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Electrochromic technologies have recently attracted attention due to their energy-saving performance for
reducing green gas emissions. The materials design and preparation of electrochromic materials with
sufficient microstructure and crystallographic features for suitable ion intercalation/deintercalation are
essential for high performance and efficiency. In the present work, nanostructured amorphous tungsten
trioxide (WOs3) films are electrodeposited to enhance electrochromic properties by controlling the pH of
electrolytes. Electron microscopy and spectroelectrochemical analysis demonstrate that smaller grain
sizes result in larger electrochemical reactive surface areas and shorter ion diffusion lengths.
Consequently, the ions efficiently intercalated and deintercalated during the coloring and bleaching
states, respectively. In particular, prepared WOs films at electrolyte pH 1.4 demonstrate high optical

Received 13th October 2022
Accepted 5th December 2022

DOI 10.1035/d2ra06472¢ modulation (74.83%) and good transmittance switching speeds (1.56 and 2.06 s during coloring and

rsc.li/rsc-advances bleaching, respectively) at 650 nm, as well as comparable coloration efficiency (61.92 cm? C~* at 650 nm).
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Introduction

Greenhouse gas emissions are the main cause of global warm-
ing, and are expected to worsen. According to the International
Energy Agency (IEA) report, the carbon dioxide emissions and
energy consumption of the global building sector are 36% and
39%, respectively."? Thus, an enhancement in energy efficiency
in buildings is necessary to reduce carbon dioxide emissions.

Electrochromic smart windows have recently attracted
attention because of their energy-saving performance, such as
solar radiation.>* A fundamental of the electrochromic tech-
nology is as follows; when voltages are applied to a device, Li* or
H' ions in the electrolyte migrate to the functional film, and
their intercalation and deintercalation processes lead to
changes in optical properties, including coloration and
transmittance.>”

Functional film materials can be classified into two types
based on their reaction mechanism: anodic (V,0s5, NiO, Co30,,
etc.) and cathodic (WOj; TiO,, Nb,Os, etc.) coloration
materials.** Among these materials, WO; has been widely
researched as a coloration material in electrochromic devices
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because of its good coloration efficiency, cycle reversibility,
lifetime, and chemical stability.**"”

WO; has an empty-perovskite structure composed of corner-
sharing WO, octahedra. A cation is available to insert into the
interstitial sites, and when a negative potential is applied,
a cation is intercalated, which leads to a coloration. However,
when a positive potential is applied, an intercalated cation is
deintercalated from the interstitial site, leading to bleach-
ing.'*'*® These electrochromic reactions can be described as
follows.

WOj; (colorless) + xe~ + xM* — M, WOj; (dark blue)

where M is the intercalated ions and x is concentration of the
ions.

Coloration is possible with both amorphous and crystalline
WO;, and their reactions are caused by tiny polaron hopping
and the Drude model, respectively.”*** Because of the facile
migration of cations in amorphous WOj;, it outperforms crys-
talline WO; in terms of quick reaction and increased effi-
ciency.”® Moreover, since nanostructured WO; provide large
surface area with shorten ions diffusion length, which could
achieve faster intercalation/deintercalation reaction and
switching than that of bulk structure."*

Meanwhile, there are many methods for preparing WO;
films, such as electrodeposition, laser deposition, spray pyrol-
ysis, thermal evaporation, magnetron sputtering, and hydro-
thermal methods.”***” Among these, electrodeposition used in
this study is widely used for preparing WO; because of several
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merits, such as a simple process under room temperature and
atmospheric pressure, the possibility of large-area deposition,
and low capital cost.*®*

In this study, WO; films are prepared using electrodeposi-
tion for coloration materials, and the electrolyte pH in the bath
is controlled by adding perchloric acid (HCIO,). Because the
variation of electrolyte pH is expected to facilitate controlling
film structure. The changes of electrolyte pH imply to control
amount of reactant with tungstate species, which can induce
variety of nucleation density. As a result, the controlled
parameter would affect to structural properties including grain
size and film density.

The influence of controlled pH during electrodeposition on
nucleation density and their correlation with coloration effi-
ciency is investigated. The most challenging issue in this study
is investigating the effect of nucleation density on the electro-
chromic properties with the reaction speed and efficiency.

