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Two-dimensional WO3 nanosheets for high-
performance electrochromic supercapacitors†

Shen Wang,a Hongbo Xu, a Jiupeng Zhao *a and Yao Li *b

In the present study, two-dimensional (2D) WO3 nanosheet arrays with (101) preferential orientation facets

(WO3 NSHs) were successfully assembled on a fluorine-doped tin oxide (FTO) electrode through a simple

solvothermal method. Physicochemical properties analysis affirmed the prepared WO3 was a single-

crystal-like monoclinic nanosheet with an anomalous intense [101] dominant orientation. As an electro-

chromic supercapacitor (ESC) cathode electrode, the WO3 NSHs/FTO electrode delivered a high areal

capacity of 59.55 mF cm−2 and corresponding transmittance modulation (ΔT ) of 85.05% (at 1000 nm) at

5 mV s−1, and remarkable optical-electrochemical cycling stability in AlCl3 electrolyte. The superior

optical-electrochemical bifunctional performance could be attributed to the synergistic effect of the WO3

nanosheet arrays structure and highly preferential (101) crystal facets. Furthermore, the internal mecha-

nism affecting the optical-electrochemical performance, namely the synergistic reaction between the

single-phase reaction for Al3+ ions insertion/extraction into monoclinic WO3 tunnels and the surface

pseudocapacitance-controlled reaction, was confirmed by utilizing in situ X-ray diffraction. Similarly, the

ESC device based on the WO3 NSHs/FTO electrode also displayed excellent optical-electrochemical per-

formance in AlCl3 electrolyte, such as 26.11 mF cm−2 areal capacitance, 42.39% ΔT (at 650 nm), and

94.87% capacitance retention after 5000 cycles. In addition, we could judge the capacity for the ESC

device by the color changes.

Introduction

Recently, electrochromic supercapacitors (ESCs), which can be
reasonably developed based on the similar reaction kinetics,
sandwich configuration, and electrode material properties
between a supercapacitor and electrochromic device, have
attracted much attention.1,2 Such ESC devices not only help
users to judge the energy state of the device and to infer the
ongoing reaction of the electrode in a simple and visual
manner, but also allow avoiding damage due to the over-
charge/over-discharge of the device, creating a safer and more
efficient operation. Generally speaking, the optical-electro-
chemical performance of ESC devices or the bifunctional elec-
trode heavily depends on the bifunctional electrode material.
Hence, increasing the electrode/electrolyte contact area and
electrochemical active sites of the electrode material, and

improving the kinetic ability of the ions embedded in the elec-
trode material are the keys to successfully constructing high-
performance ESCs.

To achieve these goals, enormous efforts have been devoted
to tailoring the morphology, and controlling the size and
doping of the bifunctional material to enhance the electro-
chromic and electrochemical performances.3–11 For example,
Kim et al.7 reported that mesoporous amorphous WO3 film
showed higher bifunctional performance than dense WO3

film, owing to its porous structure facilitating rapid ion trans-
port. In addition, building a nanoarray electrode is also an
effective method. Lee’s group4 synthesized a WO3 nanoplates
array/FTO electrode that displayed a high ΔT of 60% at poten-
tial steps of ±0.6 V (vs. Ag/AgCl) in 0.5 M H2SO4 electrolyte and
an areal capacitance of 72.6 mF cm−2 at 0.2 mA cm−2 with a
potential window of between 0 and −1 V (vs. Ag/AgCl) in 0.5 M
Na2SO4. Such a performance was considered because the elec-
trode had a high electroactive surface area and small grain
boundaries with direct electron transport and substantial ion
transfer channels. Also, the structure could also alleviate the
volume change in the electrochemical cycle.

In addition to these strategies, the electrochromic pro-
perties, cycling life, and structural stability of a bifunctional
material (such as WO3 and NiO) are closely related to its crys-
talline feature and crystallinity.12 In the literature,13–20 it has
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been reported that each crystalline feature and oriented crystal
face of the electrode material can show a different optical-
electrochemical performance and cycling stability due to
different atomic arrangement and surface energy. For example,
Kang et al. synthesized (001)-oriented monoclinic nanorod
WO3 films on FTO by a seed-assisted solvothermal and
thermal treatment process. The electrode showed a lower
photocurrent onset potential and long cycling stability.19

