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A smart flexible supercapacitor enabled by
a transparent electrochromic electrode composed
of W;150,49 nanowires/rGO composite films+
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In this study, we fabricated a transparent conductive electrode by co-assembly of Ag and WigO49
nanowires, followed by the deposition of several W1gO49 NWs/rGO composite layers. The as-fabricated
transparent electrode exhibits tunable transmittance (72-84% at 550 nm) and a conductivity of 23-39 Q
sq~1. Noteworthily, the hybrid film structure made of 15 layers of W;g049 NWs/rGO composite reveals an
areal capacitance of 92 mF cm™2 with a fast and reversible switching response. The electrode can
sustain an optical modulation of 94.7% even at a high current density of 10 mA cm™2. Furthermore, the
electrode exhibits excellent electrochromic performance with fast switching speeds (8 s for coloration
and 8.45 s for bleaching), high colouration efficiency (46 cm? C™%) and remarkable stability (96.41% of
the original optical modulation). A smart bifunctional electrochromic supercapacitor based on this

electrode demonstrates a maximum areal capacitance of 48 mF cm™2 and an energy density of 5.2 uW h
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Accepted 21st January 2022 cm™< with 0.391 mW cm™“ power density. The device shows excellent mechanical flexibility and stability

over 4000 cycles of the charge/discharge test. The dual-functional supercapacitor with a rapid and

DOI: 10.1039/d1ta09795d reversible response and high sustainability in optical modulation (96%) even under high current charge/
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1 Introduction

To fulfill the urgent demand for high-power sources, super-
capacitors are known to be the most significant energy storage
systems. Latest advancements in this field have proven the
inclusion of different functionalities into supercapacitors,
resulting in materials that are self-protective, stretchy, self-
healing, colour-tuneable, and self-charging." Recently, inte-
grating electrochromic functionality in supercapacitor devices
has allowed the recognition of multiple applications including
intelligent display and energy sensing in smart windows.>?
However, the greatest challenge is simultaneously achieving
high electrochemical performance and the corresponding
electrochromic response while retaining high flexibility, trans-
parency and stability.*
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discharge conditions is promising for real applications.

The successful realization of these multifunctional devices is
mainly concentrated on the development of transparent
conductive electrodes®” (TCEs) which rely on the material
selection, efficient assembling procedure and accurate identical
performance like high capacitance, a fast switching response
and high switching stability.? Previously, the commonly utilized
ITO coated electrode and other conductive materials including
metal NWs, graphene and conducting polymers have faced
limitations of low conductivity, poor capacitive behaviour, and
low optical transmittance when establishing highly conductive
and transparent networks.”*> However, efficient assembling
procedures with different structures and arrangements help to
achieve high electrochemical performance and the corre-
sponding electrochromic response while retaining high
conductivity, transparency and stability under high flexibility
conditions. In this regard, numerous assembling methods have
been launched like fabricating PANI films with a loose structure
by the cyclic voltammetric electrodeposition (CV-GS) tech-
nique,” spin-coating Ag NWs and PEDOT:PSS layers to
construct a hybrid transparent conductive electrode'*** and
depositing Ag grids on flexible electrodes,'® enabling great
potential in flexible bifunctional electrodes. However, the
complex procedure, low areal capacitance, high response time
and low sustainability in optical modulation are still concerning
issues. Furthermore, the bending conditions produce cracks in
inorganic materials which damage the conductive network and

J. Mater. Chem. A


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta09795d&domain=pdf&date_stamp=2022-02-07
http://orcid.org/0000-0002-9582-8139
http://orcid.org/0000-0002-7114-1797
https://doi.org/10.1039/D1TA09795D
https://pubs.rsc.org/en/journals/journal/TA

Published on 09 February 2022. Downloaded by Shenzhen University on 2/17/2022 7:35:21 AM.

Journal of Materials Chemistry A

result in degradation in the electrochemical performance."”
Recently, co-assembly of different NWs by NW manipulation
methods into macroscopic-scale structures would precisely
tailor the conductivity of the flexible electrodes while balancing
the optical transmittance."®* The electrode exhibited excellent
mechanical stability, high conductivity, and transparency.
However, the aforementioned NW electrode itself reveals
comparatively poor electrochemical behaviour.” As a result,
combining transparent metal electrodes with efficient pseudo-
capacitive materials would be highly effective to develop flexible
hybrid electrodes for energy storage sensing applications. So
far, there are no reports on co-assembly of multiple NWs with
pseudocapacitive materials to control the conductivity and
tuneable transparent properties of an electrode for super-
capacitor applications.

