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Decoding the gradient-distributed colour
centers in electrochromic WO3

Sikang Xue 1,2,7, Jizhe Cui3,7, Chuchu Zhou1,2, Min Shen1,2, Xiaocong Liang1,2,
Mingyue Wang1,2, Quanpan Zhao1,2, Yan Ye1,2, Kun Xu 4, Yanan Zhao 5,
Rongji Jiao6, Rui-TaoWen 6, Can Yang 1,2, Zhiyang Yu 1,2 , Rong Yu 3 &
Wandong Xing 1,2

The optical properties of electrochromic windows can be modulated by
embedding electrons and ions simultaneously to realize energy-saving func-
tions. However, the microscopic electrochromic mechanism in cathode
materials remains controversial. Herein, we have discovered that the single-
crystal WO3 nanosheets exhibit thickness-dependent electrochromic char-
acteristics. The multislice electron ptychography experiments revealed that
the colour centers in electrochromic WO3 are associated with lattice distor-
tions, and the density of the colour centers decreases from surface to bulk.
Moreover, the heterogeneous distribution of polarons induces a phase tran-
sition frommonoclinic to tetragonal and cubic structures, which in turn causes
the band gap of the WO3 nanosheets to follow a volcano-type trend. This
phenomenon elucidates the colour shift of the electrode from yellow to blue
or black as the thickness of the nanosheets decreases. By visualizing the actual
colour centers of electrochromic materials, our findings provide an optimal
framework for the development of high-performance electrochromic devices.

The electrochromic behavior of metal oxides is achieved by applying
an electric field, which modulates their optical absorption properties
across the ultraviolet–visible-infrared (UV-Vis-IR) spectrum. This
technology is instrumental in energy conservation and transparency
regulation in applications such as smart windows, aircraft windows,
and anti-counterfeiting coatings, etc1–8. Despite numerous proposed
electrochromic mechanisms for smart materials, such as the classical
cathode material WO3, a universally accepted theory remains
elusive9–13. In 1973, Deb and colleagues proposed a “colour center”
theory to explain the electrochromic mechanism within amorphous
WO3-x films. According to this theory, oxygen vacancies (VO) within the
host material create defect energy levels that capture carriers, leading
to the absorption of visible light14. Since ions can also be injected into

host materials during the electrochemical process, charge injection
models were developed, and the possibility of charge transit absorp-
tion between W5+ and W6+ species was considered15,16. Meanwhile,
researchers have discovered that small polarons can form when both
ions and electrons are simultaneously incorporated into the crystal
structure. They attributed the modulated optical properties of elec-
trochromicmaterials to the hopping of electrons fromW5+ to adjacent
W6+ ions17–21. Considering that WO3 phases can be transformed into
tungsten bronze phases with a high concentration of charge carriers
upon charge injection, scientists have utilized the Drude model to
elucidate that the observed increase in absorption across the visible
and infrared spectrum is due to the surface plasmon resonance effect
associated with these high-density free carriers22–29. However, these
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perspectives fail to offer a clear explanation for the blue-shifted
absorption edges observed in the UV-Vis spectra of coloured WO3.

The inserted electrons and ions affect the density of the free
carrier and induce the structural distortion of the host materials to
form various phases30. For many transition metal compounds, the
symmetry of the crystal structures can be influenced by trapping and
de-trapping electrons and ions3,21,31,32. As revealed by the aberration-
corrected transmission electron microscopy, the bond angles and
lengths of the hostmaterials can be decreased by embedding ions and
electrons under electrochemical environments, thereby promoting
the orbitals’ overlap between anions and cations33. These enhanced
hybridizations of the valance electrons within the ion-inserted mate-
rials will lower the band gap in the phase, resulting in the red shift of
the absorption edge in UV-Vis-IR spectra34–37. Monoclinic γ-WO3 is a
stable phase at room temperature, and it can be transformed into
orthorhombic, tetragonal, and cubic phases by increasing the qualities
of embedded ions and electrons15. Note that the symmetry of the
phases can be well characterized by the degree of tilting, rotation, and
distortion of the corner-sharing [WO6] octahedra

38. It is believed that
alterations in crystal structures, along with the insertion of electrons
and ions, significantly impact the electronic structure ofWO3, which in
turn plays a pivotal role in its optical properties39,40. Nevertheless, the
aforementioned key factors are often neglected, and there remains a
lack of atomic-level understanding regarding the spatial distribution of
the inserted electrons and ions in coloured WO3, the identity of the
actual colour center, and how the colour center actively modifies
optical characteristics. This gap in knowledge constrains the
advancement of electrochromic materials and technologies.

