
Reduced graphene oxide-induced in-situ uniform growth of
hydrated WO3 film for enhanced electrochromic performance

Rui Fang1, Yang Liu1, Chunyu Shi2, Huihui Jin2, Zibo Chen4, Haohao Sun1, Ben Lv5, Daping He2, Xusheng Zheng3, and
Yuli Xiong   

1 ✉

1 State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, School of Materials Science and Engineering, Wuhan
University of Technology, Wuhan 430070, China

2 School of Science, Wuhan University of Technology, Wuhan 430070, China
3 National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei 230029, China
4 Sanya Science and Education Innovation Park of Wuhan University of Technology, Sanya 572000, China
5 School of Materials Science and Engineering, Wuhan University of Technology, Wuhan 430070, China

  Cite this article: Nano Research, 2025, 18, 94907269. https://doi.org/10.26599/NR.2025.94907269

  
ABSTRACT: WO3-graphene  electrochromic  materials  are
widely used in electrochromic devices including smart windows
and  electronic  displays,  due  to  their  ability  to  adjust  optical
transmittance in the visible and near-infrared ranges under low
electrode potential. However, the uniformity of the film remains
a  challenge  for  the  widely  used  physical  mixing-coating
method.  In  this  study,  we present  a  two-dimensional  material-
assisted  synthesis  of  a  porous  hydrated  WO3  film  (WH-rGO)
based on reduced graphene oxide (rGO) nanosheets and WO3
(rGO-WO3)  seed  layer  via  a  hydrothermal  method.  The
incorporation  of  rGO not  only  promotes  the  uniform growth  of
hydrated WO3 film, enhancing ion transport but also introduces
oxygen  vacancies,  creating  an  efficient  conduction  pathway  for  charge  transport.  The  resulting  WH-rGO  film  exhibits
impressive performance, achieving 71% optical modulation at 700 nm, with bleaching and coloring times of 4.2 and 1.0 s.
The  coloration  efficiency  is  calculated  at  156.11  cm2·C−1,  and  the  optical  modulation  is  maintained  at  93%  of  the  initial
optical modulation after 1000 cycles applied in the +1.0 and −1.1 V potential ranges. This work offers new insights into the
role of oxygen vacancies in enhancing the electrochromic properties of hydrated WO3 films through the addition of rGO. It
also  provides  a  promising  approach  for  the  synthesis  of  electrochromic  materials,  facilitating  their  application  in  smart
window technologies.
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1    Introduction
Buildings  account  for  about  40%  of  global  energy  consumption,
with  windows  being  the  main  means  of  heat  exchange  [1].
Electrochromic  (EC)  materials,  which  can  modulate  their  optical
properties  according  to  the  applied  potential  are  widely  used  in
smart windows to modulate light transmission in the near-infrared
and  visible  regions.  This  technology  helps  reduce  indoor  energy
consumption  by  controlling  heat  and  light  flow  [2].  The  first

inorganic material with electrochromic function was tungsten oxide
(WO3),  which  was  discovered  in  1969  [3].  WO3 films  switch
between  a  dark  blue  state  at  low  electrode  potential  and
transparency at higher potential. Thereafter, W18O49 [4], h-WO3 [5],
and hydrated WO3 (WH) [6] have since been developed, and each
of  them  possesses  unique  advantages.  Particularly,  hydrated  WO3
has garnered attention due to its layered structure, which promotes
ion  transport,  and  improves  cycling  stability  and  switching  speed
[7−9]. From a crystallographic perspective, the intercalation of H2O
molecules  reduces  the  migration  barrier  for  cations  during
electrochemical  reactions,  improving  ion  transport,  and  thus
enhancing  electrochromic  performance  [10−12].  However,
synthesis methods of hydrated WO3 film face challenges, including
inconsistency and low efficiency.

