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Abstract : Water-enriched tungsten oxide (We-WOs), synthesized via extended ultrasonication
and electrochemical deposition, showed multifunctionality in electrochromic (EC) device and
energy storage system. As an EC film, it achieved 73.6% optical contrast, 3.3 s coloration time,
and 93.1 cm*C coloration efficiency. Meanwhile, We-WO; exhibited a charge transfer resistance
of 20.5 Q, a reasonable capacitance of 35.6 mF/cm?, and capacitance retention of 78.4%. Water
enrichment improved particle dispersion, altered its morphology, and intensified the Li* ion activ-
ity. Integrated with a quantum-dot-sensitized solar cell (QDSSC), the We-WO; EC film functioned
effectively without an external power source using the QDSSC’s 0.56 V open-circuit voltage.

Keywords : Tungsten oxide, Water-enrichment, Electrochromic device, Energy storage, Quantum
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1. Introduction

Advancements in modern technologies in the
electrochromic (EC) energy device sector have gar-
nered a significant attention. Continuous improve-
ments in energy consumption sources have led to
the widespread development of EC displays. The
crucial features of EC devices include their ability
to maintain indoor—outdoor temperatures and their
eye-friendly nature during use. The underlying
working principle of EC films is rooted in their
redox reactions. Traditionally, EC devices rely on
external power supplies for their operation. How-
ever, issues such as response lag during light mod-
ulation with an external source have prompted the
exploration of alternative power sources, with pho-
tovoltaic (PV) cells emerging as viable options for
powering EC devices.'™

WO; stands out as a versatile material for EC
applications, serving as a component of both EC
devices’'? and energy storage''"'® for several
years. Despite considerable achievements using
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WO;, challenges such as insufficient optical modu-
lation and poor diffusion coefficients persist.
Numerous studies have been conducted to address
these issues. Studies have indicated that the EC
properties of WO; and its related oxides are highly
dependent on the water content. An advantageous
correlation between a higher water content and
facilitated Li' insertion has been observed, which
can potentially enable a faster optical response.’>™”
In this study, the surface of a WOj; nanostructure is
modified using an extended ultrasonication process.
The findings reveal that this modification not only
augments the water content but also enhances parti-
cle dispersion and reactivity, with prospective bene-
fits for improving both EC and energy-storage
performance.! The EC performance of the resulting
water-enriched WO; (We-WOs) film without exter-
nal wiring is also investigated. A novel assembly
of the integrated device is developed, as shown in
Fig. S1, featuring photovoltaic power cells as an
alternative energy source. Reports suggest that even
PV cells with a small area can provide sufficient
power to operate a large EC device, thus showing
potential for practical applications.?*2V
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In this study, a We-WO; thin film is meticu-
lously synthesized using an extended ultrasonica-
tion method followed by electrochemical deposition
(ECD). Both the EC and energy-storage capabili-
ties are evaluated for multifunctional purposes.
Additionally, an innovative approach is employed
by integrating quantum-dot-sensitized solar cells
(QDSSCs) as an alternative power source for an
EC device, resulting in the development of a PV-
EC system. An integrated setup is designed to
explore and analyze the EC performance of We-
WO; in the absence of an external power source.

2. Experimental

2.1 Materials

Diverse chemical reagents, including sodium tung-
state dihydrate, sodium sulfide anhydrate, nitric
oxide, boric acid, cadmium nitrate tetrahydrate, sele-
nium dioxide, sodium borohydride, zinc nitrate
hexahydrate, copper nitrate pentahydrate, and hydro-
gen peroxide, were procured from Sigma-Aldrich.
Solvents (poly-pyrrole carbonate (PC), ethanol,
methanol, and acetone) were sourced from Dae-
jung (Korea).

2.2 Synthesis of WO; and We-WQ; EC films

Thin films of WOj3; and We-WO; were fabri-
cated on the surface of indium-doped tin oxide
(ITO). In the deposition of WO;, a constant poten-
tial of -0.8 V was applied for 100s using a three-
electrode cell system*®, as confirmed by linear
sweep voltammetry measurement (Fig. S2). The
system comprised an indium tin oxide (ITO) sub-
strate (resistivity =8 Q/sq) as the working elec-
trode, Pt wire as the counter electrode, and Ag/
AgCl as the reference electrode. An aqueous solu-
tion of 0.1 M Na,WO42H,0 adjusted to pH 1.0
was used as the deposition solution. To prepare the
We-WO3, a 0.1 M Na,W0O,42H,0 solution was
ultrasonicated for 24 h at room temperature and
utilized for the deposition of the We-WO; by
applying the same potential of -0.8 V. These pro-
cesses resulted in the fabrication of WO; and We-
WOs; films.

