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A B S T R A C T   

Electrochromic-supercapacitors (ESCs) have shown great perspective in multifunctional smart devices due to 
their special function of monitoring the energy storage level by the visible color changes. However, the poor areal 
capacitance at high optical modulation(ΔT) and the inferior bifunctional lifespan hinder the practical application 
of ESCs. It is thus important to develop feasible ways to boost the optical-electrochemical properties and 
comprehend the corresponding inner mechanism. Inspired by nature’s conifer structure, herein, 3D hexagonal 
WO3 branched nanowire arrays/F-doped SnO2 (h-WO3 BNW/FTO) electrode have been successfully constructed 
via a single-step hydrothermal reaction followed by annealing process. Such biomimetic conifer-like structure is 
shaped by the separating crystal growth effect coupled with the specific topological structure of h-WO3. 
Benefiting from bionic structure, h-WO3 BNW/FTO electrode delivers a high areal specific capacity (0.0223 mAh 
cm− 2) and large corresponding ΔT respond (80% ΔT at 650 nm) at 5 mV s− 1, as well as outstanding optical- 
electrochemical cycle stability. Moreover, the aluminum storage mechanism during the optical- 
electrochemical process is affirmed using cyclic voltammetry and in-situ X-ray method. For practical applica-
tion, the assembled ESC device based on the h-WO3 BNW/FTO electrode delivers a high 22.75 mF cm− 2 areal 
specific capacitance, corresponding 45.81% ΔT (at 650 nm) and long-term bifunctional stability (over 90% 
bifunctional retention after 5000 cycles). Meanwhile, the visually monitoring capacity of the device is realized 
through the color changes. This study provides some insights into the biomimetic design for advanced bifunc-
tional electrodes and the underlying mechanism affecting the electrochromic-charge storage performance.   

1. Introduction 

Over recent years, to adapt to the development of smart electronic 
devices, substantial efforts have been made towards constructing 
multifunctional integrated supercapacitors, such as flexible and wear-
able supercapacitors [1–3], and electrochromic supercapacitors [4–6], 
etc. Thereinto, electrochromic-supercapacitors (ESCs) have generated 
considerable research interest due to their combination of electro-
chromism and supercapacitors, which can intelligent monitoring the 
energy storage level of the device by the color change. [7–11] As 
everyone knows, a key factor for accomplishing high-performance 
electrochromic device and supercapacitors is the constructed 
advanced electrode material [12,13]. Hence, various bifunctional elec-
trode materials have been explored to ESCs application, for example, 
WO3, NiO, PANI, TiO2, PEDOT, and so forth [8,14–19]. Among 
bifunctional electrode materials, WO3 has been intensively exploited 

due to its multiple oxidation states, unique tunnel structure for ion 
intercalation/deintercalation, noticeable color changes, and so on. 
[6,20] Nevertheless, bulk tungsten oxide exhibits inferior areal capaci-
tance, low electrochromic performance and poor cycling stability due to 
its dense structure leading to long diffusion path, low ratio of surface to 
volume, large volume changes and little electrochemical active sites. 
[21,22] To overcome these limitations, the construction strategies of 
WO3 for increasing the electron and ion transport speed, adequate 
electroactive sites and open surface structure need to be developed. 
Hence, some methods have been researched to improve WO3 
electrochromic-energy storage performance, such as microstructure 
design, composite, doping, etc. [11,13,21,23–25]. 

Direct growth of WO3 nanoarrays on transparent conductive sub-
strate, among others, is the enormously effective strategy, which is 
attributed to short ion transport paths, high surface area, direct electron 
transport pathway, many electroactive sites and superior permeabilities 
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[9,23,26] For example, Bi et al. designed tungsten trioxide/zinc oxide 
nanowires arrays supported on FTO. The electrode displayed better 
electrochromic and charge storage performance than those of tungsten 
trioxide nanoparticles film, due to introducing zinc oxide nanowires 
arrays can improve the contact area between tungsten trioxide and the 
electrolyte and shorten the ion diffusion distance. [23] Similarly, Zhao 
et al. used TNRAs as the substrate and constructed hexagonal WO3/ 
oriented TiO2 nanorods arrays on FTO by a two-step hydrothermal 
method. The hybrid film also exhibited larger ΔT of 73.45% at 633 nm 
and areal specific capacitance of 10.93 mF⋅cm− 2 than that of the hex-
agonal WO3 film. [9] Although these core–shell arrays electrodes exhibit 
enhanced optical modulation and energy storage properties, titanium 
dioxide and zinc oxide have little contribute to the electrochromic and 
area capacity of the electrodes. Furthermore, the low affinity between 
tungsten trioxide and inactive materials causes poor cyclic stability of 
bifunctional electrode. Hence, in order to obtain high-performance WO3 
bifunctional arrays electrodes, the composition of inactive component 
must be minimized and the loading of tungsten trioxide needs to be 
increased, namely, constructing homogeneous tungsten oxide hierar-
chical arrays electrodes. Li et al. [27] designed h-WO3 nanotree-like 
arrays on FTO substrate using two-step solvothermal method. The 
electrode exhibited more optical modulation (74.7% at 630 nm), 
coloration efficiency(75.35 cm2 C− 1) and cycling stability(95.2% after 
250 cycles) than those of WO3 nanowires arrays due to more active sites, 
enhanced crystallinity and more WO3 mass-loading. Lately, Huo et al. 
reported hexagonal/amorphous WO3 core/shell nanorod arrays on FTO 
substrate via hydrothermal and spin coating method. The optimized 
core/shell electrode showed 67.7% optical modulation, 885.8F g− 1 

