02/CC
sustained for 100-cycle CV scans, those of Pt/CC (Figure S9b)
decrease, probably suffering from the surface contamination
and/or Pt-dissolution in the I−/I3

− electrolyte as mentioned in
previous reports.61 The long-term stability at rest of the DSSC
using a 1T′ & Td-Mo0.66W0.32Te2.02/CC was also examined as
shown in Figure S10 of the Supporting Information in which
the corresponding photovoltaic parameters remained almost
constant without falling during the test period of 15 days. This
result validates that the topologically protected WSM surface
of a 1T′- & Td-Mo0.66W0.32Te2.02-based CE holds superior
electrocatalytic durability over 100 redox cycles in the I−/
I3
−electrolyte. Also, from the photovoltaic parameter analysis,
the minimal charge-transfer resistance of a 1T′ & Td-
Mo0.66W0.32Te2.02/CC CE could enhance catalytic activity,
which makes the 1T′ & Td-Mo0.66W0.32Te2.02/CC CE superior
to other TMD-based CEs under the similar test conditions in a
DSSC (Section S9 and Table S3 of the Supporting
Information).

■ CONCLUSIONS

In this work, we synthesized stoichiometry-controlled nano-
whiskers of 1T′-MoTe2, Td-Mo0.26W0.73Te2.01, 1T′- & Td-
Mo0.66W0.32Te2.02, and Td-WTe2 on CC substrates, which were
then employed as CEs in a DSSC for testing their
electrochemical activities and efficiencies. The CV measure-
ments in the I−/I3

− electrolyte over 100 cycles demonstrated
that MoxW1−x Te2/CC is more stable than Pt/CC. In the
DSSC performance tests, 1T′- & Td-Mo0.66W0.32Te2.02/CC can
reach a photocurrent density of 16.29 mA cm−2, a maximum
IPCE of 90% at 550 nm excitation, and an efficiency of η =
9.40%, the efficiency of which is better than Pt/CC (8.93%),
Td-Mo0.26W0.73Te2.01/CC (8.79%), Td-WTe2/CC (7.27%), and
1T′-MoTe2/CC (6.97%). From the EIS analyses, 1T′- & Td-
Mo0.66W0.32Te2.02/CC exhibits lower charge-transfer resistance
(0.62 Ω cm2) than a Pt/CC (1.19 Ω cm2) in electrocatalytic
reactions. 1T′ & Td-Mo0.66W0.32Te2.02/CC nanowhiskers of
smaller crystalline domain sizes could enhance SCDW for
better electrocatalytic performance. Moreover, a 1T′ & Td-
Mo0.66W0.32Te2.02/CC-based CE of minimal charge-transfer
resistance is beneficial for the reaction kinetics in DSSCs. The
experimental results of this work demonstrate that topologi-
cally protected WSM 1T′- & Td-Mo0.66W0.32Te2.02 nano-
whiskers with high electrical mobility and robust surface states
are a favorable alternative to replace Pt in the electrocatalytic
applications.

Table 1. The Photovoltaic Parameters of a DSSC with
Different CEs Were Measured under AM 1.5G Illumination
at 100 mW Cm−2

counter electrodes η (%) Voc (mV) Jsc (mA cm−2) FF

MoTe2/CC 6.97 778 13.54 0.66
WTe2/CC 7.27 784 13.78 0.67
Mo0.26W0.73Te2.01/CC 8.79 790 16.01 0.70
Mo0.66W0.32Te2.02/CC 9.40 788 16.29 0.73
Pt/CC 8.93 804 15.57 0.71

Table 2. DSSC Parameters Extracted from the EIS and Tafel
Plots Shown in Figure 5e,f

counter electrodes
J0

(mA cm−2)
Rct‑Tafel

(ohm cm2)
Rct‑EIS

(ohm cm2)

Pt/CC 9.51 1.35 1.19
Mo0.66W0.32Te2.02/CC 12.47 1.03 0.62
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Section S1. Growth of MoxW1-xTe2 Nanowhiskers in APCVD Reactions 

The synthesis of MoxW1-xTe2 nanowhiskers in APCVD reactions involves three steps: (i) the 

formation of metal oxychloride at 280 oC, (ii) the decomposition of metal oxychloride and the 

reduction of metal oxides at 350 oC, and (iii) the tellurization at 760 oC. The temperature profiles 

during the APCVD synthesis are presented in Figure S1. The growth of MoxW1-xTe2 

nanowhiskers is highly reproducible.  