Many pseudocapacitive materials like MnO, and RuO,
exhibit high charge storage and energy density. However, the
stability of electrodes is a major issue and stability is always
desired to deliver high energy density.>*** As compared to these
pseudocapacitive materials tungsten oxide (WO,) nano-
structures have been reported for charge storage via ion inter-
calation into the crystalline network with no compromise on
structural integrity.*>** Among the various WO, nanostructures,
the monoclinic W;30,9 nanostructure is recognized as a viable
electrode material for the future energy storage device, due to its
availability of oxygen-vacancies for electrical conductivity.*
Most significantly, it exhibits a distinct crystal structure that
qualifies it as a viable host material for the ion intercalation
process.”®* Additionally, W;30,0 NW composites with carbona-
ceous materials like graphene have presented improved elec-
trochemical properties due to a large surface area, high
electrical conductivity and superior electrochemical stability
which results in an improvement in the composite’s electro-
chemical performance by accelerating ion diffusion and charge
transfer.>*”” Comparing the electrochemical properties of the
W;5040 NWs/rGO composite with a WO, composite like WO,
nanorods/graphene in previous reports,***® the W;3049 NWs/
rGO composite exhibited higher specific capacitance than the
WO; nanorods/graphene composites. In addition, W;gO49
exhibits a distinct crystal structure that qualifies it as a viable
host material for the ion intercalation process.*® The better
charge storage properties are attributed to the high aspect ratio
and more oxygen vacancies of W;30,9 NWs, which provide
a more efficient transport pathway for both electrons and ions
from the longitudinal axis of 1D NWs than that of the WO;
nanorods.

Herein, we introduce the NW (Ag NWs and W;30,9 NWs)
manipulation method to construct flexible, transparent, and
conductive electrodes. To introduce the charge storage and
electrochromic properties, various W;3049 NWs/rGO composite
layers were assembled on the prefabricated conductive elec-
trode to develop electrodes with tuneable transmittance (72—
84%) at 550 nm and a sheet resistance of 23-39 Q sq . In this
study, the strategy of combining transparent metal electrodes
with efficient pseudocapacitive materials not only represents
a synergistic way of compounding desirable conductive and
transparent properties but also facilitates high electrochemical
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performance and the corresponding electrochromic response.
The as-fabricated electrode exhibits excellent areal capacitance
properties (92 mF cm ™ at 2 mA cm™ %) with a fast and reversible
colour fluctuation response to changes in stored energy levels
even under high current charge/discharge conditions. Further-
more, the electrode shows excellent electrochromic perfor-
mance with fast switching speeds (8 s for coloration and 8.45 s
for bleaching) and brilliant stability during the fast coloration/
bleaching cycles. For practical applications, a bifunctional
electrochromic supercapacitor device is fabricated which shows
superior electrochemical performance with outstanding cycling
stability up to 4000 cycles, and excellent mechanical properties.

2 Results and discussions

Ag NWs with uniform diameter and a high aspect ratio are
presented in Fig. S1.f Fig. S21 shows the W;30,0 NWs with
a high aspect ratio confirmed by transmission electron
microscopy (TEM) and X-ray diffraction (XRD) spectra. The
W;5049 NWs/rGO composite was prepared by our previously
reported method.” Fig. S31 shows the TEM images of W30,
NW/rGO composites with various rGO weight ratios (2, 8, and 16
wt%), containing a uniform assembly of W;30,9 NWs on the
surface of the rGO sheet. The Fourier transform infrared (FTIR)
spectra presented in Fig. S41 show the reduction of GO by the
disappearance of the C=0 stretching vibration peak and C-O
(alkoxy) stretching peaks appearing at 1738 cm™ ' and 1074
em ™! respectively, and the presence of W=0 and bridging
oxygen (OWO) peaks, appearing in the region of 1000-500
ecm~ .3 Furthermore, Fig. S51 shows the XRD spectra of the
Wi5040 NW/rGO composite with different weight contents,
exhibiting the preferential growth of the W;30, crystals along
the [010] direction and removal of a strong peak at 11.22°,
corresponding to the (002) interlayer in the GO sheet. Further
verification about the successful assembly of W30, NWs on
the GO sheet was confirmed by X-ray photoelectron spectros-
copy (XPS) analysis (Fig. S6(a—c)),T showing that the peaks
related to C-C/C=C, C=0, C-0O, and O-C=0 bonds in GO
disappeared after the accumulation of W;30,9 NWs. Fig. Séct
exhibits two peaks appearing at 35.6 eV and 37.9 eV which can
be ascribed to W4f,,, and W4f;,, respectively, suggesting the
+6-oxidation state of W with characteristic binding energies.*

The assembly scheme for the fabrication of the flexible
transparent conductive electrode is presented in Fig. 1. Initially,
PVP-coated Ag and W;3049 NWs were mixed in a DMF and
CHCI; solution with the volume ratio of solvents as 2 : 1 and
a mass ratio of 4 : 10 (W30, NWs : Ag NWs) (Fig. 1a). After-
ward, the as-prepared NW mixture was co-assembled by using
the Langmuir-Blodgett (LB) technique and transferred twice
from the LB trough to the PET substrate in a perpendicular
direction, resulting in a NW conductive network as presented in
Fig. 1b. In the NW network, Ag NWs behaved as a conductive
component and W;3049 NWs acted as nanoscale spacers for the
separation of Ag NWs with tuneable distances.' At last, for the
fabrication of flexible transparent electrodes showing charge
storage and also electrochromic properties for supercapacitor
devices, the pre-synthesized W;3049 NW/rGO composite (Fig. 1c

