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The key technology underlying intelligent energy conversion and display systems hinges on high-per-
formance electrochromic materials. To drive their electrochemical redox reactions, facilitating ion/elec-
tron transport and intercalation/deintercalation via the rational design of a highly connected electrode
structure is critical. However, persistent challenges include inadequate interconnection between active
species — stemming from the inherent limitations of simple inorganic materials and severe performance
degradation during long-term electrochemical cycling. To address the interconnection issue of active
species, we propose a novel inorganic/organic hybrid film inspired by the “Big Rocks" theory: PBI deriva-
tives are dip-coated onto a pure WOs film to form a secondary structure. The effects of optimal prepa-
ration parameters on the experimental outcomes were analyzed. The WO=/PBI hybrid film exhibited a
reversibility of approximately 98% after 1400 cycles, whereas the WO5 film retained only 47% reversibility
after 500 cycles. The coloration efficiency of the WOsz/PBI hybrid film (245 cm? per C) was more than
twice that of the WOs film (114 cm? per C). The superior cycling durability and coloration efficiency of the
hybrid film are attributed to three key factors: (1) surface modification by the organic component, (2) an
enhanced ion diffusion coefficient, and (3) improved electrochemical activity enabled by the incorpor-
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ation of PBI-CB derivatives. Additionally, the remarkable electrochromic performance of the WOsz/PBI
material was demonstrated, showcasing its potential as an intelligent strategy for automatic optical
switching using hybrid materials. These findings will pave the way for next-generation intelligent techno-

rsc.li/dalton logies geared toward building a sustainable and livable future.

Introduction

One of the paramount objectives of contemporary technology
is to enhance energy efficiency and promote energy conserva-
tion, primarily through the leveraging of new technologies and
“smart” materials.' ™ “Smart” materials exhibit multiple func-
tional states that can be altered by external stimuli and evolve
dynamically over time. Electrochromic materials (ECs), which
reversibly change color in response to an electric field, form
the basis of low-power-consumption electrochromic devices
(ECDs), such as smart windows, rearview mirrors, electronic
papers, helmet visors, climate-adaptive building shells and
sensors.>® Over the past decade, interest in organic/inorganic
hybrid electrochromic materials has surged owing to their

College of Chemistry and Chemical Engineering, Xi’an University of Science and
Technology, Xi’an 710054, China. E-mail: xiongsx@xust.edu.cn

This journal is © The Royal Society of Chemistry 2025

capacity to improve the electrochemical and electrochromic
properties of devices.””®

EC materials are primarily grouped into inorganic and
organic categories. Compared to organic EC materials, in-
organic materials typically exhibit superior chemical stability
and cycling durability, making them well-suited for “Smart
Windows” and large-scale data display applications. Tungsten
trioxide (WO;) remains the most promising inorganic EC
material due to its relatively high coloring efficiency, broad
dynamic optical modulation range, excellent environmental
stability and ability to intercalate lithium ions (Li"), a critical
attribute that underpins its suitability for EC applications.’
After years of intensive research and development, WO;-based
EC “Smart Windows” have finally evolved into commercially
viable products. Broad optical modulation capability and
robust electrochemical stability are generally recognized as
essential prerequisites for the practical deployment of EC
materials. However, performance degradation, often attributed
to the ion-trapping effect, after hundreds or thousands of
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electrochemical cycles, has severely impeded their widespread
commercialization.'® Although the constant-current-driven ion
extraction method has been proposed to restore electrochro-
mic performance, it fails to fundamentally eliminate such
degradation when irreversible structural changes and defect
formation occur during cycling.