 

Figure S1. The temporal temperature profiles for the synthesis of MoxW1-xTe2 nanowhiskers 

conducted in APCVD reactions.  
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Section S2. Scanning Electron Microscopy (SEM) 

 

Figure S2. SEM images show (a) the bare carbon cloth (CC) surface, (b) carbon fibers coated 

with platinum (Pt/CC) used as a reference electrode, and (c) carbon fibers decorated with 

randomly oriented vertical MoxW1-xTe2  nanowhiskers. In the left panels, the regions marked by 

red dashed squares are magnified in the right panel for detailed morphologies. 
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Section S3. X-ray Photoelectron Spectroscopy (XPS) 

 

Figure S3. The observed XPS spectra of (a) MoTe2 nanowhiskers and (b) WTe2 nanowhiskers 

exhibit the Mo 3d, W 4f, and Te 3d levels, in which the doublets are caused by the spin-orbit 

couplings. (a) For MoTe2 nanowhiskers, the binding energies include Mo: 3d5/2 (228.69 eV) and 

3d3/2 (231.85 eV) and Te: 3d5/2 (573.60 eV) and 3d3/2 (583.96 eV). (b) For WTe2 nanowhiskers, 

the binding energies observed are W: 4f7/2 (32.46 eV) and 4f5/2 (34.65 eV) and Te: 3d5/2 (573.90 

eV) and 3d3/2 (584.29 eV).   
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Section S4. High-Resolution Transmission Electron Microscopy (HR-TEM) 

 

Figure S4. In the left column, the HR-TEM images of (a) Td-Mo0.26W0.73Te2.01 and (b) 1T’- & 

Td-Mo0.66W0.32Te2.02 nanowhiskers are presented. In the right column, the plot profiles shown in 

the panels reveal the lattice spacings along the a-axis (top) and b-axis (bottom) of the crystalline 

structures in the HR-TEM images. 
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Figure S5. The HR-TEM images and SAED patterns of (a) a MoTe2 nanowhisker and (b) a 

WTe2 nanowhisker were obtained. A TEM image of the single nanowhisker for taking the HR-

TEM and SAED examinations is presented in the inset, where the spot marked by a green circle 

was selected for the HR-TEM and SAED measurements.  

 



S7 

Section S5. Electrochemical Experiments 

1. Materials and Chemicals 

Lithium iodide (LiI, synthetical grade) and iodine (I2, synthetical grade) were obtained from 

Merck. Acetone (99+%), tert-butyl alcohol (tBA, 96%), guanidine thiocyanate (GuSCN, 99+%), 

and 4-tert-butylpyridine (TBP, 96%) were bought from Acros. Titanium(IV) tetraisopropoxide 

(TTIP, >98%), lithium perchlorate (LiClO4, ≥98.0%), ethanol (EtOH, absolute), isopropyl 

alcohol (IPA, 99.5%), sulfuric acid (H2SO4, 95–97%), and 2-methoxyethanol (99.95%) were 

received from Sigma-Aldrich. Acetonitrile (ACN, 99.99%) was procured from J. T. Baker. 1,2-

dimethyl-3-propylimidazolium iodide (DMPII) and cis-diisothiocyanato-bis (2,2’-bipyridyl-4,4’-

dicarboxylato) ruthenium(II) bis(tetra-butylammonium) (N719 dye) were purchased from 

Solaronix (S.A., Aubonne, Switzerland). Carbon cloth (CC, W0S1002, thickness: 0.36 mm, basic 

weight: 120 g cm-2, sheet resistance: 0.63 Ω sq.-1) was obtained from CeTech Co., Ltd., Taiwan. 