Traditional preparation methods of WO3 include sol–gel process
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[13, 14] and electrochemical deposition [15, 16]. While the sol–gel
method allows for good control over film thickness and porosity, it
has  significant  drawbacks.  One  of  the  main  issues  is  the  non-
uniform  distribution  of  WO3,  which  can  lead  to  inconsistent
electrochromic  performance.  The  films  are  also  prone  to  cracking
during the drying process, which significantly reduces their cycling
stability  [17, 18].  Electrochemical  deposition  allows  for  precise
control over the film’s thickness and structure, but it often results in
non-uniform  nucleation  and  growth  of  the  WO3 film  [19, 20].
Researchers prepared seed layers to manipulate the morphology of
WO3 crystals and promote electrochromic properties. For example,
Man et al. pre-coated the layer of TiO2 nanoparticles to strengthen
the  cohesiveness  between  the  thin  film  and  the  substrate  and
regulate  the  structure  of  the  film,  thus  greatly  affecting  the  EC
performance  [21].  Gao  et  al.  prepared  a  WO3 seed  layer  through
electrodeposition and facilitated the growth of nanowire WO3 film
by  solvothermal  method  [22].  Researchers  have  also  developed  a
two-dimensional  material-assisted in-situ growth  method  (TDIG)
to prepare electrochromic films effectively and homogenously with
the assistance of functional groups,  such as MXene [23] and black
phosphate (BP) [24].

Reduced graphene oxide (rGO), a derivative of graphene, stands
out  among  two-dimensional  materials  due  to  its  high  carrier
mobility,  optical  transparency,  and  electrochemical  properties
[25−27].  These  features  allow  rGO  to  enhance  electrochromic
performance of WO3 by accelerating charge transfer [28]. Gadgil et
al. have found that the switching kinetics in rGO are much superior
to that of perfect graphene due to the presence of some unreduced
oxygenated groups [29]. To utilize the advantages of rGO, physical
mixing  followed  by  drop/spin-coating  [30, 31]  and
electrodeposition  [29]  was  adapted  for  synthesizing  rGO-WO3
films, but physical mixing coating results in weak adhesion between
rGO  and  WO3 [18],  and  electrodeposition  suffers  from  non-
uniform  WO3 nucleation  [32].  Therefore,  it  is  urgently  desired  to
fully  utilize  the  outstanding  performance  of  rGO while  preserving
the  homogeneity  of  the  film.  In  response  to  these  challenges,  we
have  developed  an  innovative  strategy  to  enable  rGO-assisted in-
situ growth  of  WH  (WH-rGO)  electrochromic  film  on  fluorine-
doped tin oxide (FTO) glass. This process involves spin-coating GO
nanosheets  and  WCl6/ethylene  glycol  (EG)  onto  FTO,  followed
thermal  reduction  and  hydrothermal  treatment  in  a  precursor
solution containing pertungstic  acid.  The resulting WH-rGO/FTO
films  demonstrate  superior  homogeneity  compared  to  pure
hydrated WO3 films, benefiting from the adsorption and anchoring
effects  of  oxygen-containing  groups  in  rGO.  Additionally,  rGO
induces  the  formation  of  oxygen  vacancies,  enhancing  the  film’s
conductivity  and  promoting  a  smoother  electrochromic  process.
Consequently,  the  optical  modulation  of  the  WH-rGO  film
increases  from  approximately  31%  to  71%,  with  a  rapid  coloring
time  (tc)  of  1.0  s  and  bleaching  time  (tb)  of  4.2  s.  The  films  also
exhibit  improved  cyclic  stability  maintaining  93%  of  the  initial
optical  modulation  after  1000  cycles,  further  underscoring  the
effectiveness of this approach. 

2    Experimental
 

2.1    Materials
All chemicals were used directly as received without any treatment.
Glassware  in  the  lab  was  washed  with  deionized  (DI)  water
beforehand.  Hydrogen  peroxide  (H2O2,  30  wt.%)  was  purchased

from  Sigma-Aldrich.  Tungstic  acid  (H2WO4),  tungsten  chloride
(WCl6),  hydrochloric  acid  (12  M),  ethanol  (≥  99.8%),  acetone
(≥  99.0%),  and  lithium  perchlorate  (LiClO4)-propylene  carbonate
(C4H6O3,  PC)  electrolyte  (1  M)  were  purchased  from  Shanghai
Aladdin  Biochemical  Technology  Co.,  Ltd.  Ethylene  glycol
(≥ 99.5%) was purchased from Sinopharm Chemical  Reagent  Co.,
Ltd.  Graphene  oxide  (<  1  μm,  10  mg·mL−1)  was  purchased  from
The  Sixth  Element  (Changzhou)  Materials  Technology  Co.,  Ltd.
The DI  water  was  made by a  water  purifier.  FTO glasses  (1  cm ×
2 cm) were respectively washed with deionized water, acetone, and
ethanol for 30 min in an ultrasonic bath. 