Herein, we have chosen γ-WO3 nanosheets with various thick-
nesses as a model system to investigate the active mechanism of the
colour center. By comparing the crystal structures and optical mod-
ulation amplitudes of coloured WO3 nanosheets of varying thick-
nesses, the thickness-dependent electrochromic properties of these
nanosheets have been revealed. For instance, it has been observed that
thinner nanosheets exhibit enhanced electrochromic behavior. By
means of state-of-the-art multislice electron ptychography41,42, the
three-dimensional spatial distribution characteristics of the colour
center in WO3 nanosheets have been revealed at the atomic level. By
integrating with theoretical calculations, we have bridged the con-
nectionbetween the crystal structure and colour center and found that
the colour is tightly related to the density of the colour centers at
different depths, from surface to bulk, during the electrochromic
process. This work deepens the understanding of the electrochromic
process by directly characterizing the atomic structure and depth
distribution of the colour center at the microscopic level, offering a
solid theoretical foundation for controlling the optical absorption
performance of smart materials.

Results and discussion
The macroscopic behaviour in electrochromic WO3

In our quest to unravel the electrochromicmechanism,we have selected
the typical monoclinic γ-WO3 and compared its macroscopic structures
across various states, namely pristine, coloured, and bleached. The
highly crystallineWO3 nanosheets prepared via a hydrothermal process,
which were deposited onto the surface of F-doped tin oxide (FTO)
electrodes, followedby annealing, exhibit similar-thickness films (Fig. S1)
and varying grain thicknesses of 15 ±6.5, 30± 7.4, and 60± 12.0nm
(Figs. S2 and S3, details are discussed in Supporting information.). These
nanosheets are confined by two basal planes, specifically the {002}
planes, and are edged by four-sided facets, comprising two {200} facets
and two {020} facets (Fig. S4). As shown in Fig. 1a, a constant negative
voltage technique was employed to induce the electrochromic behavior
of the WO3 cathode in a KCl electrolyte within a three-electrode setup.
The images of the insets in Fig. 1b demonstrate that the coloured WO3

electrodes (the detailed experimental conditions were discussed in

Figs. S5-S7) undergo a transition from yellow to blue, and ultimately to
black, as the grain thickness decreased under the identical experimental
conditions. As shown in Fig. 1b, compared with the 30 nm- and 60 nm-
thick WO3 nanosheets, the UV-vis drift reflectance spectrum of the 15
nm-thick WO3 nanosheets shows maximum reflectance modulation of
96% at wavelengths of 700nm. In-situ optical transmittance results at
410, 440, and 770nm reveal that the 15 nm-thick WO3 nanosheets
possess a faster optical response than their thicker counterparts
(Fig. S8). These results indicate that the 15 nm-thick WO3 nanosheets
display improved electrochromic properties thanotherWO3nanosheets
with a larger thickness. Furthermore, we have calculated the inserted
electric charge quantities of the coloured WO3 with various thicknesses
according to the following formula:

Q=
Z t

0
j*A dt ð1Þ

whereQ, j, A, and t parameters refer to electric charge, current density,
work area, and time. As shown in the J-t plots (Fig. 1c), the 15 nm-thick
WO3 nanosheets accumulate a charge of 1.2 C within 60 s, exceeding
that of the 30 nm- and 60 nm-thick counterparts. This indicates that
WO3 nanosheets exhibiting greater light modulation (in the coloured
state) accommodate more injected electrons. X-ray photoelectron
spectroscopy (XPS) spectra (Fig. S6) and energy-dispersive spectro-
scopy (EDS) maps (Fig. S7) of the coloured 15 nm-thick WO3

nanosheets reveal the characteristic signals of K+ as well as their
uniform distribution, demonstrating that the K+ from the solution
could also insert into the WO3 lattice under applied bias. Inductively
coupled plasma (ICP) analysis of coloured KxWO3 nanosheets (Fig. 1d)
reveals an increase in the K+ insertion ratio from 13.83 ± 2.84% to
19.18 ± 0.36% as the nanosheet thickness decreases from 60nm to
15 nm. This trend correlates with enhanced optical modulation
properties, confirming a positive relationship between K+ quantity
and electrochromic performance. These results indicated that the
electrochromic properties of theWO3 nanosheets are closely linked to
the number of inserted electrons and ions. Thinner WO3 nanosheets
can host greater quantities of these species, enhancing their electro-
chromic performance. Moreover, the optical absorption edge of the
coloured KxWO3 nanosheets shows an obvious blue shift, while the
counterparts of 15 nm thick nanosheets demonstrate a prominent red
shift (Fig. 1b). When the coloured KxWO3 cathode was exposed to air,
which can capture the embedded electrons (briefly termed as the
bleached KxWO3), the bleaching process was achieved without the
need for an additional positive bias potential (Figs. S9-S14), causing the
blue cathode to return to pale yellow. This experiment result indicates
that the intercalation of electrons is a rate-determining step in
achieving the electrochromic behaviour of smart materials.

