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a b s t r a c t

We demonstrated the synthesis of undoped and In3þ-doped WO3 as an electron acceptor for energy
storage applications, by utilizing the electrochemical S2� insertion/extraction process at the hetero-
structure of rhombohedral Bi2Te3 thin films and hexagonal Cu7Te4 nanocrystals. The cyclic voltammetry
of heterostructured electrodes with and without In3þ doping both showed Faradic pseudo-capacitance
behavior based on the oxidation and reduction processes. The largest exchange current density of
3.43 mA/cm2 was obtained for the heterojunction-structured-Bi2Te3 thin films and Cu7Te4 nanocrystals
with In3þ doping in the WO3 electrode. This implies more favorable hydrogen evolution reaction kinetics
and higher electrocatalytic activity at the anode. The highest specific capacity of 90.2 mA h/g was ob-
tained at a scan rate of 10 mV/s, with the power density reaching 1.7 kW/kg at the highest energy density
value of 18.85 Wh/kg for the In3þ-doped electrode. The overall results revealed the inherent properties of
the new electrode materials, as well as their potential use in energy storage devices or in future elec-
trochemical energy conversion and storage applications involving hydrogen (or oxygen) evolution
reactions.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decades, thin film and nanocrystal (NC) semi-
conductors have attracted much

attention for electrodes in electrochemical devices [1,2].
Fundamental investigations have been conducted on the charac-
teristics and electronic properties of metal chalcogenide semi-
conductors in the II-VI groups, owing to their notable advantages of
low cost, easy large-scale synthesis, and environmental friendli-
ness. However, the synthetic parameters should be further
ae).
examined to identify suitable candidates for high-tech devices
based on the thin films and NCs of these semiconductors. A few
researchers have tried to improve bi-layer semiconductor thin films
and NCs in developing long-term energy storage technologies that
are economical and clean. For example, core-shell structured
Fe3O4@NiS nanocomposites have been successfully synthesized
using amodified sedimentation-oxygenationmethod, and tested as
an anode material for iron-based alkaline rechargeable batteries
[3]. A Cu2S/Ag2S composite electrode was formed on nickel foam
using a successive ionic layer adsorption and reaction (SILAR)
technique, and fabricated into a simple and cost-effective high-
performance battery-type supercapacitor [4]. Nested CdS@HgS
core-shell nanowires, synthesized using a chemical route at room
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temperature (300 K) without any surfactant or binder, were used as
a supercapacitive Faradic electrode and demonstrated a significant
supercapacitance of 224.97 F/g at a scan rate of 5 mV/s [5]. A facile
method was also reported to fabricate a FeP/CdS composite, which
exhibited excellent catalytic activity for H2 evolution under visible
light with lactic acid as a sacrificial reagent [6]. Furthermore, noble-
metal-free CdS@MoS2 core-shell nano-heterostructures exhibited
outstanding photocatalytic H2 evolution performance [7].

These results show that the inherent properties of electrode
materials play a crucial role in electrochemical and energy storage
applications. Also, understanding the chemical reactions at the
interface between the electrode and electrolyte can lead to elec-
trochemical cells with high efficiency and durability. Unfortunately,
there has been few studies using binary composites based on a
chalcogenide material for electrochemical and energy storage
applications.

Based on our knowledge in materials synthesis, bismuth tellu-
ride (Bi2Te3) is one of the basic materials for high-performance
thermoelectric generators with a figure of merit of ~1.14 at room
temperature (298 K) [8,9]. In addition, bulk single-crystal Bi2Te3 has
an extremely low thermal conductivity of ~1.5e2.0 W/m$K along
the cleavage plane, and 0.6 W/m$K along the direction of van der
Waals interaction [10]. At 300 K, the electron and hole mobilities of
Bi2Te3 are 1140 and 680 cm2/V$s, respectively [11], with their n- and
p-type electrical conductivities being 1.655 � 103 and
1.4 � 103 U�1 cm�1 [12]. However, the use of this material in
electrochemical and energy storage devices has not been thor-
oughly studied.

Meanwhile, copper telluride (Cu2�xTe) is a binary p-type semi-
conductor of type IeVI, with a high thermal conductivity of 4 W/
m$K at 300 K [13]. The highest field effect hole mobility reported
was ~18 cm2/V$s [14], in which the crystal structure depended
upon the phase value x (1 � x � 2) [15,16], as well as a high carrier
concentration of 1019e1022 cm�3 [17]. In addition, the CueTe sys-
tem is highly complex and includes a variety of compounds due to
its substantial stoichiometric deviation [16,18].

Dopants are often used to improve or adjust the electrochemical
and optical properties of the electron acceptor in devices, by
changing the material’s Fermi level, characteristics, bonding en-
ergy, and electronic structure.

Indium (In3þ) as a dopant is relatively cheap and has low toxicity
[19]. It displays strong resistance to oxidation at room temperature,
and a shorter diffusion path of electrons and ions into the electrode
materials. Such properties can improve the nucleation process in
nanostructured materials, leading to better utilization of electro-
chemical active materials and a higher power density [20]. Indium
also has the ability to achieve effective charge separation and
inhibit carrier recombination in devices [21]. In our previous study,
indium was used as a dopant in a TiO2 photoelectrode with a Cu2-

xTe sensitizer for solar cell applications. The results showed that
In3þ doping improved the power conversion efficiency and
decreased the charge transfer resistance (Rct). Moreover, the elec-
tron lifetimewas improved, owing to the appearance of a trap-state
mediator from indium incorporation in the structure and sup-
pression of the charge recombination process [22].

Recent reports have suggested that tungsten oxide (WO3) can
act as a support for noblemetals and has electrocatalytic activity for
hydrogen evolution [23]. In this study, we applied co-binary Bi2Te3
thin film and Cu7Te4 NCs on undoped and In3þ-dopedWO3 films for
use in energy storage applications. The samples were characterized
by morphological, optical, and electrochemical measurements.
Electronic structure calculations with density functional theory
(DFT) was also used to better understand the electron transfer
mechanism through the density of states (DOS) and the band gaps
of undoped and In3þ-doped WO3 electrodes.
We utilized a facile method that involves three precursor solu-
tions containing Cu2þ, Bi3þ, and Te2� ions to coat the co-binary
Bi2Te3 thin film and Cu7Te4 NCs on undoped and In3þ-doped WO3
layers. This approach was selected because copper is known to
diffuse very rapidly in bismuth telluride at room temperature [24].
Further, the electrode fabrication condition could be adjusted to
enhance the electrochemical performance. Further development
could overcome the electrically insulating nature in polysulfide
electrolyte and electrode materials, in order to achieve high active
material utilization especially in stationary photovoltaic and op-
toelectronic devices. Co-binarymetal chalcogenide semiconductors
can also be applied in various ways, such as for load leveling,
emergency power supply, and uninterruptible power supply. Thus,
WO3 electrodes can be adopted in low-cost, safe, and high-
performance electrochemical materials in aqueous NaeS redox
electrolytes for energy storage devices in the future.