2.3 Preparation of TiO, ionic layer and Cu,S
counter electrode on same substrate

To fabricate an ionic storage layer for EC cells,
a coating of TiO, (Ti-Nanoxide T/SP, Solaronix
SA) was applied at one end of the ITO substrate
using the doctor blade method.>'?» The coated
layer of TiO, was subsequently dried and sintered
at 450°C for 30 min. Simultaneously, a Cu,S
counter electrode for the QDSSC was prepared at
the opposite end of the same substrate using the
electrodeposition method, followed by sulfurization.”

2.4 Unique
integrated device

To create a photoanode for the QDSSC, TiO,
(Ti-Nanoxide T/SP, Solaronix SA) was synthesized
on the FTO surface using the doctor blade method.
Subsequently, the successive ionic layer adsorption

assembly of QDSSC-assisted

and reaction (SILAR) method was implemented to
form CdS and CdSe quantum dot layers, along
with a ZnS passivation layer, over the TiO, layer.
SILAR was performed using the methodology out-
lined in our previous reports.’>*» To assemble the
integrated device (PV-EC), the TiO, ionic layer and
Cu,S counter electrode were combined in a sand-
wich structure with the prepared We-WO; EC film
and TiO,/CdS/CdSe/ZnS photoanodes, respectively.
A non-aqueous 1 M LiClO4/propylene carbonate
(PC) solution with TiO, was used as the electrolyte-
sandwiched EC device. On the other hand, a poly-
sulfide comprising 1 M S, 1 M Na,S, and 0.2 M
KCIl in methanol/DI water (7:3 by volume) was
used as the redox electrolyte for the QDSSC cell.

2.5 Characterization

The morphologies of the as-prepared thin films
were analyzed using FE-SEM (S-4800, Hitachi,
Japan) at an accelerating voltage of 10 kV and a
working distance of 7 mm. The surface was inves-
tigated using transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), and
selected-area electron diffraction (SAED). Elemen-
tal mapping of the thin film surface was also per-
formed.

The chemical environments of the synthesized
thin films were studied using X-ray photoelectron
spectroscopy (XPS). The We-WO; was subjected to
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thermogravimetric analysis (TGA) and Fourier-trans-
form infrared spectroscopy (FTIR). Its electrochemi-
cal performance was evaluated using a three-
electrode cell system with LiClO,/PC as the non-
aqueous electrolyte solution. To study the optical
characteristics, a UV-visible spectrophotometer
(Model: S-3100, SCINCO) was used in combination
with an electrochemical workstation (IVIUM Tech-
nologies, COMPACTSTAT.e) over the wavelength
range of 300-900 nm. The optical measurements
were performed under xenon illumination.

3. Results and Discussion

3.1 Mechanism of fabrication of WO; and We-WO;
The fabrication of WOj; involves using a simple
ECD method. An aqueous solution of 0.1 M
Na,WO,2H,0 in H,O, was prepared for the depo-
sition of the WO; thin film. The following chemical

reactions occurred during the deposition process®!":

2W,0,% + 4H,0,
— W,0,, + 20H + 3H,0 Q)

W07 + (2 + 2x) H + 2xe”
— 2WO5 + (2 + 2x/2) H,0 + (8-2x/2) O, Q)

Similarly, an ultrasonicated 0.1 M Na,WO42H,0
solution was employed for the deposition of the
We-WO; film. For both films, the ECD technique
at a constant potential of -0.8 V for 100 s afforded
well-deposited WO; and We-WO; EC films cover-
ing the surface of the ITO substrate.

3.2 Physical characteristics

The morphologies of the prepared WO; and We-
WO; thin films are presented in Fig. 1. Fig. 1(a, b)
illustrates the dense morphology of the small tungsten
ion nanoparticles, which is a common characteristic.
In contrast, We-WQO; exhibited a well-dispersed and
exposed morphology, as depicted in Fig. 1(d, e).