Recently, Evans et al. fabricated hexagonal WO3 nanorods/ITO
electrode with (100)-dominant facets by a hydrothermal and
drop-coating method, which displayed excellent electrochro-
mic performance.20 Inspired by the above discussion, we can
deduce that constructing a self-seeded growth of a WO3

nanosheets array/FTO electrode with highly oriented crystal
facets is an effective strategy to achieve a high-performance
ESC device. Such a structure can simultaneously allow: 1.
accelerating charge transfer due to direct contact between the
nanosheets array and FTO substrate, 2. exposing more active
sites and improving the ion migration rate originating from
the highly oriented crystal facets, 3. shortening the diffusion
path and strengthening the structural stability derived from
the porous nanosheets nanoarray. However, to the best of our
knowledge, the application of WO3 nanosheets array with
highly oriented crystal facets has not been reported in electro-
chromic-supercapacitors, and the crystalline structure evol-
ution during the optical-electrochemical processes is also
ambiguous. Besides developing new bifunctional active
materials, selecting appropriate cations intercalated into a
well-designed electrode material are also key to improving the
optical-electrochemical performance of WO3-based electrodes.
The embedded cations commonly used in previous articles are
H+, Li+, Na+; however, the corrosiveness of the acidic H+ elec-
trolyte, the high cost and strict environmental conditions of
Li+ salts-based electrolytes, and the large radius dimensions of
Na+ salts-based electrolytes restrict the further development of
the electrochromic-energy storage performance of electrochro-
mic supercapacitors.21–23 To address these issues, Al3+ ion-
based electrolytes were selected instead for monovalent inser-
tion ions due to a number of key advantages, such as their
small ionic radius (0.53 Å), cost-effectiveness, environmental
friendliness, high capacity (three-electron redox reactions),
shallow embedding depth, and safety.24–26 Therefore, Al3+ ions
were selected to be the insertion ions for WO3 to guarantee
comprehensive optical-electrochemical performances.

Herein, we successfully constructed a 2D WO3 nanosheets
array/FTO electrode with highly oriented (101) crystal facets via
a solvothermal method with the aid of P131347 (poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
and by controlling the reaction time. By operando spectra-
electrochemical characterization testing, the WO3 NSHs/FTO
electrode displayed superior bifunctional properties compared
to WO3/FTO with poorly oriented (101) facets. Under the
optimal synthetic conditions, the WO3 nanosheets array/FTO
electrode exhibited a high areal capacity of 59.55 mF cm−2 and
corresponding ΔT of 85.05% (at 1000 nm) at 5 mV s−1, and
excellent optical-electrochemical cycle stability in AlCl3 electro-

lyte. The reaction mechanism affecting the optical-electro-
chemical performance was affirmed by in situ XRD measure-
ments. In addition, the electrochromic supercapacitor based
on the WO3 nanosheets array/FTO electrode delivered 9.33 mF
cm−2 areal specific capacitance and a corresponding 42.39%
ΔT (at 650 nm) at a high current density of 7 mA cm−2,
55.66 mW h cm−3 energy density at a power density of 4.30 W
cm−3, and long cycling stability in AlCl3 electrolyte.
Furthermore, the capacity of the device could be monitored by
visual color change. These excellent properties confirmed that
the synergy of the highly oriented facets and nanosheets array
could effectively improve the electrochromic-energy storage
performance.

Results and discussion

The synthesis route for the WO3 nanosheets array/FTO elec-
trode is schematically presented in Scheme 1. Briefly, WO3

nanosheets array was constructed on transparent FTO conduc-
tive glass through a solvothermal method using WCl6 and
P131347 as the raw materials. Then, the WO3 nanosheets
array/FTO was obtained by annealing in an air atmosphere at
300 °C for 2 h to remove the impurities, according to the
thermal gravimetric analysis (TGA) of the WO3 precursor
(Fig. S1, ESI†). X-ray diffraction (XRD) patterns of the WO3

nanosheets array/FTO (Fig. 1a) showed six diffraction peaks
situated at 23.60°, 24.42°, 34.23°, 56.08°, 62.31°, and 72.07°,
corresponding to the (020), (200), (202), (420), (340), and (404)
lattice planes of monoclinic WO3 (JCPDS card no. 71-2141,
P21/n14), respectively, and no other impurity peaks were
detected, except for some FTO diffraction peaks (JCPDS card
no. 46-1088). Similarly, the diffraction peak of WO3 powder
was basically consistent with that of the WO3 nanosheets
array/FTO (Fig. S2, ESI†). Interestingly, the WO3 nanosheets
array exhibited a remarkably strong (202) peak and relatively
weak (002) and (020) peaks, which is different from the stan-
dard XRD pattern. Due to the (202) diffraction peak represent-
ing the second-order derivative structure of (101), the XRD
results demonstrated that the texture of the WO3 nanosheets
array/FTO electrode displayed a highly preferential (101) orien-
tation. Also, the (101) preferential orientation revealed that the

Scheme 1 Schematic illustration of the fabrication process for the WO3

nanosheets array/FTO.
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tungsten atoms row analogous to the texture axis was sited
absolutely normal to the FTO surface in most crystallites.27 In
addition, the diffraction intensity ratios of (202)/(200)
(R(202)/(200)) and (202)/(020) (R(202)/(020)) were about 12.30 and
12.88 for WO3 NSHs/FTO, which were considerably larger than
the 0.56 and 0.58 for the standard XRD patterns, respectively.
These results indicated the WO3 NSHs/FTO had more (101)
facet expoure.19

