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Modern technological trends in smart electronic devices demand more intelligent automation.
Simultaneous integration of energy storage and multicolor electrochromism in a single device improves
user—device interfacing based on a salient human-readable output. In this work, primarily metal-organic
framework (MOF) derived V,05 was synthesized which, as an electrochromic material, shows high optical
modulation of 35% at 485 nm, with very fast switching speeds (2.9/3.4 s for coloring/bleaching). The mul-
tiple coloration states of the V,0Os electrode make it worthy for further integration as a smart negative
electrode in a multicolored electrochromic asymmetric supercapacitor, where the electrochromic poly-
aniline electrode serves as the counter electrode. The device demonstrates a high coloration efficiency of
137.2 cm? C™! and an areal capacitance of 12.27 mF cm™ and an energy density of 2.21 x 107> mW h
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cm™ at a current density of 0.05 mA cm™2. By virtue of its different chromatic states during charging and
discharging, smart visual tracking of the state of charge of the supercapacitor can be realized. Such a
design of energy storage devices will have promising practical application in futuristic smart multifunc-
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1. Introduction

Major environmental concerns due to global climate change
impel us towards the use of alternative energy sources with a
low carbon footprint.»”* Consequently, the 21 century science
community is crucially focused towards zero emission techno-
logies like solar cells, batteries, supercapacitors (SCs), fuel
cells, etc. to ameliorate the quality of life.>”® Electrochemical
capacitors or supercapacitors (SCs) have gained widespread
attention due to their fast charge-discharge rate and long life
along with important advantages to meet the urgent demand
of high power density.””® With the recent evolution of elec-
tronic devices, the applications of SCs have been extended to
multi-functional and smart devices like self-charging SCs,’
flexible and wearable SCs,'® shape-memory SCs,'" thermo-
responsive SCs,'” self-healable SCs,"® electrochromic SCs
(ECSCs),'*"® etc. Materials whose redox reaction leads to a
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visual color change are known as electrochromic materials and
offer opportunities for bridging electrochromism with the
state of charge of supercapacitors.’®'” These devices are con-
currently capable of efficient energy management as the
expended energy during the charging process can be retrieved
at the time of bleaching. By exploiting the configuration of an
asymmetric SC, these devices could be implemented in
different applications including smart windows for indoor
light and temperature controls, adaptive camouflages, aes-
thetic multicolor displays with energy storage functionality,
etc. Multi-colored electrochromic asymmetric supercapacitors
(MECASCs) with different chromatic states will allow precise
control over the modulation of light along with the real-time
monitoring of the charge content of the device for its sustain-
able use by averting overcharging and over-discharging.'®°
There exist different electrochromic (EC) materials includ-
ing organic molecules like viologens,*' conducting polymers
(CPs),?* Prussian blue,> transition metal oxides (TMOs),>*°
etc. The most studied EC materials are based on TMOs and
CPs. Reportedly, a CP such as polyaniline (PANI) is of great
interest due to its low cost, ease of synthesis, high electrical
conductivity, rich color states, high theoretical capacity, etc.””
On the other hand, TMOs have emerged as the protagonist in
the field of electrochromism owing to their superb optical
memory effect, environmental stability and natural abun-
dance.”® Among the TMOs, V,0O5 is highly sought after in the
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field of electrochromism as it is the only TMO that can demon-
strate both anodic and cathodic coloration upon reversible
intercalation/deintercalation of alkaline cations (e.g., Li'),
which makes it suitable for multicolor displays. In addition, it
has high theoretical capacity which makes it a strong conten-
der for a wide variety of electrochemical applications.

However, bulk V,0s often suffers from serious volume
expansion over cycling, poor ion diffusion kinetics, long
switching times, low electrical conductivity, etc.*® To overcome
these limitations, a lot of research has been carried out to
make different micro-nanostructures of V,0s; and hybrid
materials by the incorporation of carbonaceous materials into
them.?™*> Recently, metal-organic frameworks (MOFs) have
been used as a template for the synthesis of TMOs. MOFs are
an emerging class of hybrid crystalline materials assembled
via the coordination bonds between organic ligand molecules
and metal ion centers, with huge chemical and configurational
heterogeneities. These materials possess very high surface
areas and tunable pore sizes. Owing to their long range
ordered porous structure with periodically arranged metal clus-
ters, MOFs are used as sacrificial templates in the synthesis of
porous metal oxides, sulfides and porous carbon embedded
hybrid materials including V,05.**°

In the present work, we show a MECASC constructed by
stacking MOF-derived V,05 and PANI films as the negative and
positive electrodes respectively in propylene carbonate (PC) sol-
vents containing 1 M LiClO, as the electrolyte. The module
visually exhibits the stored energy level by different colors as
well as demonstrates the feasibility of redemption of the
acquired energy during bleaching. MOF-derived V,05 samples
are synthesized by two different pyrolysis procedures. Carbon
leftovers along with the porous structures of the V,05 samples
provide the ions of the electrolyte hassle-free access to the reac-
tion sites to enhance the charge transfer kinetics. Thorough
electrochemical characterization of the V,0; electrodes and
separately the capacitance measurements of both V,0s5 and
PANI electrodes are carried out in 1 M LiClO,/PC medium in a
three-electrode setup. In a two-electrode configuration, a func-
tional MECASC device is fabricated having a wide potential
window up to 2 V with the option to visually judge the state of
charge of the device.