The dispersion and exposure of the morphology
are attributed to intense ultrasonication for an
extensive duration, which may have enhanced the
water content of the WOj; nanostructures. The
improved morphology of We-WOs; is expected to
intensify the movement of Li" ions, thereby signifi-
cantly enhancing the electrochemical and optical
properties. Cross-sectional SEM images of the WO,
and We-WO; films are displayed in Fig. 1(c, f),
respectively. The thickness of the WO; and We-
WO; films was similar at 1.15 um and 1.12 pm,

respectively.

Fig. 1. (a, b) SEM images and (c) cross-sectional image of WOj3; (d, e) SEM images and (f) corresponding cross-sectional

image of We-WO;.
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Fig. 2. (a, b) TEM images, (c¢) HR-TEM image, (d) SAED images, and (e—g) elemental mapping of We-WO; film.
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Fig. 3. XPS analysis: (a) W 4f and (b) O 1s spectra of We-WOj thin film.

The surface structure of the We-WOj; thin film
was thoroughly investigated using low-magnifica-
tion TEM, HR-TEM, SAED, and elemental map-
ping measurements, as depicted in Fig. 2. The
TEM image (Fig. 2(a)) reveals distinctive flaky
nanostructures, providing detailed insights into the
morphology of the thin film.

In contrast, the HRTEM images (Fig. 2(b, c))
exhibited an amorphous surface. Additionally, the
SAED image of the We-WO; thin film (Fig. 2(d))
exhibited completely diffused, broad, and wide
rings, strongly suggesting the amorphous nature of
We-WO;. Elemental mapping of the We-WO; film
demonstrated that W and O were evenly distributed

across the surface (Fig. 2(d—f)).

XRD was utilized to investigate the crystalline
properties of the deposited WO; and We-WO;
nanostructures (Fig. S3). The characteristic peaks at
30.5°% 35.4°, 51° and 60.5° originate from the ITO
substrate. Notably, no additional peaks were observed
in the XRD patterns of the WO; and We-WO; film
surfaces. The absence of peaks can be attributed to
the amorphous nature and thin nanostructure of the
films.*?3

XPS was used to determine the chemical compo-
sition and valence states of the metal ions in We-
WO; (Fig. 3). The survey analysis of the We-WO;
film revealed an atomic composition of 17.1% W
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and 82.9% O (Fig. S4(a)). The defined peaks at
binding energies of 35.4 and 37.7 eV correspond to
W 4f;, and W 4f5,, respectively, indicating the +6-
oxidation state (Fig. 3(a)). Furthermore, the XPS
Ols spectra exhibited two major peaks at 530.4
and 530.8 eV, arising from the different chemical
environments of the oxygen bonds in We-WO;,
denoted by I and I1.3%!D Additionally, a prominent
peak appeared at 532.4 eV owing to the hydro-
philic -OH group present on the We-WO; surface
(Fig. 3(b)). This suggests that extended ultrasonica-
tion did not affect the binding energies of the W
ions. However, ultrasonication may have enhanced
the water enrichment of the surface of We-WOs;.
The formation of water-enriched nanostructures is
beneficial for improving the intercalation/deintercala-
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Fig. 4. TGA analysis of WO; and We-WOj thin films.
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tion of Li" ions over the film surface, leading to
improvements in the primary EC properties, such as
optical modulation and switching speed.

TGA measurements were performed to verify the
water enrichment of the surface of We-WQOj; after
extended ultrasonication (Fig. 4). The WO; and
We-WOj3 nanostructures exhibited an initial water
loss up to 200 °C; this water was likely absorbed
from the external environment. The mass loss in
the temperature region of 200-300 °C may be asso-
ciated with the strongly bonded water molecules on
the surface of the nanostructure.!>!®

In this region, We-WO; exhibited a significant
loss of water molecules (approximately 17%), con-
firming the enhancement of its hydrophilic nature
or water-enriched surface. FTIR measurements of
We-WOs; also revealed the introduction of hydro-
philic groups, indicated by the appearance of a broad
band in the wavelength range of 3000-3700 /cm (Fig.
S4(b)) due to the O-H stretching vibration of the

adsorbed water.'®

3.2 Electrochemical and optical characteristics

Cyclic voltammetry analysis of the WO; and We-
WO; thin films was conducted in a non-aqueous
solution of 1 M LiClO4/PC. The experiment cov-
ered the potential range of -1V to +1V, with a
scan rate of 50 mV/s. The results presented in Fig.
5(a) indicate that the redox peaks for We-WO;
were more prominent, accompanied by higher cur-
rent levels, compared with those of the WO; film
electrode. This suggests that the water-enriched

T (%)

400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 5. (a) Cyclic voltammetry and (b) optical modulation data for WO; and We-WQOj thin films.
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nanostructure of We-WO; resulting from intense
ultrasonication enhanced the transfer of Li" ions
across the surface of the film. Upon optical exam-
ination, We-WO; exhibited exceptional optical con-
trast (%AT) of 73.6% at 750 nm (Fig. 5(b)).