In order to further verify the XRD results and explore the
vibrational modes of WO3 NSHs/FTO, Raman measurements
were used. In Fig. 1b, the remaining six peaks were attributed
to the monoclinic phase except for the SnO2 peak (701 cm−1)
from the FTO substrate. Briefly, the two peaks located at about
260 and 313 cm−1 were assigned to the W–O–W bending
vibrations, while the two peaks at around 774.17 and
871.9 cm−1 represent the stretching vibration of O–W–O.
Furthermore, the broad peak at 954.33 cm−1 belonged to the
stretching mode of the terminal WvO bond, and the peak at
184.65 cm−1 was assigned to the lattice mode.5 Fig. 1c shows
the W–O–W bond, O–W–O bond and the surface WvO bond
in the polyhedral model of monoclinic WO3. From Fig. 1d, the
binding energy peaks at 35.48 and 37.58 eV belong to W 4f7/2
and W 4f5/2, representing W6+, while an additional binding
energy peak at 41.31 eV was attributed to W 5p3/2 of the WO3

NSHs, indicating the chemical value of W was +6.28–30

Furthermore, the O 1s binding energy peak (Fig. 1e) could be

resolved into two dominant components at 530.31 and 531.61
eV, corresponding to the lattice oxygen ion and the surface–
absorbed oxygen species.28,29

The Brunauer–Emmett–Teller (BET) method was utilized to
study the constitutive properties of WO3 nanosheets. From
Fig. 1f, the isotherm of WO3 displayed a type IV N2 adsorption
isotherm, which indicated the mesoporous channels in the
single-crystal structure of the WO3 nanosheets. The BET
surface area of the WO3 NSHs was 119.29 m2 g−1, which was
larger than that of some WO3 materials.25,31–35 The larger BET
area can generate more electrochemical active sites, which
leads to better electrochromic-energy storage properties of the
WO3 nanosheets.

36 According to Barrett–Joyner–Halenda (BJH)
calculations, the main pore size of WO3 nanosheets was
around 3.8 nm, which is beneficial to the penetration of Al3+

ions and increases the embedding depth of Al3+ ions.37–39

Further microstructural information about the as-prepared
electrode material was received from FESEM (field emission
scanning electron microscopy), TEM (transmission electron
microscopy), and SAED (selected area electron diffraction) ana-
lyses. In Fig. 2a and b, the FESEM images of WO3 NSHs/FTO
show that the 2D WO3 nanosheets array were vertically aligned
on the FTO substrate, and the average thicknesses of single
nanosheets was about 10–25 nm. In addition, many groovesFig. 1 (a) XRD patterns and (b) Raman spectra of the WO3 nanosheets

array/FTO, (c) polyhedral model of the monoclinic WO3 crystal structure,
(d) narrow-scan XPS spectra of W 4f, (e) narrow-scan XPS spectra of O
1s, (f ) nitrogen adsorption/desorption isotherms and pore-size distri-
bution curve (inset) of the WO3 nanosheets array.

Fig. 2 (a and b) FESEM images of WO3 nanosheets array/FTO; inset in
(b) displays the corresponding magnified image, (c and d) TEM images
obtained at different magnifications, (e) HRTEM images, (f ) SAED pat-
terns of the WO3 nanosheet.
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could be found between adjacent nanosheets, which are ben-
eficial to the penetration of the electrolyte, and help alleviate
mechanical stress from Al3+ ions insertion/extraction in the
electrochemical processes. To investigate the quantitative
effect of the structure-directing agent of P131347, the films
were prepared under the same synthetic conditions, except for
different quantities of P131347 (Q = 0.0, 0.4, and 0.6 g), and
the results are shown in Fig. S3 (ESI†). When the amount of
P131347 was 0 g, the FESEM images of WO3/FTO-0 displayed
cross-linked WO3 nanowires about 15–20 nm in diameter and
about 0.5–1.5 μm in length grown on the FTO glass substrate
(Fig. S3a1 and a2, ESI†). The FESEM images of the WO3

nanosheets array/FTO-0.4 (Fig. S3 b1 and b2, ESI†) show a
loose WO3 nanosheets array with the average thickness of
20 nm grown on the FTO. In Fig. S3c1 and c2 (ESI†), the
agglomerated sheet-like WO3 array was synthesized on FTO,
and the average thickness of the nanosheet was about
200–500 nm with the P131347 amount of 0.6 g. Moreover, the
XRD patterns (Fig. S3, ESI†) of the samples presented similar
diffraction peaks for the monoclinic structure when subtract-
ing the diffraction peaks of the FTO. Based on the above ana-
lysis, it can be seen that the addition of P131347 changed the
morphology of WO3 and the orientation degree on the FTO,
indicating that P131347 plays a key role in the formation of the
WO3 nanosheets. More importantly, the intensity of the (202)
peak increased distinctly, illustrating more (101) facets were
exposed, which then affected the electrochromic and charge-
storage performance of the electrode.