specific capacitance and capacitance retention (57.8% after 2000 cy-
cles), which superior to those of tungsten trioxide nanorod arrays elec-
trode. [24] Despite the excellent performance of these literatures, such 
WO3 hierarchical arrays electrode is usually constructed by a two-step 
separate growth. The electrodes inevitably maintain poor mechanical 
stability and inferior adhesion force to the trunk due to the presence of 
untight phase interfaces, and then resulting in relatively high electron 
transfer impedance and structural damage. As we all know, bionic 
design based on natural biological structure can provide powerful ideas 
for the design of bifunctional materials with unique structure and su-
perior optical and electrochemical properties. Therefore, mimicking 
conifer structure is an effective strategy to solve the above problems due 
to it facilitates the efficient mass transportation of ions and electrons 
from backbones to branches, improves bond force between WO3 and 
substrate, and increases the mass loading of WO3. Inspired by these 
considerations, it is necessary and meaningful, though challenging, to 
construct biomimetic conifer-like WO3 branched nanowire arrays on 
FTO substrate by simple and low-cost methods to further improve the 
optical-electrochemical performance of ESCs. Moreover, the crystal 
evolution and ion reaction mechanism during the optical- 
electrochemical process is not clearly defined in these reported papers 
because the diffraction peak changes of WO3 are not monitored 
simultaneously. 

Herein, direct growth of biomimetic conifer-like WO3 branched 
nanowire arrays on FTO substrate is designed and constructed to boost 
the electrochromic-supercapacitor performance via a simple one-step 
hydrothermal method. The biomimetic conifer-like structure is formed 
by the cleavage crystal growth effect conjoined with the specific topo-
logical structure of h-WO3. And the branches well connected with the 
trunk are hexagonal monocrystalline. The obtained electrode exhibits 
high areal specific capacitance, and large corresponding ΔT respond, as 
well as outstanding optical-electrochemical cycle stability. This is 
attributed to the unique conifer-like branched nanowire arrays with 
enlarged ratio of surface to volume, more electroactive sites, shorten 
Al3+ ions transport distances and direct electron channels. Furthermore, 
the intrinsic mechanism affecting the optical-charge storage perfor-
mance of h-WO3 BNW/FTO is revealed by in-situ XRD technique. Sub-
sequently, to visually monitor the charge storage level by the naked eye, 

we assemble the ESC device with h-WO3 BNW/FTO as the negative 
electrode. The ESC device displays 22.75 mF cm− 2 areal specific 
capacitance, corresponding 45.81% ΔT respond (at 650 nm) and long- 
term bifunctional stability. Besides, it is evident that the color of the 
device changes synchronously from dark blue to transparent as the ca-
pacity is released, and the color corresponds to the energy state one by 
one, so the user can visually monitor the capacity state of the device 
through the color changes. All the above characteristics indicate the 
biomimetic design of WO3 is an effective strategy to improve the dual 
functional performance of ESC devices. 

2. Results and discussion 

Scheme 1 offers the design strategies for h-WO3 BNW/FTO electrode. 
During the first step, H2O2 was used as an oxidant to convert tungstic 
acid to peroxotungstic acid (PTA). In the second step, the 3D branched h- 
WO3 nanowire arrays self-assembled on FTO in the isopropanol/water 
solution by using the PTA as tungsten source, citric acid and oxalic acid 
serve as the mixed structural directing agent/chelating agent. Finally, 
the h-WO3 precursor/FTO was annealed at 300 ◦C for 2 h to obtain h- 
WO3 BNW/FTO. The XRD pattern of the as-prepared h-WO3 BNW/FTO 
is shown in Fig. 1a. All the diffraction peaks of h-WO3 BNW/FTO can be 
well indexed to the hexagonal WO3 phase (JCPDS No. 33-1387, P6/ 
mmm, the lattice constant of a = b = 7.298 Å, c = 3.899 Å), and no other 
impurity peaks were detected, except for some diffraction peaks of FTO 
(JCPDS No. 46–1088), which confirm the successful preparation of 
hexagonal WO3 on FTO glass. Moreover, compared to the standard 
hexagonal WO3 peak, the peak intensity of (200) plane is significantly 
improved, indicating that WO3 branched nanowires are highly oriented 
along the [200] crystal plane on FTO substrate. From the insert image of 
Fig. 1a, the WO3 hexagonal structure possesses hexagonal rings with a 
diameter of 5.36 Å, which consists of sharing corners and edges with the 
WO6 octahedra. These channels structures facilitate the Al3+ ions 
insertion/extraction reaction. 

