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Ultrathin WO3�H2O nanosheets derived from the
Aurivillius phase for high-performance dual-band
electrochromic smart windows

Sensen Jia,a Xiaodan Guo,a Ying Lv,a Hang Zhou,a Jinhui Wang, *a

Guojian Yang*b and Guofa Cai *a

The performance of electrochromic materials is determined by the ion

and electron transport. The ion diffusion within active materials gen-

erally represents a fundamental limitation for improving electrochromic

performance. To enable efficient ion diffusion and ion insertion/extrac-

tion, reducing the size and thickness of the active materials is highly

desirable. Herein, we report a facile top-down approach for efficiently

producing ultrathin WO3�H2O nanosheets via ion etching of Aurivillius

phase Bi2WO6 and liquid-phase exfoliation. Thanks to the ultrathin

nanosheet with a thickness of B4.5 nm, the WO3�H2O film achieves

excellent dual-band modulation of 90% at 633 nm and 90.5% at

1200 nm, fast switching within 10 s, and remarkable cycling stability

of 5000 cycles. In situ measurements disclose that reversible valence

change and negligible structural strain of ultrathin nanosheets enable

stable electrochromism of WO3�H2O. Furthermore, self-powered and

large-scale smart windows are demonstrated using the WO3�H2O film

and Al foil, realizing a remarkable temperature modulation of 12 8C in a

house model. The simulation results reveal that the smart window

can reduce the energy consumption of buildings by up to 20.7%

(168.8 MJ m�2), demonstrating its excellent thermal regulation

and energy-saving capabilities. This ultrathin nanosheet fabrication

approach breaks through the inherent inaccessibility of ions within

active materials, shedding new light on the exploration of next-

generation high-performance electrochromic materials and devices.

Introduction

Increasing global energy consumption has reinforced the pur-
suit of reliable and sustainable energy-saving techniques.

Among them, electrochromic devices stand out as highly attrac-
tive for energy-saving smart windows and displays, owing to their
reversible photothermal modulation ability and remarkable opti-
cal memory performance.1–7 In particular, electrochromic smart
windows can dynamically regulate indoor brightness and tem-
perature, potentially reducing the energy consumption of build-
ings by up to 40%.8 As a critical component of smart windows,
tungsten trioxide (WO3) has emerged as one of the most promis-
ing electrochromic materials for commercialization owing to its
low cost and obvious color variation.9 Its rich crystal structure
provides a multidimensional design space for electrochromic
smart windows.10 In addition, WO3 exhibits broad spectral mod-
ulation from visible–near-infrared (VIS-NIR) to mid-infrared
regions.11–14 The independent dual-band modulation of WO3

in the VIS-NIR region endows smart windows with efficient
photothermal modulation, consolidating its contribution to the

a Key Laboratory for Special Functional Materials of Ministry of Education,

National & Local Joint Engineering Research Center for High-Efficiency Display

and Lighting Technology, and School of Nanoscience and Materials Engineering,

Henan University, Kaifeng 475004, China. E-mail: jinhui.wang@henu.edu.cn,

caiguofa@henu.edu.cn
b Smart Materials for Architecture Research Lab, Innovation Center of Yangtze River

Delta, Zhejiang University, Jiaxing, 314100, China.

E-mail: yangguojian@zju.edu.cn

Received 16th July 2025,
Accepted 11th August 2025

DOI: 10.1039/d5mh01354b

rsc.li/materials-horizons

New concepts
To address the challenge of achieving efficient ion diffusion and ion
insertion/extraction in the electrochromic process, this work introduces
an innovative top-down strategy to fabricate ultrathin WO3�H2O
nanosheets via ion etching and liquid-phase exfoliation of Aurivillius
phase Bi2WO6. This strategy overcomes the previous issues of inadequate
active sites within nanomaterials, yielding abundant ion transport chan-
nels to promote the electrochromic kinetics. Coupled with key reversible
valence change and negligible structural strain of ultrathin nanosheets,
the WO3�H2O film demonstrates robust dual-band modulation in the
visible–near-infrared wavelength range. In addition, a large-scale WO3�
H2O film (10 � 10 cm2) can be fabricated using a stable spraying ink,
which offers promising prospects for up-scalable production of smart
windows. The outdoor test and the energy-saving simulation reveal that
large-sized smart windows based on WO3�H2O films not only achieve a
significant indoor temperature modulation but also greatly reduce the
energy consumption of the building, demonstrating their good thermal
regulation and energy-saving capabilities. This work offers new insights
into the structural design of nanomaterials via a top-down strategy,
providing a promising route for fabricating other 2D electrochromic
materials and highlighting the potential for application of smart windows
in energy-saving buildings.
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energy-saving of buildings.15–17 Despite these remarkable advan-
tages, the hysteresis issue associated with ion transport in WO3