2. Preparation of Counter Electrodes and Electrochemical Measurements 

The as-grown MoxW1-x Te2/CCs with various stoichiometric ratios were used as different 

counter electrodes (CEs) in a DSSC for tests. Meanwhile, with a direct current (DC) sputtering 

method, a Pt catalytic layer deposited on a cleaned CC substrate was used as a standard CE 

(represented by a sputtered Pt/CC).  

The surface of the DSSC was covered by a mask, leaving a light-illuminating area of 0.16 

cm2, and then illuminated by a class-A quality solar simulator (XES-301S, AM 1.5G, SAN-EI 

ELECTRIC CO., LTD.) with the light intensity of 100 mW cm-2. Incident light intensity (100 

mW cm-2) was calibrated with a standard Si cell (PECSI01, Peccell Technologies, Inc.). 

Photoelectrochemical characteristics of the DSSC were recorded with a potentiostat/galvanostat 
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(PGSTAT 30, Autolab, Eco-Chemie, Netherlands). The incident photon-to-electron conversion 

efficiency (IPCE) curves were obtained at the short-circuit condition. The light source was a 

class-A quality solar simulator (PEC-L11, AM1.5G, Peccell Technologies, Inc.) and the light 

was focused through a monochromator (74100, Oriel Instrument) onto the photovoltaic cell. 

Then, the IPCE (λ) can be calculated by using the equation, IPCE (λ) = 1240 (JSC/λφ), in which λ 

is the wavelength, JSC is the short-circuit photocurrent density (mA cm-2) recorded with a 

potentiostat/galvanostat, and φ is the incident radiative flux (W m-2) measured with an optical 

detector (818-SL, Newport) and a power meter (1916-R, Newport). 

CV was performed to investigate the electrocatalytic abilities of the tested CEs. The CV was 

carried out with a three-electrode electrochemical system (a close system) using one of the tested 

samples (i.e., bare CC, MoxW1-x Te2/CC, and a sputtered Pt/CC) as the working electrode, a Pt 

foil as the CE, and a Ag/Ag+ electrode as the reference electrode in an acetonitrile (ACN) 

solution, containing 10 mM I , 1 mM I2, and 0.1 M LiClO4. 

Electrochemical properties of the tested CEs were also quantified by Tafel polarization 

curves (Tafel curves) and EIS, where a symmetric cell, consisting of the same catalytic film on 

both anode and cathode, was used for these measurements. The data were recorded by the 

abovementioned potentiostat/galvanostat equipped with a FRA2 module. The electrolyte, 

containing 0.1 M LiI, 0.6 M DMPII, 0.05 M I2, and 0.5 M TBP in 3-methoxypropionitrile 

(MPN)/ acetonitrile (ACN) (volume ratio of 1/1), was used for the Tafel analysis (with a scan 

rate of 50 mV s -1) and EIS measurements. Under the open-circuit condition, the EIS analysis was 

performed between 10 mHz and 65 kHz with an AC amplitude of ±10 mV. 
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Section S6. Comparison of Electrocatalytic Performance 

 

Figure S6. The photocurrent density-voltage (JV) measurement of a DSSC with a Pt/FTO CE 

was conducted under AM 1.5G illumination at 100 mW cm-2
. 

 

 

Table S1. The photovoltaic parameters of a Pt/FTO counter electrode 

 

Counter Electrode η (%) Voc (mV) Jsc (mA cm-2) FF 

Pt/FTO 9.43 784 16.21 0.74 
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Figure S7. The electrocatalytic efficiencies of different stoichiometric MoxW1-xTe2/CCs used as 

CEs in a DSSC are listed for comparison. 
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 Section S7. Reproducibility Test 

 

Figure S8. The photocurrent density-voltage (JV) measurements of three different 1T’- & Td-

Mo0.66W0.32Te2.02/CC CE-based DSSCs were conducted under AM 1.5G illumination at 100 mW 

cm-2
 to demonstrate the reproducibility of the material under study. 