Experimental

A fluorine-doped tin oxide (FTO)-coated glass (7 = Q sq ")
substrates were cut into 0.8 x 3 cm? pieces and then cleaned
with isopropyl alcohol, acetone, and ultrapure water for 20 min.
After washing, the FTO glass was air dried. The electrodeposi-
tion bath solution was synthesized by mixing 0.515 g sodium
tungstate dihydrate (Na,WO,-2H,0) with 125 ml ultrapure
water (25 £ 2 °C) and stirring the solution for 30 min. After that,
0.325 ml hydrogen peroxide (H,0,) was added to the solution,
and the hydrogen ion concentration (pH) in the bath solution
was adjusted between pH 1.8 and 1.2 by adding varying
concentrations of HClO,. Additional stirring was performed for
30 min, and then the solution was used as an electrodeposition
bath solution. WO; thin film was prepared using a three-
electrode potentiostat/galvanostat (PL-9, Physio Lab) equip-
ment in an electrochemical setup where FTO glass, platinum
coil, and Ag/AgCl (sat. 3 M KCl) electrodes were used as working,
counter, and reference electrodes, respectively. An area of 0.8 x
1.5 cm” working electrode was immersed in the bath solution.
During the electrodeposition, the bath solution was stirred at
80 rpm, and a constant potential of —630 mV was applied to the
working electrode for 360 s. The deposited WO; film was
washed with ultrapure water and dried at room temperature for
24 h for stabilization. The deposited WO; films at pHs 1.8, 1.6,
1.4, and 1.2 were denoted as pH1.8WOj;, pH1.6WO;, pH1.4WOj3,
and pH1.2WO3;, respectively. The crystal structure of the WO,
films was analyzed using X-ray diffraction (XRD, Ultimate IV,
Rigaku) with a Cu Ko source (A = 1.5418 A) at 2-theta ranging
from 20° to 60° with 0.02° step size. The surface morphology,
film thickness, and energy dispersive X-ray spectroscopy (EDS)
of the WO; films were measured using a field emission scan-
ning electron microscope (FE-SEM, SU8020, HITACH). An
additional surface property was investigated using atomic force
microscopy (AFM, XE-100, Park Systems). The electrochemical
properties of WO; films were determined using a three-
electrode electrochemical cell with WO;-FTO glass, platinum
coil, and Ag/AgCl (sat. 3 M KCI) as working, counter, and

reference electrodes, respectively. The electrodes were
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immersed in 1.0 M lithium perchlorate (LiClO,, Wako, =98%)
and propylene carbonate (PC, JUNSEIL, 98%) electrolyte. The
cyclic voltammetry (CV) was measured for two cycles by applying
a potential range of —1.0 to +1.0 V at a sweep rate of 50 mV s~ ',
while the chronoamperometry (CA) was measured by applying
the same potential range for 15 s. During chronoamperometry
measurement, the optical properties at 650 nm wavelength were
measured in situ using a UV-Visible spectrophotometer (UV-Vis,

Evolution 220, Thermo).

Results and discussion
Preparation of WO; films

The WO; films were deposited using the following reactions
during the electrodeposition, which was conducted at constant
voltages, stirring rate, and time.*°

2WO0,> + 4H,0, — W,0;,>~ + 20H™ + 3H,0

2+ x)

W,01,%" + (2 + 3x)H' + 3xe” —»2H,WO; +

(8 —x)
4

H,O

+

027

H.WO; — WO; + xH" + xe~

Fig. 1a shows the variation of current density at different pHs
of 1.2-1.8 during electrodeposition. The current density tended
to increase as the pH decreased. Because the hydrogen ions (H")
that react with peroxytungstate (W,01,%") in the lower pH
conditions increase, nucleation density might be increased;
thereby, more tungsten bronze (H,WO;) is formed, ie.,
decreased electrolyte pH leads to increase nucleation density,
resulting in increased current density during electrodeposition.
Fig. 1b shows the deposition rate depending on the variation of
electrolyte pH. Due to the increased nucleation rate, the thick-
ness of deposited WO; increases with increasing current density
(inset of Fig. 3).