To further study the vibrational modes of h-WO3 BNW/FTO, Raman 
test was applied. In Fig. 1b, eight peaks belong to the hexagonal WO3 
phase. Briefly, the peaks below 200 cm− 1 (76 and 112 cm− 1) are 
attributed to the vibration of lattice mode. [28] And the broad peaks at 
about 266 and 332 cm− 1 are assigned to the W-O-W bending vibration 
from the bridging oxygen. [29] Two peaks at around 691 and 790 cm− 1 

vest in the stretching vibration of O-W6+-O, and the broad peak at 978 
cm− 1 belongs to the stretching mode of the terminal -W = O bond on the 
surface. [30,31] Besides, the peak at around 488 cm− 1 is attributed to 
the characteristic band of crystalline hexagonal WO3. [29,30]. 

The micromorphology and microstructures of the h-WO3 BNW/FTO 
were researched using FESEM (field emission scanning electron micro-
scope) and HRTEM (high-resolution transmission electron microscopy). 
In Fig. 1c, the FESEM image of h-WO3 BNW/FTO exhibits 3D WO3 
branched nanowire arrays is densely aligned and uniformly distributed 
on the FTO substrate, and this biomimetic structure resembles conifers 
(inset of Fig. 1c). Furthermore, many void spaces are discovered be-
tween the conifer-like WO3. From the high magnification FESEM image 
of Fig. 1d, it clearly reveals that the cypress-like WO3 structures show 
the hierarchical dendrite-shaped features with branches and backbone. 
The hierarchical structures will supply large electroactive surface area, 
high surface to volume ratio and direct electron transfer pathways, 
contributing to Al3+ ion intercalation/de-intercalation into h-WO3 BNW 
and enhanced cycling lifetime. To further study the micromorphology 
and crystal structure of h-WO3 BNW/FTO, WO3 BNW powder was 
scraped from h-WO3 BNW/FTO. The HRTEM images (Fig. 1e) of WO3 
BNW deeply reveal that the cypress-like WO3 structures are constructed 
from the nanowire with backbone length (700 ~ 950 nm) and diameter 
(50 ~ 80 nm), and branch length (200 ~ 400 nm) and diameter (10 ~ 
20 nm). In addition, as shown in Fig. 1f, the lattice spacing, corre-
sponding to the branch of the nanowire (red cycle in Fig. 1e), is about 
0.384 nm, which is well match with that of the (200) plane of hexagonal 
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WO3. Also, it confirms the growth of branched nanowires along the 
[200] direction of the hexagonal WO3. Moreover, the well-separated 
diffraction spots in SAED (selected area electron diffraction) pattern 
(inset image in Fig. 1f) confirmed the single-crystalline property of WO3 

BNW. To employ the growth mechanism of h-WO3 BNW/FTO, the time- 
dependent tests were designed. After hydrothermally treating for 1 h, 2 
h and 4 h, no branched nanowires were obtained on the FTO substrate 
except for the nanosheet-like WO3 thin layer (Figure S1a-c). When the 

Scheme 1. Schematic illustration for the synthesis of h-WO3 BNW/FTO electrode.  

Fig. 1. (a) XRD pattern (inset image: crystal structure of hexagonal WO3). (b) Raman spectra, (c) Low magnification FESEM image (inset: a photograph of conifers), 
(d) High magnification FESEM image of h-WO3 BNW/FTO, (e) TEM image, (f) HRTEM images of the red cycled region (inset image: SAED patterns) of WO3 BNW. 
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hydrothermal reaction time was increased to 6 h (Figure S1d), some 
WO3 branched nanowires can be observed. With the reaction time 
lengthening to 8 h (Figure S1e), many aligned WO3 branched nanowires 
self-assembled on the FTO substrate. When the hydrothermal reaction 
time was prolonged to 10 h and 12 h (Figure S1f and Fig. 1d), the 
geometrical dimension of the aligned WO3 branched nanowires 
increased because the branches of nanowires continue to grow and 
accumulate as the hydrothermal process continues. Based on the above 
discussion, a possible growth mechanism of the h-WO3 BNW/FTO is 
deduced. At the beginning of the experiment, three carboxyl (–COOH) 
groups of citric acid chelate with peroxytungstic acid through -O-W-O- 
link, which promotes the formation of tungsten trioxide crystal nuclei 
and adhesion to the FTO substrate, allowing further crystal growth. 
These grains then continue to grow, forming a thin and porous film on 
the FTO surface. Subsequently, oxalate acts selectively adsorbs to the a- 
axis planes of the WO3 nanocrystals, resulting in the formation of a-axis- 
oriented nanowires, and self-assembling into branched nanowire struc-
tures. Finally, h-WO3 BNW/FTO can be obtained. 