2. Experimental details

2.1. Preparation of undoped and In3þ-doped WO3 electrodes

A fluorine-doped tin oxide (FTO) glass substrate (sheet resis-
tance ~13 U/cm2, Aldrich) was cleaned using a stepping procedure
in a nitric acid:deionized (DI) water (3:7 v/v) solution, acetone,
methanol, and DI water for 10 min each in an ultrasonic cleaner.
Then, the glass substrate was placed on a hot plate at over 100 �C
until it dried.

A WO3 film was prepared by mixing 0.61 M WO3 nanopowder
(�99% ACROS, particle size ~35e40 nm), 0.15 M ethyl cellulose (90%
Sigma-Aldrich), and 0.37 M terpineol (95% Sigma-Aldrich) in
ethanol. Then, the mixed precursors were stirred for 4 h. For per-
formance comparison, 2 wt% InCl2 powder (98% purity, Sigma-
Aldrich) was used as source of the indium (In3þ) dopant. The
undoped and In3þ-doped WO3 solutions were coated on a cleaned
FTO glass substrate with an active area of 1 cm2 using a spin-
coating technique. Six layers of the undoped or In3þ-doped WO3
were coated on the glass under conditions of 1500 rpm and 15 s/
round. After that, they were sintered at 450 �C for 30 min. The
average thickness of the film with or without doping was
~600e700 nm [25]. The characteristics of the undoped and In3þ-
doped WO3 electrodes are shown in Fig. S1 of the supplementary
data.

2.2. Preparation of copper telluride (Cu7Te4) NCs

The undoped and In3þ-doped WO3 films were immersed in a
0.1 M solution of copper (II) nitrate trihydrate (Cu(NO3)2$3H2O;
99.5% purity, Loba Chemie) in ethanol for 60 s as a precursor for
Cu2þ. Then, the films were washed using ethanol and heated on a
hot plate until dry. Next, the films were immersed in a 0.1 M
Na2O3Te methanol:DI water (7:3 v/v) solution for another 60 s as a
precursor for Te2�, before being washed again using methanol and
drying on a hot plate. These steps are referred to as one SILAR cycle.
The WO3 films were treated for various SILAR cycles (m ¼ 1e10) to
investigate the optimal SILAR conditions for Cu7Te4 NCs.

2.3. Preparation of Bi2Te3 thin films

We dissolved 0.1 M bismuth(III) nitrate pentahydrate
(BiN3O9,5H2O; �98%, Sigma-Aldrich) in ethanol, and sodium tel-
lurite (Na2O3Te; 99% purity, Sigma-Aldrich) in a mixture of meth-
anol and DI water (7:3 v/v). The two precursor solutions were
mixed and stirred for 90 min. Afterward, the BieTe solution was
dropped onto a WO3 film and screened using a doctor blading
technique to form the Bi2Te3 thin film. The Bi2Te3 thin film was
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heated at 60 �C for a few minutes, and this procedure forms one
layer of Bi2Te3. Various numbers of layers (n ¼ 1e10) were tested to
investigate the optimal coating condition of the Bi2Te3 thin film.

2.4. Method for electronic structure calculations

Our electronic structure calculations were based on DFT with a
screened hybrid functional proposed by Heyd, Scuseria, and Ern-
zerhoff (HSE06) [26], as implemented in the Vienna Ab initio
Simulation Package [27]. Projector-augmented wave potentials
with 12, 6, and 3 valence electrons for W (5p65d46s2), O (2s22p4),
and In (5s25p1) were used to describe the interactions between the
valence electrons and ionic cores. We used a standard mixing
parameter of 25% HartreeeFock exchange, which resulted in a
direct GeG gap of 2.50 eV. This band gap value is much larger
compared with that using a semi-local functional, such as the
generalized gradient approximation (GGA) at 1.21 eV. Although, the
calculated band gap based on the standard HSE functional is still
smaller than the experimental value of 3.39 eV, the defect levels
and formation energies are expected to be substantially higher
compared to the results obtained using the GGA. To simulate the
In3þ doping in WO3, we used a 48-atom supercell (1 � 1 � 3 of the
16-atom primitive cell of WO3 (space group P21/a)). A single special
k-point (1/4, 1/4, 1/4) was used for integrations over the Brillouin
zone of the supercell. The energy cutoff for the plane wave
expansion was set to 400 eV, and all atoms were relaxed until the
residual forces were less than 0.02 eV/Å. Test calculations using a
2 � 2 � 2 special k-point mesh showed that the difference in the
formation energy of an indium defect was less than 0.15 eV, and our
main results remained valid.

The possibility of forming substitutional or interstitial indium
impurities was determined using the formation energy as a func-
tion of the tungsten (mW) and indium (mIn) chemical potentials for
all possible charge states. For example, the formation energy of InW
in charge state q is given by [28].

Ef
�
Inq

W

�¼ Etot
�
Inq

W

�� EtotðWO3Þ�mInþmW þ qðEF þ EV Þ; (1)

where EtotðInq
WÞis the total energy of the supercell containing one

indium substituted for an In (InW), and EtotðWO3Þis the total energy
of the same perfect supercell. The indium atom is taken from a
reservoir with energy mIn ¼ ~mIn þ Etot½Inmetal�, and the W atom is
placed in a reservoir with energymW ¼ ~mW þ Etot½Wmetal�. The
chemical potentials (~m) can be varied to represent the experimental
conditions during growth or annealing, which can range from O-
rich (W-poor) to O-poor (W-rich). In equilibrium growth of the
WO3 crystal, the chemical potentials ~mW and ~mOmust satisfy the
stability condition ~mW þ 3~mO ¼ DHf ðWO3Þ, where DHf ðWO3Þ is the
enthalpy of WO3 formation. Our calculated DHf ðWO3Þ is �8.55 eV,
which is in good agreement with the experimental value
of�8.72 eV (monoclinic phase) [29]. The indium chemical potential
is limited by the formation of In2O3 ~mIn ¼ ðDHf ðIn2O3Þ � 3~mOÞ= 2.
For the intermediate growth condition, ~mOwas calculated via the
expression described in Ref. [30]. The sintering temperature of
450 �C at the oxygen partial pressure under ambient conditions
corresponded to ~mO ¼�0.68 eV. The formation energy also depends
on the Fermi level EF, which represents the energy of the electron
reservoir in WO3 and is conventionally referenced to the valence
band maximum (VBM) of the host material (EV).