still needs to be effectively addressed.
To address this issue, substantial efforts have been devoted

to constructing nanostructured WO3 crystals to optimize
the ion transport properties for improving electrochromic
performance.18,19 Among them, two-dimensional (2D) nanos-
tructures are widely acknowledged in electrochromic applica-
tions because their large surface area can efficiently facilitate ion
participation in redox reactions.20 Moreover, 2D nanostructures
adhere tightly to the substrate via abundant van der Waals
forces, reducing the interfacial resistance to enable rapid elec-
tron transfer. Their interlaced and stacked networks evenly
redistribute the strain of 2D nanostructures, improving the
mechanical durability of electrodes.21 In recent years, some
efforts have been made to improve the electrochromic perfor-
mance of WO3 by constructing nanosheet structures.22–26

Nanosheets with thicknesses of 20–50 nm can offer a large
electrolyte contact area and reduced ion transport distance,
thereby improving the electrochromic switching speed and
optical modulation. Theoretically, reducing the thickness of
the nanosheet structure can further increase the specific surface
area and expose the active sites, preventing ion transport from
being confined by interlayer interactions.27 However, efficiently
exposing active surfaces and optimizing ion accessibility in
ultrathin architectures remain critical challenges. It becomes
an urgent task to rationally design ultrathin nanosheet struc-
tures of WO3, realizing the comprehensive improvement of its
electrochromic properties.

Herein, we developed a facile top-down approach to effi-
ciently fabricate ultrathin WO3�H2O nanosheets with an aver-
age thickness of 4.5 nm via ion etching of Aurivillius Bi2WO6

and liquid-phase exfoliation, which can produce abundant
active sites to promote the electrochromic reaction. The
ultrathin nanosheet structure with reversible valence changes
and negligible structural strain endows the ultrathin WO3�
H2O nanosheet film with excellent dual-band modulation in
the VIS-NIR wavelength range, including large optical mod-
ulation (90% and 90.5% at 633 and 1200 nm, respectively), fast
switching speed (o10 s), and excellent cycling stability of 5000
cycles (maintaining 80%). As a proof-of-concept, we con-
structed a self-powered smart window with a size of 10 �
10 cm2 by establishing a potential gradient between a WO3�
H2O electrode, an etched carbon paper (ECP) electrode, and
an Al-based metal electrode. Compared with the bleaching
state, the self-powered smart window in the colored state can
achieve substantial temperature modulation of 12 1C in a
model house. The simulation results demonstrate that build-
ings installed with self-powered smart windows can save
energy up to 20.7% (168.8 MJ m�2) in the energy consumption
of heating, ventilation, and air conditioning (HVAC) systems
in Sacramento. This top-down strategy for preparing
ultrathin WO3�H2O provides a promising route for fabricating
other 2D electrochromic materials, highlighting the potential
of self-powered smart windows in energy-saving building
applications.

Results and discussion
Preparation of ultrathin WO3�H2O nanosheets

Ultrathin WO3�H2O nanosheets were obtained by selectively etching
[Bi2O2]2+ layers in Aurivillius Bi2WO6 and surface tension-induced
exfoliation (Fig. 1a and Experimental methods, SI). In detail,
Aurivillius Bi2WO6 was fabricated via a hydrothermal method, in
which an atomically stacked [Bi2O2]2+ layer and [WO6]2� layer share
corner oxygens.28 Upon acid etching the [Bi2O2]2+ layer, H+ reacts
with [WO6]2� to produce H2O molecules, which occupy the inter-
layer space of WO3 structures. X-ray diffraction (XRD) revealed the
transformation of Bi2WO6 into WO3�H2O (Fig. 1b). The main
crystalline phase of Bi2WO6 can be indexed to an anisotropic
orthorhombic structure extending along the (113) and (200) direc-
tions (JCPDS# 73–2020). After the etching of Bi2WO6, the sample
shows distinct diffraction peaks at 16.51, 25.61, and 351, which
correspond to the (020), (111) and (121) planes of well-ordered
orthorhombic WO3�H2O (JCPDS# 84–886), respectively. In addition,
the (111) diffraction peak of WO3�H2O shifts to a lower angle than
that of the standard card, demonstrating an enlarged interlayer
space after etching [Bi2O2]2+.29 Moreover, the thermogravimetric
analysis (TGA) reveals that the sample exhibits 7.3% of weight loss
between 100 and 400 1C, which can be attributed to the evaporation
of structural water in WO3�H2O. The calculated water content
coincides with the XRD results, in which one WO3 unit is combined
with a structural water (Fig. S2, SI). The WO3�H2O obtained from
Bi2WO6 exhibits a spherical nanostructure with stacked nanosheets.
Therein, elemental mapping reveals that the obtained WO3�H2O
only contains W and O elements, proving the successful etching of
Bi element in Bi2WO6 (Fig. S3, SI). Furthermore, the chemical
composition and valence state of WO3�H2O were characterized via
X-ray photoelectron spectroscopy (XPS, Fig. S4, SI). The character-
istic peaks of only W, O, and C demonstrate the purity of WO3. The
characteristic peaks of W 4f7/2, W 4f5/2, and W 5p3/2 are located at
35.7, 37.9, and 41.5 eV, respectively, in the W 4f spectrum, suggest-
ing that W maintains the highest oxidation state of W6+. Addition-
ally, the characteristic peaks of WQO and H–O bonds are located at
530.5 and 532.4 eV in the O 1s spectrum, indicating the presence of
structural water. The above results demonstrate that WO3�H2O was
successfully prepared by etching Bi2WO6.