Characterization

XRD patterns were conducted to examine the crystallinity of the
electrodeposited films (Fig. 2). All the films show FTO peaks,
and there are no obvious peaks corresponding to WO;. The
pH1.2WO; film was post-annealed at 400 °C to obtain structural
information, and then it was compared to others. The post-
annealed pH1.2WO; film showed (002), (020), and (200) peaks
of monoclinic tungsten oxide in the XRD patterns,** implying
that all films are formed as amorphous phases. Additionally, the
obtained EDS spectra (Fig. S11) confirmed that the impurities
are not formed in the WO, films. As a result, the nanostructured
amorphous WO; films are successfully prepared.

Based on the above section, an increasing current density is
related to the nucleation rate,** which highly affects the grain
size of WOj3. As shown in the FE-SEM images (Fig. 3), the grain
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Fig.1 (a) Current density of WOz deposited at various pH bath levels.
(b) Variation of deposition rate (nm/min) with bath pH conditions and
cathodic charge density.

* WO, (JCPDS 83-0951)

2
g*
*

annealed

ul.l\\'()_‘
J\ pH1.4WO,

L A \ pHIL6WO,

- ‘\ A pH1.8WO,

" 1 1 "

20 30 40 . 50 60
2-theta (deg)

Intensity (a.u.)

= = b

Fig. 2 XRD patterns of the WOs thin films prepared at various elec-
trolytes pH.
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size tends to increase as the electrolyte pH increases. The
pH1.2WO; film particularly presented a relatively small grain
size and high density. However, such a denser structure could
reduce the porosity of films, which might negatively contribute
to cation intercalation/deintercalation.

Further investigation of the morphology was examined using
AFM. In Fig. 4, the roughness (R,,s) linearly decreased with
a decrease in pH. These results were consistent with the FE-SEM
observations, which showed that a controlled electrolyte pH
during electrodeposition could effectively control grain size.

From the obtained results, the lower electrolyte pH induces
small grain size and densified film, i.e., the specific surface area
was increased, and the porosity was decreased. Therefore, the
effect of these phenomena on the electrochromic properties will
be discussed in the electrochemical analysis.

Electrochemistry and spectroelectrochemistry

To examine the morphological effect, the CV with the 1.0 M
LiClO, and PC electrolyte was conducted in the range of —1.0 to
+1.0 V (vs. Ag/AgCl). In Fig. 5, the area of CV curves is related to
the charge storage capacity, which might be attributed to the
specific surface area and film thickness.**?** Furthermore, the
diffusion coefficient of Li* was calculated using Randles-Sev-
ick's equation.*

3 1 1
iy =272 x10° x n2 x D2 x C x 12, (1)

where D is the diffusion coefficient, 7, is the cathodic peak
current density, 7 is the number of electrons (Li" = 1), C is the
concentration of ions (1 mol em™?), and v is the sweep rate.

Table 1 summarizes the kinetic parameters. As predicted,
the calculated D presented a tendency to enhance with small
grain size, which might originate from the large electrochemical
reactive surface areas (ERSA) and shortened Li'* diffusion
lengths.**® However, small degradation in the pH1.2WO; might
be related to an excessively small grain size, which could create
numerous interfaces, thereby increasing interfacial resistance.’”

CA was conducted using 1.0 M LiClO, with PC electrolyte at
1.0 and —1.0 voltages to evaluate electrochromic performance
with the reactivity for ion insertion/extraction. Additionally, UV-
Visible spectroscopy (UV-Vis) was used to investigate the
velocity of switching between coloring and bleaching (Fig. 6).
Fig. S21 shows the transmittance spectra in bleaching and
coloration state at wavelength from 300 to 900 nm. The trans-
mittance modulation of WO; films tended to increase with
decreasing electrolyte pH in both visible and near-infrared
region.

The charge density (Q) during electrochromic was calculated
from the spectra in Fig. 6a using the following equation.®

0= Jidt (2)

The WO; films exhibited charge densities of 13.99, 20.97,
33.36, and 31.25 mC cm 2 in decreasing order of electrolyte pH.
This increasing charge density with decreasing pH trends could
be attributed to a relatively large specific surface area and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FE-SEM images for surface and cross-section (inset) of the (a) pH1.8WOs3, (b) pH1.6WOs3, (c) pH1.4WO3, and (d) pH1.2WOs.