The X-ray diffraction (XRD) pattern of the pristine WO3 nanosh-
eets displays a typical monoclinic structure as depicted in Fig.1e. The
phase structures of coloured KxWO3 nanosheets gradually become
tetragonal and cubic as their thicknesses decrease, a phenomenon that
is linked to lattice expansion caused by inserted ions and electrons
(Fig. S15), which is also evidenced by theoretical simulation in Fig. S16.
After de-intercalation of ions and electrons, the XRD patterns of the
bleached WO3 nanosheets with various thicknesses exhibited mono-
clinic crystal structures. Compared with the Raman spectra of the
pristine and bleached WO3 nanosheets (Fig. 1f), the Raman bands
corresponding to thebendingmode and stretching variationofW-O-W
for the coloured KxWO3 nanosheets are weaker, illustrating that the
corner-connected W-O-W bonds show stronger rigidity. This is
because the bond angle of the corner-connected W-O-W bonds
becomes larger to generate more stress and bear the bending or
stretching vibration of the chemical bonds. These findings suggested
that the embedding of electrons and ions leads to a phase transition
and improves the symmetry of the WO3 nanosheets.
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From the XPS spectra of the WO3 nanosheets at various states
(Fig. 1g), we found that the high-resolution W 4 f spectrum of the
coloured KxWO3 nanosheets reveals the presence of the W5+ groups at
36.1 eV and 33.7 eV, along with a blue shift in the W6+ species at 37.1 eV
and 35.0 eV. Concurrently, the bleached KxWO3 nanosheets no longer
exhibit theW5+ groups, indicating that the electrochromic behaviour is
intimately connected to inserted electrons within the cathode system.
Regarding the electronic structure, it is delineated by the changes
observed in the O K edge through electron-energy loss spectroscopy.
The electron transition from theO 1 sorbitals to the hybridizedorbitals
between O 2p and W 5 d/6sp orbitals accounts for the three distinct
peaks (labeled A, B, and C) in the O K-edge spectrum, as depicted in
Fig. 1h. The coloured KxWO3 samples exhibit reduced signal intensity

from theA peaks, attributed to the insertion of electrons into theW5 d
orbitals. Conversely, the bleached KxWO3 nanosheets, which lack the
additional electrons, show a recovery in the intensity of the A peaks to
levels comparable to those of the pristineWO3 samples43. In light of the
aforementioned experimental findings, it is determined that the cou-
pled doping of ions and electrons can modulate the crystal structures
and electronic structures of WO3, forming the colour center that will
enable the cathode’s electrochromic properties.

Three-dimensional visualization of the spatial distribution of
colour centers
To identify the spatial distribution of the colour centers at the atomic
scale, we employed multislice electron ptychography to characterize

Fig. 1 | Investigation of structure evolution in electrochromicWO3 nanosheets.
a A schematic illustration of the electrochromic process showing the electrons and
alkali ions injected into the working electrode, where CE, WE, and RE refer to the
counter electrode, working electrode, and reference electrode. b UV-Vis diffuse
reflectance spectroscopy (DRS) of the pristine, coloured, and bleached WO3

nanosheets with various thicknesses (15 nm, 30nm, and 60nm) and their corre-
sponding photograph in the insets of b, demonstrating that thinner nanosheets
exhibit darker colour. c Chronoamperometry plots of coloured WO3 nanosheets
with different thicknesses, showing that more electrons were injected into the
thinner nanosheets. d The inductively coupled plasma (ICP) curves of the different
WO3 nanosheets, showcasing that the content of K+ ions in electrodes is negatively
correlated to the thickness of the WO3 nanosheets. The error bar represents the
standard deviation, calculated from three repeated experiments. eXRDpatterns of
the pristine, coloured, and bleached WO3 nanosheets with different thicknesses,