Ultrathin WO3�H2O nanosheets can be further obtained via the
liquid-phase exfoliation of WO3�H2O, the ultrathin nanosheet
can enrich the active sites and reduce the ion diffusion
distance.24 The exfoliation efficiency of WO3�H2O can be optimized
by matching the polarity and dispersive force ratio of mixed N,N-
dimethylformamide (DMF)/H2O solvents.30,31 By adjusting the
component ratios of DMF and H2O, we found that the polarity/
dispersive force ratio of the mixed solvent with 50% DMF is 1.15,
which is closest to that of WO3�H2O (1.21) (Fig. S5 and the detailed
discussion in Section S1, SI). In addition, the WO3�H2O dispersed
in the mixed solvent with 50% DMF exhibited the deepest yellow-
green color and minimal precipitation amount compared to the
other mixed solvents. Both results confirm the highest exfoliation
yield of WO3�H2O nanosheets in the mixed solvent with 50% DMF.
Furthermore, the WO3�H2O obtained from 50% DMF is predomi-
nantly in the form of ultrathin nanosheets with smaller dimensions
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than other mixed solvents (Fig. 1c and Fig. S6, SI). The corres-
ponding random statistics for 100 samples demonstrate that 67%
of the nanosheets show an average thickness of 4.5 nm and 76%
with lateral dimensions less than 100 nm (Fig. S7, SI). When the
amount of DMF is reduced to 10%, the average thickness of the
WO3�H2O nanosheets increases to 7 nm, and only 60% of the
nanosheets with lateral dimensions are less than 100 nm. Further-
more, transmission electron microscopy (TEM) reveals the low
contrast of the exfoliated WO3�H2O nanosheets, confirming the
ultrathin nanostructural nature of WO3�H2O (Fig. 1d). In addition, a
small number of nanodots with sizes less than 10 nm were formed
due to the shear stress effect during liquid-phase exfoliation. The
clear lattice spacing of 3.75 Å corresponds to the (120) interplanar
spacing (Fig. 1e), consistent with the XRD results. To fabricate
electrochromic films, a homogeneous ink consisting of ultrathin
WO3�H2O nanosheets was prepared with a mixed ethanol/water

solvent (v/v = 1 : 1) (Fig. 1f). The pronounced Tyndall effect suggests
good dispersibility of ultrathin WO3�H2O in the ink. By spraying the
ink on the FTO substrate via facile spray coating, the porous
ultrathin WO3�H2O film with a thickness of approximately
630 nm can be obtained (Fig. 1g and Fig. S8, SI). The nanosheets
and porous structure can increase the contact area with the
electrolyte and shorten the ion transport distance, thereby promot-
ing more active sites to participate in the reaction.

Electrochromic performance of ultrathin WO3�H2O films

To verify the superiority of ultrathin nanosheets, the electro-
chemical and electrochromic performances of unexfoliated,
multilayer, and ultrathin WO3�H2O films were evaluated in a
three-electrode spectroelectrochemical cell. Cyclic voltammetry
(CV) measurement of the films was carried out at a scan rate of
20 mV s�1 in a potential window of �0.7 to 0.5 V (vs. Ag+/Ag),