Despite the high coloring efficiency and the capacity to
intercalate lithium ions of WO;-based materials, they still lack
a large dynamic modulation range and good cycling stability
for practical applications. To further enhance the EC perform-
ance of WO3;, several studies have been published that intro-
duce various nanostructured forms of WOj;, including nano-
wires, nanorods, nanosheets, inverse opal porous WO; films
and hybrid organic-inorganic EC systems.'' ™ Additionally,
composite materials such as WO3/NiO, PsW3,/WO3;, and WO,/
PANI have also been explored to improve EC performance.'®™8
Among these strategies, preparing a WO; hybrid film rep-
resents an effective and straightforward approach for enhan-
cing its EC performance. It is well established that PBI deriva-
tives constitute an important class of EC materials, owing to
their exceptional photochemical and thermal stability, as well
as efficient visible-light absorption. Notably, the geometrical
PBI dimer (PBI-CB) exhibits strong fluorescence and high
photochemical stability in the solid state. Furthermore, our
previous research has demonstrated that PBI-CB is a promising
small organic molecule for EC applications.'® The structure of
the selected PBI derivative, PBI-CB, is shown in Fig. S1.
Therefore, in this study, we aim to further enhance the EC per-
formance of WO; films by integrating the porous structure of
the WO; film with the non-planar conformation of PBI deriva-
tives. It is anticipated that the incorporation of nanopores will
increase the surface area, thereby providing a larger interface
between WO; and the electrolyte, which can significantly
enhance the diffusion coefficient of Li* ions. Furthermore, the
integration of PBI within the porous WO; film is expected to
effectively mitigate slow EC switching, which can result from
obstructed electron and ion flow due to potential holes or
cracks in the porous structure.

The objective of this work is to expand the methodologies
for enhancing the electrochromic properties of WO; materials
by utilizing organic/inorganic composite materials. Through
orthogonal design experiments, we systematically investigated
the optimal preparation conditions of the hybrid film and ana-
lyzed the impact of various preparation factors on the experi-
mental outcomes. Photo-electrochemical and characterization
studies revealed that, compared to pure WO; films, the WO,/
PBI hybrid film exhibits an optimized interface and continu-
ous structure, resulting in superior performance as a high-per-
formance electrochromic electrode. This includes significant
optical modulation, excellent coloring efficiency, and robust
cycling stability. Moreover, the exploration of the WO3/PBI film
via a simple, cost-effective, and scalable method may broaden
the range of materials suitable for the preparation of organic/
inorganic hybrid electrochromic materials, thereby facilitating
their widespread industrial applications such as smart
windows, displays, and other optical devices.
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Results and discussion
Orthogonal design and test

In this paper, our research objectives focus on investigating
the impact of interfacial modification with a PBI derivative on
the electrochemical and electrochromic properties of WO;
films. It is essential to examine the synergistic effects between
the two components of the hybrid films and the post-proces-
sing of the films. During experiments assessing the influence
of hybrid film components on EC performance, it is crucial to
comprehensively consider various factors, including different
deposition times of WO; and varying volumes of PBI deriva-
tives. These tests are typically repeated multiple times to
ensure reliable conclusions, which can lead to significant con-
sumption of test materials and time. Therefore, the orthogonal
experimental design method is generally employed to efficien-
tly study the effects of multiple factors.>®