The TEM images (Fig. 2c and d) of the WO3 nanosheet
deeply affirmed that the array was constructed by a single
nanosheet with a width of about 500 nm and length of about
1.2 μm. In addition, some pores (red circles) were revealed
about 4 nm in size in the nanosheet, which was consistent
with the BJH analysis. In Fig. 2e, the lattice fringe width of the
nanosheet was 0.265 nm, which corresponded to the d-spacing
of the (202) planes of the monoclinic WO3 phase, confirming
the highly crystalline nature of the WO3 nanosheets. Moreover,
the diffraction spots in the SAED pattern (Fig. 2f) could be
indexed to the [101] zone axis of the monoclinic WO3, which
displayed that the nanosheet was a single-crystalline phase
and the dominantly exposed crystal face was the (101) facets.
Based on the above analysis, it was confirmed that the 2D
single-crystalline WO3 nanosheets array with highly oriented
(101) facets was successfully self-assembled on the FTO sub-
strate. Used as an electrochromic-supercapacitor electrode,
WO3 NSHs/FTO revealed excellent optical-electrochemical per-
formance due to the shortened diffusion routes for Al3+ ions,
highly oriented (101) facets reactive facets, and appropriate
mechanical stress for Al3+ ions insertion/extraction. To under-
stand the self-assembly process for the WO3 nanosheet on the
FTO substrate, the time-dependent tests of WO3 NSHs/FTO
were implemented and reported in the ESI (Fig. S4–S6†). The
formation of the preferentially oriented (101) crystalline plane
was due to the presence of adsorbed P131347 on the WO3

surface, which limited the growth rate of (101) facets, and
eventually only the slow-growing (101) facet survived.27 Hence,

we can controllably construct 2D WO3 nanosheets array with
(101) preferential facets by regulating the added amount of
p131347 and the reaction time.

The optical-electrochemical performance of the WO3 NSHs/
FTO dual-function electrodes was tested by the operando
spectra-electrochemical techniques in a three-electrode electro-
lytic cell, including a Pt plate counter electrode, Ag/AgCl refer-
ence electrode and 1 mol L−1 AlCl3 electrolyte. Fig. 3a displays
the CV (cyclic voltammetry) curves of the as-prepared electro-
des at 20 mV s−1. In the negative scan process, a small peak
between −0.3 to −0.1 V was observed that could belong to the
reduction from W6+ to W5+ state due to the Al3+ ions and elec-
trons embedded in the tunnels of the WO3 nanosheets, and
the color of the WO3 NSHs/FTO electrode gradually turned
dark blue. However, during the reverse scan process, the peak
between −0.1 to 0.1 V could be associated with the oxidization
from the W5+ to W6+ state. Simultaneously, the color of the
electrode returned to transparent. Generally speaking, the
specific capacitance is positively connected with the enclosed
area of the CV curve at the same scanning rate.5,40 On the
basis of this, it was easy to find that the WO3 nanosheets
array/FTO electrode exhibited a higher specific capacitance
than that of the other electrodes. In addition, the in situ corres-

Fig. 3 (a) CV curves of the obtained electrodes at a scan rate of 20 mV
s−1 (inset: digital photographs of the electrode in the colored or
bleached state), (b) areal specific capacitance and corresponding ΔT of
the obtained electrodes, (c) CV curves of the WO3 nanosheets array/FTO
electrode at different scan rates, (d) areal specific capacitance and
corresponding ΔT at 650 nm at different scan rates, (e) capacitive contri-
bution ratio at different scan rates, (f ) capacitive contribution (green
region at a scan rate of 100 mV s−1).
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ponding transmittance modulation in the visible and near-
infrared regions of the electrodes also showed the same trend,
as seen in Fig. S7 (ESI†). Also, it was confirmed that the elec-
trode presented the bifunctional phenomenon between charge
storage and color change during the charging/discharge
process. According to the ESI eqn (1), Fig. 3a, and Fig. S7
(ESI†), the areal capacitance and corresponding ΔT at 650 nm
of the as-obtained electrodes were calculated and the results
are shown in Fig. 3b. It could be seen that the WO3 NSHs/FTO
electrode displayed a specific capacitance of 40 mF cm−2 and
corresponding ΔT of 80%, which were larger than those of
WO3/FTO-0 (18.57 mF cm−2, 74.95%), WO3 NSHs/FTO-0.4
(34.56 mF cm−2, 76.15%), and WO3 NSHs/FTO-0.6 (39.33 mF
cm−2, 57.83%). The excellent optical-electrochemical perform-
ance of the WO3 NSHs/FTO could be attributed to the follow-
ing reasons: 1. the single-crystal WO3 nanosheets array with a
multistage pore structure can provide substantial active sites, a
shortened aluminum ion-diffusion pathway, and inhibitory
volume change; 2. the high-oriented (101) facet is more favor-
able for faster and more Al3+ ions intercalation because it has
a smaller reaction energy barrier.