Fig. 1 Structural characterization of exfoliated WO3�H2O nanosheets. (a) Schematic route for the preparation of ultrathin WO3�H2O nanosheets. (b) XRD
patterns of Bi2WO6 and WO3�H2O. (c) AFM image and height profile of WO3�H2O nanosheets after liquid-phase exfoliation. (d) TEM and (e) lattice fringe
images of WO3�H2O nanosheets. (f) Photograph of exfoliated WO3�H2O nanosheets in an ethanol/water (volume ratio of 1 : 1) solution. (g) SEM image of
WO3�H2O nanosheet film.
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and the transmittance change was recorded in real-time at a
wavelength of 633 nm via a dynamic transmittance spectrum
(Fig. 2a). During the cathodic polarization from 0.5 to �0.7 V
(vs. Ag+/Ag), the ultrathin WO3�H2O film experiences a
reduction process from W6+ to W5+. As the reduction potential
gradually increases to �0.7 V (vs. Ag+/Ag), the film color transi-
tions from transparent to deep blue, and its transmittance
decreases from 94% to 10%. During the anodic polarization
from �0.7 to 0.5 V (vs. Ag+/Ag), the CV curve exhibits a
pronounced oxidation peak around �0.28 V (vs. Ag+/Ag). As
the oxidation potential gradually increases to 0.5 V (vs. Ag+/Ag),
the film gradually recovers to the initial transparent state with a
transmittance of 94%. The electrochromic process of the WO3�
H2O film can be expressed as follows:

WO3�H2O + xH+ + xe� 2 HxWO3�H2O (1)

During the CV process, the closed dynamic transmittance
spectrum demonstrates that the ultrathin WO3�H2O film can
achieve efficient and reversible color variation. Moreover, the
CV curves reveal that the ultrathin WO3�H2O film exhibits a
larger response current density and lower oxidation potential
than the unexfoliated and multilayer WO3�H2O films (Fig. S9,
SI). This is mainly because ultrathin WO3�H2O nanosheets can
efficiently expose more active sites to facilitate ion insertion/
extraction.

The optical modulation is the transmittance difference of
the film between the bleached and the colored state, which can
reflect the ability of the film to modulate light and radiant heat.

By applying a small cathodic potential of�0.2 V (vs. Ag+/Ag), the
ultrathin WO3�H2O film displays an optical modulation of 81%
at 1200 nm (NIR region) while maintaining a high transmit-
tance of 69% at 633 nm (VIS region, Fig. 2b). This finding
indicates that the film can selectively block most of the NIR
heat and achieve the ‘‘bright-cool’’ mode. This selective NIR
modulation originates from the localized surface plasmon
resonance effect on the surface of WO3�H2O owing to the ion
adsorption/desorption process.32 When the cathodic potential
increased to �0.7 V (vs. Ag+/Ag), the ultrathin WO3�H2O film
displays an ultralow transmittance of approximately 0% at
1200 nm and approximately 4% at 633 nm, which is referred
to as the ‘‘dark-cool’’ mode. Upon applying an opposite anodic
potential of 0.5 V (vs. Ag+/Ag), the ultrathin WO3�H2O film can
return to the initial ‘‘bright’’ mode, showing high transmit-
tance across the broad NIR–VIS region. In this case, the ultra-
thin WO3�H2O film achieves ultra-large optical modulations of
90% and 90.5% at 633 and 1200 nm, respectively, which are
superior to those of most previously reported works (Table S3,
SI).1,12,33–38 Moreover, its optical modulations are also signifi-
cantly higher than those of the unexfoliated and multilayer
WO3�H2O films (Fig. S10, SI), owing to the large specific surface
area and the highly active surface of ultrathin nanosheets. Solar
radiation comprises 50% of the total energy distributed in the
VIS region and 47% in the NIR region.39 To assess the dynamic
optical regulation of the film, the transmittance spectra in
three modes are converted into solar irradiance spectra
(Fig. 2c and Table S4, SI). In the ‘‘bright’’ mode, the film
delivers high transmittance for solar irradiance, allowing

Fig. 2 Electrochromic and electrochemical performance of the ultrathin WO3�H2O film in 0.5 M H2SO4 electrolyte. (a) CV curve and in situ transmittance
spectrum of the film at 633 nm at a scan rate of 20 mV s�1. (b) Optical transmittance spectra and (c) Solar irradiance spectra of the film in three distinct
modes in the range of 300–1300 nm. (d) Dynamic transmittance spectra of the film at 633 and 1200 nm under alternating potentials of 0.5/�0.7 V and
0.5/�0.2 V (vs. Ag+/Ag). (e) Cycling performance of the film was tested at �0.7 and 0.5 V (vs. Ag+/Ag) for 30 s at 633 nm.
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94.8% of the NIR heat and 91.2% of the VIS light to pass. In the
‘‘bright-cool’’ mode, the film blocks 82.5% of the NIR heat
while providing high VIS transmittance (75.5%). In the ‘‘dark-
cool’’ mode, the film can block most of the VIS light (87.9%)
and NIR heat (99.5%). Therefore, the ultrathin WO3�H2O film
can deliver selective VIS–NIR regulation, providing the signifi-
cant advantages of protecting personal privacy and reducing
building energy consumption.