As we know, the transmittance of WO; films is significantly
influenced by the electrodeposition time. The transmittance of
the WO; films is optimized for WO;/PBI hybrid EC films prior
to the study of their electrochemical performance. The electro-
chemical deposition curves and the corresponding transmit-
tance spectra of the films with different deposition times are
presented in Fig. S2 and S3. It is evident from these results
that the transmittance of pure WO; films experiences a pro-
nounced decline when subjected to extended electrodeposition
times (>90 s). Consequently, it is imperative to employ a short
electrodeposition time (<90 s) for the synthesis of hybrid WO,/
PBI films. The study of transmittance modulation of the EC-
active film under varying electrodeposition times (for the WO;
film) and diverse PBI contents under actual working con-
ditions is of significant practical relevance. In addition, as
established in our earlier report, the annealing process of the
active film is crucial for the electrochemical performance of
the films. Based on preliminary tests and analysis, we selected
the orthogonal table L9 (33) for this three-factor and three-
level experiment (Table S1), without considering the inter-
actions between factors. The deposition time of the WO; film
was set at three levels (30 s, 60 s and 90 s), the volume of PBI
derivatives was set to three levels (30 pL, 60 pL and 90 pL at a
concentration of 1 x 10™> mol L"), and the post-processing
temperatures were set to three levels (initial state, 100 °C and
130 °C). In the orthogonal test design, the three factors — depo-
sition time of the WO; film (A), volume of PBI solution (B),
and hot-press temperature (C) - were randomly arranged in the
corresponding columns of the orthogonal table. This resulted
in the orthogonal table shown in Table 1. For instance, test
plan A1B1C1 in test No. 1 denotes a combination of 30 s depo-
sition time (WOj; film), 30 pL volume (PBI derivative) and no
low-temperature annealing process. The remaining eight test
plans followed a similar pattern. Experiments were conducted
according to the orthogonal test table described above.

The nine sets of tests in Table 2 were analyzed as follows.
All films exhibited high transmittance (>80%, 720 nm), as
shown in Fig. S4. CV tests for the orthogonal test samples, con-
ducted within a potential range from 1.0 V to —1.3 V at a scan
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Table 1 The orthogonal table plans

A B C
Test Deposition time Volume Curing temperature
no. (W03, s) (PBI-CB, pL) (°C)
1 1(30) 1(30) 1 (initial)
2 1 2 (60) 2 (100)
3 1 3 (90) 3 (120)
4 2 (60) 1 2
5 2 2 3
6 2 3 1
7 3 (90) 1 3
8 3 2 1
9 3 3 2

Table 2 The range analysis of the transmittance variation of the
samples

A B C
Curing

Test Deposition Volume temperature Evaluation
No. time (WO3, s) (PBI-CB, pL) (°C) index
1 1(30) 1(30) 1 (initial) 46.8
2 1 2 (60) 2 (100) 6.7
3 1 3 (90) 3 (120) 74.4
4 2 (60) 1 2 6.3
5 2 2 3 11.4
6 2 3 1 0.7
7 3 (90) 1 3 42.3
8 3 2 1 64.8
9 3 3 2 78.7
T1 42.6 31.8 37.4
T2 6.1 27.6 42.7
T3 61.9 51.3 30.6
R 55.8 23.7 12.1

Range size: R, = 55.8 > Ry = 23.7 > Rc = 12.1.

rate of 50 mV s™*, are presented in Fig. S5. The corresponding

transmittance-time curves during the CV process are shown in
Fig. S6. All nine films exhibited distinct charge-transfer behav-
ior during CV redox cycles. Notably, sample S9 showed the
highest peak current density and the largest enclosed area
within the CV curve. These nine films also demonstrated
varying degrees of transmittance modulation. Specifically, S9
achieved the highest transmittance change, approximately
78.7%. The main value T7 is the arithmetic mean value of the
test result index, that is, transmittance modulation at 720 nm,
obtained from the test plans corresponding to any level of
factor i (i = 1, 2, 3). For example, the three test plans corres-
ponding to level 1 (30 s) of deposition time (WO; film) in
column A yielded an arithmetic mean of k1 = (46.8 + 6.7 +
74.4)/3 = 42.6. Similarly, all other mean values can be
calculated.

The purpose of the orthogonal design is to identify the
primary factors influencing the test results and determine the
optimal combination of factor levels. In practical applications,
both electrochemical activity and transmittance modulation
should be maximized. Therefore, the levels corresponding to
the highest electrochemical activity and transmittance vari-
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ation were selected based on the maximum mean values ATi.
The trend chart between factor levels and the mean values is
shown in Fig. S7. Evidently, the results demonstrate that for
factor A, the performance order was 73 > T1 > T2; for factor B,
the trend was consistent with factor A (73 > T1 > T2); and for
factor C, the order was reversed (72 > T1 > T3). Thus, the
optimal level combination for the factors is A3B3C2, corres-
ponding to a WO; film deposition time of 90 s, a PBI derivative
volume of 90 pL, and an annealing temperature of 100 °C.
Under these conditions, the maximum transmittance variation
was achieved within the test range.