2.5. Investigation of vibration modes, chemical compositions, and
morphological characteristics

The vibration modes of elements were investigated using a
Raman spectroscope (HORIBA Jobin Yvon S.A.S. Model T64000 tri-
ple monochromator) with 532 nm excitation from a solid-state
laser at 150 mW. X-ray photoelectron spectroscopy (XPS) analysis
was performed to identify the chemical states in the as-prepared
electrodes using an AXIS Ultra DLD (Kratos Analytical Ltd.) with a
soft X-ray beam produced from a monochromated Al Ka anode
source. The energy of incident photons was 1486.6 eV, with cali-
bration based on the spectrometer’s work function and the Fermi
energy level (Ef). The obtained XPS spectra were calibrated against
the C1s photoelectron peak at 285 eV from contamination, in order
to compensate for the surface charge energy. The synthesized thin
films were characterized using a field-emission scanning electron
microscope (JEOL, JSM-6301 F), with an energy dispersive spec-
troscope (INCA, PentaPET � 3) to examine the stoichiometry of
elements in the structures. An X-ray diffractometer with Cu-Ka at
1.5406 Å (D8 Advance, Bruker AXS) was used to determine the X-
ray diffraction (XRD) patterns of the structure in the range
10� � 2q � 80� with a resolution of 0.01�.

2.6. Electrochemical measurements

Our cyclic voltammetry (CV), chronoamperometry (CA), chro-
nocoulometry (CC), and linear sweep voltammetry (LSV) analyses
all used the electrochemical insertion/deinsertion of sulfur ion to
indicate the charge transfer ability in undoped and In3þ-doped
WO3 films to an external circuit. During the CV process, an elec-
trochemical analyzer (PGSTAT101, Metrohm Autolab) with scan
rates of 10, 30, 50, 70, and 100 mV/s was used in a conventional
three-electrode system. A deposited heterostructured film on an
FTO glass with an active area of 1 cm2 was used as a working
electrode, CuS as a counter electrode, and integrated Ag/AgCl in a
saturated KCl solution as a reference electrode in a polysulfide
electrolyte solution containing 0.25MNa2S$9H2O,1 M Sulfur, 0.2 M
KCl, and 0.1 M KI dispersed in a methanol-water (7:3 v/v) mixture.
The CuS counter electrode was prepared and developed based on a
previous study [31]. Themass of the films under each conditionwas
measured using a four decimal place balance (OHAUS Corporation,
USA).

3. Results and discussion

3.1. Electronic structure calculations

Here, we focus on the effects of In3þ doping on the electronic
properties of WO3. Our calculated formation energies for indium
substituted for tungsten (InW) and indium interstitial (Ini) for the O-
poor, experimental, and O-rich conditions are shown in Fig. 1(aec),
respectively. We found that Ini exclusively occurs in the 3þ charge
state, acting as a triple donor for all Fermi-level values in the band
gap. This electron donor behavior of Ini is expected, because at the
interstitial site, the In3þ atom donates its three valence electrons to
the six surrounding O atoms (Fig. 2(a)). Thus, the oxidation state of
Ini can be expected to be 3þ. However, its actual oxidation state
requires further analysis, which is beyond the scope of the present
study. On the other hand, InW (Fig. 2(b)) is expected to be an
electron acceptor, since In3þ ions are likely to have a 3þ oxidation
state when surrounded by six O atoms and the oxidation state of W
ions in WO3 is likely to be 6þ. Actually, we found that InW acts as a
triple acceptor and is stable in the neutral, 1-, 2-, and 3- charge
states.

Our calculated formation energies indicated that Ini is a preva-
lent defect for most Fermi-level values in the gap, ranging from the
VBM to ~0.35 eV below the conduction band minimum (CBM) for
the experimental growth condition (sintering at 400 �C in air).
However, InW becomes prevalent for the Fermi-level values near



Fig. 1. Formation energies of In-related defects as a function of Fermi level ranging from 0 to the calculated band gap of 2.49 eV under (a) O-poor, (b) experimental, and (c) O-rich
growth conditions. The slope of the line indicates the charge states of the defects.
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the CBM. Assuming that the dominant defects in In3þ-doped WO3
are governed by In3þ impurities, the pinned Fermi level can thus be
determined by balancing the concentrations between charged InW,
Ini, and free carriers. As a result, the Fermi level virtually corre-
sponds to the intersection of the two lines for InW (In3�W ) and Ini

(In3þi ) at ~0.35 eV below the CBM. Thus, In3þ-dopedWO3 is likely to
exhibit n-type conductivity. As the oxygen partial pressure (oxygen
chemical potential) is lowered toward the O-poor condition, the
formation energy of Ini decreases, resulting in the prevalence of Ini

for the entire range of Fermi-level values in the gap. For the O-poor
condition, the Fermi level of In3þ-dopedWO3 is located at the CBM,
Fig. 2. Atomic structure of WO3 supercell containing (a) indium interstitial (Ini) and (b) indiu
respectively. (For interpretation of the references to color in this figure legend, the reader
and thus, the material becomes n-type.
Because the formation energies of In3�W and In3þi (and also their

concentrations) were almost identical for the experimental growth
conditions, the electronic structures of these two impurities in their
stable charge states were examined via the DOS shown in Fig. 3.
Fig. 3(a) shows the DOS of the pristine WO3 supercell. From Fig. 3(b
and c), we found that neither Ini nor InW induce defect levels in the
band gap of the pristine WO3 supercell. For Ini (Fig. 3(b)), the In s
state is resonant in the conduction band, while for InW (Fig. 3(c))
the In s state is split into low- and high-energy states that are deep
in the valence band and high in the conduction band, respectively.
m substituted for W (InW). The gray, red, and violet balls represent W, O, and In atoms,
is referred to the Web version of this article.)



Fig. 3. Density of states (DOS) of (a) the defect-free WO3 supercell, (b) the same
supercell containing Ini in 3þ charge state, and (c) InW in 3e charge state. The unfilled
curve in each panel is the total DOS and the filled curve is the DOS projected on the In s
state (scaled up by a factor of 20 for clarity). The dashed lines indicate the calculated
VBM (left) and CBM (right) of the pristine WO3 supercell. The DOS of supercell with the
In3þ impurity is aligned with that of the defect-free supercell using the average
electrostatic potential at the core of W and O atoms located far away from the In3þ

impurity.