(a) pH1.8WO,
Rpst 23.19 nm

(c) pH1.4WO,
Ryt 16.92 nm

(b) pH1.6WO,
Rips: 20.19 nm

(d) pH1.2WO,
Rps: 16.76 nm .

Fig. 4 Three-dimensional AFM images of WO3 thin films prepared at (a) pH 1.8, (b) pH 1.6, (c) pH1.4, and (d) pH 1.2.

thicker film thickness with increasing active mass.**** The
slightly lower charge density for pH1.2WO; is because the film's
interior is densified, and the multiple interfaces may disrupt
ion intercalation.***!

Table 2 summarizes the obtained spectroelectrochemical
parameters. All films presented sharp spectra during

© 2022 The Author(s). Published by the Royal Society of Chemistry

transmittance switching (Fig. 6b), showing a rapid switching
time of around 2 s (Table 2). This rapid reaction could be
because of the amorphous nanostructure, which could provide
large reactive areas with fast ion migration. Additionally, higher
charge density at the coloration state results in improved
transmittance modulation.
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Fig. 5 CV curves of the WOs films prepared at various pH baths. CV
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1.0 M LiClO4 + PC electrolyte.

Table 1 Summary of the diffusion coefficients for WOz thin films
prepared using different pH baths®

Index i (mMAcm™2) i, (mAcm ) D.(ems™") D,(ecms™)

pH1.8WO; 1.112 0.719 3.342 x 107" 1.396 x 1072
pH1.6WO; 1.419 1.091 5.441 x 107 3.221 x 10 *?
pH1.4WO; 2.116 1.578 1.268 x 10° "> 6.728 x 10 '
pH1.2WO; 1.988 1.526 1.068 x 102 6.299 x 10~ *?

%7, and D, represent the anodic peak current density and anodic
diffusion coefficient.

One of the most important factors is coloration efficiency
(CE), which is the rate of inserting charge (Q;,) into the film and
optical density (AOD). CE was calculated from spectroelec-
trochemical parameters using the following equation.

_ AOD  log(Ty/T.)
B Qin B q/A

where Q;, is the charge density during coloration and T}, and 7,
are the transmittance at bleaching and coloration states,
respectively. Interestingly, the obtained CE results presented
different trends from the above results (Fig. 7), and the order of
CE in the WO; films is as follows: 1.4-WOj; (61.92 cm® C™') > 1.8-
WO, (53.41 cm® C™') > 1.2-WO; (51.98 cm® C ') > 1.6-WO;
(51.72 ecm? C™1). The highest CE of pH1.4WO; is because it has
a large ERSA and small grain size with a short diffusion length
for ions, which could provide fast ion diffusion in a large area.
Consequently, rapid ion intercalation/deintercalation reactions
can be accelerated to enhance transmittance modulation.
Although the pH1.2WO; had a larger ERSA and smaller grain
size than the pH1.4WO;, it did not show better performance.
This might be because the densified inside could reduce the
accessibility of Li-electrolyte, and higher interfacial resistance
disturbs ion hopping.***** These drawbacks offset its good

CE

[em® C'] (3)

35324 | RSC Adv, 2022, 12, 35320-35327

View Article Online

Paper
(@)
30 T T T T T
t;.\
=} 20 + o
)
g
<= 10} -
)
N
‘@
=
= 0
N
g —— pHL.8WO,
= —— pHL.6WO,
= -10 s
O —— pHL4WO,
—— pH1.2WO,
20 1 1 1 1 L
0 10 20 30 40
Time (s)
(b)
100 — T
80
e
=
-’
S 6ot
=
<
N
b=
g w0
=
<
ot
= ol
20 =)
0 1 1 1 1 1
0 10 20 30 40
Time (s)
Fig. 6 (a) CA curve for WOs films, potential range —1.0 to +1.0 V (15 s)

in LiIClO4 + PC electrolyte; (b) electrochromic response recorded at
650 nm wavelength during chronoamperometry.

structural properties, showing a relatively lower CE value.
However, pH1.8WO; has the largest grain size, longest diffusion
length, and the narrowest ERSA in the series of WO; films,
showing higher CE than pH1.2WOj;. This unexpected result
could be attributed to its small reactive area and thin thickness,
which decrease insertion charge density (Q;,) and, in turn,
increases CE.