The range R is defined as the difference between the
maximum and minimum arithmetic mean Ti values for any
given factors, i.e., R = max {T1, T2, T3} — min {T1, T2, T3}. The
range values indicate the degree of influence of each factor on
transmittance variation. Larger ranges signify greater changes
in transmittance variation due to variations in factor levels.
Therefore, the factor with the largest range has the greatest
impact on the transmittance variation and is considered the
main factor. The range analysis results are summarized in
Table 2. From the data in Table 2, obviously, the results meet
the equation R, > Ry > R, respectively. From the above, it can
be concluded that, for transmittance modulation of the WO;/
PBI hybrid films under varying WO; film deposition times (A),
PBI derivative volumes (B) and annealing temperatures (C), the
three factors are ranked in the order of A > B > C.

Electrochemical performance

Considering the target of this study and the results of orthog-
onal design, we first compare the morphology and electro-
chemical properties of WO; and WO3/PBI hybrid films (S9).
The WO;/PBI hybrid film exhibits greater roughness, fewer
cracks and a more continuous surface with distinct microstruc-
tural aggregates compared to the pure WO; film, which exhi-
bits a smooth but loose surface (Fig. 1a and b). To verify the

Fig. 1 SEM images of the pure WOs (a) and hybrid WOz/PBI (b) films.
EDS image of the specified area of the hybrid WO3/PBI film ((c) W; (d) O;
(e) C; (f) B).
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composition and morphology of the microstructural aggre-
gates on the surface of the WO;/PBI hybrid film, scanning elec-
tron microscopy (SEM) coupled with EDS elemental mapping
of a selected area was employed. Elements W, O, C and B were
detected in a 180 nm x 180 nm region (Fig. 1c, d, e and f). As
shown in Fig. 1, the WO;/PBI film demonstrates uniform
elemental distribution of W, C, and B. These results confirm
that the WO; film is effectively covered by the PBI component,
forming a more continuous hybrid film.”>** FTIR spectra of
the WO; and WO,/PBI films were also analyzed to further vali-
date their differences (Fig. S8). In comparison with the absorp-
tion peaks of the ITO substrate, WO; film and WO;/PBI hybrid
film, two new peaks at 2923 cm™" and 2852 cm ™" were detected
in the WO3/PBI hybrid film. These peaks are most likely attrib-
uted to the C-H stretching vibrations of the PBI component.”?
To further investigate the differences between these two films,
XRD patterns of the WO; and WO;/PBI hybrid films were
recorded (Fig. S9). The XRD patterns of the ITO substrate and
WO; film exhibit diffraction peaks assigned to ITO at 30.7°
and 35.7° corresponding to the (022) and (012) planes, respect-
ively. These characteristic diffraction peaks disappeared in the
WO;/PBI hybrid film, indicating complete coverage of the ITO
substrate by WO,/PBL,>* consistent with the morphological
changes observed in Fig. 1 and the organic component
addition in Fig. S8.

To evaluate the role of the PBI derivative in the WO3/PBI
hybrid electrode design, the electrochemical and electrochro-
mic (EC) characteristics of the WO;/PBI hybrid film were com-
pared with those of the pure WO; film under the same depo-
sition time. Cyclic voltammetry (CV) curves illustrate the inser-
tion (coloring) and de-insertion (bleaching) processes of the
WOj; film and WO3/PBI hybrid film in a 1 mol L™ PC/LiClO,
electrolyte at a constant scan rate of 50 mV s * (Fig. 2). Upon
Li" ion intercalation, the transparent WO; and WO,/PBI films
turn bluish or deep blue. Conversely, when Li" ions are dein-
tercalated from the films, they gradually bleach and become
transparent again. CV measurements reveal a relatively larger
area under the CV curve and enhanced current density for the
WO3/PBI hybrid film, demonstrating that the introduction of