2. Experimental section
2.1. Chemicals

Vanadium trichloride (VCl;), p-benzenedicarboxylic acid (PTA),
aniline, N,N-dimethylformamide (DMF), propylene carbonate
(PC) and lithium perchlorate (LiClO,) were acquired from Alfa
Aesar. Transparent SnO, : F (FTO) coated glass substrates with
a sheet resistance of 15 Q sq ' were obtained from Sigma
Aldrich. All the chemicals were of analytical grade and used as
received without any further modification. FTO substrates were
washed with soap solution, and later rinsed with isopropanol,
ethanol and an ample amount of water, respectively, under
ultrasonic treatment. During the experiments, aqueous solu-
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tions were prepared using reagent grade Milli-Q water with
18.2 MQ cm resistivity (Millipore Direct Q3 system).

2.2. Material synthesis and electrode fabrication

2.2.1. Synthesis of a negative electrode material (V,Os).
MIL-101(V) (vanadium MOF or V-MOF) was synthesized via a
solvothermal reaction route following the report of Carson
et al.*® According to the report, 166 mg of PTA (1 mmol) and
157 mg of VCl; (1 mmol) were first added to 5 ml of absolute
ethanol. The mixture was then kept on a Tarson 3002 Spinix
vortex shaker for 10 min, until the solution turns green. Then
the whole precursor solution was transferred to a 30 ml Teflon-
lined autoclave. The autoclave was then heated in an oven at
120 °C for 48 h. After the reaction was complete, the autoclave
was very slowly cooled down to room temperature (slow
cooling is very important to obtain a crystalline MOF). The
obtained product was then washed with ethanol and separated
by centrifugation. The activation of the MOF was performed by
heating it in DMF under N, gas flow for 3 h at 70 °C, followed
by subsequent heating in ethanol for 3 h at 70 °C under N,
flow. Finally, the obtained green product was dried under
vacuum at 120 °C for 16 h, which resulted in the formation of
a fluffy green V-MOF powder. To further obtain V,05 from the
V-MOF, two different annealing procedures were followed. In
the first procedure, according to the report of Liang et al.,”® a
two-step pyrolysis technique was followed where in the 1% step
V-MOF powder was transferred to a ceramic boat before being
transferred to a tube furnace, where it was annealed at 370 °C
for 1 h under Ar-H, (97-3) flow and in the 2" step the sample
was subjected to another heat treatment for 30 min under air
flow to obtain the product, designated as V,0s-2 throughout
this article. Furthermore, in the second procedure, the V-MOF
was directly annealed at 370 °C for 30 min under air. The
product obtained by this process is labelled here as V,05-1.

2.2.2. Fabrication of V,0; films on FTO. All V,0; films in
this work were prepared on FTO using spray coating. The dis-
persion required for spray coating was prepared by dispersing
the samples in an isopropanol and Milli-Q water mixture. Part
of the substrates was covered with Scotch tape to fix the geo-
metrical area of the electroactive material on the electrode.
Subsequently, the dispersion was spray-coated on FTO kept on
a hot plate at 70 °C with an air-brush (ANMSALES AB-130,
nozzle diameter ~0.3 mm; purchased from Amazon) using Ar
as a carrier gas at a fixed pressure. The gap between the FTO
and airbrush nozzle was maintained to be ~12 cm. After each
spray, adequate time was provided to dry the FTO.

2.2.3. Synthesis of a positive electrode material (PANI).
PANI was deposited on FTO substrates by the electrodeposition
technique following the report of Mohd et al.** An electrolyte
solution of 0.5 M aniline in 1 M H,SO, was used for the depo-
sition. Upon application of a positive bias, aniline monomers
get oxidized to radical ions triggering the polymerization reac-
tion to occur.*? All films were deposited for 150 s at +0.75 V
using a potentiostatic technique in a three-electrode system
with Pt wire as the counter electrode and Ag/AgCl/Cl™ as the
reference electrode. After deposition, the films were washed
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with a copious amount of Milli-Q water and dried under
vacuum at room temperature.

2.3. Material characterization and electrochemical
measurements

The morphological characterization of the samples was per-
formed by field emission scanning electron microscopy
(FESEM, Zeiss Ultra Plus) and transmission electron
microscopy (TEM, JEOL JEM-2200FS operating at 220 kV).
Powder XRD measurements were carried out using a Bruker
D8 Advanced X-ray diffractometer with Cu Ka radiation
(1.54 A). Thermogravimetric analysis (TGA) was performed
using a NETSZCH TGA-DSC system and the samples were
heated under ambient atmosphere from room temperature to
600 °C at a rate of 5 °C min~". The Raman spectroscopy experi-
ment was conducted in a LabRAM HR 800 (HORIBA Jobin
Yvon) setup, using a He-Ne Laser (632 nm, working at 10%
power). X-ray photoelectron spectroscopy (XPS) measurements
of V,05 samples were carried out using monochromatic and
micro-focused Al Ko radiation with an energy of 1486.6 eV
(Thermo Kalpha+ spectrometer). The BET surface area was
measured using a Micromeritics ASAP 2460 volumetric gas
adsorption analyzer instrument with liquid N, at a tempera-
ture of 77 K. Before measurement, all samples were heated at
120 °C for 12 h under vacuum for removing impurities and
pore opening.

The electrochemical measurements were carried out in the
CH instrument setup (CHI760E). For in situ spectro-electro-
chemistry data, an Ocean Optics setup consisting of a deuter-
ium-halogen light source (DH-2000-BAL), optical fibers
(200 pm core diameter) and a spectrometer (FLAME-T-XR1-ES)
was used. In all electrochromic and energy storage related
measurements, 1 M LiClO, in PC was used as the electrolyte.
For all three-electrode based experiments, FTO plates spray-
coated with V,0s or electro-deposited PANI films on FTOs were
utilized as working electrodes, and platinum (Pt) wire and
silver (Ag) wire were employed as the counter and reference
electrodes, respectively.