Based on the results, an amorphous nanostructure formed
by varying nucleation density with electrolyte pH resulted in an
effective intercalation/deintercalation reaction with higher CE
and rapid switching. In addition, not only tuning surface and
inside structure but modifying film thickness would also
further improve electrochromic properties. Although
pH1.2WO; had a relatively thicker film, which could not fully
utilize its thickness, i.e. large storage volume. Therefore, an
investigation of films thickness effects and utilization under
optimized pH conditions could lead to further improved

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Electrochromic properties of WOs thin films in 1.0 M LiClO4 + PC electrolyte at 650 nm wavelength®
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Index T, (%) Ty (%) AT (%) t (s) t (s) Q. (MC cm™?) Qb (MC cm™?) Reversibility (%)
PH1.8WO; 39.17 89.65 50.48 1.31 0.80 13.99 13.74 98.21
PH1.6WO; 20.73 90.66 69.93 1.99 1.48 20.97 20.80 99.19
PH1.4WO; 14.62 89.45 74.83 1.56 2.06 33.36 33.24 99.64
pH1.2WO; 13.53 88.72 75.19 1.76 1.96 31.25 30.83 98.66
% AT = transmittance modulation (AT = T}, — T,), reversibility = (Qp/Q.) X 100.
. 0.8 | (b) .
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Fig.7 Optical density versus charge density of the WOs3 films prepared at various electrolytes pH, (a) pH 1.8, (b) pH 1.6, (c) pH 1.4, and (d) pH 1.2.

Table 3 Comparison of the electrochromic properties of WOs films deposited using different coating techniques

Switching
speed (s)

Coloration efficiency

No. Method Morphology Electrolyte Transmittance modulation (%) ¢, th (em®>C™) Ref.
1  Electrodeposition Nanoparticle 1 M LiClO,/PC  74.8 (A = 650 nm) 1.56 2.06 61.9 This study
(pH1.4WO053)

2 Spin coating Nanoparticle 1 M LiClO,/PC  54.8 (A = 633 nm) 11.7 14.6 35.9 11

3 Spin coating Smooth surface 1 M PEG:Lil  40.0 (A = 633 nm) 31.7 9.6 34.8 34

4  Electrodeposition Uniform particle 0.5 M H,SO, 36.7 (A = 633 nm) 53 5.1 624 44

5  Electrodeposition Smooth surface 0.1 M HNO; 68.4 (A = 632 nm) 3.0 1.0 413 27

6 Hydrothermal Coral-like 1 M LiClO,/PC  78.1 (A = 630 nm) 50 6.0 56.5 45

7  Hydrothermal Nanobricks 0.5 M LiClO4/PC 28.0 (A = 630 nm) 9.7 6.9 393 23

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrochromic performance, and providing information of
correlation between each parameter.

Furthermore, when compared to other electrochromic
devices recently reported (Table 3), the pH1.4WO; showed more
improved switching speed and transmittance modulation with
comparable CE,"?%27,344445

Conclusions

A series of nanostructured amorphous WO; films were elec-
trodeposited in a pH-controlled electrolyte. Nucleation density
could be controlled with variations in pH, affecting structural
differences. The FE-SEM analysis showed that a lower electro-
lyte pH induces a small grain size; large ERSA and shorter
diffusion length promote enhanced electrochromic perfor-
mance. However, excessively small grain size with fast nucle-
ation causes densified structure, which negatively affects ion
diffusion with intercalation/deintercalation. Hence, the appro-
priate grain size and density of the pH1.4WO; showed superior
electrochromic performance, including higher CE (61.92 ¢cm?
C™) and transmittance modulation (74.83%) with quick
switching. These results will provide explicit experimental
evidence for the rational design of efficient coloration film
materials by tuning the nanostructure to improve ion interca-
lation/deintercalation.
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