Bleaching ——WO, film
— ——WO,/PBI film
e
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Fig. 2 Cyclic voltammetry (CV) curves of the WOz and WO3/PBI hybrid
films. Note: each CV curve was obtained at a scan rate of 50 mV s in

the 1 mol L™ PC/LiClO, electrolyte.
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the PBI derivative improves the ionic/electrical conductivity
and strengthens the reaction kinetics of WO; in the electro-
lyte.>® Repeated intercalation and deintercalation cycles of Li*
ions result in reversible switching between coloration and
bleaching of the films.

To further understand the electrochemical kinetics, the
diffusion coefficient of Li" was calculated. The diffusion coeffi-
cient (D) of the Li" ions in the WO5; and WO,/PBI hybrid films
can be derived from the CV results using the Randles-Sevcik

equation:>®?”

D'? =j,/2.69 x 10°n*2Cov1/? (1-1)

where D is the diffusion coefficient (cm® s™7), ji, is the average
insertion and de-insertion current density (mA cm™>), n is the
number of electrons, C, is the concentration (mol cm™>) of Li*
ions in the electrolyte, and v is the scan rate (mV s™'). The
diffusion coefficients obtained are 8.6 x 10-12 cm® s~ and
14.9 x 107" em?® s7" for the WO; and WO,/PBI hybrid films,
respectively. The diffusion coefficient of Li" ions in the WO;
electrode significantly increases after interfacial modification
with PBI derivatives. As shown in Fig. 1, there is also a notable
reduction in defects and cracks in the film after interfacial
modification with the PBI derivative, suggesting that the
enhancement in the diffusion coefficient may be attributed to
the increased continuity of the active substance. The higher
packing density of the redox-active substance correlates with a
higher diffusion coefficient of Li* ions for the WO3/PBI hybrid
film in the LiClO, electrolyte.

Electrochromic performance

Chronoamperometry (CA) is a classic technique for examining
the reversibility of the coloring (intercalation) and bleaching
(deintercalation) process of electroactive materials. Here, CA
was performed to determine the reversibility of the coloration
and bleaching process using a three-electrode system. The
working electrodes consisted of WO; and WO,/PBI films, while
the counter and reference electrodes were Pt wires and an Ag/
AgCl electrode, respectively. As shown in Fig. 3, the CA curves
depict the charge density of Li" ions as a function of time for
these two films under pulsed potentials of 1.0 V and —-1.3 V,
each applied for 30 seconds. During the coloration process,
the Li" ions intercalate into the working electrode films from
the LiClO, electrolyte. When the process transitions from
coloration to bleaching, the Li" ions are deintercalated back
into the electrolyte. As illustrated in Fig. 3a and b, within a
single bleaching/coloration cycle, the charge density rapidly
decreases within a few seconds, decaying from approximately
2.45 to —3.18 mC cm™2 for the WO; film and from 1.92 to
-3.81 mC cm™> for the WO,/PBI hybrid film. The corres-
ponding change values are approximately 5.64 mC cm > (WO;
film, denoted as Q1-1) and 5.74 mC cm™ > (WO,/PBI hybrid
film, denoted as Q2-1). After 500 cycles, the charge density of
the WO; film varies from 0.75 to —1.91 mC cm ™2, with a corres-
ponding change value of ~2.67 mC cm > (denoted as Q1-500).
For the WO;/PBI hybrid film, after 1400 cycles, the charge

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Chronoamperometry curves of WOs (a) and WOs/PBI hybrid
films (b) in 1 mol L™ LiClO,4/PC electrolyte. Optical transmittance differ-
ence (AT = Tcolored — Tbleached); corresponding UV-vis transmittance
spectra of the WO3 (c) and WOs3/PBI hybrid films (d) in colored and
bleached states between 200 nm and 1000 nm.