In addition, Fig. 3c exhibits the CV curves of the WO3

nanosheets array/FTO at different scan rates. The non-rec-
tangular shapes of the CV curves manifested a typical pseudo-
capacitive behavior. Characteristic redox peaks of the WO3

nanosheets array/FTO were detected at around 0.12 V in the
anodic scan and about −0.11 V in the cathodic scan, respect-
ively, which could be attributed to reversible intercalation/
deintercalation of Al3+ ions into/out of the WO3 structure
during the charged/bleached and discharge/colored process.
Furthermore, as the scan speed increased, the anodic peak
moved toward a positive potential and the cathodic peak
shifted to a negative potential, and the current density also
increased, indicating the good dynamic reversibility. Also, the
corresponding transmittance of the WO3 nanosheets array/
FTO electrode at different scan rates is shown in Fig. S8 and S9
(ESI†). It could be found that under the same scanning speed,
the time required for the coloring/bleaching process was the
same as that of the corresponding CV process, and each point
on the CV curve showed a corresponding optical transmission
curve. It was further revealed that the synchronous phenomena
between charge storage and optical modulation will occur
when aluminum ions and electrons are simultaneously
injected/exited from WO3. In addition, the WO3 nanosheets
array/FTO electrode displayed different colors and transmit-
tance because the ratio of tungsten atoms in different valence
states continuously varied during the charge/discharge cycle.
Besides, as the scan rate increased, the time required to reach
the same transmissivity at the same wavelength became
shorter and ΔT decreased, owing to the inadequate time for
effective Al3+ ions intercalation at the surface and/or near-
surface. This was consistent with that of the specific capaci-
tance. The areal capacitance and corresponding optical modu-
lation of the WO3 NSHs/FTO electrode based on the dischar-
ging processes at different scan rates were calculated according
to ESI eqn (1),† and the results are shown in Fig. 3d and

Fig. S10 (ESI†). The specific capacitances and corresponding
ΔT of WO3 NSHs/FTO were 59.55 mF cm−2, 79.40% at 650 nm,
and 85.05% at 1000 nm at 5 mV s−1, respectively. When the
scan rate increased to 100 mV s−1, the electrode still exhibited
a specific capacitance of 22.53 mF cm−2 and corresponding
64.56% ΔT at 650 nm and 81.89% ΔT at 1000 nm. These
results indicated that the WO3 NSHs/FTO electrode had an
excellent charge-storage capacity and exceptional visible/near-
infrared dual band modulation ability, which could be attribu-
ted to the synergistic effect of the 2D single-crystal porous
nanosheet and highly oriented (101) facets of monoclinic
WO3.

Furthermore, cyclic voltammetry is an effective technique
to explore the dynamic process affecting the optical-electro-
chemical performance. The formula (i = avb) reveals the
internal relation between i (current) and v (scan rate), in
which a and b represent adjustable parameters, in which the
b-value can be obtained from the slope of the log(i)–log(v)
plot.5,41 The b-value of 0.5 indicates a diffusion-controlled
process, while a b-value of 1.0 reveals a surface capacitive
reaction. In Fig. S11 (ESI†), the b-value of the WO3 NSHs/FTO
electrode at the anodic peak was 0.58, which implied that the
fundamental mechanism affecting the optical-electro-
chemical performance was the synergistic reactions of the
diffusion-controlled process and the surface-capacitance-con-
trolled process. Besides, the surface capacity (k1v) and
diffusion-controlled (k2v

0.5) contribution can be calculated
based on the following equation: i = k1v + k2v

0.5.5,41 The
results are shown in Fig. 3e and f, where the green region rep-
resents the contribution of the surface pseudocapacitance-
controlled reaction. At the scan rate of 5 mV s−1, 67.3% of the
total capacity originated from the pseudocapacitive process.
When the scan rate increased to 100 mV s−1, this value was
raised to 87.9%, indicating that the Al3+-storage kinetics was
uncontrolled in the semi-infinite diffusion process.42 The
above results confirmed that the surface pseudocapacitance
and near-surface intercalation reactions were intrinsic to the
optical-electrochemical properties of the WO3 NSHs/FTO
electrode.