Fig. 4. Raman spectra of Cu7Te4(6)/Bi2Te3(4)-coated undoped and In3þ-doped WO3

electrodes.
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However, these In3þ impurities introduce a downward shift of the
conduction band edge and an upward shift of the valence band
edge. These shifts resulted in an absorption edge of ~0.8 eV, which
is narrower than that of the undoped WO3 (~2.5 eV).

3.2. Raman spectroscopy measurement

Fig. 4 shows the Raman optical phonon spectra for WO3/
Cu7Te4(6)/Bi2Te3(4) and In3þ-doped WO3/Cu7Te4(6)/Bi2Te3(4) at
room temperature (298 K). The peaks for WO3 were observed at
273 and 803 cm�1 and correspond to two characteristic bands. The
first band between 200 and 500 cm�1 was assigned to the OeWeO
bending vibration modes, and the second band between 600 and
1000 cm�1 was attributed to the WeO stretching vibration mode.
However, the peak of 186 cm�1 may have been due to the presence
of the orthorhombicWO3$(1/3)H2O structure [32]. The peaks at 103
and 128 cm�1 could be respectively identified as the Raman active
modes of E21g and A2

1gfor Bi2Te3. In the Eg modes, the atoms vibrate

in a two-dimensional plane and perpendicular to the [111] direc-
tion, while in A1g modes, the atoms vibrate in a one-dimensional
plane along the [111] direction in the rhombohedral cell. The
presence of the van der Waals gap between the quintuple layers
resulted in a preferential cleavage plane between the outmost
adjacent Te(1) layers with the sequence of Te(1)eBieTe(2)eBieTe(1),
where the superscripts (1) and (2) refer to the two different
chemical states of the Te anions. Thus, the formation of these
anisotropic crystallographic features make it possible to fabricate
nanostructured Bi2Te3 [33]. Moreover, weak bands at 336 and
341 cm�1 of CueO were assigned to the CueOeNO2 (nitrate) and
CueOeClO3 (perchlorate salts) stretching vibration modes,
respectively [34]. The 481 cm�1 band was assigned to vibrationally
isolated SieOeSi, SieOeB modes from the borosilicate slide glass
substrate [35]. The 628 and 674 cm�1 peaks corresponded to the
stretching vibration of TeO4 trigonal bipyramids (tbp) [36]. The
peak observed at 674 cm�1 may also be attributed to stretching
modes arising fromWeOH2, which is consistent with the presence
of WO3$H2O phases [37]. The low band peak at 721 cm�1 indicated
the bending of three equivalent TeeO bonds: one Te]O and two
TeeOe bonds from the TeO2�
3 group in Na2TeO3 [38]. In addition, the

relative intensity of the peak at 744 cm�1 slightly increased, indi-
cating the transformation of the TeO4 tbp into a TeO3 trigonal
pyramid (tp) and TeO3þ1 polyhedra [39]. The band ranging from
400 to 450 cm�1, which is related to the IneO stretching modes for
the undoped and In3þ-doped WO3 electrodes, was not observed in
our results. A possible explanation is the low concentration of In3þ

atoms incorporated in WO3, which means fewer water molecules
attached to the In atoms and consequently a very low peak in-
tensity in the Raman spectrum [40]. Considering actual ion sym-
metry, the Raman and infrared active modes (at 1040 and
1375 cm�1, respectively), were related to the ONO�

2 stretching vi-
bration modes [34].
3.3. XPS analysis

The survey spectra of XPS profiles for the undoped WO3, In3þ-
doped WO3, and In3þ-

doped WO3/Cu7Te4(6)/Bi2Te3(4) films are shown in Fig. 5(aec),
respectively. In all prepared electrodes, the expected chemical el-
ements displayed the corresponding spectra. Based on Fig. 5(a and
b), theW 4f core level split into the doubletW 4f5/2 (37.7 eV) andW
4f7/2 (35.6 eV) in high-resolution XPS spectra, as shown in Fig. 5(d),
corresponding to W in two oxidation states. Then, fitting results of
the O 1s core level (Fig. 5(e)) revealed four component peaks. The
main peaks at 530.4 eV was correlated with oxygen with strong
W]O bond in the metal oxide (WO3) [41]. The peak at 531.4 eV
corresponded to the oxygen in OH and C]O groups [42]. Mean-
while, the peak at ~532.5e533.2 eV was assigned to water mole-
cules adsorbed on the sample surface, confirming that the
WO3$H2O phase was formed on the sample surface [43]. The
oxidation states of In in WO3 were assigned based on In 3d5/2 at
444.3 eV and In 3d3/2 at 451.9 eV (Fig. 5(f)), which are attributed to
indium oxide hydroxide (InOOH) and indium hydroxide (In(OH)3),
respectively; and these compounds can be transformed to indium
oxide (In2O3) [44].

Based on the XPS survey spectrum for Cu7Te4(6) and Bi2Te3(4)
coated on the In3þ-dopedWO3 electrode (Fig. 5(c)), the Cu2p region
can be split into Cu 2p3/2 and Cu 2p1/2 at 934.7 and 954.4 eV,
respectively, which characterize CuO (Cu2þ) formation (Fig. 5(g)).
Two smaller peaks (932.8 and 952.7 eV) were identified by
deconvoluting the major peaks, corresponding to Cu2O (Cu0/Cu1þ)



Fig. 5. XPS survey spectrum of (a) undoped WO3, (b) In3þ-doped WO3, and (c) In3þ-doped WO3/Cu7Te4(6)/Bi2Te3(4) electrodes. High-resolution XPS spectra of (d) W 4f, (e) O 1s, (f)
In 3d, (g) Cu 2p, (h) Bi 4f, and (i) Te 3d.
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[45]. However, there were additional peaks at 936.2 eV (Cu 2p3/2)
and 956.1 eV (Cu 2p1/2), which are consistent with the copper hy-
droxide (Cu(OH)2) species and demonstrate the existence of Cu2þ

on the surface of the electrode [46,47]. Furthermore, the two peaks
of Bi 4f (Fig. 5(h)), at the binding energies of 159.6 eV for Bi 4f7/2 and
165.1 eV for Bi 4f5/2, correspond to Bi3þ in the short BieO bonds [48]
and indicate the existence of bismuth suboxides, Bi(þ3ex), due to a
deficiency in oxygen and an enhanced concentration of oxygen
vacancies near the bismuth cations [49]. Finally, in Fig. 5(i), the Te
3d region is separated into Te 3d5/2 at 576.4 eV and Te 3d3/2 at
586.8 eV. These peaks represent the binding energy for Te in TeO2,
and suggest a change in the oxidation state from Te to Te2� due to
the difference in its oxidation state of this element [50].