density changes from 2.21 to —3.43 mC cm™>, with a corres-
ponding change value of ~5.64 mC cm™> (denoted as Q2-
1400). Reversibility is determined by the ratio Qg;/Q;, yielding
values of approximately 98% for the WO3/PBI hybrid film
(after 1400 cycles) and 47% for the WO; film (after 500
cycles).>>*® Clearly, the WO,/PBI hybrid film outperforms the
pure WOs; film in terms of both charge density (Q;) and reversi-
bility (Qqi/Q;), indicating that the incorporation of PBI deriva-
tives enhances the coloring/bleaching stability of the WO,
film. It is demonstrated that the electrochromic performance
of the degraded WO; film can be effectively rejuvenated
through the incorporation of PBI derivatives.

To further evaluate the EC performance, the optical con-
trast (AT), response time and cycle stability of these two films
were recorded during the CA process. The transmittance in
Fig. 3c and d shows the colored and bleached states of the
WO; and WO,/PBI hybrid films over the wavelength range of
200-1000 nm, obtained under pulsed potentials of 1.0 V and
—1.3 V, each applied for 30 seconds. The corresponding
spectro-electrochemical transmittance spectra are displayed in
Fig. 4. Both films exhibit relatively high transmittance (~80%,
at 720 nm) across a broad wavelength range of 200-1000 nm in
their bleached states. Additionally, the transmittance spectrum
of the WO;/PBI hybrid film clearly shows the characteristic
peak of the PBI group, but no radical anion (PBI'") or dianion
(PBI*7) appears in this electrochemical process.”® As shown in
Fig. S10, the WO3/PBI hybrid film exhibits a larger transmit-
tance modulation (~69.8% at 720 nm) compared to 63.8% for
the pure WO; film.

The transmittance of the WO; film sharply decreases, drop-
ping from 63.8% to 43.5% (maintaining ~68%) after 25 redox
cycles, whereas the WO,/PBI film maintains appropriate 91%
transmittance after 1400 redox cycles (Fig. 5a and b).
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Fig. 4 Spectroelectrochemical spectra and spectral changes of the
WOs (a and ¢) and WO3/PBI hybrid films (b and d) at multi-step poten-
tials between 1.0 and —1.3 V with a step time of 30 s.
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Fig. 5 Change in optical transmittance vs. time of the WOs (a) and
WO3/PBI (b) films obtained by applying pulsed potentials of 1.0 to —-1.3 V
for 30 s for each state at 720 nm; optical density (c) and CE (d) curves of
the WO3/PBI hybrid film at a wavelength of 720 nm.

Furthermore, a large optical density modulation (AOD),
defined as the ratio of the transmittance at the bleached state
to that at the colored state, of 0.84 was achieved for the WO,/
PBI hybrid film, compared to 0.67 for the WO; film, confirm-
ing its superior coloration ability (Fig. 5c).

The switching speed, defined as the time required to reach
90% of optical modulation during the coloring or bleaching
process, is similar for both films: 5.0 s and 1.2 s for the WO,/
PBI hybrid film and 5.4 s and 0.9 s for the pure WO; film
(Fig. S11).

The coloration
30,31

efficiency is calculated wusing the

formulae
CE(1) = AOD/AQ
AOD = log(Ty/T.)

where AOD represents the change in optical density, AQ is the
inserted charge, T}, is the transmittance at the bleached state,
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and T, is the transmittance at the colored state. AQ can be
determined by integrating the current density over the color-
ation time. The coloration efficiency of the WO,/PBI film
(245 cm?® per C) is more than double that of the WO; film
(114 ecm? per C) (Fig. 4d). The excellent cycling durability and
coloration efficiency of the hybrid film are attributed to three
factors: (1) surface modification by the organic component, (2)
an enhanced diffusion coefficient and (3) improved electro-
chemical activity achieved through PBI-CB derivative
incorporation.®>*?