3. Results and discussion
3.1. Negative electrode material (V,05)

3.1.1. Structural and morphological properties. The XRD
pattern of the activated V-MOF is presented in Fig. 1a, which
matches well with the reported simulated XRD pattern (CCDC
No. 605510).%%**** Before going ahead with the samples for
further processing, TGA/DSC measurements were performed.
As can be seen from Fig. S1,7 the initial weight loss of the
sample between 30 and 100 °C was ascribed to the desorption
of adsorbed water and solvent molecules. The weight loss of
14.4% in between 100 and 300 °C was attributed to the decoor-
dination of H,O molecules from the vanadium trimers and the
removal of guest molecules from the pores of the MOF struc-
tures. Finally, a weight loss of 52% beyond 300 °C leads to the
decomposition of the structures and removal of the carbon
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skeleton towards the formation of fluffy yellow V,05
samples.’’*® In differential scanning calorimetry (DSC)
measurement, the said change in the material is also reflected
as a strong endothermic peak centered at ~370 °C indicating
the structural collapse of the MOF during the formation of
V,0s. Fig. 1b presents the XRD data of V,05 samples. XRD pat-
terns of both 1 step and 2 step annealed samples match well
with the orthorhombic V,05 phase (JCPDS Card No. 01-072-
0433), indicating the crystalline nature of the samples.

Morphological characterization of the samples was con-
ducted by FESEM and TEM measurements. Fig. 1c illustrates
the morphology of the V,05-1 sample and the sample mainly
consists of irregularly shaped V,05; nanoplates of dimensions
ranging between 30 and 90 nm. A lower magnification TEM
image is presented in Fig. 1d, which is concurrent with the
FESEM images, exhibiting the presence of very thin nanoplates
in the sample. The high-resolution TEM (HR-TEM) data
(Fig. 1e) of the sample depicts the presence of lattice fringes
with spacings of 0.35 and 0.6 nm which correspond to the
(210) and (200) crystal planes of orthorhombic V,0s, respect-
ively. A similar sort of morphology was also observed for the
V,0s5-2 sample, as illustrated in Fig. S2a-2c.f Furthermore,
EDX mapping measurements were performed on both samples
to check the presence of different elements e.g., elemental
carbon along with vanadium and oxygen as shown in Fig. 1f-i
(and in Fig. S2d-2gt). Carbon mapping images (Fig. 1i and
Fig. S2gt) of both samples look almost similar and a very
small amount of carbon was observed. The amount of carbon
in both samples was quantified using XPS measurements as
discussed later.

Raman spectroscopy measurements were carried out on
both samples. Raman spectra (Fig. S31) highlight several well-
resolved peaks at ~145, 199, 286, 305, 405, 482, 527, 703 and
995 cm™" which are the characteristic peaks of crystalline
V,0s. The vibrational Raman active modes are associated with
vanadium-oxygen-vanadium bending vibrations, translational
modes and vanadium-oxygen stretching modes. The highest
intensity peak centered at 145 cm™" corresponds to the bond
deformation between different molecular units in the plane of
layers, also termed the skeleton bending vibration. The peak at
995 cm ™ is attributed to the stretching mode vibration related
to the V=0 bond.*

The surface chemical states of the V,05 samples were ana-
lyzed through XPS measurements as presented in Fig. 1j-m
and Fig. S4.1 Fig. 1j and Fig. S4at present the survey spectra of
the samples which show the peaks corresponding to the
vanadium, oxygen and carbon in the sample in accordance
with the EDX mapping data (Fig. 1f-i). From XPS measure-
ment, the carbon content in V,05-1 and V,05-2 samples were
quantified and found to be almost in the similar range of
12.43% and 12.47%, respectively. The core level spectra of V 2p
show two major peaks at 517.2 eV and 524.8 eV, which corres-
pond to V 2p,,, and V 2p;, (Fig. 1k and Fig. S4bt). On decon-
volution, the weaker and broader peaks at 516.3 eV and 523.6
eV are related to the presence of V** oxidation states and the
relatively stronger peaks (at 517.3 and 524.9 eV) are assigned to

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) XRD pattern of the activated V-MOF (purple) and the reported
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data CIF — 605510; (b) XRD data of V,05 samples along with JCPDS card

(01-072-0433) data; (c) FESEM image, (d) TEM image, (e) HRTEM image of the V,0s-1 sample and (f-i) EDX data for its elemental mapping, (j) XPS
survey spectrum of the V,0s-1 sample and deconvoluted XPS spectra of (k) V 2p, (1) O 1s and (m) C 1s levels.

the V°* states of V,05.*>?%*® The O 1s spectra provided in
Fig. 11 and Fig. S4ct can be deconvoluted into three peaks.
The most intense peak at 530 eV corresponds to the existence
of the V-O bond in V,0s. The peak that appeared at 531 €V is

This journal is © The Royal Society of Chemistry 2022

due to the C-O bond and the peak that emerged at 532.6 eV is
related to either O=C-O or the adsorbed H,O
molecules.*>*”*° Fig. 1m and Fig. S4df present asymmetric C
1s peaks, which were resolved into three peaks. The dominant
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peak at 284.5 eV arises due to the presence of graphitized
carbon (C-C and C=C) in the sample generated due to the
denaturation of the carbon skeleton during the annealing of
the sample. The peak located at 286.1 eV is associated with the
C-O bonds and the smallest peak at 288.5 eV is related to the
C=0 groups.*®>® Therefore, XPS data conclude the presence
of graphitized carbon in both samples in similar quantities.