Further explored the constitutive properties of WO3 BNW, BET 
(Brunauer-Emmett-Teller) test was implemented. In Figure S2a, the 
isotherm of WO3 BNW displays an obvious hysteresis loop at the relative 
pressure (P/P0) range of 0.4 ~ 1.0, belonging to a typical Langmuir type 
IV adsorption isotherm, which indicates that WO3 BNW exists meso-
porous structure. Furthermore, the BET specific surface area of WO3 
BNW is 112.23 m2⋅g− 1, which is larger than that of many tungsten-based 

materials [10,25,32–37] The corresponding average pore size of WO3 
BNW (inset image in Figure S1a) centers at 3.5 nm by Barrett-Joyner- 
Halenda (BJH) analysis, which mainly attribute to assemblies of the 
neighboring branched nanowire. The relatively high specific surface 
area coupled with suitable mesopore size will facilitate the Al3+ ions 
diffusion process. 

To analyze the elemental composition, chemical structures and 
valence state of h-WO3 BNW/FTO, X-ray photoelectron spectroscopy 
(XPS) is considered to be an effective method. From full survey spectrum 
in Figure S2b, the surface of h-WO3 BNW/FTO is composed of W, O, C, F 
and Sn elements, among which Sn and F element derive from FTO 
substrate [38]. The XPS of W 4F is shown in Figure S2c. The binding 
energy peaks observed at 36.23 eV and 38.33 eV are indexed to W4f7/2 
and W4f5/2, respectively, and an additional binding energy peak at 
42.06 eV belongs to W5p3/2, indicating the W chemical value of WO3 
BNW is + 6. [28,30,39–41] The O 1 s XPS spectrum (Figure S2d) of h- 
WO3 BNW/FTO is deconvoluted into two dominant components at 
531.06 eV and 532.36 eV, corresponding to the lattice oxygen atoms and 
the surface adsorbed oxygen species, respectively [40,41]. The XPS re-
sults further verify the WO3 BNW self-assembled on FTO. The electrode 
facilitates fast electron transport and also improves the bonding force of 
the WO3 BNW material and FTO substrate. 

To confirm the correlation between energy storage and electro-
chromism of h-WO3 BNW, operando spectra-electrochemical testing 
techniques were introduced. During the cyclic voltammetry (CV) 

Fig. 2. (a) CV curves of the h-WO3 
BNW/FTO electrode at different scan 
rates from 5 to 100 mV s− 1, (b) The 
corresponding transmittance respond at 
650 nm at different scan rates from 5 to 
100 mV s− 1, (c) CV curves and in situ 
transmittance respond at 650 nm at 20 
mV s− 1 (inset: digital photographs of the 
electrode during charge/discharge pro-
cess), (d) The areal specific capacity and 
in-situ optical modulation at 650 nm at 
different scan rates, (e) Separations of 
contributions from surface capacitance 
and ion-diffusion-controlled processes at 
different scan rates, (f) The black closed 
CV curve (total charge capacity) with 
green shadowed area corresponding the 
surface capacitive section at 100 mV s− 1.   
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process, we simultaneously monitored the changes between charge 
storage and corresponding electrochromic respond of the h-WO3 BNW/ 
FTO electrode, and the results were presented in Fig. 2a-c, and 
Figure S3-4. From Fig. 2a, all CV curves deliver non-rectangular shapes, 
which is attributing to the redox reaction between h-WO3 BNW active 
material and Al3+ ions. The corresponding optical transmission respond 
curves at 650 nm under different sweep speeds are summarized in 
Fig. 2b. It can be easily found that the transmittance of the electrode 
gradually decreases in the negative scan, while it increases in the posi-
tive scan. Furthermore, the coloring or bleaching respond time of the 
electrode is the same as the time required at negative or positive scan. 
Also, as the scanning speed increases, the time required for the coloring/ 
bleaching process decreases, which is consistent with that of the energy 
storage process, and the value of ΔT decreases. These results deeply 
confirm that the changes between charge storage and electrochromic are 
synchronous. In other words, the electrochromic and energy storage 
function of h-WO3 BNW/FTO electrode are two macroscopic phenom-
ena caused by the micro-electrochemical reaction between Al3+ ions and 
h-WO3 BNW. To further confirm this conjecture, we conducted a 
detailed analysis on the energy storage behavior at 20 mV s− 1 and the 
corresponding spectral change in Fig. 2c. It can be seen that each point 
of CV curve can find a curve on the spectral curve to characterize its 
optical state. Besides, when the voltage increases from − 0.6 to 0.8 V, the 
electrode begins to store charge and the color gradually changes from 
dark blue to transparent, and vice versa. From Figure S3 and S4, at the 
same scanning speed, the ΔT of the h-WO3 BNW/FTO electrode is varied 
at different wavelengths, but the time required for the coloring/ 
bleaching process is the same. Moreover, at different sweeping speeds, 
the time required to achieve the same ΔT (at the same wavelength) is 
different. And the time required to the color change will become shorter 
as the sweep speed increases. In addition, the trend of charge storage is 
consistent with that of optical transmittance, indicating that the ca-
pacity status of the WO3 BNW/FTO electrode can be monitored by the 
color changes. Based on Equation S1, and Figure S3-4, we could calcu-
late the area capacity and corresponding ΔT respond at different scan 
rates and were shown in Fig. 2d and Figure S5. At 5 mV s− 1, the h-WO3 
BNW/FTO electrode displays 0.0223 mAh cm− 2 area specific capacity, 
80% ΔT at 650 nm, and 92.71% ΔT at 1000 nm. Even if the scanning 
rate increases to 100 mV s− 1, the electrode still exhibits 0.0087 mF cm− 2 