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic explanation of flexible transparent W;g049 NWs/rGO composite film electrode fabrication. (a and b) Co-assembly of mixed
NWs (W1g049 NWs and Ag NWs) by using the LB technique. (c and d) Synthesis of the W;18049 NW/rGO composite. (e) Assembly of the W1g049
NW/rGO composite on the prefabricated conductive electrode by using the LB method.

and d) was assembled on the transparent conductive electrodes
by using an LB instrument (Fig. le). Transferring different
layers (3, 5, 8, 10 and 15) of the assembled W;30,0 NW/rGO
composite will contribute more charge storage properties along
with maintaining the transparency and electrochromic
properties.

Fig. 2a shows the optical photographs of films with different
W;50,49 NW/rGO composite layers (3, 5, 8, 10 and 15). From the
figure, we can find that the stripe pattern of the bottom layer
can still be clearly observed through the electrode even at 15
layers, which proves that the electrode has good light trans-
mittance. The distribution of Ag and W;304, NWs in the
perpendicular direction is confirmed by scanning electron
microscopy (SEM), presented in Fig. 2b. The deposition of Ag
NWs in the perpendicular direction results in a highly
conductive and stable network. Also, W;30,9 NWs control
spacing between Ag NWs that helps to attain high transparency.
At the same time, the film exhibited a high transparency of 88%
at 550 nm (Fig. S71). To confirm the presence of Ag and W;30,4
NWs, we performed the XRD and EDS analyses of the Ag/W;30,9
NW network electrode. The diffraction peaks at the 26 value of
25° show the preferential growth of the W;30,4 crystals along
the [010] direction. Similarly, the peaks related to 38.3° and
44.5° could be indexed to the (111) and (200) reflections of face-
centred-cubic (fcc) Ag (JCPDS no. 04-0783), respectively
(Fig. S8t). The occurrence of peaks related to both elements
confirmed the presence of Ag and W;30,49 NWs in the electrode.
Similarly, the EDS mapping also shows the presence of Ag and
W elements in the electrode. The atomic percentage of Ag and
W was estimated to be 71 and 28% respectively (Fig. S9(a-d)t).

Fig. 2c shows the SEM image of the assembly of the 15 layer 2
wt% W;50,0 NW/rGO composite on the conductive electrode.
Similarly, the deposition of the 8 wt% W;30,0 NW/rGO
composite is presented in Fig. S10,T showing high graphene
content on the film. In addition, 15 layers of rGO, W;3049 NW5s
and the 2 wt% W,30,9 NW/rGO composite show a correspond-
ing film transparency of 74, 79 and 72% at the wavelength of 550
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nm (Fig. 2d), indicating the small change in the transparency
value when depositing 15 layers of W;3049 NW/rGO composite
films. Moreover, the electrode transparency was also varied by
increasing layers of the 2 wt% W;304,9 NW/rGO composite.
Fig. 2e indicates that by increasing the number of depositing
layers from 3 to 15, the transparency of the electrode changed
from 84 to 72% at 550 nm. However, depositing different layers
of the 8 wt% W,30,0 NW/rGO composite resulted in a decline in
the transparency of the electrode as presented in Fig. S11.f At
the same time, the sheet resistance of the electrode was also
changed by depositing different layers (3, 5, 8, 10 and 15 layers)
of 2 wt% W;30,9 NW/rGO composite layers. Fig. 2f shows the
gradual increase in thickness by increasing the number of
deposited layers from 3 to 15 on a prefabricated Ag/W;3049 NW
network. The Ag/W;30,49 NW network itself has a thickness of 56
nm. By adding 3 layers of the W;30,9 NWs/rGO composite, the
thickness of the film changed from 56 to 90 nm. Furthermore,
by increasing the number of deposited layers from 3 to 5, then
to 8, 10 and 15, the total thickness (Ag/W;30,9 NW network +
W;5049 NWs/rGO composite) increased from 90 to 112, 155,179
and 244 nm. So, the average thickness of each layer of the
W;5049 NWs/rGO composite is 11-12 nm (Fig. S121). However,
the sheet resistance and transmittance both decreased from 39
to 23 Q sq~ ' and from 84 to 72%, respectively. The decrease in
sheet resistance was due to the increasing amount of rGO that
was deposited on the electrode by increasing the number of
layers. However, the transparency of the film declined due to the
increasing amount of deposited materials by increasing the
number of layers. As an excellent bifunctional electrode, the
electrode must guarantee excellent conductivity while ensuring
good light transmittance. Increasing the number of depositing
layers beyond 15 resulted in a decline in transparency below
70%. Therefore, after comparison, we choose the electrode
modified with a maximum of 15 layers of the W;3049 NW/rGO
composite as the ideal electrode. To examine the mechanical
stability of the flexible conductive electrode, a 6 cm long strip
was bent to a radius of 1.5 cm and the resistance change was
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(a) Photographs of the 3, 5, 8, 10 and 15 layers of the 2 wt% W1gO49 NW/rGO composite deposited on a conductive PET substrate. (b) SEM
image of Ag NWs and W;g049 NWs co-assembly (mAg : mW;5040, 10 :