2.2    Synthesis of precursor and rGO-WO3 seed layer
This  step  contained  two  parts:  synthesis  of  precursor  for
hydrothermal reaction and reduction of GO. Firstly,  2.5 g H2WO4
and 30 mL H2O2 were added into a radius flask to react at 95 °C for
90  min,  and  the  evolved  gases  were  constantly  condensate.  After
that,  the  obtained  clear  precursor-peroxytungstatic  acid  (PTA)
solution was diluted with 70 mL DI to be 0.1 M. Then, 1.98 g WCl6
was added in 50 mL EG and stirred for 1 h. After that, the pre-dried
GO  nanosheet  was  sufficiently  separated  in  WCl6-EG  solution
under ultrasonic for 1 h. The obtained solution was spin-coated on
FTO under 3000 r·min−1 for 30 s, and after that, the FTO was heated
at 120 °C until dried.As a comparison, a glass was spin-coated with
only WCl6-EG. When the spin-coating step was finished, the FTO
glasses  were  put  in  an  annealing  furnace  at  the  temperature  of
400 °C for 60 min to obtain the rGO-WO3 and WO3 seed layer. 

2.3    In-situ growth of WH-rGO film on FTO
WH-rGO film was synthesized through the hydrothermal method.
Briefly,  a  mixture of  10 mL DI,  10 mL PTA, 3  mL 3 M HCl,  and
32 mL EG was transferred to a Teflon-lined stainless-steel autoclave
and put in an electric oven at 120 °C. After 60, 70, 80, and 90 min,
the  FTO  were  taken  out  and  washed  with  DI  water  under  gentle
flow.  Finally,  prepared  samples  were  dried  at  60  °C for  8  h  in  the
vacuum oven. And the films were named WH-rGO-60, WH-rGO-
70, WH-rGO, and WH-rGO-90, respectively.

As  a  comparison,  hydrated  WO3 film  was  synthesized  through
the same hydrothermal method as WH-rGO on an FTO glass with
only WO3 seed layer, which was called WH. 

3    Results and discussion
 

3.1    Synthesis  and  morphological  characterization  of  the
films
Figure 1 depicts the growth process of WH crystals to be WH and
WH-rGO films. Before the diffusion-controlled growth process, the
WCl6/EG solution is spin-coated on FTO and oxidized to be WO3
seeds,  facilitating  heterogeneous  nucleation.  However,  due  to  the
unevenly  distributed  seeds,  there  are  WH crystals  agglomerates  in
the film, leading to the inhomogeneity of WH film. Differently, the
GO  nanosheets  filled  with  oxygen  functional  groups  have  a
negatively  charged  surface  that  captures  the  positively  charged
[W(EG)2]2+ through  electrostatic  interactions.  In  Fig.  S1  in  the
Electronic  Supplementary Material  (ESM),  it  is  indicated from the
mapping of rGO-WO3 that the WO3 seeds are spread uniformly on
the surface of  rGO, offering sites for the heterogeneous nucleation
of  WH  crystals  in  a  hydrothermal  environment,  allowing  WH
crystals to form uniformly distributed WH-rGO film on FTO.
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The  morphologies  of  all  synthesized  films  are  characterized  by
scanning  electron  microscope  (SEM)  images. Figure  2(a) and  Fig.
S2  in  the  ESM  illustrate  the  morphology  of  pure  WH  after  a
hydrothermal reaction for 80 min. The thickness of WH and WH-
rGO films  are  910  and 942  nm,  indicating  the  WH grows  thicker
with the addition of rGO. There are aggregates in WH film, while
the  WH nanosheets  grow vertically  on  rGO.  As  an  observation,  a
large  number  of  WH crystals  agglomerate  on  the  surface  of  FTO,
indicating  the  unevenness  of  the  WH  film.  Notably,  with  the
addition of rGO, WH nanosheets combine to construct a network
and form a homogeneous porous WH-rGO film (Fig. 2(b)). In Fig.
S1 in the ESM, as the growth time is expanded from 60 to 90 min,
the density of the film is higher, but when the crystal growth time is
extended from 80 to 90 min, 5 μm flower-like aggregates appear on
the WH-rGO film, impeding the homogeneity of the network. The
WH-rGO-90  film  is  comparatively  thicker  and  WH  agglomerates
seriously.  It  is  followed  up  by  demonstrating  that  agglomerated
films are  unfavorable  for  the  electrochromic  (Fig.  S7  in  the  ESM).
Therefore,  the  WH-rGO  sample  is  chosen  for  further
electrochemical research.