Subsequently, spectral-chronopotentiometry synchronous
tests were conducted to further evaluate the correlation
between the charge storage and corresponding electrochromic
performance. The shapes of all the chronopotentiometry (CP)
curves (Fig. 4a) and the corresponding transmittance spectral
curves (Fig. S12, ESI†) were nonlinear, especially at lower
current densities, revealing the pseudocapacitive reaction
between the Al3+ and 2D WO3 nanosheets array. In Fig. S12
(ESI†), it can be seen that as the current density increased, the
time for the charge/discharge process and the response time
for the bleaching/coloring process of the electrode were
reduced synchronously. The attenuation of the optical-electro-
chemical performance derived from the restricted efficient util-
ization of the 2D WO3 nanosheets array, because of the shorter
time taken by the Al3+-ions insertion reaction. This is consist-
ent with the CV curves at different scanning rates. From
Fig. 4b, we further determined that the change in the charge
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storage and electrochromic performances was synchronous,
namely, during the charging process, the color of the electrode
gradually turned dark blue to transparent, and the charge was
released from the electrode synchronously; while in the dis-
charging process, aluminum ions were slowly embedded into
tungsten trioxide to form tungsten bronze, and the appearance
color was gradually transformed to dark blue. According to the
calculation by ESI eqn (2),† the curves of Fig. 4b and Fig. S12
(ESI†), the WO3 NSHs/FTO electrode displayed an areal specific
capacitance of 47.65 mF cm−2, and corresponding ΔT of
60.89% at 633 nm, 66.81% at 650 nm, and 74.62% at 1000 nm
at 3 mA cm−2. With the increase in current density to 7 mA
cm−2, the areal specific capacitance and ΔT of the electrode
reached relatively stable values of about 18.2 mF cm−2, 38.68%
at 633 nm, 43.82% at 650 nm, and 50.20% at 1000 nm, respect-
ively. The areal specific capacitance and corresponding ΔT at
different current densities were calculated and plotted in
Fig. 4c and Fig. S13 (ESI†), and were greater than those of
other reported electrochromic-supercapacitive materials (sum-
marized in ESI Table S1†).4,43–49

To assess the optical-electrochemical cyclic stability, the
WO3 nanosheets array/FTO electrode was tested at a high scan
rate of 40 mV s−1 and the results are shown in Fig. 4d and
Fig. S14a–c (ESI†). The electrode retained 89.29% of its initial
specific capacitance and 93.40% of its initial optical modu-
lation at 650 nm after 10 000 cycles, revealing excellent electro-
chemical and electrochromic stability. The electrochemical
impedance spectroscopy (EIS) results and fitting results of the
1st and after 10 000 cycles are displayed in Fig. S14d (ESI†).
The deformed semicircle was related to the charge-transfer re-
sistance (R2) derived from the electrode/electrolyte interface.
The slope in the low-frequency region belonged to the

Warburg impedance (W1) of Al3+-ion diffusion within the elec-
trode. After 10 000 cycles, the R2 value increased slightly,
which was mainly because the cross-linking of adjacent
nanosheets reduced the exposure of active sites. In addition,
from the sharp slope line in the low-frequency region, it was
confirmed that the pseudocapacitance behavior was not con-
trolled by the diffusion process. Also, the microstructure after
10 000 cycles was characterized by SEM images and is pre-
sented in Fig. S15 (ESI†). It was well affirmed that the adjacent
nanosheets were cross-linked during the cycling process,
leading to the attenuation of the bifunctional performance.

In order to further probe the fundamental mechanism
affecting the optical-electrochemical performance, we studied
the crystal structure evolution of the WO3 NSHs/FTO electrode
using in situ XRD tests during the actual charge/discharge
process. The CV curve of the WO3 NSHs/FTO electrode at a
scan rate of 0.5 mV s−1 is shown in Fig. 5a. The in situ XRD pat-
terns are displayed in Fig. 5b–e, and Fig. S16 (ESI†). In Fig. 5a,
the electrode showed a significant battery-like energy storage
behavior, accompanied by a reversible color conversion
between dark blue and transparent. Due to the preferential
growth of the 2D single-crystal nanosheets array along the ab
plane, the XRD pattern of the WO3 NSHs/FTO electrode
(Fig. 5b) was dominated by the reflections of the (202), (420),
and (404) planes and several FTO diffraction peaks. Each XRD
pattern was obtained during the electrochemical process and
corresponded to the state shown by the CV curve in Fig. 5a. In
addition, no new peaks or asymmetric changes were found,
illustrating the topotactic single-phase reaction of the WO3

NSHs/FTO electrode. From Fig. 5c and d and Fig. S15 (ESI†),
the 2D contour maps of the discharge process were completely
symmetrical with that of the charge process, revealing the
excellent reversibility of Al3+-ions insertion/extraction.

Fig. 4 (a) Chronopotentiometry curves of the WO3 nanosheets array/
FTO electrode at different current densities. (b) The relationship
between the transmittance change profile at 650 nm and charge/dis-
charge curve at 3 mA cm−2 (inset: digital photographs of the electrode
during the charge/discharge process). (c) Areal specific capacitance and
corresponding ΔT (at 650 nm) at different current densities. (d) Cycle
stability performance at a scan rate of 40 mV s−1. The inset presents the
CV curves of the 1st, 5000th, and 10000th cycles.