displaying that the nanosheets of ~15 nm thick, which possess the highest electro-
chromic performance, undergo a distinct phase transition from monoclinic to
cubic and thenback tomonoclinicduring the electrochromicand fadingprocesses.
f. Raman spectra of the pristine, coloured, and bleached WO3 nanosheets,
demonstrating that the absorption band of the bending mode (200–400 cm-1) and
stretching vibration (600–740cm-1) for the W-O-W bonds is weakened at the
coloured state, and indicating that the bond angle of theW-O-W bonds is enlarged
after electrochromic. The blue and pink balls represent to W atoms and O atoms,
respectively. g XPS spectra of the WO3 nanosheets at various states, showing that
W5+ species appeared at the coloured state. h Electron-energy loss spectra of the
pristine, coloured, and bleached WO3 nanosheets at O K-edges. The apparent
suppression of the A peak in the coloured state suggests that electrons were
injected into W 5 d orbitals.
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the electrochromic KxWO3 nanosheets that were treated under a bias
potential of -1 V. This technique is a coherent diffraction imaging
method with high spatial resolution, phase accuracy, dose efficiency,
and depth resolution in the direction of electron beam
propagation44–47. For a 15 nm-thick coloured KxWO3 nanosheet, 15
object slices of 1 nm thick were used for ptychography reconstruc-
tions. The depth-dependent ptychographic phase images of the
coloured KxWO3 nanosheet are shown in Fig. S17. The magnified and
corresponding regions of surface slices 1 and 15 (Fig. 2a-c) reveal that
K+ ions were intercalated at the A positions within the pseudocubic
structures, as indicated by the red circles, while the central slice 7
displays a scarcity of interstitial K+ ions (Figs. S18-S20). Furthermore,
the mean phase intensity (Fig. 2d) and the frequency histograms
(Fig. S21) for K+ intensity distribution within each slice form a parabola
with an upward opening, indicating a higher concentration of inter-
stitial K+ ions near the surface region compared to the bulk area. This
confirms that K+ ions, along with electrons, initiate from the surface
regions. Additionally, these results demonstrate that the depth of the
inserted K+ ions is ~ 3 nm.

Then, the interplanar spacing (a and b) of the {200} and {020}
facets (i.e., the bond length of adjacent W atoms, including horizontal
and vertical) from slices 1 to 15 were quantitatively described by the

atomic positions of W and O atoms determined through Gaussian fit-
ting (Fig. S22). Note that the local lattice spacings are increased to 3.9 Å
compared with pristine monoclinic WO3 of 3.7 Å. Furthermore, the
Pearson correlation coefficient values for a and b are 0.07 and 0.10
(Fig. 2e), respectively, indicating that the lattice expansion occurs both
in the {200} and {020} planes, which is attributed to the insertion of K+

ions and electrons and positively correlated with the embedded K+

ions concentration.
As seen from Fig. 2f, when the depth of doped K+ ions is close to

the top and bottom surfaces, the W-O-W bond angles become larger
along the [200] and [020] directions, and the part of W-O-W angles
tend to even rise to 180° among the slices near the surface for pro-
ducing the cubic KxWO3 and cubic WO3 crystal units. This phenom-
enon was also observed in the NaxWO3 nanosheets (Fig. S23). These
findings show that the injected ions and electrons can cause the lattice
distortion of the [WO6] octahedrons, which triggers the phase transi-
tion of the WO3 nanosheets. As mentioned in the review literature21,
when the alkali metal ions and electrons are injected into the host
materials WO3, they are believed to form the localized small polarons
and induce lattice distortions around the trapping sites. As shown in
the schematic diagram (Fig. 2g), limited by the charge transfer
dynamics, K+ ions in the WO3 nanosheets exhibit gradient distribution

Fig. 2 | Multislice electron ptychography characterisation of the coloured
KxWO3 nanosheets. a–c Enlarged and identical phase images of the coloured
KxWO3nanosheets with a thickness of 15 nmat 1 nm, 7 nm, and 15 nm indepth (slice
1 is defined as 1 nm in thickness from the top surface), showing that K+ ions are
inserted into the A position of pseudo-KxWO3 perovskite, as boxed by red circles.
d Themean phase intensity of the K+ intensity distribution from slices 1 to 15. e The
Pearson correlation coefficients of the interplanar spacing of the {200 and {020}
facets from slices 1 to 15 as a function of the intensity of K+ ions, showcasing that the
more K+ ions, the more obvious lattice distortion. f The statistical box diagrams of