It  is  indicated  in Fig.  2(c) that  WH  is  grown  on  an  rGO
nanosheet  that  is  a  size  of  around  500  nm.  The  high-resolution
transmission  electron  microscope  (HRTEM)  image  (Fig.  2(d))
reveals  the  WO3·0.5H2O crystal  is  grown on amorphous rGO and
the d-spacing value of the lattice fringes is 0.31 nm, corresponding
to the (311) crystal face of the WO3·0.5H2O. Meanwhile, defects can
be seen on rGO. These alterations are conducive to the adsorption
and  activation  of  reaction  intermediates,  facilitating  the  growth  of
WH on rGO [33, 34].  The high-angle annular dark-field scanning
TEM  (HAADF-STEM)  elemental  mapping  images  in Fig.  2(e)
show the uniform distribution of  carbon,  tungsten,  and oxygen in
the  WH-rGO,  suggesting  the  chemical  components. Figure  2(f) is
the selected area electron diffraction (SAED) pattern, indicating that
the  polycrystal-structured  WH  is  growing  on  rGO. Figure  2(g)
shows  the  X-ray  diffraction  (XRD)  patterns  of  GO  powder,  bare
FTO  glass,  WH,  and  WH-rGO  film  deposited  on  the  FTO  glass
substrate. The XRD pattern of the FTO glass can be indexed to tin

oxide. The wide-angle X-ray diffraction of WH shows broad peaks
at 14.91°, 28.98°, and 50.86°, which are characteristic of (111), (311),
and (440) of WO3·0.5H2O respectively (JCPDS Card No. 44-0363).
Yet  the  intensity  of  these  peaks  belonging  to  WH  is  significantly
weakened  in  WH-rGO  due  to  the  interference  of  rGO  on  the
crystallinity of WH [35]. The characteristic peak of GO at 10.32° is
weak in the pattern of as-obtained WH-rGO, owing to the cover of
WO3·0.5H2O and the poor crystallinity after the reduction of GO.

Figure  2(h) provides  the  Raman spectra  of  WH and WH-rGO.
The peaks  at  679 and 942 cm−1 are  assigned to the Ag phonons of
the WH lattice [36]. The higher frequency of 942 cm−1 refers to the
vibration  of  the  W=O  bond,  while  the  lower  one  refers  to  the
vibration  of  the  W–O  bond.  The  peak  at  1080  cm−1 can  be
attributed  to  the  stretching  mode  of  short  terminal  W=O  bonds.
The peak of 243 cm−1 can be attributed to the bending or buckling
of  O–W–O  bonds  in  WH  [37].  For  Raman  spectra  of  WH-rGO,
the additional peaks located at 1600 and 1360 cm−1 are the G band
and D band of graphene, respectively [38]. The G band comes from
the  in-plane  vibration  of  sp2 C  atoms,  which  is  the  most
conspicuous  feature  of  graphene.  The  D  band  comes  from  the
disordered  vibration  of  graphene.  The  value  of  the  intensity  ratio
(ID/IG) is 1.05. The higher intensity of the D band than G indicates
that  there  are  still  enormous  active  defects  and  disorders  in  rGO
after the reduction of oxygen-containing functional groups in GO,
which supplies active growth sites for the growth of WH [39].

Furthermore,  to  elucidate  the  element  composition and valence
states of WH-rGO, X-ray photoelectron spectroscopy (XPS) spectra
are conducted. In Fig. S3 in the ESM, the XPS survey illustrates that
there are three elements in the film, including W, O, and C. The W
4f  spectra  consist  of  one  pair  of  doublets  at  35.6  and  34.3  eV
belonging to W6+ 4f7/2 and W5+ 4f7/2 [40, 41].  In Fig.  2(i),  the W 4f
XPS  spectra  of  WH  and  WH-rGO  can  be  fitted  to  W6+ 4f7/2
(35.54  eV)  and  W5+ 4f7/2 (34.43  eV),  respectively.  Besides,  by
calculating  the  peak area  of  W6+ and W5+,  the  W5+ content  of  WH
and WH-rGO increases from 4.18% to 7.22%. In general, variations
in the binding energy and W5+ content signify modifications in the
WH crystallinity. It is verified that the O 1s XPS spectra (Fig. 2(j))

 