Fig. 5 (a) CV curve for the WO3 nanosheets array/FTO electrode at the
scan rate of 0.5 mV s−1 (inset: digital photographs of the electrode
during the charge/discharge process). (b) The related in situ XRD pat-
terns during the charge/discharge process. (c) Voltage curve applied in
the CV measurement at a scan rate of 0.5 mV s−1. (d) Enlarged 2D
contour maps of the (202) peak in panel (c). (e) Interlayer distance of the
(202) crystal plane calculated from the XRD patterns during the CV
processes.
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Specifically, the (202), (420), and (404) planes moved to lower
2θ position during the discharge/coloring process, which
proved that the d-spacing (d ) value increased due to the inter-
calation of Al3+ ions. During the charge/bleaching process, the
three diffraction peaks shifted to higher 2θ values and even-
tually returned to the original position owing to the deinterca-
lation of Al3+ ions. Additionally, the d value change of the (202)
crystal face was calculated throughout the CV cycle, and the
results are shown in Fig. 5e. It could be easily seen that the
curve of d202 with voltage was similar to that of the CV
diagram, indicating that the reaction of Al3+ ions embedded in
tunnels of the (202) facets played a key role in the bifunctional
performance of the electrode. The specific mechanism is as
follows: in stage I, the d-spacing of the (202) facet shows a neg-
ligible change position, which confirms that the main reaction
is controlled by surface pseudocapacitance. In stage II, the 2θ
of the (202) peak significantly shifts from 34.24° to 33.73°,
corresponding to the d-spacing extending from 0.2616 to
0.2655 nm, while the peak intensity of the (202) plane
decreases with the discharge depth. This reveals the expansion
of the lattice spacing along the 2D single-crystal nanosheets
growth direction, which was attributed to the electrostatic
interaction between the Al3+ ions and polar oxygen atoms redu-
cing the bond energy of the W–O bond. Furthermore, the
decrease in the peak intensity is related to the transition of
crystal WO3 into the amorphous phase, contributing to reliev-
ing the stress of aluminum insertion.25 Also, the emergence of
the amorphous phase will be beneficial to improving the elec-
trochromic performance of the electrode, which also confirms
the above discussion. In stage III, the (202) peak gradually
moves to a higher 2θ position with the decrease in d-spacing
and the intensity of the diffraction peak also increases, mani-
festing the deintercalation of Al3+ ions. Macroscopically, the
color of the electrode gradually becomes transparent. In the
fully charged/bleached state (IV), the 2θ value of the (202) peak
almost returns to its original state, further confirming the
highly reversible Al3+ intercalation/deintercalation into the
(202) facets. To verify this mechanism, ex situ XPS tests were
used to employ the chemical valence of W in the charge
process (Fig. S17, ESI†). A major contribution of W6+ and a
small amount of W5+ were discovered in stage III. When the
voltage is fully recharged back to 0.8 V (at stage IV), it clearly
showed that WO3 NSHs/FTO contains only W6+, indicating the
Al3+ ions are completely removed from the WO3 nanosheets.
Combining with the CV results, in situ XRD, and ex situ XPS,
the essential reaction affecting the electrochromic-energy
storage properties of the WO3 NSHs/FTO electrode is a single-
phase reaction based on symmetric Al-ion intercalation/dein-
tercalation, and the chemical valence of W reversible trans-
formation in the charge/discharge process. In addition, the
excellent optical-electrochemical performance was also
ascribed to the lower energy barrier for Al3+-ions migration
across the tunnel of the (101) active facets and open surface
structure.

To explore the practical electrochromic-supercapacitor
(ESC) application of WO3 NSHs, a full-cell was assembled from

the WO3 nanosheets array/FTO as a negative electrode and
V2O5/FTO (The morphology and electrochemical properties of
V2O5/FTO are presented in ESI Fig. S18†) as the positive elec-
trode were designed and explored in the voltage range of 0–1.8
V.39 Detailed information on the device is presented in
Fig. S19a–c (ESI†). From the CV curves of the ESC device
(Fig. S19d, ESI†), the optical-electrochromic performance of
the device was dominated by the pseudocapacitive reaction
and showed excellent rate capability. In Fig. 6a, all the chrono-
potentiometry curves of the ESC device exhibited obvious pla-
teaus, also revealing the presence of Faraday reactions. On the
basis of the discharge curves and ESI eqn (3),† the specific
areal capacitance changed from 26.11 to 6.66 mF cm−2 when
the current density increased from 2 to 8 mA cm−2 (Fig. 6b).
The power density (P) and energy density (E) are among the
key indexes to measure the practical application of devices.
Hence, the E and corresponding P of the ESC device were cal-
culated based on the discharge curves, ESI eqn (4) and (5),†
and are shown in Fig. 6c. The full-cell displayed 55.66 mW h
cm−3 energy density at a power density of 4.30 W cm−3, which
was comparable to or higher than previously reported WO3-
based ESC devices.39,44,46,48,50 In addition, the device showed
long-term cycling stability with 94.87% capacitance retention
after 5000 cycles (Fig. 6d).