area specific capacity, 64.64% ΔT at 650 nm, and 82% ΔT at 1000 nm. 
These results confirm that electrochromic and charge storage of h-WO3 
BNW/FTO electrode are synchronized and exhibit excellent optical- 
electrochemical performance even at high sweep speeds. 

To investigate the contribution of intercalation and surface pseudo-
capacitance to the bifunctional performance of the WO3 BNW/FTO 
electrode, their electrochemical dynamics during CV processes at 
different sweep speeds need to be analyzed in detail. On the basis of the 
equation: i = avb , [16,42] the correlation between current (i) and sweep 
speed (v) can be derived, in which a and b are adjustable parameters. 
When the b value is close to 0.5, diffusion-controlled process dominates 
the overall electrochromic-charge storage process. And pseudocapaci-
tive reaction is the rate-determining step if the b value is equal to 1.0. In 
accordance with the log (i) vs log (v) curve at different potentials 
(Figure S6), the b-values of the h-WO3 BNW/FTO electrode (Figure S7) 
are 0.62, 0.65, 0.77 and 0.85, respectively, indicating that the syner-
gistic effect of Al3+ions diffusion-controlled and surface capacitance 
behavior are the key factors affecting the bifunctional performance of 
the electrodes. Additionally, the relative contributions of the surface 
capacitive effect (k1v) and diffusion-limited intercalation process 
(k2v0.5) could be quantified by the formula : i = k1v+k2v0.5 . [11,16,42] 
Then, the values for k1 and k2 at different potentials can be gained by 
fitting the slope and and the intercept at the Y-axis of i / v0.5 versus v0.5 , 
respectively, as shown in Figure S8. The k1 value of the electrode is 
different between the sweep speed of 5 ~ 20 mV/s and the sweep speed 
of 50 ~ 100 mV/s, revealing that the main contribution reaction to the 

overall capacity is different. Namely, in the range of 5 ~ 20 mV s− 1, the 
influence of ion diffusion is significant. When the scan rate exceeds 20 
mV/s, the charge storage is severely restrained by surface capacitance 
process. Besides, the ratio of Al3+ ion-intercalation current (diffusion- 
controlled process) and the surface capacitance current (surface pseu-
docapacitive reaction) to total current is calculated. The calculation 
results are presented in Fig. 2e, Fig. 2f and Figure S9 , which the green 
region represents the contribution of surface pseudocapacitive reactions 
to the bifunctional performance of the h-WO3 BNW/FTO electrode. At 5 
mV s− 1, the contribution of surface surface pseudocapacitive reaction to 
the total electrochromic-energy storage performance is 35.37%. When 
the sweep rate increases to 100 mV s− 1, the capacitance contribution 
enhances 90.95% (Fig. 2f). Based on the above analysis, we can confirm 
that the electrochromic-energy storage performance of h-WO3 BNW/ 
FTO electrode was influenced by the surface pseudocapacitance and 
near-surface intercalation reaction. 