Furthermore, N, gas adsorption measurement (Fig. S51) at
77 K was carried out to check the surface areas and pore size
distributions of the V,05 samples. The adsorption isotherms
exhibit the typical mesoporous nature of the samples. The
surface areas of the samples were calculated using the
Brunauer-Emmett-Teller (BET) fitting (Fig. S5b and S5et) and
the specific surface area was found to be higher (178 m* g™")
for the V,05-1 sample than for the V,05-2 sample (112 m”> g™ *).
The non-local pore size distribution (NLDFT) method was
used to calculate the pore-size distribution of the samples as
shown in Fig. S5c and S5f.1 A longer annealing time of V,05-2
(because of the 2-step annealing process) reduces the pore
volume in comparison to the only air annealed V,05-1 sample.
Overall, the mesoporous structures of the samples are expected
to ensure facile ion exchange with the electrolyte towards
better electrochemical performance.

3.1.2. Electrochromic studies on V,0; electrodes. The elec-
trochromic properties of V,05 electrodes were examined in a
three-electrode setup as mentioned in the Experimental
section using an in situ spectroelectrochemical technique.
Before analyzing the spectro-electrochemistry data, we investi-
gated the electrochemical process, responsible for the electro-
chromism of V,0s. The whole process of reversible colour
change is mostly dependent on the reversible Li* ion intercala-
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tion and deintercalation in V,0Os electrodes causing a redox
reaction which leads to a change in the oxidation state of
vanadium and consequently to different chromatic states. In
Fig. 2a, the cyclic voltammograms (solid line) (CV) of the V,05-
1 electrode at a scan rate of 7 mV s™' features two pairs of
redox peaks and the corresponding electrochemical reaction is
stated as follows:*"

V,05 + xLit +xe” « Li,V,05 (0 < x < 1) (1)

where x is the mole fraction of the intercalated Li" ions. Based
on the amount of inserted Li" ions, different crystal phases of
V,0; are designated. The 1% redox couple corresponds to the
change of a-V,05 (0 < x < 0.1) to &-V,05 (0.35 < x < 0.5) and the
2™ redox couple is ascribed to the conversion of &V,05 to
8-V,05 (0.9 < x < 1) and vice versa.>"*

The transmission spectra of V,05 samples were collected at
different voltages during the cathodic scan (+1 V to —1 V vs.
Ag/Ag" electrode). Fig. 2b illustrates the transmission spectra
of V,0s5-1 electrodes. The corresponding photographs of the
films at different voltages are shown in Fig. Sé6a.} The film
reversibly switches its color from yellow (+1 V) to bluish gray
(-1 V). Fig. 2c shows the transmission spectra at those two
extreme potentials along with the optical modulation data
(blue curve), which is defined as the difference between the
transmittance at the colored and bleached states of an electro-
chromic material at a particular wavelength A (i.e., AT = Ty,(4) —
T.(%)). The analogous data for V,05-2 electrodes are given in
Fig. S6b.7 Interestingly, it was observed for both the materials
that the transmittance in the visible and near infrared regions
changes reversibly upon applying voltages. Higher AT values
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Fig. 2 (a) Cyclic voltammogram (CV) of the V,Os-1 electrode in a three-electrode setup at a scan rate of 7 mV s~*in a 1 M LiClO,/PC electrolyte, (b)
transmission spectra of V,0s-1 films under different biases, (c) transmission of V,0s-1 films at two extreme potentials along with the transmission
modulation spectrum (AT) (blue line), (d) CV data (solid line) of the V,0s-1 film with in situ transmittance data (dashed lines) at 485 nm (dark yellow)
and at 1000 nm (blue), (e) switching times of V,0s-1 and V,05-2 at 485 nm under an alternating potential with 15 s interval, and (f) coloration

efficiency plot of both the samples.
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of about 35% at 485 nm and 26.5% at 1000 nm were obtained
for V,05-1 electrodes. In the in situ spectroelectrochemistry
measurement, the transmission modulation of the V,05-1 film
was closely monitored at 485 nm and 1000 nm, as illustrated
in Fig. 2d (dotted lines). The dynamical changes of transmit-
tances (indicated by arrows) are commensurate with the modu-
lation of the current density.

Switching time for the electrochromic materials is
described as the time required for attaining 90% of the total
optical modulation under the application of an alternating
potential. Switching times were measured at 485 nm (Fig. 2e)
and 1000 nm (Fig. S7at) wavelengths separately by applying +1
V and —1 V bias. The data for both samples are presented in
Table 1. Although each sample contains graphitized carbon
almost in close quantity; because of the higher surface area of
the V,05-1 sample, it manifests faster switching times com-
pared to the V,05-2 electrodes. The coloration efficiency (CE)
of an electrochromic material is an important parameter in
terms of estimating the power requirement for electrochromic
switching. This is defined as the ratio of the change in the
optical density (AOD) to the intercalated or deintercalated
charge density (mC cm™>).>* CE can be calculated from the fol-
lowing formula stated as:

CE = log (Tv/T.)/(Q/A) (2)

CE values were calculated at 485 nm and 1000 nm from the
slope of the AOD vs. charge density graphs, as shown in Fig. 2f
and Fig. S7b.T The obtained CE values for both material elec-
trodes are presented in Table 1. V,0s5-1 electrodes excel over
V,05-2 electrodes, since their higher surface area provides a lot
more active faradaic sites for facile electrochemical reactions.