The switching speed refers to the time required to achieve
90% of the largest optical modulation of the electrochromic
films, which is a crucial indicator for evaluating the electro-
chromic reaction kinetics.40,41 We investigated the switching
characteristics of ultrathin WO3�H2O films in the VIS–NIR
region via a combination of dynamic transmittance spectra
and potentiostatic methods (Fig. 2d). Upon application of
periodic potentials of �0.7/0.5 V and �0.2/0.5 V (vs. Ag+/Ag),
the film exhibits switching times of 9.5/5.8 s and 3.1/10 s for
coloration/bleaching at 633 and 1200 nm, respectively. The
switching time is shorter than those of unexfoliated/multilayer
WO3�H2O films and comparable to those of the most reported
similar-size WO3 samples (Fig. S11, SI).42,43 The enhanced
switching speed is due to the shortened ion diffusion distance
from the ultrathin nanosheets. Furthermore, the long-term
cycling stability of these films between the coloration and

bleaching states was evaluated by alternately applying poten-
tials of �0.7 and 0.5 V (vs. Ag+/Ag) for 30 s. The ultrathin WO3�
H2O film delivers an excellent optical modulation retention of
98% after 1000 cycles (Fig. S12, SI), which is much higher than
that of the unexfoliated film (53%) and multilayer film (86%).
Generally, the cyclic performance of WO3 films in acidic
electrolytes is typically limited to 3000 cycles. Notably, our
ultrathin WO3�H2O film maintains 80% of its initial optical
modulation even after 5000 cycles, outperforming most pre-
viously reported WO3 films (Fig. 2e).10,44,45 The remarkable
cycling stability of the ultrathin WO3�H2O film is attributed to
the open structure of the ultrathin nanosheet and the porous
morphology, which can greatly relieve the stress change of the
material in the electrochromic process. The coloration effi-
ciency (CE) is defined as the optical density change (DOD) in
response to the per unit charge (DQ) inserted into the electro-
chromic film. It can be expressed by the following formula:

CE ¼ DðODÞ
DQ

¼ log Tb=Tcð Þ
DQ

(2)

where Tb and Tc represent the transmittance of the film in the
bleached and colored states, respectively. According to the
slope of the linear region of the DOD variation under different
current densities (Fig. S13, SI), the ultrathin WO3�H2O film

Fig. 3 Mechanism characterization of ultrathin WO3�H2O films during H+ insertion/extraction. (a) Diffusion coefficient measurement of unexfoliated,
multilayer and ultrathin WO3�H2O films using the cathodic peak current as a function of the square root of the scan rates. (b) CV curve at 10 mV s�1 in
0.5 M H2SO4 electrolyte and in situ transmittance spectrum at 633 nm of the ultrathin WO3�H2O film. (c) In situ Raman signal evolution of an ultrathin
WO3�H2O film corresponding to the CV curve (b) at 10 mV s�1. (d) In situ XRD patterns of ultrathin WO3�H2O films at 2y values ranging from 201 to 301. (e)
Chromaticity diagram of ultrathin WO3�H2O films under different voltages. (f) Schematic of H+ transportation in ultrathin WO3�H2O films during bleaching
and coloration.
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delivers CE values of 65 cm2 C�1 at 633 nm and 199 cm2 C�1 at
1200 nm, which are higher than those of the multilayer WO3�
H2O film (33 and 138 cm2 C�1 at 633 and 1200 nm) and the
unexfoliated WO3�H2O film (28 and 70 cm2 C�1 at 633 and
1200 nm).

Electrochromic mechanism of ultrathin WO3�H2O nanosheets

To gain insight into the dynamics of ion transport, we sought to
assess the H+ diffusion coefficient D0 (cm2 s�1) within the
ultrathin WO3�H2O film via the Randles–Sevcik formula:46

ip = (2.69 � 105)n3/2AD0
1/2v1/2C0 (3)

where ip, n, A, v1/2, and C0 represent the peak current, the
number of electrons (assumed to be 1), the active area of the
electrode reaction (cm2), the square root of the scan rate and
the H+ concentration (mol cm�3), respectively. The D0 values of
the ultrathin WO3�H2O film in the coloration and bleaching
processes are 6.5 � 10�9 and 6 � 10�9 cm2 s�1, respectively,
which are much higher than those of previously reported WO3