4) on a PET substrate. (c) SEM photograph of 15 layers of the 2 wt%

W18049 NW/rGO composite assembled on the Ag/W;5049 NW films. (d) Transmittance spectra for the flexible electrochromic film electrode
comprising 15 layers of GO, W1gO49 NWs and the W1gO49 NW/rGO composite on a PET substrate, respectively. (e) Transmittance spectra for 3, 5,
8, 10 and 15 layers of the W;5049 NW/rGO composite deposited on a conductive PET substrate. (f) Thickness of the flexible electrode as
a function of transmittance and sheet resistance of different layers (3, 5, 8, 10 and 15) of the W1gO049 NW/rGO composite film. (g) Electrical

resistance changes of the flexible electrode after 4000 bending cycles.

measured during the bending cycles. Fig. 2g shows a small
resistance change during bending of the film electrode for 4000
bending cycles. The variation in the resistance of the electrode
was calculated to be about 6.07 Q (AR/R = 15.7%), signifying
brilliant mechanical stability under stress conditions.

The as-prepared flexible transparent electrodes with an
effective area of 1.5 x 1.5 cm” were tested in a three-electrode
system using 0.5 M AICl; aqueous electrolyte. Fig. 3a demon-
strates the CV curves with pure rGO, W;3049 NWs and the 2 wt%
W15040 NW/rGO composite at 20 mV s, clearly exhibiting the
pseudocapacitive behaviour that was attributed to electro-
chemical reactions in the potential interval from —0.2 t0 0.2 V. A
significant escalation in the current density for the W;3049 NW/
rGO composite electrode was detected as compared to rGO and
the W;3040 NW electrode, demonstrating considerable higher
areal capacitance for the W;3049 NW/rGO composite electrode.
The large capacitance in the case of the W;30,0 NW/rGO
composite was attributed to the intimate electronic interaction
between W;3049 NWs and rGO, simultaneously, accelerating
electrochemical activity with effective and rapid conduction of
charge carriers.>® Moreover, these redox peaks can be ascribed

J. Mater. Chem. A

to the intercalation/deintercalation of AI*" into the W,4040 NW/
rGO structure via fast and reversible faradaic redox reactions,
which contributes towards pseudocapacitive behaviour.**** To
highlight the role of rGO in the W;30,9 NW/rGo composite, CV
curves of the 15 layer W;30,0 NW/rGO composite electrode
containing rGO in different weight contents (2 wt%, 8 wt% and
16 wt%) were measured at the same scan speed of 20 mV s™.
Fig. S137 shows an increase in area under the CV curve by
increasing the rGO content from 2 wt% to 8 wt% in the W;30,,
NW/rGo composite, indicating higher charge storage properties
in the case of 8 wt%. However, with increasing rGO content
from 8 wt% to 16 wt%, the charge storage properties declined
due to the lower reduction level of GO into rGO which impeded
A" diffusion and reduced AI** ion intercalation.?® In addition,
increasing the rGO content also reduced the transparency value
of the electrode. Therefore, by balancing the transparency, the
integral area of CV plots and the capacitance for these three
samples including pure W;3049 NWs, 2 wt% and 8 wt% W;3040
NW/rGO composites, the 2 wt% W;30,6 NW/rGO composite
electrode was selected for further electrochemical discussion
owing to better transparency and higher areal capacitance and

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) CV plots of 15 layers of rGO, W1gO49 NWs and the 2 wt% W

18040 NW/rGO composite film electrode at 20 mV s%. (b) CV plots of

different numbers of layers of the W150.49 NW/rGO composite film electrode at 20 mV s~ (c) Detailed CV plots of the 15 layer 2 wt% WO 49 NW/

rGO composite film electrode at different scanning rates of 20, 50, 100

and 200 mV s~ (d) Galvanostatic charge/discharge curves at (d) 2 mA

cm~tand (e) 10 mA cm~t in the potential range of —1 to 0.1V and equivalent in situ optical responses at 633 nm for the 15 layer 2 wt% W15Q4q
NW/rGO composite film electrode. (f) Areal capacitance and optical modulation of the 15 layer 2 wt% W;8049 NW/rGO composite films as
a function of the current density. (g) Areal capacitance and transmittance of the 2 wt% W;1g049 NW/rGO composite films as a function of the

number of layers. (h) Comparison of transmittance at a wavelength of 5
on flexible transparent electrodes. (i) Comparison of areal capacitance
literature.

could be an excellent candidate for the supercapacitor
assembly. Also, CV curves with different numbers of layers (3, 5,
8, 10 and 15 layers) of the 2 wt% W;30,9 NW/rGO composite
electrode at 20 mV s~ ' scanning rate are presented in Fig. 3b,
showing broad redox peaks with an increasing number of
layers, revealing the reversible redox reaction with excellent rate
ability by increasing the number of layers of the W;30,9 NW/
rGO composite. Fig. 3c demonstrates the complete CV plots of 2
wt% W,;3049 NW/rGO composite electrodes at different scan-
ning rates of 20 mV s~ ', 50 mVs ', 100 mVs ' and 200 mvV s,
exhibiting the increase in current densities with a higher
current rate and the ordered CV shape within the related
potential range.