From the results of Raman spectroscopy and XPS analysis, the
incorporation of oxygen atom with the chemical elements during
preparation leads to a change in the oxidation state and presents a
new bonding of compounds as defect-like oxygen vacancies. These
effects have been known to influence the electronic structures,
physical properties, and the formation of nucleation centers for
phase transformation, causing a decrease in the intercalation be-
tween cations and anions during the ion intercalation and extrac-
tion processes [51].
3.4. Morphological characteristics

The field-emission scanning electron microscopy (FE-SEM) im-
ages displayed overall robust evidence for structural characteristics
that could affect the electrochemical performance. Fig. 6(a) shows
that after In3þ doping in bare WO3, the surface area increased due
to the aggregated NCs (Fig. 6(b)). Results after coating the single
Cu7Te4 NCs, single Bi2Te3, and double-layered Cu7Te4(6)/Bi2Te3(4)
on the undoped and In3þ-doped WO3 electrodes are shown in
Fig. 6(cef), respectively. The morphological characteristics did not
change substantially, as the particles were all well dispersed with a
particle size of ~100e200 nm. However, the double-layered
Cu7Te4(6)/Bi2Te3(4) had a more aggregated, denser, and rougher
surface that was mesoporous. This would facilitate electrolyte
penetration and ion transportation through the surface of the
electrodes. Fig. 7(a and b) display the energy dispersive X-ray
spectroscopy (EDS) data for the undoped and In3þ-doped WO3
Cu7Te4(6)/Bi2Te3(4) electrodes, respectively. The approximate
atomic ratios were Cu:Te ¼ 10:7 (that is, 1.43:1) and Bi:Te ¼ 3:5
(that is, 1:1.67) both before and after In3þ doping, implying that the
non-stoichiometric formulas in the coating were close to Cu7Te4
and Bi2Te3, respectively. To confirm the crystalline phase of both



Fig. 6. Scanning electron micrographs of (a) bare WO3, (b) In3þ-doped WO3, (c) WO3/Cu7Te4(6), (d) WO3/Bi2Te3(4), (e) WO3/Cu7Te4(6)/Bi2Te3(4), and (f) In3þ-doped WO3/Cu7Te4(6)/
Bi2Te3(4). Scale bar: 100 nm.
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materials, the XRD patterns of the single- and double layer coated
on WO3 surfaces were compared with those of bare WO3 and In3þ-
doped WO3 films (Fig. 7(c)). The peaks of Cu7Te4 and Bi2Te3 could
also be seen for the double-layered structure before and after In3þ

doping in WO3. The Cu7Te4 NCs had a hexagonal crystal structure
Fig. 7. Energy dispersive X-ray spectra of (a) WO3/Cu7Te4(6)/Bi2Te3(4) and (b) In3þ-dop
with lattice constants of a ¼ b ¼ 8.280 Å and c ¼ 7.220 Å (JCPDS No.
89e2402). The Cu7Te4 peaks at ~40, 50, 77, and 78� corresponded to
the (031), (213), (035), and (234) planes, respectively. The Bi2Te3
thin film contained a rhombohedral crystal structure with lattice
constants of a¼ b¼ 4.395 Å and c¼ 30.440 Å (JCPDS No. 82e0358).
ed WO3/Cu7Te4(6)/Bi2Te3(4). (c) X-ray diffraction patterns for various conditions.



Fig. 8. (a) Cyclic voltammetry measurements of Bi2Te3, (b) linear fitting of CV curve under applied potential range from 0 V to 0.2 V, (c) current density response for various Bi2Te3
layers, (d) cyclic voltammetry measurements of Cu7Te4 at various cycles, and (e) maximum anodic peak current for the optimum SILAR cycle of Cu7Te4 coated on the WO3 electrode.
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The most intense peak was that for the (015) plane at ~27�, and the

(1010) peak at ~37� was observed with a lower intensity. However,
the peaks at ~29 and 32� indicated the Te element (JCPDS No.
89e6043), possibly due to imperfect growth during the coating
preparation of the Cu7Te4 NCs and Bi2Te3 thin films. In sum, the
material phases identified from the XRD patterns conformed to the
non-stoichiometric formula from the EDS analysis.
3.5. Cyclic voltammetry

Fig. 8 shows the electrochemical bleaching oxidation (anodic
peak) and coloration

reduction (cathodic peak) in the CV curves of different electrode
samples. In the cathodic scan, the curve was at negative potential,
and the current steadily decreased to reach a limiting negative
value depending on the potential range that corresponds to the
coloration of the electrode. In contrast, in the anodic scan, the
current moved from a negative potential range to a positive one,
and reached the maximum current value before decreasing to near
zero, which is indicative of bleaching of the electrode [52]. Fig. 8(a)
depicts the dependence of the amperometric response in the cyclic
voltammograms of WO3 electrodes with 2e8 coated Bi2Te3 layers
in the potential range between �1.0 and þ 1.0 V vs. Ag/AgCl. There
were well-defined reversible redox peaks corresponding to the
electron-hole reversible reaction. The current density response (Jpa)
for different layers was estimated via the y-axis intercept of the fit
in the linear region of the CV curve under an applied potential
range from 0 to 0.2 V, as shown in Fig. 8(b). The optimum result was
found for four layers (n ¼ 4), which showed the highest Jpa of
1.41 mA/cm2 (Fig. 8(c)). However, in Fig. 8(d), there were clearly
oxidation peaks for the Cu7Te4 NCs-coated WO3 electrode with
different SILAR cycles. The Jpa increased gradually with increasing
SILAR cycles, and at m ¼ 6, the WO3 electrode coated with Cu7Te4
NCs had a maximum oxidation peak or anodic peak (Jpa ¼ 3.44 mA/
cm2) (Fig. 8(e)). When m > 6, the maximum oxidation peak tended
to decrease gradually, owing to a lower electrochemical activity and
smaller capacitance. In the cathodic potential range from �0.5
to �1.0 V, a sharp curve with a high cathodic current density
appeared and indicated that the cathodic current density decreased
from�2.5 to�10mA/cm2, which was affected by the faster kinetics
of reduction resulting in inter-valence charge transfer reactions
[53]. These results indicated that the sample with n ¼ 4 and m ¼ 6
exhibited better electrocatalytic activity and electrical conductivity,
suggesting that the corresponding electrochemical oxidation
should be reacted under a diffusion-controlled process at the
interlayer surface of the modified electrode [54].