the changedW-O-Wchemical bonds at every slice in colouredKxWO3nanosheets in
3 replicates, showing that the bond angle rises with area proximity to the surface
along [200] and [020] zone axes, respectively. g Schematic view of the three-
dimensional distribution of the colour centres in KxWO3 nanosheets, showcasing
that the monoclinic structure (yellow atoms) gradually transforms into tetragonal
(light blue atoms) and ultimately cubic structures (dark blue atoms) from the bulk
to the surface, driven by embedded K+ ions along the [001] direction, thereby
exhibiting pronounced depth-dependent lattice distortion.
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from the inside outward as companies with gradually disappearing
zigzag lattice distortion, causing depth-dependent lattice distortion
(monoclinic, tetragonal, and cubic) from bulk to surface. The results
show that the higher amounts of K+ ions and electrons embedded, the
greater the lattice distortion, which is conducive to forming different
colour centers (yellow, blue, and black) for modulating the macro-
scopic colour of the working electrode.

Analysis of the electrochromic mechanism
To reveal the electrochromic mechanism, the effect of the lattice dis-
tortions on the changes in electronic structures after inserting ions and
electrons was investigated. Figure 3a shows the relaxed structure units
of the γ-WO3 (left panel, monoclinic), K0.125WO3 with an additional
0.125 e/unit cell (middle panel, tetragonal), and K0.25WO3 with an
additional 0.25 e/unit cell (right panel, cubic) by employing density
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functional theory (DFT), exhibiting the significant structural expansion
and obvious lattice distortion. Note that the intercalations of more
electrons andK+ ions donot change the connected and rotatedpattern
of the corner-sharing [WO6] octahedrons but increase theW-O-Wbond
angles and bond length to 180° and 3.89 Å, respectively. This result
indicates that the cooperative interaction of injected electrons and K+

ions at interstitial sites offers strong stress to relax the zigzag defor-
mation of O atoms along [100], [010], and [001] directions in multiple
areas of the samples. Predictably, the synergistic effect is the reason
that the XRD patterns of coloured KxWO3 samples with different
thicknesses (30 nm and 15 nm) gradually become tetragonal and cubic
symmetry as the thickness decreases (Fig. 1e). Additionally, due to the
distinct expansion of the W-O-W bond angles and bond length, the
orbital overlap of W 5 d and O 2p in the 2D charge density maps gra-
dually reduced from the monoclinic WO3 to tetragonal K0.125WO3 and
cubic K0.25WO3 (Fig. 3b). This will have a significant effect on the band
structure of the coloured KxWO3 nanosheets. As from the Kubelka-
Munk plots (Fig. S24) and calculated band structures (Fig. 3c) of the
cathode electrochromic samples, the band gap of the 30 nm-thick
coloured KxWO3 nanosheets with tetragonal symmetry is 3.0 eV
(Fig. 3d), which is larger than that of the pristine WO3 nanosheets
(2.8 eV). This is the cause of the blue shift of the adsorption edge in
diffuse reflectance spectroscopy (DRS) spectra of 30 nm-thick tetra-
gonal KxWO3 nanosheets (Fig. 1b), thereby resulting in the yellowWO3

electrode changing to blue. Furthermore, the band gap of the 15 nm-
thick cubic KxWO3 sample is reduced to 1.6 eV (Fig. 3c and Fig. S25).
This changed electronic structure gives rise to the redshift in DRS
spectra of cubic KxWO3 nanosheets, making the WO3 cathode black.
Accordingly, these local atomic structures with different degrees of
distortion induced by various concentrations of polarons are the real
colour centers of electrochromic WO3 nanosheets. Therefore, rela-
tively few embedded K+ ions and electrons can only induce the slight
lattice distortion of the 60nm-thickWO3 nanosheets, suppressing the
improvement of optical modulation amplitude performances (Fig. 1).
Inspired by the above results, we forecasted that the anode electro-
chromic of the WO3 nanosheets, elevating the orbital overlap areas,
could be a feasible means to obtain red nanosheets (Fig. 3e). However,
the experimental results show that although the triclinic WO3

nanosheets have the reduced W-O-W bond angles and band gap
(2.78 eV), they exhibit a negligible red-shift of adsorption edgebecause
the W6+ cannot be further deeply oxidized (Fig. S26).