films (Fig. 3a and Fig. S14, SI).21,47–50 Furthermore, the Nyquist
plots reveal that the ultrathin WO3�H2O films retain consistent
charge transfer impedances with multilayer and unexfoliated
films in the high-frequency region, but exhibit lower diffusion-
controlled Warburg impedance in the low-frequency region
(Fig. S15, SI). Moreover, we confirmed the role of structural
water in the WO3�H2O film by comparison with the anhydrous
WO3 film. According to the TGA curve, the anhydrous WO3 film
was obtained by subjecting the WO3�H2O film to heat treatment
at 250 1C. Without structural water, the WO3 film delivers large
optical modulation, but shows a significant decrease in the
switching speed and cycling stability (Fig. S16, SI). These results
confirm that the ultrathin nanosheets with structural water in
the film can facilitate H+ diffusion and stabilize the structure,
resulting in fast color switching and high cycling stability.

To further understand the electrochromic mechanism of the
ultrathin WO3�H2O film, in situ Raman and dynamic transmittance
spectra measurements were carried out during real-time CV mea-
surements within a potential window of 0.5 to�0.7 V (vs. Ag+/Ag) at
10 mV s�1 (Fig. 3b and c). In the coloration process, the Raman
peaks at 243 cm�1 and 650 cm�1, corresponding to the bending
vibration and stretching vibration of O–W–O, gradually weaken
until they disappear with cathodic polarization. This corresponds
to the semiconductor-to-metal transition process of WO3�H2O
owing to the reduction of W6+ to W5+ with continuous H+ insertion.
In the bleaching process, both Raman peaks of the ultrathin WO3�
H2O film at 243 cm�1 and 650 cm�1 recover the initial intensity
upon H+ extraction, representing the valence state transition from
W5+ to W6+ and a reversible metal–semiconductor switching in
WO3�H2O. This result indicates the reversible valence change of the
ultrathin WO3�H2O film in the electrochromic process.

In situ XRD was further utilized to investigate the structural
evolution of the ultrathin WO3�H2O film during the electrochromic
process (Fig. 3d and e). There is no obvious shift in most char-
acteristic peaks of the ultrathin WO3�H2O film during the electro-
chromic process other than the (111) peak (Fig. S17, SI). During the
cathodic polarization from 0.5 V to �0.7 V (vs. Ag+/Ag), the (111)

diffraction peak gradually shifts from 25.531 to 25.331, indicating
that the lattice expands by only 0.02 Å with H+ insertion (Fig. 3d).
After applying the reverse anodic potential of 0.5 V (vs. Ag+/Ag), the
(111) peak of the ultrathin WO3�H2O film can return to the initial
position, demonstrating the highly reversible reaction of WO3�H2O.
Chromaticity analysis summarizes the XRD peak intensity and
position evolution (Fig. 3e). No diffraction peaks appeared or
disappeared from the ultrathin WO3�H2O film, indicating that
WO3�H2O undergoes a low-strain structure change without phase
transition and hence features excellent structural stability during
the electrochromic process.29,51

Based on the in situ measurements and electrochromic perfor-
mance characterization, we sought to further elucidate the electro-
chromic process of ultrathin WO3�H2O nanosheets (Fig. 3f). The
active sites of ultrathin WO3�H2O nanosheets in the electrochromic
process are efficiently exposed by ion etching Aurivillius Bi2WO6

and liquid-phase exfoliation. In addition, the potential oxygen sites
for H+ binding in WO3�H2O can be divided into bridging oxygen
(Ob), terminal oxygen (Ot), and coordinated oxygen (Oc).

52 Under a
small voltage, some protons are preferentially bind to Ob by
adsorption, while other protons are embedded inside WO3�H2O
and bind to Ot when the voltage increases.29 In this case, the
electrochromic performance of the ultrathin WO3�H2O film is
determined by three potential oxygen sites for H+ binding: Ob, Ot,
and Oc. The NIR regulation of the ultrathin WO3�H2O film is due to
H+ adsorption/desorption, which is highly associated with the Ob

site on the WO3�H2O surface. Then the H+ accesses the interior
crystal cavity and binds to the Ot site, causing a redox reaction and
VIS light absorption. Nevertheless, H+ is unlikely to combine with
the Oc site because of the repulsive effect of the coordinated water.