In contrast, the WO; film displayed a %A4T of
only 56.7% at the same wavelength. A comprehen-
sive summary of these results is presented in Table
S1. The remarkable optical contrast achieved for
the We-WO; films may be attributed to the larger
exposed area and the deagglomerated morphology
of the nanostructures. This morphology resulted
from extended ultrasonication, which facilitated easy
access of Li" ions across the surface.

Nyquist plots of both films were obtained by
impedance measurements (Fig. S5). Notably, We-
WO; demonstrated a charge-transfer resistance (R,
and series resistance (R;) of 20.5 Q and 7.5 Q,
respectively. In contrast, the WO; film electrode
exhibited an R, of 25.3 Q and R, of 8.4 Q. A
comprehensive summary of these results is pre-
sented in Table S1. The favorable electrochemical
performance of We-WO; was underscored by its
significantly lower R., which contributed to its
improved charge transfer. In addition, the minimal S
value can be attributed to the enhanced active sur-
face area resulting from the dispersed and exposed
morphologies, as evidenced by the SEM images. A
larger surface area generally leads to lower resis-
tance owing to improved electron flow, reduced
congestion, and enhanced contact between materials.
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To further validate the augmented active surface
area of We-WO;, cyclic voltammetry measurements
were conducted in 0.1 M [Fe (CN)]*” (Fig. S6).
The electrochemically active surface area (EASA)
was calculated using the Randles-Sevcik equation
[4,26-28]. The We-WO; film electrode exhibited a
large EASA (0.0021 cm?) and a minimum peak
separation (AE) of 0.25V during the oxidation—
reduction process, whereas WO; displayed a lower
EASA (0.0014 cm?) and AE of 0.30 V. The combi-
nation of the lowest R, and enhanced EASA for
We-WO; is attributed to its dispersed morphology,
which increases the number of active sites across
the surface.

For optical characterization, the switching perfor-
mance of WO; and We-WO; as EC films was
investigated at 750 nm (Fig. 6(a)).

Amperometry was employed to monitor both
films at a switching potential of £1 V, and the cor-
responding bleaching time (#,) and coloration time
(¢.) were calculated. Here, 7. and #, represent the
times required to achieve 90% optical contrast in
both states. The We-WO; EC film exhibited mini-
mal 7. and ¢, values of 3.3 s and 1.6 s, respec-
tively. In contrast, the WO; EC film had ¢, and ¢,
values of 52 s and 3.4 s, respectively, as summa-
rized in Table S2. The current density curves (Fig.
6(b)), showing the switching performance, indicate
that the We-WO; film exhibited higher current den-
sities in both the oxidation and reduction processes
than the WO; film. This observation further con-

100 120 140 160 180 200
Time (s)

Fig. 6. (a) Switching performance of both thin films as ECDs and (b) corresponding current density curves for WO; and

We-WO;, measured at a switching potential of +1 V.
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firmed the efficient transfer of Li' ions over the
water-enriched surface of the We-WO; film during
the intercalation and deintercalation processes.

The coloration efficiency (CE), a crucial parame-
ter for characterizing EC materials, was calculated
using the following straightforward equation®!:

CE = AODKQ/A) = log(Th/Te)(O/A)

where AOD is the optical density, Q is the charge
capacity, 4 is the effective area, and 7, and 7, rep-
resent the transmittance of the films in their
bleached and colored states, respectively. The effi-
ciency was calculated by plotting the OD as a
function of the charge density (C) for both films.
This result indicates that the EC film of We-WO;
exhibited a higher CE value of 93.1 cm*C, whereas
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the CE of the WO; film was only 75.3 cm*C (Fig.
7(a)). Furthermore, the optical stability of both
films was investigated at 750 nm over 1000 s, as
depicted in Fig. 7(b).