The connection between embedded ion sizes and colour centers
We have also discussed the diffusion behaviour of the embedded ions
from the surface toward the bulk during the electrochromic process
within WO3 nanosheets. For the γ-WO3 nanosheets, the diffusion
pathway of embedded ions is preferred for transporting along the
[001] directions (Figs. S27-S31). As depicted in the inset of Fig. 4a, the
slab model of K+ ions penetrated the three layers of WO3 nanosheets,
as viewed from the side, has been built to mimic the migratory routes
from the surface to bulk. The calculation results show the diffusion
barrier rises to 16.8 eV as the K+ ion penetration layers go deeper by
utilizing the climbing image nudged elastic band (CI-NEB) method48,
implying that plentiful K+ ions inclined to coordinate on the surface

region of the WO3 electrode (Fig. 4a). Although the faster embedding
of electrons can promote the inserting of K+ ions, there are still very
few K+ ions that can overcome the diffusion barrier tomigrate into the
depths of the bulk, producing a specific intercalation depth for the
embedded ions as revealed by electron microscopy. This finding sug-
gests that themethod to improve the optical modulation amplitude of
work electrodes is to decrease the size of the embedded ions, increase
the pore size of the host materials, and reduce the thickness of the
work electrodes to lower the diffusion barrier.

To facilitate the lattice distortion behaviour of the host materials,
the electrolyte with smaller radius ions to replace the K+ ions, such as
H+, Li+, and Na+ ions, was employed, respectively. We found that the
colour of the WO3 nanosheets inserted with H+, Li+, and Na+ also dis-
plays blue and black (Fig. S32), and the DRS spectra of the 15 nm-thick
HxWO3 nanosheets, inserted with more ions and electrons, show the
most obvious optical modulation amplitude properties among these
ion-inserted WO3 samples at the wavelength of 700 nm (Fig. S33). As
shown in Fig. 4b, the 60 nm-thick HxWO3 nanosheets show cubic
structures, while the 60 nm-thick Li+ and Na+-insertedWO3 nanosheets
exhibit tetragonal structures, indicating that H+ ions with smaller sizes
were easily inserted into theWO3 nanosheets to trigger obvious lattice
distortion. Meanwhile, plentiful embedded ions and electrons can
produce high-density polarons, which can expand the W-O-W bond
angle and length of the HxWO3 nanosheets (Fig. 4c) to 3.9Å and 180°
for reducing the band gap to 1.6 eV (Fig. S34). These prominent lattice
distortions were also resolved in the 15 nm-thick coloured LixWO3 and
NaxWO3 electrodes (Fig. 4c, Figs. S35 and S36). These results demon-
strate that the colour of the WO3 nanosheets is unrelated to the ion
types, but is closely correlated with the degree and range of lattice
distortion, which is positive to the qualities of the embedded ions and
electrons (Fig. 4d).

Ion-insertion materials with coupled ion-electron transfer pro-
cesses have been widely applied to store electrons and modulate the
optical properties in batteries, catalysis, electrochromic, etc. However,
the coupling mechanism between the host and guest (ions and elec-
trons) regarding the electronic structures of the host materials
remains ambiguous due to the ion-electron-insertion host materials’
complicated crystal and unseen ion-electron transport dynamics. This
work has revealed that the colour centre of the classical electro-
chromic materials γ-WO3 originated from the ion-electron-induced
lattice distortion, manipulating the band structures of the host mate-
rials for achieving the modulation of the optical properties. Mean-
while, the density of the colour centre would also grow by improving
the quantity of the injected ions and electrons, producing a more
noticeable optical modulation amplitude. These findings pave the way
for the structural design of electrochromic materials, semiconductor
devices, energy storage materials, functional materials with broad-
spectrum absorption, etc.

In summary, taking WO3 nanosheets as an example, we have
revealed the thickness-dependent electrochromic performances of
coloured KxWO3 and clarified that the lattice distortion of the corner-
sharing [WO6] octahedra, transitioning from the monoclinic to the
tetragonal and cubic phases, is responsible for the colour center of the
cathode electrochromic materials. The results of the multislice