Electrochromic energy storage properties of ultrathin WO3�H2O
nanosheets

Considering that both electrochromic and energy storage processes
rely on redox reactions, the CV curves also indicate that the ultrathin
WO3�H2O film exhibits good energy storage capacity. Thus, we can
integrate electrochromic and energy storage functions into a single
system for multifunctional device exploitation. To demonstrate the
feasibility of this concept, we measured the galvanostatic charge–
discharge (GCD) and corresponding transmittance spectra of ultra-
thin WO3�H2O films under different current densities (Fig. S18, SI).
In the GCD experiments, the specific areal capacities of the ultrathin
WO3�H2O film are 19.6, 18.2, 17.9, 17.7, 16.6 and 16 mAh cm�2

under current densities of 0.1, 0.15, 0.25, 0.3, 0.4 and 0.6 mA cm�2,
respectively (Fig. S18a, SI). In addition, the symmetric shape of the
GCD curve indicates the high Coulombic efficiency and electroche-
mical reversibility of the ultrathin WO3�H2O film. In addition, real-
time transmittance spectra during the GCD process were detected at
a single wavelength of 633 nm to visualize energy storage (Fig. S18b,
c, SI). Under galvanostatic current densities of 0.1 mA cm�2 and
0.6 mA cm�2, the ultrathin WO3�H2O film can achieve almost
the same optical modulation in the charging process as the
constant voltage charging potential of �0.7 V (vs. Ag+/Ag).
During the discharging process, this film can completely return to
the transparent bleached state. This attractive visualization capabil-
ity of the film could promote the potential application of
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electrochromic-based energy storage indicators. The IR drop exist-
ing in the discharging curve is ascribed to the internal resistance of
the film when a high current passes the film, causing the actual
discharge voltage of the film to be lower than the charge voltage. In
addition, the optical modulation of the ultrathin WO3�H2O film
remains almost unchanged as the current density increases from
0.1 to 0.6 mA cm�2 during the GCD process (Fig. S18d, SI),
illustrating the good rate capability of the film due to its rapid ion
diffusion kinetics and robust electrochemical reversibility.

Performance evaluation of self-powered electrochromic devices

The electrochromic device (ECD) without external electrical
supplies has attracted extensive attention in practical energy-
saving applications such as smart windows. Here, we
assembled a self-powered ECD using an ultrathin WO3�H2O

film as the electrochromic electrode, Al foil as the negative
electrode, and ECP as the positive electrode (Fig. 4a). Owing to
the standard electrode potential of Al/Al3+ (vs. standard hydro-
gen electrode (SHE) being �1.66 V) being lower than that of the
ultrathin WO3�H2O electrode, the potential difference between
Al and the WO3�H2O electrode could drive H+ insertion into the
WO3�H2O electrode, resulting in the self-coloration of WO3�H2O
(Fig. 4b). Moreover, the ECP results in a higher standard
electrode potential (0.699 V vs. SHE) than the colored WO3�
H2O (0.3 V vs. SHE). When the ECP and WO3�H2O electrodes
were connected, extracting H+ from WO3�H2O could result in
self-bleaching of WO3�H2O.50,53 On the basis of this self-
coloration mechanism, the ECD exhibits an optical modulation
of 70% at 633 nm by connecting the WO3�H2O and Al electrodes
for 700 s (the device as the baseline, Fig. 4c). When WO3�H2O

Fig. 4 Working mechanism and electrochromic performance of the self-powered ECD based on WO3�H2O. (a) Schematic of the self-powered process
and architecture of the ECD, including the WO3�H2O electrode connected with the Al/ECP electrode. (b) Energy level transition diagram of ECP, WO3�
H2O, and Al. (c) Optical transmittance spectra of the ECD after self-coloration for 30 and 500 s and self-bleaching for 700 s. (d) In situ dynamic
transmittance spectra of the ECD. (e) An LED (1.5 V) driven by two ECD demos in series. (f) Digital photos of the ECD with a size of 10 � 10 cm2 at different
coloration times.
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was connected to the ECP electrode, the ECD returned to its
initial state after 500 s of self-bleaching. In addition, the self-
coloration and self-bleaching time of the ECD are 151 and
331 s, respectively (Fig. 4d). Moreover, the ECD can maintain a
stable cycle of 200 cycles in self-coloration and self-bleaching
cycling tests (Fig. S19, SI). In addition, two ECDs (2.5 � 2 cm2)
in parallel can light up the LED for 40 minutes, indicating good
energy storage performance of the ECD (Fig. 4e and Movie SI).
Furthermore, we assembled a large-sized ECD (10 � 10 cm2) to
demonstrate its potential application as a smart window in
buildings. Large-sized WO3�H2O films were first successfully
obtained by spray coating (Fig. S20, SI). The transmittance
spectra confirm that the large-sized WO3�H2O film presents
nearly identical transmittance in five different areas, demon-
strating its excellent film uniformity. The digital photos reveal
that the large-sized ECD could still display high transmittance
in the initial state, and dark blue color that obscured the flower
background in the self-coloration state (Fig. 4f). The optical
memory of ECD was further measured in an open-circuit state
after applying 500 s of self-coloration. The dynamic spectrum
reveals that the transmittance of the ECD decays by 18% within
1100 s (Fig. S21, SI). Therefore, the self-powered ECD proves
good optical modulation and moderate memory properties,
making it promising for smart windows that simultaneously

protect indoor personal privacy and control indoor temperature
to reduce energy consumption.