In addition, charge-discharge curves were measured at
different current densities (2 to 10 mA cm?) in the potential
range of —1 to 0.1 V and corresponding in situ transmittance was
tested at 633 nm to determine electrochromic properties of the

This journal is © The Royal Society of Chemistry 2022

50 nm as a function of areal capacitance with other published literature
as a function of other current collector thin films reported in previous

electrode. Fig. 3d shows that during the charging process at the
negative potential, the colour of the electrode turned deep blue,
resulting in a decrease in transparency values. Similarly, the
reverse discharging process resulted in the bleaching of the col-
oured electrode to a transparent state after discharging at 0.1 V.
The colour change with the charging and discharging process
was due to the efficient migration of AP*" ions into W40, active
sites thus generating fast and reversible redox reactions.*'® To
confirm the intercalation behaviour of the AI** ion, XRD of the
hybrid electrode was performed at charged and discharged states
(Fig. S147). The electrode exhibited almost similar spectra in
charged and discharged states. However, in the charged state,
a small peak shift of the (010) peak was observed at a higher
diffraction angle, indicating a decrease in interlayer spacing due
to the electrostatic interaction of intercalated Al** ions with the
polar atoms in the W;g0,9 structure, resulting in the doo
contraction. Similarly, in the discharged state, the (010) peak was

J. Mater. Chem. A
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found to be at a lower diffraction angle, showing the dy;
expansion by the de-intercalation of AI** ions during the dis-
charging process.”*** To evaluate the practicality, a high current
charge-discharge process (10 mA cm™?) and the corresponding
in situ transmittances were recorded at 633 nm. A sufficient rapid
colour change was observed in the electrode, signifying it as
a potential candidate for the electrode in supercapacitor devices
(Fig. 3e). Also, structural stability is important to evaluate the
electrochemical performance of electrode materials. Therefore,
to confirm the structural stability of the W;30,0 NWs/rGO
composite electrode during the electrochemical process, the
morphology of electrode materials was determined before and
after charging cycles by SEM analysis (Fig. S151). No obvious
change was observed in the morphology of materials showing the
structural stability of the W;30,9 NWs/rGO composite during the
electrochemical process. In addition, XRD of the hybrid electrode
confirmed similar spectra in charged and discharged states.
However, a small peak shift of the (010) peak was observed at
a higher diffraction angle due to AI** ion intercalation/dein-
tercalation (Fig. S14+).

In addition, the relative dependence of areal capacitance and
optical modulation on the current density was investigated. The
electrode exhibited an areal capacitance from 92 to 54 mF cm >
at changed current densities from 2 to 10 mA cm > (Fig. 3f).
Meanwhile, with the increase of current density, as shown in
Fig. 3f, the areal capacitance and optical modulation both
decreased due to the inaccessibility of active surface areas of
materials for charge storage, which restricted electroactive ion
migration at high current density due to the diffusion effect.'®
58.6% of the initial areal capacitance and 94.7% of the initial
optical modulation were retained at a current density of 10 mA
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cm 2, indicating an excellent rate capability under high current
charge/discharge conditions. Also, increasing the number of
layers of the 2 wt% W;3049 NW/rGO composite film from 3 to 15
resulted in an increase in capacitance from 19 mF cm 2 to 92
mF cm 2 at 2 mA cm 2, however, transparency of the films
declined from 84 to 72% as presented in Fig. 3g. A brief
comparison of areal capacitance and transparency of the flex-
ible transparent electrodes with previously published literature
was established (Fig. 3h), revealing high tuneable transparency
and exceptional areal capacitance as compared to other re-
ported literature (Table S1t).'***** Similarly, our material
exhibited superior areal capacitance as compared to other
electrode materials used thin-film systems
(Fig‘ si).14,35,37,39,40,42745