 

Table S2. The reproducibility test of 1T’- & Td-Mo0.66W0.32Te2.02/CC CE-based DSSCs 

 

 

1T’- & Td-Mo0.66W0.32Te2.02/CC CE-

based DSSCs 
η (%) Voc (mV) Jsc (mA cm-2) FF 

Cell 1 9.38 790 16.13 0.74 

Cell 2 9.28 794 16.15 0.72 

Cell 3 9.33 792 16.14 0.73 

Average 9.33 ± 0.05 792 ± 2 16.14 ± 0.01 0.73 ± 0.01 
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Section S8. Long-Term Stability Tests 

 

Figure S9. The stability tests of the CEs fabricated with (a) 1T’- & Td-Mo0.66W0.32Te2.02/CC and 

(b) Pt/CC were conducted by continuous 100-cycle CV measurements in the 

3I/I  redox 

reaction. The regions marked by red dashed squares are magnified in the insets. 
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Figure S10. The long-term stability of the DSSC fabricated with a 1T’- & Td-

Mo0.66W0.32Te2.02/CC CE was tested for 15 days to demonstrate the stability of the photovoltaic 

parameters of (a) efficiency (ƞ), (b) open-circuit voltage (Voc), (c) short-circuit photocurrent 

density (Jsc), and (d) fill factor (FF). In this test, the cell was sealed simultaneously with Surlyn 

and epoxy glue. The cell efficiency was measured once per day after storing the cell in a dark 

condition at room temperature. 
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Section S9. Comparison of Photovoltaic Parameters  

Table S3. The measured photovoltaic parameters of the DSSCs with various TMDs-based CEs  

Counter Electrodes Jsc  

(mAcm
-2 

) 

Voc  

(V) 

FF  

(%) 

Rct  

(Ω cm
2
) 

ƞ  

(%) 

Ref. 

MoS2/NGr  15.36 0.77 66 16.73 7.82 S1 

WS2/MWCNTs  13.63 0.75 72 2.49 7.36 S2 

TiS2/graphene hybrid 17.76 0.72 68.5 0.63 8.80 S3 

NiS2/RGO 16.55 0.749 69 2.9 8.55 S4 

FeS2  15.20 0.79 65 - 7.97 S5 

CoS2 14.62 0.71 64 7.21 6.78 S6 

SnS2/C 17.47 0.745 61.9 5.2 8.06 S7 

MoSe2 16.71 0.746 72.2 1.39 9.00 S8 

NbSe2/C 15.58 0.77 65 3.52 7.80 S9 

WSe2 15.50 0.73 66 0.78 7.48 S10 

TaSe2 15.81 0.73 64 1.89 7.32 S10 

NiSe2 15.94 0.734 74.3 0.81 8.69 S11 

FeSe2 16.14 0.744 70 0.49 8.39 S12 

CoSe2/C 18.16 0.76 71 - 9.87 S13 

Bi2Se3/graphene 16.36 0.75 57 - 7.09 S14 
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WS2/MoTe2 15.34 0.74 69.69 3.98 7.99 S15 

MoTe2 16.00 0.69 65.64 25.97 7.25 S16 

1T’- & Td-Mo0.66W0.32Te2.02 16.29 0.788 73 0.62 9.40 This 

work 

In Table S3, the photovoltaic parameters of the DSSCs with various TMDs-fabricated CEs 

were listed to compare with those of a 1T’- & Td-Mo0.66W0.32Te2.02/CC CE-based DSSC. The 

photovoltaic parameters include short-circuit photocurrent density (Jsc), open-circuit voltage 

(Voc), fill factor (FF), charge-transfer resistance (Rct), and power conversion efficiency (ƞ). All 

measurements were conducted in the I3
-/I- redox couple with N719 photosensitizer dye. As can 

be seen in the Table, the 1T’- & Td-Mo0.66W0.32Te2.02/CC CE-based DSSC possesses small 

charge-transfer resistance to enhance the efficiency of 9.4% (despite slightly less than 9.87% of 

the CoSe2/C hybrid). The comparative analysis demonstrates that the 1T’- & Td-

Mo0.66W0.32Te2.02/CC CE of small charge-transfer resistance can be used in DSSCs to improve 

electrocatalytic activity. 
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