Experimental
Materials and instrumentation

All the chemicals were purchased from Sinopharm Chemical
Reagent Co., Ltd, were analytical grade and used without
further purification. The compounds were synthesized and
characterized according to a previous report.** The mor-
phologies of the PBI-CB films were characterized using a field
emission scanning electron microscope (SEM, Hitachi SU8220,
5 kV). The structural properties of the films were analysed
using X-Ray Diffraction (XRD, D8 Advance) measurements over
a 20 diffraction angle range of 10°-55°. ITO substrates (~9 Q
ecm™2, 0.9 cm x 4 cm) were washed successively with acetone,
ethanol and deionized water and then thoroughly dried under
a nitrogen flow.

Preparation of pure WO; films

The pure WO; film was prepared according to previously
reported methods.*>*® Briefly, 5 pL of H,0, was mixed with
8 mL of a 0.125 mol L™' Na,WO, solution, followed by the
addition of 1 mol L™! H,SO, to reach a final volume of 10 mL,
forming the electrolyte. The electrochemical synthesis of the
pure WO; film was conducted using a two-electrode system,
with a CHI 660E serving as the power source. The film was de-
posited onto an ITO-coated glass substrate at a constant
current density of 2 mA cm™? for various durations, employing
a Pt sheet as the counter electrode. After solvent evaporation,
transparent to yellow films were obtained.

Preparation of hybrid WO;/PBI films

A stock solution of PBI-CB (1.0 x 10~ mol L™') was prepared
by dissolving an appropriate amount of PBI-CB in chloroform.
The stock solution was then drop-coated onto pristine WO;
films and air-dried at ambient temperature. Subsequently,
hybrid WO,/PBI films were obtained by annealing the dried
films at various temperatures for 2 h under vacuum con-
ditions. This process yielded hybrid WO3/PBI films with
varying compositions.

Electrochemical measurement

The electrochemical behaviour of hybrid WO,/PBI films de-
posited on ITO substrates was investigated using cyclic voltam-
metry (CV). Experiments were conducted in a three-electrode
system, with the WO;/PBI-coated ITO serving as the working
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electrode, a platinum wire as the counter electrode, and an Ag/
AgCl electrode as the reference electrode. CV curves were
recorded by scanning from 1.0 V to —1.3 V at a scan rate of
50 mV s~ '. Spectroelectrochemical measurements were per-
formed using a CHI-660E electrochemical workstation
(Shanghai Chenhua Instrument Co. Ltd) coupled with a fiber
optic spectrometer (QEpro, Ocean Optics). All measurements
were conducted under quiescent conditions in a supporting
electrolyte of 1 mol L™ LiClO4 dissolved in a propylene car-
bonate/acetonitrile mixture at room temperature.

Conclusions

In summary, an organic/inorganic EC material was con-
structed by dip-coating PBI derivatives onto the surface of WO;
films via an orthogonal design strategy. Orthogonal design-
based mathematical analysis identified the key factors influen-
cing the experimental results and determined the optimal
combination of factor levels. The integration of PBI derivatives
significantly enhanced the performance of the WO; film: the
hybrid surface became more continuous and compact, which
improved ionic/electrical conductivity and accelerated the reac-
tion kinetics of WO; in the electrolyte. The resultant WO;/PBI
hybrid film exhibited superior charge density and reversibility,
indicating that the introduction of PBI derivatives effectively
enhanced the coloration/bleaching stability of pure WO; films.
Additionally, the WO;/PBI hybrid film exhibited a high color-
ation efficiency, attributed to the geometrical confinement
effect induced by the formation of inorganic/organic aggre-
gates. Our results demonstrate a simple strategy to design and
construct hybrid materials for high-performance EC systems.
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