Figure 1    Graphical illustration of growth process of WH and WH-rGO films.
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consist of three characteristic peaks at 530.2 eV for W–O, denoted
by  OI,  532.0  eV  for  oxygen  vacancy  (Ov),  denoted  by  OII,  and
532.7 eV for absorbed oxygen, denoted by OIII [42]. It is calculated
that the OII relative content increases from 8.14% to 12.76%, and a
higher  content  of  oxygen  vacancy  is  achieved.  To  further
accommodate  the  result,  electron  paramagnetic  resonance  (EPR,
Fig.  2(k))  and soft  X-ray absorption spectroscopy (sXAS, Fig.  2(l))
are conducted to quantify the Ov concentration. The EPR signal at
g = 2.0021 is identified as the electrons trapped in Ov [43]. The peak
intensity  for  the  WH-rGO  is  much  higher  than  that  of  WH
counterparts,  indicating  a  much  higher  proportion  of  Ov in  WH-
rGO.  Meanwhile,  sXAS  for  O  K-edge  shows  peaks  at  533.1  eV,
which is assigned to the hybrid of O 1s–2p orbitals with W 5d [44,
45].  The  peak  intensity  of  WH  is  higher  than  that  of  WH-rGO,
suggesting  reduced  covalency  of  the  W–O  bond  and  less  electron
transfer to the unoccupied eg states of oxygen in WH-rGO, due to

its  higher  oxygen  vacancy  [46].  The  EPR  and  sXAS  results  are
consistent  with  that  of  O  1s  XPS,  indicating  the  formation  of
oxygen vacancy with the addition of rGO. 

3.2    Electrochemical properties of the films
Figure  3(a) shows the  migration mechanism of  electrons and ions
insertion/extraction  during  the  electrochromic  process.  Cyclic
voltammetry  (CV) is  tested for  two films to  investigate  the  charge
and  mass  transfer  mechanism  during  the  electrochemical  process.
Figure 3(b) illustrates that the WH-rGO shows much larger current
densities  compared  with  WH,  which  are  1.5  and  1.0  mA·cm−2,
respectively.  A  larger  current  density  represents  more  Li+ that  can
be inserted or extracted from the films. It can also be demonstrated
that  rGO-WH  shows  the  superiority  of  the  porous  network
structures,  which  can  shorten  the  diffusion  length  of
inserted/extracted  Li+ and  increase  the  number  of  accessible

 

Figure 2    Characterization of WH and WH-rGO film. ((a) and (b)) SEM images of WH and WH-rGO. (c) TEM image, (d) HRTEM image, (e) HAADF-STEM and the
corresponding elemental mapping images, and (f) SAED pattern of WH-rGO. (g) XRD spectra of GO, WH, WH-rGO, and FTO. (h) Raman spectra of WH and WH-
rGO. ((i) and (j)) XPS spectra of W 4f and O 1s of WH and WH-rGO. (k) EPR of WH and WH-rGO. (l) Soft X-ray absorption spectroscopy of O K-edge of WH and
WH-rGO.
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insertion  sites  (Fig.  3(a)).  Within  the  potential  range  of  1.0  to
−0.2 V, the CV profiles of both samples display relatively flat peaks,
attributed  to  the  capacitive  charging  process.  Conversely,  in  the
range  of −0.2  to −1.0  V,  pronounced  redox  peaks  are  observed,
corresponding  to  the  reduction  of  W6+ to  W5+.  This  indicates  that
the  electrochromic  behavior  of  both  WH  and  rGO-WH  is
primarily  governed  by  the  reduction  of  W6+ and  the  concurrent
intercalation of  Li+ ions.  In Figs.  3(c) and 3(f),  with  the  increasing
CV scanning rate  from 10  to  120  mV·s−1,  the  potential  applied  on
WH  and  WH-rGO  electrode  increases  faster  per  second,  eliciting
larger  current  densities.  The  rise  of  current  densities  during
oxidation and reduction processes demonstrates that the number of
Li+ ions  entering  the  film  augments  at  larger  scanning  rates.
Afterward,  based on the  current  peaks  of  CV and Randles–Sevcik
equation,  the  diffusion  coefficient  of  WH  and  WH-rGO  can  be
calculated by the following equation