To further evaluate the electrochromic-energy storage performance 
of the h-WO3 BNW/FTO electrode, operando spectra- 
chronopotentiometry (CP) method was used. From Fig. 3a, the CP 
curves of the h-WO3 BNW/FTO electrode also show deformed triangular 
shapes at different current densities, which further confirms that the 
electrode displays a pseudocapacitive-type characteristic. In Figure S10 
and Fig. S11, as the current density increases, the ΔT and area specific 
capacitance decrease simultaneously, due to the intercalation amount of 
aluminum ions reduce. When the voltage increases from − 0.6 to 0.8 V, 
the aluminum ions are extracted from the tungsten trioxide and the 
electrode releases its stored charge, while the color changes from dark 
blue to transparent, and vice versa (Fig. 3b). These results are consistent 
with that of operando spectra-CV method. On the basis of supplementary 
formula S2, Fig. 3a-b and Figure S10-11, the electrochromic-energy 
storage performance of the electrode was calculated and presented in 
Fig. 3c and Figure S12. At 0.5 mA cm− 2, the h-WO3 BNW/FTO electrode 
shows 0.0285 mAh cm− 2 areal specific capacity, corresponding 75.11% 
ΔT at 650 nm and 85.28% ΔT at 1000 nm. When the current increases to 
4 mA cm− 2, the electrode still holds 0.015 mAh cm− 2 areal specific 
capacity, 66.82% ΔT at 650 nm and 76.50% ΔT at 1000 nm, exhibiting 
excellent rate capability and electrochromic performance. These results 
confirm that the h-WO3 BNW/FTO electrode exhibits superior to or 
comparable bifunctional performance to that of others’ reported tung-
sten trioxide electrode (Table S1, Supporting Information) 
[5,9,18,21,23,43,44]. 

Cycling stability is also an important criterion for evaluating the 
bifunctional performance of electrode. In Fig. 3d and Figure S13, it is 
evidently pointed out that the h-WO3 BNW/FTO electrode displays 
excellent bifunctional stability, for instance, 90% capacitance retention 
and 90.25% optical modulation retention at 50 mV s− 1 after 10,000 
cycles of operando spectra-CV tests. To further evaluate the cyclic sta-
bility of the electrode, EIS (electrochemical impedance spectroscopy) 
method is introduced. As shown in Fig. 3e, the values of R1 (internal 
resistance) increases from 29.33 Ω to 40 Ω after 10,000 cycles. And the 
R2 (charge-transfer resistance) value is slightly increased, due to the 
adhesion of WO3 and FTO declining with cycle or some active substance 
loss. Overall, the resistance changes of the h-WO3 BNW/FTO electrode 
before and after the cycle is small. This result is in accordance with that 
of cycling stability, further confirming that the electrode possesses 
outstanding optical-electrochemical stability. In Figure S14, the phase 
angle of WO3 BNW/FTO before and after 10,000 cycles is − 65.9◦and 
− 70.6◦, respectively, at 0.001 Hz, which indicates good capacitive 
properties [1]. The characteristic frequency (f0) for the electrode before 
and after 10,000 cycles at the phase angle of − 45◦ is 0.11 and 0.062 Hz, 
respectively, which correspond to the relaxation time constant (τ0) of 
9.09 and 16.13 s based on the relationship (τ0 = 1/f0), respectively. 
These results confirm the conductivity of WO3 BNW/FTO before and 
after cycles. 

These excellent bifunctional properties should derive from the 
following reasons: (1) 3D branched nanowires arrays structure can 
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supply large surface to volume ratio, enhanced mass-loading amount, 
massive the contact area of electrolyte/h-WO3 BNW and relieve stress 
changes caused by Al3+ ions embedding/de-embedding reactions. (2) 
The hierarchical trunk/branch morphology with uniform chemical dis-
tribution provides fast charge transport path and stable interface. (3) 
The direct growth strategy can not only enhance the adhesion force 
between h-WO3 BNW and FTO, but also promote rapid electron transfer 
(Fig. 3f). (4) The synergistic electrochemical reaction mechanism be-
tween Al3+ ions and WO3 active material improve the electrochromic- 
energy storage performance. 

To explore the intrinsic mechanism affecting the electrochromic- 
charge storage phenomenon, in-situ XRD measurements were used in 
the optical-electrochemical process. At 0.5 mV s− 1, the XRD pattern of h- 
WO3 BNW/FTO was synchronously monitored, and the results were 
shown in Fig. 4 and Figure S15. In Fig. 4a, the electrode displays a 
significant pseudocapacitance-like energy storage behavior, accompa-
nied by a reversible conversion of the color in dark blue and transparent. 
As shown in Fig. 4b and Figure S15, in-situ XRD measurements clearly 
display the Al3+ ions intercalation/de-intercalation into WO3 BNW 
tunnel process. Besides, the 2D contour maps of all diffraction peaks in 
the charging/bleaching process are completely symmetric with those in 
the discharging/coloring process, demonstrating the good reversibility 
of Al3+ insertion/de-insertion reaction. With discharging/coloring from 
0.8 to − 0.6 V, the peak at 28.54◦ ((200) facet, Fig. 4c) gradually shifted 
towards the low 2θ direction and the peak intensity also decreases 