When the films were used as ECDs, a nearly
identical negligible degradation in %AT7, i.e., only
1.9% over the applied period, was observed for
both films. The overall enhanced EC performance
of the We-WO; film can be attributed to the
improved reactivity resulting from the refined mor-
phology achieved by intense ultrasonication.

In addition to its remarkable EC performance,
this study investigated the capacitive performance of
We-WO; as an energy-storage electrode. Galvanos-
tatic charge—discharge (GCD) curves of both film
electrodes were acquired at various current densities
(0.5-5 mA/em?) in 1.0 M LiClO4/PC (Fig. 8(a, b)).
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Fig. 7. (a) Coloration efficiency curves and (b) optical stability measurement for WO; and We-WO; ECDs.
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Fig. 8. GCD curves of (a) WO; and (b) We-WOj; thin-film electrodes at various current densities.
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Fig. 9. (a) Photocurrent—voltage (P-V) curve for the QDSSC device under 1-sun illumination and (b) optical modulation
measurement of We-WQ); assisted by QDSSC in the absence of external power.

Notably, We-WO; demonstrated a peak areal
capacitance (C,) of 35.6 mF/cm? at a current den-
sity of 0.5 mA/ecm?, surpassing that of WO; (C, =
28.1 mF/cm?). The capacitance retention (%) and
coulombic efficiency (%) of both film electrodes
were also computed after 2,000 charge—discharge
cycles at a current density of 5 mA/cm? within the
potential range of -0.9-0.7 V. We-WO; demon-
strated an optimal capacitance retention of 78.4%
(Fig. S7(a)), indicating satisfactory cyclic perfor-
mance, whereas WO; exhibited a competitive
capacitive retention of 72.2% (Fig. S7(b)). Addition-
ally, the coulombic efficiency of both films exceeded
95% in the measured GCD cycles. Consequently, the
overall enhanced energy storage performance of We-
WO; can be attributed to its acquired morphology,
which features a high EASA and excellent reactivity
for the efficient transfer of Li" ions.

The EC performance of We-WO; as part of an
EC device without external wiring or a direct
power supply was assessed by integrating it with
an alternate power source. In this context, the pre-
viously prepared QDSSC served as an alternative
power source. Cu,S and FTO/TiO,/CdS/CdSe/ZnO
were used as the counter electrode and photoanode,
respectively, for the QDSSC. Prior to its integration
with the EC film of We-WO;, the J-V performance
of the QDSSC was evaluated under 1-sun illumina-
tion (Fig. 9(a)). This assessment yielded an optimal
open-circuit voltage of 0.56 V, a current density of

15.6 mAcm™, and a fill factor of 42.4.

To observe the EC performance of the We-WO;
film, an integrated device was assembled in a novel
configuration, wherein the QDSSC and We-WO;
EC films were fabricated with a Cu,S counter elec-
trode and a TiO, ionic layer, respectively, on the
same substrate surface, as shown in Fig. S1. When
the QDSSC was used as the power source, the We-
WO; film exhibited coloration and bleaching, as
confirmed by transmittance measurements. When
assisted in the integrated device, the We-WO; film
demonstrated a %AT of 26 at 750 nm (Fig. 9(b)).
During the operation, the actual voltage delivered to
the EC film may have been lower due to internal
resistive losses and the current flow between
QDSSC and EC device. The lower effective voltage
might not have been sufficient to fully drive the
electrochemical process in the We-WOs; film. There-
fore, power mismatch between EC device and
QDSSC source plays a significant role in optimiz-
ing the performance of the integrated device.

4. Conclusions

A We-WO; film was synthesized using an
extended, intense ultrasonication process, followed
by a straightforward electrodeposition technique.
The applicability of the film to both EC and
energy storage devices was investigated. In terms of
its role as an EC film, We-WO; exhibited an out-
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standing optical modulation of 73.6%, a short col-
oration time of 3.3 s, and a coloration efficiency of
93.1 cm?/C, with a reasonable areal capacitance of
35.6 mF/cm? and excellent capacitance retention.
The enhanced performance of We-WO; can be pre-
dominantly attributed to the formation of a water-
enriched nanostructure, which significantly increased
the active surface area and improved the charge-
transfer kinetics. A novel integrated device assem-
bly was introduced to further extend the application
scope. The assembly comprised a QDSSC as the
power source to drive the EC performance of the
We-WO; film without requiring an external power
supply. The induced open-circuit voltage from the
QDSSC source successfully enhanced the EC per-
formance of the We-WO; film.
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