Excess Bi2Te3 layers and SILAR cycles of Cu7Te4 NCs prevented
the penetration of the electroactive substance toward the electrode
surface, resulting in a slower electron transfer rate [32]. Thus, the
CV performance was further evaluated for n ¼ 4 and m ¼ 6, as
shown in Fig. 9(a). However, the WO3 electrode with Bi2Te3(4) thin
films and subsequently coated by Cu7Te4(6) NCs yielded the lowest
oxidation peak (Jpa ¼ 1.37 mA/cm2, Fig. 9(b)), while that with
Cu7Te4(6) NCs underneath Bi2Te3(4) thin films produced the high-
est Jpa (3.94 mA/cm2, Fig. 9(c)) with an observable high negative
cathodic current density. The Jpa of this co-binarymaterial was even
higher than that of the film coated with Cu7Te4(6). The In3þ doped
WO3 electrode with Cu7Te4(6) NCs coated by Bi2Te3(4) thin films
also showed a distinctly broader and lower anodic coloration peak.
The slightly lower Jpa of 3.51 mA/cm2 caused a lower negative
cathodic bleaching peak (see Fig. 9(d)), which is attributed to the
slower discharge process due to the slower oxidation kinetics and
the reduced charge transfer into the film, and some electrons were
consumed by oxidizers. This process indicated that the In3þ cation
diffused inside the WO3 lattice and was involved in the insertion-
removal exchange process of electrons injected into the conduc-
tion band of WO3, which is a reversible process [55]:

WO3 þ3xe� þ xIn3þ4InxWO3 ðcoloredÞ: (2)



Fig. 9. (a) Cyclic voltammetry measurements of double-layered conditions. Maximum anodic peak current for various conditions of co-binary material coated on the WO3 elec-
trode: (b) WO3/Bi2Te3(4)/Cu7Te4(6), (c) WO3/Cu7Te4(6)/Bi2Te3(4), and (d) In3þ-doped WO3/Cu7Te4(6)/Bi2Te3(4).

Fig. 10. Linear regions of Tafel plots of co-binary material coated on the WO3 electrode.
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Furthermore, the shift in the anodic coloration peak toward
higher potentials led to a larger potential separation between the
oxidation and reduction processes [56].

The electrode performance basically described by the Tafel plot,
which is derived from the steady-state polarization curves. The plot
can be fitted by linear regression using the Tafel equation, h ¼ aþ
blogjJj, where h is the applied potential, a is the intercept, b is the
Tafel slope, and J is the current density [57]. A smaller Tafel slope
provides an advantageous electronic effect. Meanwhile, an increase
in the exchange current density (J0) or the intercept with the po-
tential axis comes from an enhancement in the surface area, which
is desirable and measures the inherent electrocatalytic behavior
[58,59]. Fig. 10 illustrates the linear regions of the Tafel plots. The
Tafel slope is smaller for theWO3/Cu7Te4(6)/Bi2Te3(4) electrode (59
mV/dec) compared with those of WO3/Bi2Te3(4)/Cu7Te4(6) and
In3þ-doped WO3/Cu7Te4(6)/Bi2Te3(4), which are similar (78 and 75
mV/dec, respectively). Meanwhile, the corresponding J0 values
were estimated to be 2.97, 2.52, and 3.43 mA/cm2. The largest J0 of
the heterojunction structure with the In3þ-doped WO3 electrode
may imply more favorable kinetics for hydrogen evolution reaction
(HER) and a higher electrocatalytic activity at the anode [59].

To compare the electrochemical performance of the undoped
and In3þ-doped WO3/Cu7Te4/Bi2Te3, CV tests were systematically
conducted at scan rates of 10, 30, 50, 70, and 100 mV/s, as depicted
in Fig. 11(a and b), respectively. Scanning was also performedwith a
linear potential sweep between �1.0 and þ 1.0 V vs. Ag/AgCl. The
CV curves of the undoped and In3þ-doped electrodes showed
Faradic pseudocapacitance behavior with reversibility in the two
pairs of redox response at various scan rates, which may have
resulted from the intercalation and deintercalation effects of di-
sulfide ions from the polysulfide electrolyte into the electrode
[60,61]. Furthermore, CV curves for the undoped and In3þ-doped
electrodes had almost identical redox peaks, suggesting similar
electrocatalytic activity for sulfur ion reduction based on equation
(3) [62,63]:



Fig. 11. (a, b) Cyclic voltammetry measurements at various scan rates and (c, d) plots of anodic peak current density values (Jpa) vs. the square root of the potential scan rate (V1/2) for
undoped and In3þ-doped WO3/Cu7Te4(6)/Bi2Te3(4) electrodes, respectively.
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S2�x þ2xe�/S2�x�1 þ xS2� : (3)

The electrochemical reaction for the S2� insertion/extraction
process at the Cu7Te4 and Bi2Te3 surfaces can be expressed by
equations (4) and (5), respectively [64,65]:

Cu7Te3 þ xS2�4Cu7Te3Sx þ 2xe�; (4)

Bi2Te3 þ xS2�4Bi2Te3Sx þ 2xe�: (5)

When the scan rate was increased, the CV curves for both
electrodes became more symmetrical, with more positive anodic
and negative cathodic current densities. This corresponds to the
incorporation of higher densities of protons and electrons into the
electrode by polarization in the electrode [66,67]. In addition, after
In3þ doping in WO3, the positive and negative current densities in
the anodic and cathodic curves were higher, which indicated that
electron transfer became easier after In3þ doping (Fig. 11(b)). This
could be attributed to the improved electrochemical stability with a
larger ion storage capacity in the electrode [67]. For the scan rates
from 50 to 100 mV/s, the peaks at near-zero voltage in the anodic
region were attributed to the irreversible reduction of indium and
corresponded to faster ion intercalation in the WO3 film by the
reduction process. This is similar to previous reports for vanadium-
doped WO3 and is considered a feature of the typical super-
capacitor [68,69]. The anodic peak current density values (Jpa) were
plotted against the square root of the potential scan rate (V1/2) in
Fig.11(c and d) for the undoped and In3þ-dopedWO3/Cu7Te4/Bi2Te3
electrodes, respectively. An increase in Jpa was observed in both
electrodes at increased potential scan rate. This indicated a diffu-
sional limitation of the S2�x =S2� redox reaction, i.e., the rate-
determining step was controlled by the diffusion of sulfur ions in
these electrodes [70]. The specific capacity (Cs) can be calculated
from the CV curves using equation (6) [71,72]:

CS ¼
IDU

3:6�mV
; (6)

where I is the average current value in the CV curves, DU is the
operating potential range, m is the weight of active materials
(m ¼ 0.0066 ± 0.0001 g for the undoped and In3þ-doped elec-
trodes), and V is the potential scan rate. The values of Cs are plotted
in Fig. 12(a). The highest Cs value of 90.2 mA h/g was obtained for
the In3þ-doped sample at a scan rate of 10mV/s, and it decreased to
9.4 mA h/g as the scan rate was increased to 100 mV/s. Thus, Cs is
inversely proportional to the scan rate, owing to the slower rate of
ion diffusion into the electrodes that reduces the capacity at the
high scan rates [73,74]. On the other hand, a lower scan rate leads to
a larger capacity through a higher diffusion rate [75]. It is also noted
that the In3þ-doped electrode had higher Cs value than the
undoped one, which is mainly due to two possible reasons: (1) the
inclusion of multivalent metal cations (i.e., In3þ, W6þ, Cu2þ, and
Bi3þ), and (2) the presence of a strong electro-activation effect from
the inclusion of In3þ in WO3. Similar to ZnO, WO3 is electro-
catalytically inactive with respect to proton reduction kinetics, and
its CV loop does not display a large integrated area [72]. Thus, the
In3þ doping inWO3 improved its capacity by increasing the surface-



Fig. 12. (a) Specific capacitance, (b) Ragone plot, and (c) determination of the double-
layer capacitances for undoped and In3þ-doped WO3/Cu7Te4(6)/Bi2Te3(4) electrodes.
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to-volume ratio, as more atoms are located on the surface of the
heterostructure to interact with sulfur ions from the electrolyte,
resulting in faster charge transfer and better conductivity. This
could mean enhanced capacitor characteristics for the electrode
[75]. To confirm the potential of our synthesized material (In3þ-
doped WO3/Cu7Te4/Bi2Te3) for electrochemical and energy storage
applications, its specific capacity is compared to various reported
materials in Table 1, together with the electrolytes used and the
scan rate/current density regimes. Our material has relatively
higher specific capacity than all but two in the Table 1, affirming its
feasibility while indicating room for improvement before practical
use in energy storage devices and rechargeable batteries in the
future.

The specific energy density (ED) and power density (PD) of the
electrodes were determined from the specific capacity values using
equations (7) and (8), respectively [83]:

ED¼CSðDVÞ2
2

; (7)

PD¼CSðDVÞs
2

; (8)

where DV is the potential window (DV ¼ 2 V). The variable s in
equation (8) is the potential scan rate. Fig. 12(b) illustrates the
Ragone plot (PD vs. ED) for the undoped and In3þ-doped WO3/
Cu7Te4(6)/Bi2Te3(4) heterostructures. After In3þ doping, PD reached
1.7 kW/kg at the highest ED equal to 18.85 Wh/kg. These values are
superior to those of the undoped electrode (1.38 kW/kg at 7.69Wh/
kg), which further demonstrated that the In3þ doping may improve
the electrochemical performance of electrodes.

To further reveal the influence of In3þ doping on the electro-
chemical active surface area ofWO3, Cu7Te4, and Bi2Te3, the double-
layer capacitance (Cdl) was measured for the as-synthesized elec-
trodes. Cdl was measured using the cyclic voltammogram at
different scan rates recorded in the non-Faradic region of the po-
tential window (�0.5 to 0.1 V vs. Ag/AgCl). In this potential region,
the average currents during the forward and reverse scan were
calculated, and half of their difference was taken as the charging of
the double layer instead of any redox reactions [84]. A plot was
made based on the equation Jdl ¼ s� Cdl, inwhich Cdl is determined
using the time derivative of the capacitance with the linear slope of
the plot between Jdl¼ Janodice Jcathodic and the potential scan rate (s)
[85,86]. As shown in Fig. 12(c), the current is linearly dependent on
the potential scan rate, demonstrating that the films acted as a
simple capacitor in this potential region [84]. The calculated Cdl
value of the electrode with In3þ-doped WO3 (15 mF/cm2) was
higher than that of the undoped electrode (4 mF/cm2), indicating
increased active surface area, charge transfer capability, and con-
ductivity. These changes could result in enhanced electrochemical
HER as well as catalytic performance and stability [85].

3.6. Chronoamperometry

In our CA experiment, the potential of the working electrode
was stepped from its rest potential of 0 V to �1.0 V vs. Ag/AgCl for
10 s, and thenwith a reversed potential of 0 V toþ1.0 V vs. Ag/AgCl
for the next 10 s. A current from Faradic processes is induced at the
electrode by the potential step as a function of time, as illustrated in
Fig. 13(a and b) for the undoped and In3þ-doped electrodes,
respectively. An asymmetrical behavior was observed for both
electrodes, with the anodic current being smaller than the cathodic
current, suggesting fast kinetics of ion deintercalation and inter-
calation in the electrode surfaces, respectively [87]. The response
time for the colored (tc) and bleached (tb) states is the respective
time required for the anodic (charging, deintercalation) and
cathodic (discharging, intercalation) currents to achieve a steady-
state level after the application of reactive voltages. During the
coloration process, the electrode transitions from an insulator to a
conductor. Consequently, in the current study, the coloration ki-
netics was slower than the bleaching kinetics due to the higher
current through the conductor electrode. Meanwhile, a rapid decay



Table 1
Comparison of electrodes, electrolyte compositions, and specific capacities for energy storage devices.

Electrode Electrolyte Specific capacity (mAh/g) Scan rate or current density regime Ref.

Cu2SeAg2S composite KOH 150.1 10 mV/s [4]
Sphere-like MoS2 Na2SO4 20.6 5 mV/s [76]
Bi2S3 thin film Na2SO4 56.2 5 mV/s [77]
Sm2Te3 thin films LiClO4ePC 52.0 5 mV/s [78]
Flower-like Cu1$8S nanostructures KOH 224.5 5 mV/s [79]
MoTe2/polyaniline H2SO4 76.2 0.4 A/g [80]
NiFe2O4/MoS2 composite KOH 84.3 1 A/g [81]
MnS2/MoS2 thin films Na2SO4 57.0 5 mV/s [82]
WO3/In3þ-doped [Cu2-xTe/Bi2Te3] Polysulfide 17.0 10 mV/s [25]
In3þ-doped WO3/[Cu7Te4/Bi2Te3] Polysulfide 90.2 10 mV/s This work

Fig. 13. Chronoamperometry of (a) undoped and (b) In3þ-doped WO3 electrodes coated by Cu7Te4(6)/Bi2Te3(4).
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in the current was observed in the bleaching process due to the
conductor-to-insulator transition [88], and the ionic dispersion
dynamics was affected by the different surface characteristics
during the oxidation and reduction processes [89]. For the In3þ-
doped WO3/Cu7Te4/Bi2Te3 electrode, the response times of the
bleached and colored states were 1.20 and 5.85 s, respectively,
which were shorter than those for the undoped electrode
(tb¼ 1.12 s and tc¼ 5.25 s). A possible explanation is that the doping
of In3þ ions into the WO3 lattice created some vacant sites in the
host lattice that caused more oxygen to adsorb on the WO3 surface,
thereby creating more active sites for improved electrode response.
Thus, the In3þ-doped electrode had a faster response time, due to
the easy insertion and deinsertion of S2� and Naþ ions into the large
active sites on the interface of the negative and positive electrodes,
respectively [90]. Furthermore, the doped electrode had more
electron transport channels (i.e., a higher electrical conductivity) in
its three-dimensional heterostructure [91].