In general, ideal electrochromic performance is characterized
by four traditional parameters such as optical modulation, a low
response time, a high coloration efficiency (CE) and high stability
during the colour switching cycles. To illustrate the dynamic
responses of electrodes briefly, electrochromic switching prop-
erties were measured. Fig. 4a shows the photograph of the col-
oured and bleached states of the electrode at different voltages.
The UV-Vis spectra of the 15 layer W;3049 NW/rGO composite
electrode in the coloured and bleached state were recorded,
showing a major decline in transmittance of the film in the col-
oured state (Fig. 4b). The electrochromic switching cycles of
different layered (3, 5, 8, 10 and 15 layers) W;30,6 NW/rGO
composite electrodes at the wavelength of 633 nm are presented
in Fig. 4c, showing a gradual change in the colouring and fading
properties with an applied voltage of 0 and —1 V. Also, from
switching data, the response time (the time required for 90% of
the optical change during the colouring or bleaching process)
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was calculated. Fig. S161 shows the coloration and bleaching
time of 3, 5, 8, 10 and 15 layer W;30,9 NW/rGO composite films,
revealing a responding hysteresis with the increased number of
deposited layers. As shown in Fig. S16a,t the electrode with 3
layers of the W;30,0 NW/rGO composite film revealed a fast
colour-switching response of 2 s for colouring and 2.2 s for
bleaching. When increased to 15 layers of the W;30,9 NW/rGO
composite film, the electrode exhibited a colouration time of 8 s
and bleaching time of 8.25 s. Compared with previous reports,
a faster switching time was observed from hexagonal tungsten
oxide nanorod arrays (14 and 9 s) and NiO nanoparticles (11.5
and 9.5 s).** The resulting fast switching time was attributed to
the excellent contact between Ag and W;30, NWs and strong
electronic interaction between W;30,o NWs and rGO, consistent
with previous reports.”

Another factor for evaluating the electrochromic perfor-
mance is the coloration efficiency (n) which is primarily
measured as the slope of the linear regime of the optical density
fluctuation as a function of charge density. The coloration
efficiency of the 15 layer W;30,49 NW/rGO composite film was
calculated to be 46 cm® C™" as presented in Fig. 4d. To study the

View Article Online
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switching stability, electrochromic switching cycles of the 15
layer W,;50,40 NW/rGO composite film electrode were tested for
4000 s, showing excellent sustainability of the optical modula-
tion after 100 quick switching cycles (Fig. 4e), (Fig. S171). The
electrode maintained 96.41% of the original optical modulation
after 100 cycles. To investigate the stability further, electro-
chromic switching cycles at low speed (230 s for one cycle) were
tested for 10 000 s, indicating high stability and reversibility in
cycles with a constant AT (Fig. 4f).

To explore the applications of these electrodes in portable
transparent energy storage devices, fabrication of a flexible,
transparent, and symmetric supercapacitor was carried out.
From the obtained 15 layer 2 wt% W;30,0 NW/rGO composite
electrode, a symmetrical supercapacitor device was assembled
with AICl; electrolyte. Fig. 5a shows the fabrication scheme of
a symmetrical supercapacitor device by sandwiching the AICI;
electrolyte between two identical 15 layer W;30,9 NW/rGO
composite electrodes. To confirm the merits of the as-fabricated
flexible supercapacitor device, characterization studies
including, cyclic voltammetry, galvanostatic charge/discharge
with electrochromic switching cycles, and cycling stability
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(a) Schematic illustration of a symmetrical supercapacitor composed of identical 2 wt% W;gO049 NW/rGO composite electrodes with AlCls

electrolyte. (b) CV plots of 15 layers, rGO, W1gO4s NWs and the 2 wt% W04 NW/rGO composite film supercapacitor device at 20 mV s, (c) CV
plots of the 15 layer 2 wt% W;5049 NW/rGO composite film supercapacitor device at different scanning rates. (d) Galvanostatic charge/discharge
curves at 2-8 mAcm 2 in the potential range of 0 to 1.1V for the 15 layer W15049 NW/rGO composite film supercapacitor device. (e) GCD curve
at 2 mA cm~2 and the corresponding in situ transmittance profile at 633 nm for the supercapacitor device. (f) Long-term charge and discharge

cycling stability of the symmetric supercapacitor device at 2 mA cm

-2

. (g) Electrochemical impedance spectroscopy of symmetric super-

capacitor devices (the insets show the fitted circuit diagram and magnified high-frequency region of the Nyquist plot). (h) Ragone plots of the
symmetric supercapacitor device. (i) CV curves of the supercapacitor device under various bending angles at 20 mV cm™2.

This journal is © The Royal Society of Chemistry 2022

J. Mater. Chem. A


https://doi.org/10.1039/D1TA09795D

Published on 09 February 2022. Downloaded by Shenzhen University on 2/17/2022 7:35:21 AM.