Ip = 2.72× 105n2/3AD1/2C0v1/2 (1)

where Ip (mA) is the peak current, A (cm2) is the electrode area, D
(cm2·s−1)  is  the  diffusion  coefficient, C0 (mol·cm−3)  is  the  ion
concentration, n is  the  number  of  electrons,  and v (V·s−1)  is  the
scanning rate of CV. As shown in Fig. 3(d), the square root of the

scanning  rate  (v1/2)  is  correlated  linearly  with  the  peak  current
density, reflecting the diffusion rate of Li+. Through calculation, the
diffusion  coefficients  of  WH-rGO  and  WH  are  4.53  ×  10−7 and
2.54  ×  10−7 cm2·s−1 respectively.  Obviously,  the  diffusion  coefficient
of WH is smaller than that of WH-rGO, which agrees with the CV
curves.  Then,  electrochemical  impedance  spectroscopy  (EIS)  is
conducted to reflect the reaction rate and conductivity of the films.
The  simulated  equivalent  circuit  is  in  Fig.  S4  in  the  ESM.  In
Fig.  3(e),  the  semicircle  of  WH-rGO  is  smaller  than  that  of  pure
WH,  indicating  lower  resistance  and  higher  conductivity.
Meanwhile, its linear slope is larger, indicating that rGO accelerates
the  reaction  rate  of  the  film  in  the  electrochromic  process.  To
combine  the  electron  kinetics  and  electrochromic  process,
chronoamperometry  (CA)  is  connected  with  a  laser  receiver  to
evaluate  the  influence  of  diffusion  rate  and  conductivity  on  the
reaction kinetics of electrochromic films under a mutated potential
of  1.0  to −1.1  V.  In Fig.  3(g),  it  is  indicated  from  the  mutated
change  of  current  that  the  coloration  time  of  WH  is  longer  than
that  of  WH-rGO. Figure  3(h) demonstrates  that  after  calculation
under  coloring  and  bleaching  applied  potential  (Fig.  S5  in  the
ESM),  transmittance  modulation  (ΔT)  expands  gradually  as  the
wavelength range approaches infrared light.  In the range of  visible
light  400–800  nm  and  near-infrared  light  800–1100  nm,  the  ΔT

 

Figure 3    Electrochemical  properties  and  mechanism  of  ion  insertion/extraction  of  electrochromic  films.  (a)  Movement  of  electrons  and  Li+ ions  during  the
electrochromic process. (b) CV curves from 1.0 to −1.1 V of WH, WH-rGO. ((c) and (f)) CV curves of WH-rGO and WH under different scanning rates. (d) Graph of
current  density  of  WH  and  WH-rGO  changes  with  the  square  root  of  scanning  speed.  (e)  EIS  spectra  graph  of  WH  and  WH-rGO  films  with  0.1–106 Hz,  and  the
simulated equivalent circuit. (g) Chronoamperometry from 1.0 to −1.1 V of WH and WH-rGO. (h) The transmittance modulation of the WH and WH-rGO films in the
light range between 400 and 1100 nm.
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values  of  WH  are  around  30%  less  than  that  of  WH-rGO,
indicating  the  increasing  amount  of  inserted  Li+ ions,  consistent
with the result as CV. 

3.3    Electrochromic properties of the films
Spectroelectrochemical  tests  are  carried  out  for  the  electrochromic
properties of  the films.  Figure S6 in the ESM is the testing devices
combined  by  laser  machine  and  electrochemical  workstation.  The
light transmittance at wavelengths between 300 and 1000 nm under
colored  (−1.1  V)  and  bleached  (1.0  V)  states  are  collected  by
reduction and reoxidation of the films through cyclic voltammetry.
ΔT is  the  difference  between  colored  state  transmittance  and
bleached transmittance.