Fig. 3 | Electronic structures of the coloured KxWO3 nanosheets with lattice
distortion. a Relaxed atomic structure along [001] direction of the monoclinic
WO3 (left panel), tetragonal K0.125WO3 with additional 0.125 e/unit cell (middle
panel), and cubic K0.25WO3 with additional 0.125 e/unit cell (right panel). The blue,
khaki, and red atoms refer to theW, O, and K atoms. The W-O-W bond lengths and
angles in corner-sharing-connected [WO6] octahedra are labelled in a, displaying
the zigzag distortion of W-O-W bonds. b Two-dimensional (2D) charge density
maps (q/Å2) of the three structures in a, showcasing that the orbital overlap areas
between W and O atoms have been reduced after embedding more ions and

electrons. c The band structures of the monoclinic WO3 (left panel), tetragonal
K0.125WO3 with additional 0.125 e/unit cell (middle panel), and cubic K0.25WO3 with
additional 0.125 e/unit cell (right panel). d Band structures of these samples from
theory calculations and K-M plots, demonstrating that their corresponding band
gaps are higher and lower than the monoclinic WO3 crystal counterparts. e The
relationship plot between the photograph colour of electrochromic materials and
their lattice distortion, showing that the cathode electrochromic responds to the
increased band gap, while the anode electrochromic exhibits decreased band gap
for WO3 nanosheets.
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electron ptychography experiments show that the concentration of
polarons increases from the bulk to the surface. This is because the
inserted electrons and ions show a gradually decreasing distribution
from the surface to the bulk. In addition, the band gap of the pristine
WO3 electrodes can be enlarged by the formation of the tetragonal
phase, which occurs through slight structural relaxation, and can be
reduced by severe lattice distortion in the cubic phase. This leads to a
gradient change in the macroscopic colour, ranging from yellow to
blue and then to black. Furthermore, the degree and extent of the
lattice distortion are positively correlated with the amount of the
embedded ions and electrons. This work demonstrates that the
structure-dependent optical adsorption properties can be precisely
controlled by modulating the degree of lattice distortion, offering a
theoretical basis for the structural design of high-performance elec-
trochromic materials, photocatalytic materials, electrode
materials, etc.

Methods
Preparation of WO3 nanosheets with a thickness of 15 nm
The WO3 nanosheets with a thickness of 15 nm were synthesized by a
chemical bath deposition method. 1mmol Na2WO4·2H2O and 1mmol
oxalic acid were added into 55mL of nitric acid solution containing
5mL concentrated nitric acid. After 1 h of agitation, the above sus-
pension was transferred to a bottle with a blue cover and kept at 60 °C
for 8 h. Then, the products were collected via countrifying by ethanol
and water several times and dried overnight.

Preparation of WO3 nanosheets with a thickness of 30 nm
The WO3 nanosheets with 30 nm thick were obtained by a hydro-
thermal method. 1mmol Na2WO4·2H2O, and 1.5mmol citric acid were
sequentially added into 33mL hydrochloric acid solution with the
concentrations of 6Munder agitation. After 30minutes of stirring, the
above suspensionwas transferred to a polytetrafluoroethylene reactor
with a volumeof 50mL. Then, the reactorwas sealedwith the stainless-
steel outer lining and heated at 120 °C for 24 h. The sample was cen-
trifuged by ethanol and water several times after cooling down to
room temperature and dried at 60 °C for 12 h.

Preparation of WO3 nanosheets with a thickness of 60nm
The WO3 nanosheets with a thickness of 60 nm were fabricated via a
hydrothermal method according to our previous study39,49. 1.6mL
concentrated hydrochloric acid was dropped into the mixture of
1mmolNa2WO4·2H2O, 1.5mmol citric acid, 5mmol glucose, and60mL
H2O. Themixed solutionwas stirred for 30min. The above suspension
was then poured into a sealed stainless-steel autoclave for hydro-
thermal treatment at 160 °C for 8 h. After cooling naturally, the pro-
duct was collected after washing by in order of water and ethanol and
drying for overnight.

Characterizations
The optical properties of the as-prepared samples were studied by UV-
Vis diffuse reflectance system spectrometry (UV-Vis DRS, Varian Cary
500). The phase structures of the WO3 nanosheets were investigated

Fig. 4 | The lattice distortion of WO3 nanosheets under various electrolytes.
a Transport energy barrier of the embedded K+ ions across the different layers of
WO3 nanosheets from surface to subsurface to bulk, showing that the transport
energy would rapidly rise when K+ ions are inserted into the first and second layers.
b XRD patterns of the coloured WO3 with various thicknesses embedded with H+