3.1.3. Electrochemical impedance spectroscopy (EIS)
measurement on V,0; electrodes. EIS measurements were con-
ducted in a three-electrode setup for a better understanding of
the charge transfer kinetics of V,05 electrodes. The study was
performed using an AC signal of 10 mV amplitude with a fre-
quency range of 10 mHz to 100 kHz at the open circuit voltage.
Fig. S8at presents the Nyquist plots along with the fitted data.
An equivalent circuit was used for modelling the EIS data
(Fig. S8bt), where W is the Warburg impedance, Rs denote
resistances and Qs denote the constant phase elements (CPEs)
which actually refer to the non-ideality of the electrodes. It is
defined as Q = (Q, x (jw)*) ™", where, Q, is the pseudo-capaci-
tance and «a is a dimensionless parameter, which accounts for
the non-ideality, when « is 0, it is purely resistive and for ideal
capacitors a is 1.>®> R; in the circuit is attributed to the bulk
solution resistance. The depressed semicircles in high and
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medium frequency regions of the spectra are due to two
different types of charge propagation phenomena within the
system. The first process, modelled with a resistor (R,) in paral-
lel to a CPE (Q,) in the high frequency region is either related
to the passage of Li' ions through a passivation film or
through the electrode/electrolyte interface. The resistance R,
arises due to the mismatch in conductivity at the interface
during the charge transfer process. The second process in the
medium frequency region is mainly attributed to a faradaic
process limited by the adsorption of Li" ions on the surface of
V,05 electrodes. In the circuit diagram, it is presented by a par-
allel combination of a resistor, R;, which is associated with the
resistance of the electro-adsorption process and a constant
phase element, Q,, related to the redox active surface phenom-
enon. W corresponds to the solid-state diffusion of Li' ions
through the pores of V,0s nanoplates. The final circuit
element Q; is linked to the charging of a crystalline structure
by Li* ion intercalation at very low frequencies.’®””
Additionally, from EIS data analysis, it can also be realized
that the overall electrochemical reaction of V,05 electrodes is
governed by both diffusion and adsorption processes.
Different resistive elements introduced to explain different
physical processes are compared in Table S1} for the electro-
des. Analyzing the impedance data and previous results it can
be concluded that the overall reaction kinetics and electrochro-
mic performances of the V,05-1 material are superior to that
of V,05-2 due to its higher surface area. Hence, V,0s-1 electro-
des were deployed for further measurements related to energy
storage.

3.1.4. Scan rate dependent CV and ECSC measurements on
V,0s electrodes. Scan rate dependent CV data were collected
for both V,05 electrodes, to separate the current contributions
that originated from surface- and diffusion-controlled pro-
cesses. CV measurements at varying scan rates from 2 to
100 mV s~ were performed for the V,05-1 electrode as shown
in Fig. 3a. With an increase in the scan rate, the anodic and
cathodic peaks shift towards more positive and negative poten-
tials, respectively, which indicates that there is concentration
polarization of Li* ions at the electrode-electrolyte interface at
a higher scan rate.”® The peak current densities of CV and the
scan rates are connected by a relation, i = av®, where v is the
sweep rate and a and b are adjustable parameters. When b is
close to 1, it suggests that the reaction is governed by a
surface-controlled process and for the reactions purely influ-
enced by the diffusion process, b value is nearly 0.5. The inset
of Fig. 3a presents log(i) vs. log(v) plot and the extracted b
value is ~0.74 for the V,05-1 electrode, which implies that the
reaction is controlled by both surface and diffusion-controlled

Table 1 Comparison of optical modulation values, switching times and coloration efficiency values of V,0s-2 and V,0s-1 electrodes

AT (%) Coloring time (s) Bleaching time (s) Coloration eff. (cm* C™)
Sample 485 nm 1000 nm 485 nm 1000 nm 485 nm 1000 nm 485 nm 1000 nm
V,05-2 28.5 20.4 3 2.4 5.3 3.2 42.96 13.1
V,05-1 35 26.5 2.9 2.1 3.4 2.6 56.51 24.5
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Fig. 3 (a) Scan rate dependent CV data and in the inset log(i) vs. log(v) plot, (b) GCD plots at different current densities, and (c) comparison of areal

capacitances calculated from CV and GCD measurements, (d) in situ transmission data at 485 nm synchronized with the GCD data at different

current densities.

processes. As presented in Fig. S9a and S9b,} similar measure-
ments were done for the other sample also and the b value was
found to be ~0.72 suggesting the involvement of similar reac-
tion mechanisms. The current response (i) depends on
surface-controlled (a;v, includes electrical double layer capaci-
tance and surface controlled redox pseudo-capacitance) and
diffusion-controlled processes (a,»"?), and the total current
can be written as a combination of both, as given below:

= av + 1121)1/2 (3)

1)1/2 /2

From the slope and intercept of the graph, i/ vs. o'
(Fig. S10at), a; and a, coefficients are determined and in the
histogram plot of Fig. S10b,7 deconvoluted current contri-
butions are presented at different scan rates.** With an
increase in the scan rate, the contribution of diffusion towards
the total current gradually decreases as Li'" ions do not get
sufficient time to intercalate into the material.

Galvanostatic charge-discharge (GCD) data (Fig. 3b) for
V,0s5-1 electrodes were recorded over a potential window of
+1 V to —1 V (vs. Ag/Ag') at varying current densities from
0.02 mA cm™? to 0.7 mA cm 2. The non-linear discharge
curves consist of different segments - (a) an IR drop at the
start of discharge can be seen due to the internal resistance of
the system, (b) a steep linear section is due to the electrical
double layer formation and (c) the plateau regions in each
segment of the GCD profiles, which arise due to the faradaic

17378 | Nanoscale, 2022, 14,17372-17384

reactions, confirming the pseudocapacitive nature of V,05.%>%°
The areal capacitances were calculated from the charge-dis-
charge data according to the standard formula presented as
follows:**