synchronically, indicating that Al ions are inserted into the tunnels 
parallel to the c-axis of WO3 BNW. The d-spacing value of (200) peak 
steadily extends from 0.3138 nm to 0.3187 nm with discharge depth 
(Fig. 4c). Besides, other diffraction peaks in 37.29◦((210) facet, 
Figure S15), and 49.93◦ ((220) facet, Figure S15), and 55.91◦ ((221) 
facet, Figure S15) show the same trend of negative peak shift and 
increasing interlayer spacing. With charging/blenching from − 0.6 to 
0.8 V, the (200), (210), (220), and (221) peaks almost return to the 
initial position, further demonstrating that aluminum ions 
intercalation/de-intercalation into the tunnels of WO3 BNW is highly 
reversible. In the second cycle, similar trends have also been detected, 
showing the superior stability of WO3 BNW for Al3+ storage. Hence, the 
electrochromic-energy storage process of WO3 BNW can be expressed as 
follows: WO3 +xAl3+ +3xe− ↔ AlxWO3(x < 1) . In summary, the inter-
calation reaction combined with the surface pseudocapacitance reaction 
is the intrinsic mechanism affecting the electrochromic-energy storage 
performance of the h-WO3 BNW/FTO electrode. Moreover, the WO3 
branched nanowire arrays can supply buffer space to alleviate the lattice 
strain caused by Al3+ ions insertion/extraction. This can lead to signif-
icant improvement in electrochromic-energy storage performance. 

For practical application, an ESC device was assembled using h-WO3 
BNW/FTO and V2O5/FTO as the positive and negative electrode, 
respectively. Fig. 5a shows a schematic illustration of the h-WO3 BNW/ 
FTO//V2O5/FTO full cell. When the device is charged, aluminum ions 
are embedded into tungsten trioxide tunnel and the color of the device 

Fig. 3. (a) CP curves of the h-WO3 
BNW/FTO electrode at different current 
densities, (b) CP curves and corre-
sponding transmittance respond at 650 
nm at 2 mA cm− 2 (inset: digital photo-
graphs of the electrode during charge/ 
discharge process), (c) The areal specific 
capacity and corresponding trans-
mittance change at 650 nm of the h-WO3 
BNW/FTO electrode at different current 
densities, (d) Cycling performance of the 
WO3 BNW/FTO bifunctional electrode 
at 50 mV s− 1, (e) Nyquist plots of the 
electrode before and after 10,000 cycles, 
(f) Schematic diagram of optical- 
electrochemical reaction mechanism for 
the WO3 BNW/FTO electrode.   
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deepens. Nevertheless, when the device is discharged, the aluminum 
ions escape from the tungsten trioxide and the device becomes trans-
parent. Therefore, the energy state of the full cell can be monitored 
visually by the color changes of the device. The morphology and elec-
trochemical properties of V2O5/FTO are presented in supplementary 
Figure S16. The operating voltage of the device is 0 ~ 1.8 V and the 
detailed information is placed in the supplementary Figure S17. 

At different scan rates from 5 to 100 mV s− 1, the charge storage 
performance and corresponding electrochromic respond of the full cell 
were presented Fig. 5b and Figure S13. In Fig. 5b, all CV curves of the 
full cell display the similar shape, indicating the device possesses 
excellent rate capability. Besides, as the sweep speed increases, the ca-
pacity and corresponding ΔT (at 650 nm, Figure S18a) of the full cell 
decrease, because the amount of Al3+ ions embedded in tungsten 
trioxide reduces. Figure S18b further illustrates that the charge storage 
and corresponding electrochromic performance of the full cell are syn-
chronized. With discharging from 1.8 to 0 V, the transmittance of the 
device gradually increases and the color changes from dark blue to 
transparent. Conversely, the device undergoes energy storage and the 
color becomes dark blue, and the specific results are displayed in the ESI 
Video. When the scan rates from 5 to 100 mV s− 1, the capacitance and 
optical modulation range also change from 18.61 mF cm− 2 and 46.58% 
to 6.2 mF cm− 2 and 33.22%, respectively, which shows a good dual- 
functional performance (Figure S18c). 

In addition, in Fig. 5c, all CP curves of the full cell show obvious 
platforms, also indicating the presence of pseudocapacitive reaction. In 
Fig. 5d, the device turns dark blue and stores charge as the aluminum 
ions are embedded in the tungsten trioxide during the charge process. 
However, during the discharge process, the device releases the stored 
charge and the color lightens simultaneously. These results are consis-
tent with that of the CV test. In Figure S19, at 1.5 mA cm− 2, the full cell 
shows 22.75 mF cm− 2 areal specific capacitance and corresponding 
45.81% ΔT respond (at 650 nm). which was much higher than many 
reported electrochromic-energy storage device based on hexagonal 
WO3/oriented TiO2 nanorods arrays (11.91 mF cm− 2) [9], hexagonal 

WO3 film (11.50 mF cm− 2) [45], poly (indole-6-carboxylicacid)/WO3 
(13.69 mF cm− 2) [46], Mo-doped WO3 (19.1 mF cm− 2) [8], tungsten 
trioxide (13.6 mF cm− 2) [47], and poly (5-formylindole)/WO3 (10.38 
mF cm− 2) [7]. Furthermore, the device still remains 12.44 mF cm− 2 

areal specific capacitance and corresponding 24% ΔT (at 650 nm) when 
the current density increases to 7 mA cm− 2, demonstrating the excellent 
rate performance and electrochromic stability. 