Journal of Materials Chemistry A

measurement were carried out. Fig. 5b presents the CV curves of
rGO, W;30, NWs and 2 wt% W;3049 NW/rGO composite
symmetric supercapacitors at 20 mV s~ ' with a potential interval
from —0.2 to 0.2 V. The broad redox peaks appearing in the
curves proposed the faradaic reactions occurring between the
electrodes. Also, the large integral area appearing in the CV
curves of the W;30,9 NW/rGO composite film supercapacitors
revealed higher areal capacitance as compared to pure rGO and
W04 NW film supercapacitors. The accelerated electro-
chemical activity in the case of W;30,0 NW/rGO composite
supercapacitors was due to the large intimate electronic inter-
action between W;30,0 NWs and rGO simultaneously. The CV
plots for the 2 wt% W;30,0 NW/rGO composite supercapacitor at
different scanning rates (20 to 200 mV s~ ') are presented in
Fig. 5¢c, showing a gradual increase in current density peaks with
increased scanning speed while maintaining the CV shape. To
further elucidate the electrochemical capacitance performance
of the assembled supercapacitors, the charge and discharge
curves were measured. Fig. 5d shows charging and discharging
plots of the supercapacitor device at a current density of 2-8 mA
cm %, suggesting sustainable capacitance in a broad current
range. Similarly, charge-discharge properties at a current
density of 2 mA cm > are presented in Fig. 5e with the corre-
sponding in situ transmittance profile at 633 nm. The areal
capacitances of the device are presented in Fig. S18, showing an
areal capacitance of 48 mF em™> at a current density of 2 mA
cm 2. The areal capacitance decreased from 48 to 20 mF cm >
with increasing current densities from 2 from 8 mA cm™ 2,
indicating that 41.6% of the areal capacitance was maintained
under a wide current density alteration. Moreover, along with
areal capacitance, the device also maintained 96% of the optical
modulation during the increase in current density from 2 mA
cm 2 to 8 mA cm™ > (Fig. S187). For practical applications, the
cycling stability is considered an effective factor that was inferred
under 4000 continuous charge/discharge cycles with the current
density at 2 mA ecm ™ (Fig. 5f), revealing excellent cycling stability
while retaining 92.3% of its initial capacitance. To investigate
the charge storage characteristics and electronic conductivity,
electrochemical impedance spectroscopy (EIS) of the W;30,49 NW
symmetrical supercapacitor and W;30,0 NW/rGO composite
symmetrical supercapacitors was conducted from 100 kHz to
0.01 Hz (Fig. 5g). Prominently, the almost vertical shape of the
Nyquist plots with a steeper slope was observed in the low-
frequency region, suggesting the excellent capacitive actions of
the supercapacitor devices. The fitted circuit with Nyquist curves
(inset of the figure) revealed the solution resistance of W;50,9
NWs and W;30,9 NW/rGO composite symmetrical super-
capacitors to be around 3.28 and 2.5 Q, respectively. Similarly,
the W;30,49 NW/rGO composite supercapacitor exhibited a good
conduction rate of the charge carriers compared to the pure
W;5049 NW supercapacitor and it showed a charge transfer
resistance of 245 Q, while the W;30,0 NWs exhibited a resistance
of 299 Q. Moreover, the W30, NW/rGO composite super-
capacitors also exhibited a smaller Warburg resistance as
compared to W;3049 NWs, due to ease of charge transfer during
the intercalation of AI>* ions, which was most likely due to the
inclusion of rGO in the W;30,9 NW/rGO composite film.
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Fig. 6 Photographs of the supercapacitor device during the (a)
charging of the supercapacitor device and (b) connection with an LED
to turn it ON.

For the practical evaluation of the fabricated supercapacitor,
the energy density and power density of the total device were
calculated. The specific Ragone plot presented in Fig. 5h
depicted a maximum energy density of 5.2 pyW h ecm 2 at
a power density of 0.391 mW cm ™2, The device also maintained
an energy density of 2.25 pW h cm ™2 even at a maximum power
density of 2.21 mW cm 2. In addition, while compared to other
reported literature, our device revealed higher energy densities
(2.25-5.2 uW h cm ™~ ?)*3%47%9 35 shown in Fig. 5h and Table S2.1
The flexibility evaluation of the symmetric supercapacitor
device was conducted by using the CV measurement (scan
speed, 20 V s~ ') under different bending angles. From Fig. 5i,
no obvious change in capacitance was observed by changing the
bending angle of the device from 0° to 150°, revealing excellent
mechanical flexibility of the supercapacitor device. The inset
photograph also confirmed the flexibility of the device.

To demonstrate the practical device application, the super-
capacitor device was fabricated by sandwiching the AICI; elec-
trolyte between two identical W;3059 NW/rGO composite
electrodes (Fig. 6a and b). The resulting supercapacitor devices
were connected in series and successfully functioned as both an
energy storage device and electrochemical reflective display. On
charging the device exhibited deep blue colour. To detect the
employment of the charged energy, the supercapacitor device
was connected to a green light-emitting diode (LED), turning
ON the LED light as presented in Fig. 6b.

3 Conclusions

In this study, highly flexible, transparent electrodes were
fabricated by depositing flexible Ag/W;3049 NW films using the
NW manipulation method, followed by the deposition of
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multiple W;30,9 NWs/rGO composite layers. The electrodes
exhibited high conductivity with tuneable resistances (23-39 Q
sq~ ") and transmittance (72-84% at 550 nm) while maintaining
their functionalities after 4000 bending cycles. A large areal
capacitance (92 mF cm™?) with a fast and reversible switching
response was attained. The electrode can sustain high optical
modulation even under high current charge/discharge condi-
tions. Furthermore, excellent stability was achieved during the
colour switching cycles. A smart supercapacitor based on the
hybrid transparent electrodes was demonstrated, which can
recognize the level of stored energy with reversible colour
change. The device showed excellent mechanical flexibility and
stability up to 4000 charge/discharge cycles. With the signifi-
cantly enhanced performance, the hybrid film electrode can
also find potential applications in other flexible electronics and
human-machine interfaces.