Ca = (I x At)/(A x AV) (4)

where I is the discharge current density, At is the discharge
time, A is the geometric area of working electrodes and AV is
the IR drop corrected potential window. The highest areal
capacitance value, obtained from charge-discharge graphs was
13.44 mF cm ™2 at a discharge current density of 0.02 mA cm™>.
As the discharge current density increases to 0.7 mA cm™> the
areal capacitance value decreases to 11.89 mF cm™>, sustaining
88.5% of its capacitance value at 0.02 mA cm™>. Capacitance
values for V,05-1 electrodes were also extracted from the CV

data based on eqn (5):*
Ca:JidV/(Z X0 XA X Av) (5)

where [idV is the area under the curve of a CV at a specific
scan rate, v is the scan rate of CV, A is the geometrical area of
the electrode and Av is the potential window in which CV is
recorded. The areal capacitance values obtained from CV
curves vary from 14.6 to 12.64 mF cm > with scan rates
ranging from 2 to 70 mV s~ and these values are presented in
Fig. 3c to confirm the agreement of results derived from both

This journal is © The Royal Society of Chemistry 2022
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CV and GCD techniques. In situ optical response at 485 nm
synchronized with the GCD curves at two different current den-
sities are presented in Fig. 3d. During charging the color of
the electrode turns yellow and the corresponding transmit-
tance goes down, while the color gradually changes to bluish
gray during discharging and the transmittance goes up.
Overall, an optical contrast value of ~34% at 485 nm is exhibi-
ted by the V,05-1 electrode upon charging-discharging.

3.2. Positive electrode material (PANI)

PANI consists of two main repeating units, namely reduced
benzenoid and oxidized quinoid rings, the relative abundance
of which decides the oxidation states and the electrical and
optical properties of PANL®® PANI exists in three discernible
oxidation states. During electrochemical reactions it switches
between these states and gives rise to different colors and pro-
perties. The three prominent states are as follows: (i) comple-
tely reduced leucoemeraldine base (LB) state containing only
benzenoid units, which is nearly transparent or light yellow in
color, (ii) fully oxidized pernigraniline base (PEB) state (blue in
color) consisting of repeated units of benzenoid and quinoid
rings and (iii) partially oxidized emeraldine base (EB) state
(green in color) which is the most stable form of PANI in
ambient atmosphere.®*%*

3.2.1. Morphology and material characterization. The
images of the electrodeposited PANI film at different magnifi-
cations, presented in Fig. S11a-c,T show that the film consists
of an array of nanofibers of PANI. This porous nature of the
film is conducive to the passage of ions and increases the
effective contact area of the electrode material with the electro-
lyte. The chemical thumbprints were manifested by the
ATR-FTIR spectrum as shown in Fig. S11d.f The peak at
790 ecm ™" is due to the out of plane bending vibration of C-H
on the benzenoid rings.'®** The absorption peak at 1128 cm™*
corresponds to the in plane vibration of C-H present in the
aromatic rings.'®*"*> The peaks at 1244 cm™" and 1295 cm™*
are attributed to the stretching of the C-N bond of aromatic
amine."®*"*> The presence of the benzenoid and quinoid ring
vibrations of the PANI chains is confirmed by the absorption
peaks at 1483 cm ™" and 1558 cm™, respectively.'®*>

3.2.2. Electrochemical measurements on PANI electrodes.
Spectroelectrochemical studies of PANI electrodes were per-
formed in a 1 M LiClO,/PC electrolyte in a similar three-elec-
trode setup like V,05 electrodes. The electrochemical reaction
that drives the interchange of PANI within its different forms
can be given as:*>°°

PANI (LB) + nClO,~ < (PANI"")(ClO,~), (EB) + ne”

n

(PANI"")(ClO, "), (EB)+nClO, ™ «
(PANT*"")(ClO, ™), (PEB)+ne~

(6)

Two pairs of redox peaks arise in the CV profile of PANI due
to the doping/dedoping of anions, as presented in Fig. S12.}
The first redox couple at lower potentials is attributed to the
transition between the LB and EB states and the second pair of

This journal is © The Royal Society of Chemistry 2022
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peaks is due to the switch between the EB and PEB states as
described in the above reactions.

The transmission spectra of PANI electrodes at different
potentials (during anodic scan from —1 V to +1 V vs. Ag/Ag"
electrode) are shown in Fig. S13a.f The corresponding film
photographs are displayed in Fig. S13b.f The transmission
data at two terminal potentials (+1 V and —1 V vs. Ag/Ag") and
the corresponding optical modulation spectra are plotted in
Fig. S13c.t The highest change in transmittance in PANI films
was found to be nearly 75% at 650 nm. Supporting this, in situ
optical modulation of the film at 650 nm was measured by CV
at a scan rate of 30 mV s™*, as shown in Fig. S13d.}

Scan rate dependent CV data for the PANI electrode are
shown in Fig. S14a.} Fig. S14bt presents the log(i) vs. log(v)
plot and b value comes out to be nearly 0.9. Furthermore, it
can be concluded from the plots shown in Fig. S14df that
although the current density of PANI films mostly emerges due
to the capacitive process, the contribution also comes from the
intercalation of ions into the material. Fig. S15af presents the
GCD data of the PANI film at varying current densities. The
areal capacitance value ranges from 13.69 mF cm™> to 11.1 mF
em™? as the current density switches from 0.02 mA cm™> to
0.7 mA cm 2. Similar to the V,05 electrodes, the charge-dis-
charge profiles in this case are also non-linear, which points
towards the presence of surface-controlled faradaic processes.
The areal capacitance values for PANI films were also extracted
from CV curves according to eqn (5). The highest value
obtained was 12.3 mF cm ™2 at a scan rate of 10 mV s~ '. The
obtained values are compared in Fig. S15b.f With the increase
in the scan rate of CV or the current density in charge-dis-
charge, the areal capacitance value decreases due to the inac-
cessibility of reaction sites of the active material.*” The in situ
change in transmittance at 650 nm during charging-dischar-
ging of PANI electrodes at different current densities is pre-
sented in Fig. S15c.f During charging, the structural units of
PANI get oxidized, which demands doping of ClO,” ions into
the film to maintain the charge balance and this process is
accompanied by a transmission drop in PANI films. Removal
of electrons along with the movement of charge balancing
counter anions causes structural changes in the polymeric
chains, leading to the evolution of positively charged polaronic
and bipolaronic states. Oxidation of conducting polymers
leads to the generation of mid bandgap states and successively
creates new lower energy electronic transitions lying in the
near-infrared wavelength range.®®® During discharging, the
reduction of PANI takes place with the simultaneous return of
ClO,™ ions to the solution and the film gains its transparency
again.