During the CA process,  the films are colored for 30 s,  and then
the dark blue fades suddenly. This is because Li+ can be trapped in
anchors inside and between the crystals, making the “colored state”
difficult  to  disappear  and  the  coloring-bleaching  ability  to  be
eliminated.  By  constantly  applying  uniaxial  potential,  the  ions
would  be “de-trapped” and  part  of  the  electrochromic  ability  will
recuperate. Figures  4(b) and 4(f) show  the  transmittance  of  WH
and  WH-rGO  films  vary  from  around  38%–70%,  and  2%–70%,
respectively.  The  optical  modulation  of  films  under  different
hydrothermal  times  is  given  in  Fig.  S7  in  the  ESM.  The  ΔT is
calculated to be 32%, 28%, 38%, 71%, and 40% for WH, rGO-WH-
60,  rGO-WH-70,  rGO-WH,  and  rGO-WH-90,  respectively.
Generally,  the  switching  time  of  electrochromic  (t)  refers  to  the
time it takes to achieve 90% of the total ΔT. The coloring time and
bleaching  time  of  those  films  are  in  Fig.  S7  in  the  ESM.  The
comprehensive  properties  of  WH-rGO  are  the  best,  including
switching  time  and  transmittance  modulation.  Thus,  WH-rGO  is
chosen  to  compare  the  electrochromic  properties  with  WH.  For
WH and WH-rGO, coloring time and bleaching time are tb = 1.2 s,
tc = 4.2 s and tb = 1.0 s, tc = 4.2 s respectively. The coloring time of
WH and WH-rGO are nearly identical, but the ΔT of WH-rGO is
about twice that  of  WH, as  shown in the images in Figs.  4(a) and
4(e). This confirms that the ion insertion/extraction in WH-rGO is
significantly  greater  than  in  WH,  consistent  with  previous  results.
The bleaching time of WH-rGO is slightly shorter than that of WH,
attributed  to  the  electrostatic  repulsion  between  oxygen  vacancy
and Li+ that accelerates the extraction of Li+ but slows the insertion

of Li+ [41]. By comparing the electrochromic properties of tungsten-
based materials with other works in Table S1 in the ESM, the ΔT of
pure WO3 material is generally better than that of some rGO-WO3
composite materials. In this work, the optical modulation of 71% of
the  obtained  WH-rGO  material  exceeds  most  of  other
rGO/TiO2/MXene/BP-composited  WO3 electrochromic  materials.
The  coloration  time  (1.0  s)  is  especially  shorter  than  those
literatures listed in the chart, but the bleaching time (4.2 s) is longer
than some works.

Coloration  efficiency  (CE)  is  another  pivotal  parameter  to
represent  electrochromic  properties,  which  is  calculated  by  the
following equation

CE =
∆OD
Q

=

log
(
Tb

Tc

)
r tc

0 j(t)dt
(2)

where ΔOD is defined as optical density (converted into the change
of transmittance according to the Beer–Lambert law), Q is injected
charge  per  unit  area, j is  current  density, tc is  the  switching  time
from  bleaching  to  coloring  state,  and Tb and Tc are  the
transmittance of the bleached and colored state.  By integrating the
parameters of  ΔT,  switching time,  and current density collectively,
Figs.  4(c) and 4(g) show  that  the  CE  of  WH  and  WH-rGO  are
45.08 and 156.11 cm2·C−1,  respectively. The CE of WH-rGO film is
nearly 100% higher than that of pure WH film, suggesting that WH-
rGO requires less energy to reach the full colored state.

To assess the capacity of the film to be utilized as smart windows
in  our  daily  lives,  transmittance  measurement  is  conducted  after
undergoing 1000 CV cycles of coloring/bleaching. Figures 4(d) and
4(h) reveal that the ΔT of WH film falls from approximately 38% to
29%  (32%–70%  to  31%–62%),  retaining  about  76.7%  of  its  ΔT,
whereas  that  of  WH-rGO film decreases  from approximately  72%
to 67% (1%–73% to 2%–69%), retaining about 93% of the coloring
ability.  The  inducing  oxygen  vacancy  attenuates  the “ion-trapping
effect” of Li+, reduces the amount of trapped Li+ during cycling, and
improves  the  cycling  stability  of  the  film  [41, 47].  Meanwhile,  the
nanosheet-like morphology also improves the stability of the WH-
rGO  film  due  to  better  adhesion  and  lower  insertion  potential
barrier [48]. The statistics above show that rGO improves the cycle

 

Figure 4    Electrochromic  properties,  coloration efficiency  and cycling  stability  of  WH and WH-rGO films.  ((a)  and (e))  The live  pictures  of  WH and WH-rGO film
under −1.1  V  coloration  state  and  1.0  V  bleaching  state.  Diagram  of  transmittance  of  ultraviolet–visible  light  through  coloration  films.  ((b)  and  (f))  In  light  wave  of
700 nm, the transmittance modulation and coloration/bleaching time of WH and WH-rGO films. ((c) and (g)) Coloration efficiency obtained by fitted tangent line of x-
charge density and y-ΔOD of WH and WH-rGO. ((d) and (h)) Cycle stability measured by transmittance after 1000 cycles of WH and WH-rGO.
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stability  of  the  electrochromic  film  and  enhances  its  coloration
properties, making hydrated WO3 more suitable for practical use in
everyday life. 