4 Experimental
4.1 Synthesis of Ag NWs

In a standard synthesis method, 1 g PVP (My, = 37 000) was
added into 40 mL glycerol in a three-necked flask and heated in
an oil bath at 60 °C for 30 minutes under magnetic stirring.
After the complete dissolution of PVP, the three-necked flask
was transferred into an ice water bath until the temperature of
the solution decreased to 40 °C. Then 0.3 mL (0.5 g) of aqueous
AgNO; and 0.2 mL (30 mg) of aqueous NaCl solution was
injected under continuous stirring and the reaction mixture was
transferred to a 50 mL autoclave and heated in a 180 °C oven for
16 h. Upon completion of the reaction, the autoclave was
removed from the oven and cooled to room temperature. After
sedimentation for 48 h, the upper suspension was poured out
and deposited Ag NWs were obtained. The conversion rate was
74.8% with a concentration of 5.925 mg mL™".

4.2 Synthesis of W;30,/rGO composites

The W;30,0 NWs/rGO composites were prepared by modifying
our previously reported method. In a detailed procedure, 30 mg
of WClg salt and 2 mg of PVP were dissolved in 20 mL ethanol to
attain a yellow solution. Similarly, GO solution was prepared by
adding different amounts of GO in 20 mL ethanol separately
and mixing with WClg solution with continuous stirring for 10
minutes. The obtained mixtures in weight ratios of 2, 8 and 16
wt% were moved into a PTFE-lined 50 mL autoclave and kept at
180 °C for 20 h. Upon completion of the reaction, the obtained
reaction mixtures were cooled and purified by washing with
water and ethanol via centrifugation at 4000 rpm for 5 min.

4.3 Fabrication of transparent electrochromic films

A highly organized network comprising Ag NWs and W;g049
NWs was fabricated by using an improved Langmuir-Blodgett
(LB) technique. The pre-washed Ag NWs (3 mg mL ') and
W15040 NW (0.6 mg mL™ ") solutions were prepared separately
in a solvent mixture of 0.75 mL of N,N-dimethylformamide
(DMF) solution and 0.5 mL of chloroform (CHCl;) and then
mixed to form a homogenous dispersion with a volume ratio of

This journal is © The Royal Society of Chemistry 2022
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1:2. The dispersion of NW solution of the LB trough was
carried outby using a syringe followed by compression at a rate
of 20 cm® min ™" to align the NWs. By depositing aligned NWs in
a perpendicular direction on a PET substrate, a transparent film
was obtained comprising a network of NWs. To further control
the charge storage with electrochromic properties, different
W;50,40 NW/rGO composite layers were deposited by using LB
technology and transferred to the Ag/W;3049 NW network.

4.4 Electrochemical measurements

To test the performance of the supercapacitor, a three electrode
system was applied. Cyclic voltammetry (CV) and galvanic
charge-discharge tests were carried out to evaluate the elec-
trochemical properties of the electrode. From these tests, the
areal capacitance of the electrode was determined by using the
following formula:

1At
I @)

where I is the discharge current (mA), At is the discharge time
(s), A is the geometrical area of the electrode (cm?), and AV is the
potential window (V).

Similarly, from the charge-discharge tests, the areal capaci-
tance of the supercapacitor device was calculated by using the
following formula:

IAt?
Ca =2x m [2)
The energy density (E) in uW h cm™? and the power density

(P) in mW cm > of the supercapacitor device is attained by using
the following equations:*

C.(AV)? x 1000

B = =5 3600 (3)
3600 x E, n
~ A x 1000

where C, is the areal capacitance (mF cm ™ ?) of the device, AV is

the total potential window, and At is the discharge time.
Coloration efficiency (CE). Another significant factor of an

electrochromic material is the CE that can be calculated by

using the following equations:
AOD
CE= —— 5
0 (5)

where AOD the optical density is presented as:
T
AOD = log7b (6)

where Q presents the charge density (C cm™?), and T}, and T, are
the transmittance of the bleached and coloured states,
respectively.

4.5 Device characterization

Scanning electron microscopy (SEM) was carried out with
a Zeiss Supra 40 scanning electron microscope at 5 kV

J. Mater. Chem. A


https://doi.org/10.1039/D1TA09795D

Published on 09 February 2022. Downloaded by Shenzhen University on 2/17/2022 7:35:21 AM.

Journal of Materials Chemistry A

acceleration voltage. The X-ray diffraction patterns (XRD) were
measured on a Philips X'Pert Pro Super X-ray diffractometer
equipped with graphite-monochromatized Cu KR radiation. UV-
vis spectra were recorded on a UV-2501PC/2550 at room
temperature. The electrical resistance and mechanical stability
of the devices were tested by using a Keithley 4200 SCS and
a mechanical system (Instron 5565A). Electrochemical
measurements were carried out using a three-electrode system
on an IMé6ex electrochemical workstation (Zahner, Germany).
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