(left panel), Li+ (middle panel), and Na+ (right panel) ions, displaying that thinner
nanosheets inserted with smaller anode ions produce more radical phase

transitions. c iDPC images of the coloured HxWO3 (left panel), LixWO3 (middle
panel), and NaxWO3 (right panel) nanosheets with a thickness of 15 nm, demon-
strating that the embedded H+, Li+, and Na+ ions (as revealed by red circles) induce
the lattice distortion of the corner-sharing connected WO3 structures to form
polarons, respectively. d Effect of the radius of ions on the crystal symmetry and
band gap, showing that the symmetry-dependent band gap is reduced under the
electrolyte with smaller anode ions.
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by powder X-ray diffraction analysis with Cu Kα1 radiation
(λ = 1.5406Å), and Raman spectroscopy (Invia Reflex equipment with
excitation light wavelength of 325 nm) was employed to observe the
stretching vibration of the W-O-W bond. XPS measurements (Brand:
Thermo ESCALAB250 outfitted with a monochromatized Al Kα line
source) were applied to detect the surface chemical states of the
pristine, colored, and bleached 15 nm-thick WO3 nanosheets without
etch, which can change the raw crystal structures of the WO3-based
samples. The morphologies of as-prepared WO3 nanosheets were
measured by scanning electron microscopy (SEM, Helios G4). The 4D
datasets were collected by a probe aberration-corrected transmission
electronmicroscopy (AC-TEM, FEI Titan Cubed Themis G2 operated at
300 kV with a pixel array detector EMPAD), while iDPC images and
EELS analysis in scan transmission electron microscopy (STEM) mode
were obtained to visualize the changes in crystal structures for the
pristine, colored, and bleached WO3 nanosheets with various thick-
nesses. The electrochromic experiments were completed by a three-
electrode system (BAS Epsilon electrochemical system), where WO3

nanosheets drop-casted onto the F-doped tin oxide (FTO) substrate
were applied as theworking electrode, the Pt electrodewas used as the
counter electrode, and the Ag/AgCl electrode, in 3.0M KCl electrolyte
solution, was used as the reference electrode. Before preparing the
working electrode on FTO, the FTO glasses were cleaned with ethanol
and acetone solutions several times, respectively, and then dried at
60 °C. Subsequently, the samples of 2mg were dispersed in 1mL of
ethanol under ultrasound to obtain a suspension. The suspension was
dropped onto a fixed area of the FTO substrate. After drying naturally,
the FTO glasses with samples were heated at 400 °C for 2 h to improve
the interfacial contact between the FTO glasses and samples. For the
electrochemical measurements, the electronic impedance spectro-
scopy (EIS) curves of the as-constructed samples were performed at
the region of 200 kHz–50mHz with Nyquist plots, and cyclic voltam-
metry (CV) curves were also measured in the region of -1.5-1.5 V on the
BAS Epsilon electrochemical workstation. In situ optical transmittance
spectra were recorded in real-time by a fiber-optical instrument from
Ocean Optics (QEpro, Ocean Optics, USA). The effective optical range
was from 350nm to 1600 nm. Electrochemical measurements were
carried out on a CHI660e electrochemical workstation from CHI, CH
Instruments Inc., USA.

Details of multislice electron ptychography
The acquisition conditions for the 4D data used in ptychography were
set with an underfocus of 20 nm, a scan step size of 0.37 Å, a screen
current of 15 pA, and a dwell time of 0.5ms for each scan point. For the
acquired 4D data, we utilized the adaptive propagator ptychography
method (APP) proposed by Sha et al.44. to reconstruct the object. In
this process, 5 mixed states for the electron probe were chosen, and
each 128 × 128 diffraction pattern was expanded to 200× 200 in order
to obtain a more refined object function.

Details of the calculations and electrical simulations
All calculations were completed using the DFT calculations imple-
mented in the Vienna ab initio simulation package (VASP, version
5.4.4)50,51 with the Projector Augmented Wave method52. The
Perdew–Burke–Ernzerhof was used to describe the function of the
exchange-correlation term53. The hybrid Heyd-Scuseria-Enrzerhof
(HSE06) approximation to the exchange-correlation functional was
used for calculating the electronic structures. The plane wave-off
cutoff energy was set at 520 eV. The DFT-D3 correction method was
used to describe the van der Waals interaction54. Convergence criteria
of energy and force for all geometry structures were fixed to 10-5eV
atom-1 and 0.01 eVÅ-1. The k-points were generated using the
Monkhorst-Packmesh55. For the slabmodel, a vacuum space was fixed
as 16 Å along the z direction to minimize the interface between
surface slabs.

Data availability
Additional data supporting the findings of this study are reported in
the Supplementary Information. Any additional data are available from
the corresponding author upon request. The source data are available
in this paper. Source data are provided with this paper.
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