4    Conclusions
In  summary,  this  study  demonstrates  the  synthesis  of  WH-rGO
electrochromic  films  via  two-dimensional  material-assisted  growth
and  highlights  the  role  of  rGO  in  enhancing  the  electrochromic
properties  of  WH.  The  incorporation  of  rGO  promotes  the
uniform  growth  of  porous  WH,  reducing  ion  diffusion  barriers.
Additionally,  rGO  induces  structural  modifications,  such  as
weakened crystallinity, the generation of W5+, and oxygen vacancies,
which lower ion diffusion barriers and enhance Li+ transport during
coloration.  Improved  electrical  conductivity  from  rGO  further
strengthens  light  absorption  in  the  colored  state,  achieving
transmittance as low as 1% at 700 nm. Moreover, rGO significantly
enhances  the  cycling  stability  of  WH-rGO  films  while  addressing
ion-trapping issues. This work provides a framework for optimizing
WH-rGO electrochromic materials and offers valuable insights for
advancing composite electrochromic systems. 

5    Method
 

5.1    Characterization
The  structure  of  the  samples  was  characterized  by  field  emission
SEM (FESEM, Navo Nano SEM 450) operated with an acceleration
voltage of 5 keV and transmission electron microscope (Hitachi HT
7700  TEM)  operating  at  an  accelerating  voltage  of  100  kV.  X-ray
diffraction measurements were carried out on a PANalytical X’Pert
powder  diffraction  with  Cu  Kα source  (λ =  1.54  Å).  Graded
Bragg–Brentano  with  a  0.25°  divergent  and  0.5°  anti-scatter  slits,
and  a  5  mm  anti-scatter  slit  together  with  a  Soller  slit  in  the
incident,  and  the  diffracted  beam  sides  were  used,  respectively.
Model  of  the  transmission  electron  microscope  was  JEM-
2100PLUS.  Raman  spectroscopy  was  operated  using  Horiba
LabRAM  SoLeil,  equipped  with  50×  objective  and  a  LEICA
CTR6000  setup  with  a  532  nm  laser.  Soft  X-ray  absorption
spectroscopy of O K-edge was conducted at BL10B in the National
Synchrotron  Radiation  Laboratory  through  synchrotron  radiation
X-ray  ranging  from 525  to  560  eV.  Electron  paramagnetic
resonance  data  was  collected  using  an  endor  spectrometer  (JEOL
ES-ED3X) at 103 K in liquid nitrogen. The powder sample for EPR
was obtained by sonication of the synthesized film on FTO. X-ray
photoelectron  spectroscopy  measurements  were  performed  using
an  ESCALAB  250Xi  instrument  (Thermo  Scientific)  with  Al  Kα
radiation. 

5.2    Electrochemical and electrochromic measurement
In  a  typical  three-electrode  system,  the  prepared  film  was  used  as
the working electrode, the platinum plate as the counter electrode,
and  the  Ag/AgCl  electrode  as  the  reference  electrode.  1  M
LiClO4/PC  solution  was  used  as  the  electrolyte.
Chronoamperometry  and  cyclic  voltammetry  measurements  were
carried  out  on  the  AutoLab  PGSTAT  302  N  electrochemical
workstation. To analyze the optical contrast (ΔT) and response time
under  colored  and  bleached  states  more  precisely,  CA  was
conducted  by  maintaining  1.0  V  for  30  s  and  imposing  a −1.1  V
pulse for 30 s, respectively. The transmittance spectra of the samples
at  different  working  states  were  measured  using  the  SHIMADZU

UV-3600  plus  spectrophotometer.  Electrochemical  impedance
spectroscopy  spectra  were  recorded  under  an  alternating  current
(AC) perturbation signal of 10 mV over the frequency range from
0.1  Hz–100  KHz.  Mott–Schottky  plots  were  collected  with  a  scan
rate of 5 mV·s−1 at frequencies of 1000, 500, and 100 Hz. 

Electronic  Supplementary  Material: Supplementary  material
(further data of synthesis and performance, including SEM images,
electrochromic  properties,  devices  to  test  the  properties,  and
comparison table of properties) is available in the online version of
this article at https://doi.org/10.26599/NR.2025.94907269. 
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