The energy density (E) and power density (P) are important pa-
rameters to evaluate the practical application capability of an ESC de-
vice. On the basis of Supplementary Equations S4 and 5, the ESC device 
delivers 0.21 Wh cm− 2 energy density and power density of 13.5 W 
cm− 2 at 1.5 mA cm− 2(Fig. 5e), which is much higher than the previously 
reported WO3-based thin film supercapacitors, such as WO3//PANI 
electrochromic supercapacitor (7.7 × 10-3 mW h cm− 2) [48], Mo-doped 
WO3//MnO2 device (0.11 Wh m− 2) [8], WO3-based symmetric super-
capacitor device (1.44 × 10-3 mW h cm− 2) [49]. As shown in Figure S20, 
the device displays a superior cycling stability with 93.97% capacitance 
retention and 93.31% optical modulation retention after 5000 cycles. 
Figure S21 shows the Nyquist plots of the ESC device. After 5000 cycles, 
the calculated combined resistance and charge-transfer resistance values 
for the ESC device are 86.7 Ω and 64.5 Ω for the first cycle, and become 
94.3 Ω and 67.2 Ω, which is probably due to the loss of adhesion of some 
active material (V2O5 or WO3) with FTO, and the structural collapse of 
some active material caused by the ion intercalation/deintercalation 
reaction during the cycling process. Besides, at a low frequency, the 
slope of the line corresponds to the diffusive resistance of the Al3+ ions. 
The calculated Warburg resistance increased from 0.39 Ω to 0.42 Ω, 
indicating the synchronous charging behaviors. [1–3] Therefore, these 
results indicate that ESC devices have excellent electrochromic-energy 
storage stability. And a red LED can be lighted by two ESC devices 
connected in series, demonstrating the good practical application ability 
of the ESC device (Figure S22). The energy efficiency of the ESC device 
at different current densities is in the range of 50% ~ 65% (Figure S23), 
indicating the small energy waste in the discharge process. 

In order to achieve visually monitoring the energy storage state of 

Fig. 4. (a) Two cycles of CV curve for the h-WO3 BNW/FTO electrode at 0.5 mv s− 1 (inset: digital photographs of the electrode during charge/discharge process), (b) 
Voltage curve applied in the CV measurement at 0.5 mv s− 1 (left), and corresponding 2D contour maps of (200) peak (right), (c) The interlayer distance of (200) 
crystal plane as a function of voltage. 
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the ESC device, the discharge capacity and the corresponding color 
changes of the device are explored in depth. In addition, the color co-
ordinates (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 bule to 
yellow) [4] is introduced to quantify the color changes of the ESC de-
vice. The specific results are presented in Fig. 5f and Table S2. During 
the discharge process, the capacity of the ESC device gradually decreases 
from 22.5 to 0 mF cm− 2, and corresponding color changes from dark 
blue (5–1 9) to transparent (60–1 11). Therefore, we can monitor the 
capacity of the ESC device visually by the color changes and promptly 
remind users to charge their devices. 

3. Conclusion 

In conclusion, we have proposed a facile one-step hydrothermal 
strategy to construct h-WO3 branched nanowire arrays on FTO by 
mimicking the configuration of a conifer. The unique structure can 
improve the optical-electrochemical performance and cycle lifetime due 
to robust structural stability, large surface to volume ratio, high-density 
electroactive sites, and rapid transport of Al3+ ions and electrons. Thus, 
the h-WO3 BNW/FTO electrode displays excellent bifunctional perfor-
mance, such as 0.0223 mAh cm− 2 area specific capacity, 80% ΔT at 650 
nm, 92.71% ΔT at 1000 nm, and long life-time (90% capacitance 
retention and 90.25% optical modulation retention). In addition, the 

reaction mechanism of affecting h-WO3 BNW/FTO electrochromic- 
charge storage performance was revealed by in-situ XRD method. 
Importantly, the ESC device (h-WO3 BNW/FTO//V2O5/FTO) delivers 
22.75 mF cm− 2 areal specific capacitance, corresponding 45.81% ΔT 
respond (at 650 nm) and long-term bifunctional stability (93.97 % 
capacitance retention and 93.31 % optical modulation retention after 
5000 cycles). Furthermore, we also confirmed that the user can monitor 
the capacity of the device visually by the color of the device, realizing 
the intelligence and integration of energy storage. The above results 
affirm that biomimetic conifer-like hexagonal WO3 is a promising 
electrochromic-supercapacitor electrode material. 

4. Experimental section 

The detailed experimental, in-situ test methods (in-situ XRD test and 
operando spectra-electrochemical synchronous test), and the formulas 
(specific capacitance, energy density, and power density) are described 
in the Supporting Information. 
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