3.7. Chronocoulometry

CC is an electrochemical measurement process, which was used
to investigate the effective surface area of the undoped and In3þ-
doped WO3/Cu7Te4/Bi2Te3 electrodes by applying the potential
of þ1.0 V vs. Ag/AgCl in a polysulfide electrolyte solution. Fig. 14(a)
presents the plots of the Q-t characteristics for the undoped and
In3þ-doped electrodes. A recording charge (Q) with increasing time
response was corresponded the ion concentration gradients in the
solution adjacent to the electrode surface [92]. The absorption of
electro-active species, the rate constant, and the mechanisms for
the chemical reactions of protons/electrons can be investigated
through the Anson equation [93]:

Q ¼2nFACD1=2t1=2

p1=2 ; (9)

where Q is the charge obtained from integrating the current over
time, n is the number of electrons transferred (n ¼ 1), F is Faraday’s
constant (96,485.3C/mol), A is the area of the electrode (A¼ 1 cm2),
C is the concentration of sulfur atoms in the polysulfide electrolyte
and CuS counter electrode (0.00325 mol/cm3) penetrating the
working electrode, and D is the diffusion coefficient. The charge
passed in reducing the diffusion reaction is dependent on the
square root of time (t1/2). The effective surface area can be described
by the calculated redox diffusion coefficient and determined from
the linear regression slopes of the Anson plot (Q-t1/2), as shown in
Fig. 14(b and c) for the undoped and In3þ-doped electrodes,
respectively. The redox diffusion coefficient (D) was calculated from
the linear regression slopes of the Anson plot, and its value
increased from 7.59 � 10�12 cm2/s for the undoped electrode to
13.73 � 10�12 cm2/s after In3þ doping in WO3 for the hetero-
structure electrode. These results are consistent with the slightly
lower Jpa in the CV performance from Fig. 9(d). The higher diffusion
coefficient in the In3þ-doped electrode led to the larger coloration
transition. This result is reasonable given that the doping enhanced
the ion storage capacity to allow the insertion/extraction of more
ions into/from the host material. Thus, a larger ion diffusion coef-
ficient indicates faster movement of S2� and Naþ ions to the
working electrode and counter electrode, respectively, leading to a
shorter switching time of the charging and discharging states and
shortened effective diffusion path.



Fig. 14. (a) Chronocoulometry and (b, c) Anson plot (Q-t1/2) of undoped and In3þ-doped WO3/Cu7Te4(6)/Bi2Te3(4) electrodes, respectively.
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3.8. Linear sweep voltammetry

The electrolytic production of the undoped and In3þ-doped
WO3/Cu7Te4/Bi2Te3 electrodes was investigated using their elec-
trocatalytic activity. The LSV curves of the two electrodes are dis-
played in Fig. 15 with a voltage range of 0e1.0 V vs. Ag/AgCl and a
scan rate of 100 mV/s at 298 K. The results showed the intrinsic
catalytic activity corresponding to the substantially different cur-
rent density over the potential. Therefore, the electrochemically
active surface area plays an important role in determining the
discharge process of the electrode [94]. The In3þ-doped WO3/
Cu7Te4/Bi2Te3 electrode has a higher oxidative current response
than the undoped electrode during the LSV scan. This indicates that
the former electrode had more energetic electrons and faster
electro-kinetics, which can also be attributed to hydrogen genera-
tion in the water decomposition reaction [95]:

2H2Oþ2e�/H2 þ 2OH�: (10)

In addition, the threshold potentials are indicated by the inter-
cept on the x-axis, referred to as the breakdown voltage. The In3þ-
doped WO3/Cu7Te4/Bi2Te3 electrode had a much lower breakdown
voltage of 0.27 V compared with 0.46 V for the undoped electrode.
A lower breakdown voltage can allow the use of smaller, cheaper,
and safer power supply by reducing the voltage required to initiate
breakdown for the generating electrons or ions into the discharge
region [96].
Fig. 15. Linear sweep voltammetry of undoped and In3þ-doped WO3/Cu7Te4(6)/
Bi2Te3(4) electrodes.
4. Conclusions

Undoped and In3þ-doped WO3 films were coated with rhom-
bohedral Bi2Te3 thin films and

hexagonal Cu7Te4 NCs for use in energy storage applications. We
systematically studied the influence of In3þ doping on the behavior
of the WO3 electrode as an electron acceptor. The CV curves of the
undoped and In3þ-doped WO3 electrodes after coating with Bi2Te3
thin film and Cu7Te4 NCs showed Faradic pseudocapacitance
behavior. The doped In3þ cation diffused inside theWO3 lattice and
was involved in the insertion-removal exchange process of elec-
trons, with additional electrochemical S2� insertion/extraction
occurring at the Cu7Te4/Bi2Te3 and polysulfide electrolyte surfaces.
In addition, increases in the active surface area, charge transfer
capability, and conductivity of the electrode after In3þ doping may
enhance the electrochemical HER, catalytic performance, and sta-
bility of related devices. Our overall results showed that Cu7Te4 and
Bi2Te3 on undoped and In3þ-doped WO3 may be used to fabricate
energy storage devices or future electrochemical energy storage
applications for hydrogen (oxygen) evolution reactions. However,
changing the doping element or using other metal chalcogenide
thin films may further improve the specific capacitance and reduce
the charge transfer resistance in these materials. Alternatively,
these nanocomposite thin films can be synthesized with graphene
oxide (GO) to improve the electrochemical property, by utilizing
the highly conductive GO and the specific capacity of the electro-
chemically active pseudocapacitors. These findings can lead to
substantial enhancements in the energy and power densities of
electrochemical and energy storage devices.
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