To explore the ability to visually monitor the energy levels
of the ESC device, operando spectral-electrochemical measure-

Fig. 6 (a) Chronopotentiometry curves of the full-cell at different
current densities. (b) Areal specific capacitance of the full-cell at
different current densities. (c) Ragone plots of the full-cell. (d) Cycle
performance for the full-cell at 7 mA cm−2. (e) Chronopotentiometry
curves and corresponding transmittance change at 650 nm at 7 mA
cm−2 (inset: digital photographs of the device at the colored/bleached
state). (f ) Galvanostatic discharging curves, areal specific capacitance,
and corresponding L color values of the full-cell at 2 mA cm−2 (inset:
digital photos the full-cell at different discharge states).
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ments were used. In the charge process, the aluminum ions
were gradually embedded into the WO3 NSHs at the micro level,
and the full-cell turned dark blue and stored charges at the
macro level. During the discharge process, however, the full-cell
released energy and the color turned to transparent (Fig. 6e).
The full-cell had 9.33 mF cm−2 areal specific capacitance and a
corresponding 42.39% ΔT (at 650 nm) at a high current density
of 7 mA cm−2. Besides, to determine the relationship between
the color change and the capacitance of the full-cell, the capaci-
tance and the corresponding color during the discharge process
were studied in detail. Also, color coordinates (CIE (L a b)
values; ‘L’ for the level of light and shade of color, ‘a’ for the
interval form red to green, ‘b’ for the interval from blue to
yellow51) were introduced to quantify the color changes of the
ESC device. From Fig. 6f and Table S2 (ESI†), the capacitance of
the ESC device gradually decreased from 26.11 to 0 mF cm−2,
and the corresponding color changed from dark blue (7 −1
−13) to transparent (75 −1 5). Hence, these results demon-
strated that the energy storage and color change of the ESC
device were synchronized and it is feasible to visually monitor
the capacity through the color changes.

Conclusion

In summary, we successfully fabricated a novel WO3 nanosheets
array/FTO electrode through a solvothermal method and
thermal process with the aid of P131347 and by controlling the
reaction time. P131347, as a structure-directing agent, deter-
mined the formation and directional assembly of the 2D single-
crystal nanosheets of tungsten trioxide with highly preferential
(101) orientation facets. Owing to the special structure, the WO3

nanosheets array/FTO electrode displayed remarkably enhanced
optical-electrochemical properties in contrast to WO3/FTO with
poor-oriented (101) facets. The WO3 nanosheets array/FTO elec-
trode exhibited a high areal capacitance of 59.55 mF cm−2,
corresponding to a ΔT of 85.05% at 5 mV s−1, and excellent
optical-electrochemical stability (89.29% of its initial specific
capacitance and 93.40% of its initial optical modulation could
be reserved at 650 nm after 10 000 cycles at 40 mV s−1). The
mechanism affecting the optical-electrochemical performance
was revealed using an in situ XRD method. In addition, the ESC
device based on the WO3 NSHs/FTO electrode also showed
excellent electrochromic-energy storage performance and the
visual monitoring of the capacity was realized by assessing the
color for the ESC device. These results suggest that constructing
WO3/FTO with preferentially oriented crystalline facets and
nanosheet arrays is an efficient strategy to improve the optical-
electrochemical performance of tungsten-based electrodes.

Experimental section
Chemicals and materials

Absolute ethanol, acetone, chloroform, WCl6 (99%), and poly
(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethyl-

ene glycol) (P131347, Mn ≈ 8400) were purchased from Aladdin
Industrial Corporation. All the chemicals were used without
any further purification. The transparent and electrically con-
ducting fluorine-doped tin oxide (FTO) substrates (10 Ω sq−1)
were purchased from Zhuhai Kaivo Optoelectronic Technology
Co., Ltd (China).

2D tungsten oxide nanosheet arrays on transparent FTO
conductive glass with highly preferential (101) orientation
facets (WO3 NSHs/FTO)

Typically, P131347 (0.5 g) was dissolved in 50 mL absolute
ethanol to obtain a colorless transparent solution under mag-
netic stirring for 0.5 h and ultrasonic treatment for 0.5 h.
Then, WCl6 (0.5 g) was dispersed into the above solution. The
resultant solution was kept stirring for 2 h to form the green
transparent solution. The obtained solution was transferred
into a 100 mL Teflon-lined autoclave with the treated FTO and
maintained at 120 °C for 8 h. After cooling down to room
temperature naturally, the FTO glass was taken out and
washed with deionized water and ethanol several times before
drying in a vacuum oven at 60 °C for 12 h. The as-prepared pre-
cursors were calcined at 300 °C for 2 h in the air with a
heating rate of 5 °C min−1 to obtain WO3 NSHs/FTO. In
addition, other WO3/FTO electrodes were synthesized with
various amounts of P131347 and marked as WO3/FTO-0, WO3

NSHs/FTO-0.4, and WO3 NWNs/FTO-0.6.
The physicochemical properties, operando spectral-electro-

chemical tests, and in situ XRD measurements were
researched, and the details are given in the ESI.†
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