3.3. Multi-colored electrochromic asymmetric supercapacitor
(MECASC)

CV curves collected for both V,05 and PANI electrodes in a
1 M LiClO,/PC electrolyte in a three-electrode setup are pre-
sented in Fig. 4a, which sustains our choice of using V,0;5 as a
negative electrode and PANI as a positive electrode in assem-
bling a MECASC for a voltage window up to 2 V. To obtain
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Fig. 4 (a) CV of PANI and V,Os electrodes separately measured in a three-electrode setup in the identical voltage window (+1 V vs. Ag/Ag™) with a
1 M LiClO,/PC electrolyte at a scan rate of 20 mV s (b) CV of the MECASC measured in a two-electrode setup at varying scan rates; (c) trans-
mission spectra of the device at two terminal voltages and the optical modulation spectra (dotted line); and (d) CV at varying potential windows with
simultaneous in situ transmission changes at 580 nm; (e) GCD profiles at different current densities, and (f) in situ transmission changes at 580 nm

in harmony with GCD profiles at two different current densities.

better performance from an ASC, the charge balance between
its two electrodes should be maintained; i.e., ¢* = g, where ¢*
and g~ correspond to the charges of positive and negative elec-
trodes, respectively, and g = I x At, where I and At are as
defined earlier. To do that, the first step was to take the
charge-discharge profile of the V,0s electrode at a fixed
current density, and then accordingly the electrodeposition
time (150 s) of the PANI film was adjusted such that the
capacity of the PANI film matches the capacity of V,Os.

3.3.1. Spectro-electrochemistry measurements in a two-
electrode configuration. Two-electrode CVs of the MECASC
were performed in a potential window of 0-2 V at varying scan
rates from 10 to 100 mV s~ (Fig. 4b). Semi-rectangular shape
of CV along with the presence of redox peaks affirms the syner-
gistic effect of both double layer capacitance and pseudo-
capacitance.”’ During anodic scan, Li* ion intercalates in the
V,0s5 electrode and simultaneously ClO,~ ions get doped into
the PANI film. During discharging, both cations and anions
leave the materials and get to the electrolyte besides producing
electricity. The half-cell reactions and the overall cell reaction
for the whole process can be depicted as:

Positive electrode - (PANI?™")(ClO, ), + 2ne”
«— PANI + 2nClO,~ (7)

Negative electrode - LiyV,05 < V,0s + xLiT +nxe”  (8)

Overall — 2nLi,V,05 4 (PANI*™")(ClO; ™ ),,,, < ©)
2nV,05+xPANI + 2nxLiClO,

17380 | Nanoscale, 2022, 14,17372-17384

The contribution of faradaic and surface controlled pro-
cesses of current was investigated, as shown in Fig. S16a-c.}
The plots of log(i) vs. log(v) at different voltages are given in
Fig. S16at and the extracted b values signify that the overall
reaction is dominated by a surface-controlled capacitive process.
The separation of capacitive and diffusive contributions of
current at different scan rates is presented in Fig. S16c.t

The transmission spectra of the MECASC were recorded at
different voltages during anodic and cathodic scans within the
voltage window of 0-2 V, Fig. S17a and b.} Transmission spectra
at the end voltages and the optical modulation spectra of the
system are shown in Fig. 4c. Transmission modulation reaches
a highest value of ~13.5% at 580 nm. At 0 V, the whole system
looks yellowish green in color (individually, V,05 and PANI film
colors are yellow and yellowish green, respectively) and with the
increase in applied bias, PANI and V,0Os gradually become oxi-
dized and reduced, respectively. As a consequence, the color of
the device changes to dark blue (where V,05 and PANI films
change to bluish gray and dark blue color, respectively).

CV profiles (at 30 mV s~ sweep rate) at different working
voltage windows are presented in Fig. 4d along with the
dynamic changes in transmissions at 580 nm, which are well
consistent with the change in current density. As the voltage
window increases beyond 1 V, surface-redox reactions start to
appear prominently, accompanied by an increase in optical
modulation value up to 40% of its initial value as depicted in
Fig. 4d. When operational voltage gradually increases from 1 to
2V, the energy density calculated according to the equation, E =
1/2 x CV?, elevates from 1.17 x 107> t0 2.93 x 10> mW h cm™2.