Application evaluation of the self-powered ECD as a smart
window

To demonstrate the real-world applications of self-powered
ECD in smart windows, we conducted a conceptual design
and evaluated the indoor thermal regulation of a self-built
model house equipped with ECD (Fig. 5a, b and Table S5, SI).
A solar radiation lamp with a power of 300 W was used to
simulate the sunlight for illumination. Prior to activating the
solar radiation lamps, the indoor temperature of the model
house was initialized at 22.5 1C. Upon switching the ECD to the
‘‘bright’’ mode, the indoor temperature of the model house
under solar illumination swiftly rose to 34 1C within 10 minutes
and gradually increased to 38 1C over the following 30 minutes.
The high transmittance of the ECD in the VIS-NIR region
ensures that most of the radiative heat enters the house.
Conversely, when the ECD was switched to ‘‘bright-cool’’ and
‘‘dark-cool’’ modes, the indoor temperatures of the model
house reached 28 1C and 26 1C under the same solar illumina-
tion, respectively. Compared with the ‘‘bright’’ mode, the ECD
in the ‘‘bright-cool’’ and ‘‘dark-cool’’ modes can effectively
reduce the indoor temperature of the model house by 10 1C

Fig. 5 Thermal regulation and energy-saving performance of the self-powered ECD. (a) Conceptual design of ECD in bright–cool model.
(b) Digital photograph of a self-built model house with a temperature detector. (c) Indoor temperature changes in the model house when the self-
powered smart window was used. (d) Simulative energy-saving performance of self-powered smart windows by region in estimated worldwide HVAC
systems, with a commercial glass window as the baseline. (e) Annual energy savings and savings percentages for buildings with smart windows installed in
typical cities.
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and 12 1C, demonstrating their superior thermal regulation and
energy-saving capabilities (Fig. 5c). To further evaluate the
energy-saving performance of smart windows in different cli-
mate zones around the world, we conducted HVAC energy-
saving simulations on an office building model (30 � 12 �
9 m3) equipped with smart windows and further created a
world map of energy-saving based on the Köppen–Geiger
climate zone (Fig. 5d and Fig. S22 and Table S6, SI).54,55 The
HVAC energy-saving map of the world demonstrates that smart
windows exhibit high energy-saving effects in temperate and
tropical regions, particularly in Sacramento and Harare (Fig. 5e
and Table S7, SI). In these two cities, buildings installed with
smart windows demonstrate energy savings of 20.7%
(168.8 MJ m�2) and 18.3% (133.98 MJ m�2) in HVAC energy
consumption compared with standard buildings with tradi-
tional glass windows. Even in cold regions such as Moscow
and Irkutsk, buildings with smart windows can achieve energy
savings of 3.3% (27.5 MJ m�2) and 1.9% (20.24 MJ m�2),
respectively. These findings indicate that our smart windows
can significantly reduce HVAC energy usage in buildings
located in hot regions, resulting in considerable energy-saving
benefits and promising widespread application potential.

Conclusions

In summary, we fabricated ultrathin WO3�H2O films for
electrochromic smart windows via ion etching of Aurivillius
B2WO6 coupled with liquid-phase exfoliation. The ultrathin
nanosheets feature WO3�H2O with a large surface area and
efficient ion transport. As a result, the ultrathin WO3�H2O film
exhibits significant dual-band regulation in the VIS–NIR region,
realizing ultra-large optical modulations of 90% and 90.5% at
633 and 1200 nm, respectively, and fast switching speeds (9.5
and 3.1 s for coloration and 5.8 and 10 s for bleaching at 633
and 1200 nm, respectively). Moreover, the low-strain nature of
the ultrathin WO3�H2O nanosheet structure endows the film
with excellent cycling stability of 80% over 5000 cycles. On the
basis of the potential gradient strategy, we further constructed
self-powered large-scale ECDs using WO3�H2O, ECP and Al
electrodes, which possessed self-coloration and self-bleaching
functions without an external electric supply. Both real-time
temperature measurements and simulation calculations veri-
fies that the ECD could achieve a thermal regulation of 12 1C in
the model house and efficient HVAC energy savings in build-
ings. Our top-down strategy of ion etching and liquid-phase
exfoliation offers insight into the fabrication of high-
performance ultrathin nanosheet electrochromic materials,
which show promising applications in energy-saving smart
windows, self-supplied displays, smart power supplies, etc.
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