This journal is © The Royal Society of Chemistry 2022
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GCD measurements (Fig. 4e) of the MECASC module were
performed at different current densities ranging from 0.05 to
1.2 mA cm™? within the operational voltage window of 2 V. The
presence of nonlinearity in GCD profiles indicates the exist-
ence of faradaic reactions in PANI and V,0s. The areal capaci-
tance touches a maximum value of 12.27 mF cm ™2 at a current
density of 0.05 mA cm™> with an energy density of 2.21 x 10~°
mW h cm™>. At a 24 times higher current density of 1.2 mA
cm ™2, 58.2% areal capacitance value i.e., 7.14 mF cm > can be
retained compared to that at 0.05 mA cm™> and the energy
density decreases to 5.7 x 107" mW h cm™>. Fig. 4f presents
the optical modulation synced with GCD profiles at two
different current densities. Optical modulation at 580 nm
reduces from 13.7% to 12.9% with an increase in the current
density from 0.07 to 0.12 mA cm > with a simultaneous decre-
ment in areal capacitance from 10.63 to 9.52 mF cm™ > The
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probable reason behind this is the inaccessibility of active elec-
trode materials for charge storage as there is a limitation in
the migration of ionic species with the increase in the current
density.”*

Fig. 5a shows the GCD profile of the MECASC at a current
density of 0.12 mA cm™>. The photographs of the module are
presented in Fig. 5b at different instants of charging and dis-
charging as shown by the red circles in the GCD curve in
Fig. 5a. This well coordinated behavior of color changes (yel-
lowish green, dark green, greenish blue, blue and dark blue)
during charging-discharging of the electrode helps to uniquely
identify the state of charge of the system. To further under-
stand the performance of the MECASC system, the switching
times and the coloration efficiency were calculated. Switching
times were determined according to the description previously
given in section 3.1.2, by applying potentials alternating

(b)

Charging

Discharging

Fig. 5 (a) GCD profile of the MECASC at a current density of 0.12 mA cm™2, (b) photographs of the system at different voltages during charging and
discharging as assigned by the red circles in (a); (c) switching times of the module at 580 nm by applying 0 V and 2 V potential alternatively with 20 s
interval; (d) coloration efficiency of the system at 580 nm; and photographs demonstrate (e) charged and (f) discharged states of the devices, con-

nected in series; insets show the state of the LED in both cases.

This journal is © The Royal Society of Chemistry 2022

Nanoscale, 2022,14,17372-17384 | 17381


https://doi.org/10.1039/d2nr04841h

Published on 10 November 2022. Downloaded on 3/14/2026 9:13:29 AM.

Paper

between 0 V and 2 V. Calculated coloration and bleaching
times of the system were 16.4 s and 12.9 s, respectively.
Furthermore, the coloration efficiency (CE) was calculated at
580 nm wavelength according to eqn (2) and a high CE value
of 137.2 ecm® C™" was obtained for the module.

Cycling performance is a measure of the life span of a
device for practical applications. By conducting the cycling
stability measurement at a high current density of 1 mA cm™?,
it is observed that the supercapacitor can sustain nearly 50%
of its initial capacitance value after 7000 cycles (Fig. S18aft).
This kind of capacity decay is quite common among V,Os
electrodes.’”>>”>7 The galvanostatic charge-discharge (GCD)
curves of the module at a current density of 0.12 mA cm™>
along with the dynamic change of its transmission at 580 nm
wavelength before and after cycling are presented in
Fig. S18b.7 After cycling, the transmission modulation value at
580 nm reduces by ~18.47% of its initial value. There is a low-
ering in transmittance of the bleached state, which may be
caused due to the trapped charge inside the electrodes
because of repeated cycling.”#”> The morphologies of both
V,05 and PANI films were examined by the FESEM technique.
Fig. S19 and S207 present the FESEM images of V,05 and PANI
electrodes, respectively, at different magnifications (10 pm and
1 pm) before and after cycling. For the V,0;5 electrode, dark
patches were noticed on the films after cycling as presented in
Fig. S19c and S19d,t which are absent in the image, illustrated
in Fig. S19a and S19bt before cycling. The patches could be
the portions of the electrode from where chunks of electrode
materials were peeled off during cycling. Fig. S19b and S19d¥
illustrate these aspects with better clarity. This occurs due to
the mechanical stress generated during ion intercalation-dein-
tercalation,”® causing capacity fading for V,0s-based materials
as mentioned in previous reports.**””’® Additionally, no
visible color change of the electrolyte was noted after the
cycling test. According to other literature reports, V,O5 tends
to dissolve in an aqueous electrolyte during cycling;*”*" in
contrast, organic electrolytes effectively decrease the dis-
solution of V,05 and increase the stability of the electrodes.>
From Fig. S20a and S20c,} not much change in the PANI elec-
trode is observed before and after cycling. A closer inspection
reveals that the diameters of the pores in the PANI film
increased after cycling as presented in Fig. S20b and S20d.}

Prototypes of the MECASC (2.5 cm x 4 cm) were assembled
to demonstrate the practical applicability. The devices were con-
nected in series, which lit up the green LED for almost 7 min
(video provided in the ESIf). The photograph of the devices is
presented in Fig. 5e in their charged states with a glowing green
LED. Fig. 5f shows the discharged state of the devices with a yel-
lowish green color and an LED in the off state.

4. Conclusion

MOF-derived V,0s5 has been successfully synthesized and
employed as an electrochromic electrode, which shows large
optical modulations with very fast switching times and decent
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coloration efficiencies. Later, the V,0O5 film was used as the
negative electrode for the fabrication of a multicolored electro-
chromic asymmetric supercapacitor alongside an electrodepos-
ited PANI film, which was deployed as the positive electrode.
Owing to its multiple-colored states at different stages of char-
ging and discharging, it enables the direct determination of its
energy storage level with the naked eye. As an electrochromic
energy storage device, it demonstrates a high coloration
efficiency of 137.2 e¢m® C™' and an areal capacitance of
12.27 mF ecm™> with an energy density of 2.21 x 107> mW h
em™? at a current density of 0.05 mA cm 2. Moreover, this
operates as an energy-efficient EC device by eliminating the
requirement of energy during bleaching as it recycles the
energy stored during charging. In a nutshell, this work is a
new stride towards the intelligent automation of energy
storage devices.
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