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Three-dimensional nickel vanadium layered double
hydroxide nanostructures grown on carbon cloth
for high-performance flexible supercapacitor
applicationsT
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Bhuvaneshwari Balasubramaniam? and Raju Kumar Gupta & *2°

This study reports the synthesis of ultrathin Ni-V layered double hydroxide nanosheets on carbon cloth
(NVL@CC) through adopting a facile and cost-effective method for flexible supercapacitor applications.
The as-synthesized NVL@CC possesses a uniform, mechanically strong and highly ordered porous
network with connected pores, ensuring high specific capacitance and enhanced cyclability. A high
specific capacity of 1226 C g* (2790 F g™1) was obtained at 1 A g%, and it remained at 430 C g~ (1122
F g~) even at a higher current density of 10 A g~%. A hybrid supercapacitor (HSC) was assembled with
the NVL@CC electrode as the positive electrode and activated carbon coated carbon cloth as the
negative electrode (NVL@QCC//AC HSC). The devices showed an excellent energy density of 0.69 mW h
cm™ at a power density of 2.5 mW cm™> with 100% of the original capacitance being retained at
a current density of 5 mA cm™2. Furthermore, the devices exhibited an energy density of 0.24 mW h
cm™> even at a higher power density of 214.4 mW cm™>, surpassing the performances observed for
many recently reported flexible supercapacitors. Importantly, the electrochemical performance of the
solid-state flexible supercapacitors showed a negligible change upon bending and twisting of the
devices. The devices showed no decay in specific capacitance and coulombic efficiency up to 5000
charge—discharge cycles, confirming the excellent cycle life of the HSC device. The performance of
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Introduction

Recently, greater attention has been paid towards creating
flexible electronics, as they find larger application in the present
and future compatible energy storage devices."” As far as
applications such as wearable/foldable electronics are con-
cerned, flexible supercapacitors are considered as one of the
promising candidates, regarding the overall requirements.’”
Supercapacitors have attained great importance in energy
storage due to their superior power densities compared to
batteries. However, they still suffer from lower energy densities
(=10 W h kg™ ") than rechargeable batteries.®® The two gov-
erning mechanisms behind the functioning of supercapacitors
(SCs) are electrical double layer capacitance (EDLC) and
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NVL@CC indicates the great potential of the material for future flexible energy storage devices.

pseudocapacitance. Mainly carbonaceous materials work based
on the EDLC mechanism,® and on the other hand, there are
materials such as metal oxides/hydroxides (e.g., cobalt,
manganese, nickel, and ruthenium), whose redox behavior
makes them follow the pseudocapacitance mechanism.*
Available literature data record that monometallic oxides/
hydroxides (e.g., Ni(OH), and Co(OH),) suffer from a dura-
bility point of view, and intensive research is thereby focused on
developing their bimetallic counterparts." Layered double
hydroxides (LDHs) are highly promising and interesting 2D
materials having 3D nanostructures. Besides that, rightly tuned
LDHs with the general formula [M(;_x>" M’ (OH),J*" [A" ]y
»-mH,0 have enhanced surface area and stability, which keep
the neighboring layers apart from each other and also help in
channeling electron/ion movements during charge/discharge
cycles." Furthermore, this leads to enhanced specific capaci-
tance and stability of the devices.*” Their applications include
electrocatalysts, electrochemical sensors, electrochemical water
splitting,™ and SCs."*™"

Recently, carbon cloth has attracted significant attention in
developing flexible supercapacitor electrodes due to its robust
mechanical stability, unique 3D structure, appreciable electrical
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conductivity, flexibility, foldability, and cost-effectiveness."*>"
The performance of highly flexible devices strongly depends on
the mechanical integrity of their constituent materials. Even
though many studies have proven the functionality of the high-
performance flexible supercapacitors built with layered double
hydroxide electrodes, a great deal of research effort needs to be
devoted for promoting them for commercial applications.
Although several synthetic strategies and physicochemical
characterization of various counterparts of LDHs and their
carbon composites have been detailed previously,” studies
about LDHs on carbon cloth as flexible supercapacitor elec-
trodes are rather scarce. Among the various materials discussed
above, Ni(OH), exhibits high theoretical specific capacitance
and good chemical stability and is an environmentally friendly
and earth abundant material. However, it suffers from poor
electrical conductivity (0.01 to 0.32 S m ™). Thus, vanadium (V)
was introduced to improve the conductivity of Ni(OH),.>>*
Moreover, V is cheaper compared to Ru and less toxic compared
to Co. Recently, we studied the effect of Ni to V ratio on the
supercapacitive performance of Ni-V LDH nanosheets and
showed that nickel vanadium LDH (NVL) has great potential for
storing electrochemical energy.*

Furthermore, to the best of our knowledge, NVL on carbon
cloth (CC) as an electrode material for flexible supercapacitor
applications has not been reported. In this context, we aim to
achieve a nickel vanadium LDH coating and its crystal growth on
carbon cloth via a hydrothermal in situ growth route. Also, weakly
bound materials on the carbon cloth surface are ensured by
subjecting the as-synthesised NVL on CC (NVL@CC) electrodes to
the ultrasonication test. The key step in this study is the guar-
anteed, careful and uniform crystal nucleus growth of NVL on the
CC substrate surface. A well-arranged crystal growth creates
molecular interaction between the nucleus of the active material
and substrate, which simultaneously takes care of the transport
properties of ions during electrochemical cycling, resulting in
improved overall performance. A three-electrode cell assembly,
and symmetric and hybrid devices were constructed for assessing
the electrochemical behavior of the NVL material.

Materials

Nickel chloride (NiCl,) (98% pure), vanadium chloride (VCl;)
(97% pure), potassium hydroxide (KOH), polyvinyl alcohol
(PVA), poly(vinylidene fluoride) (PVDF, average M,, = 534 000),
lithium chloride (LiCl) and hexamethylenetetramine (HMTA)
were purchased from Sigma Aldrich, India. Conducting carbon
fiber cloth was purchased from a fuel cell store. Sulphuric acid
and N-methyl-2-pyrrolidone (NMP) were purchased from Merck
India. Activated carbon and conducting carbon (Super P) were
purchased from MTI Corporation.

Etching of carbon cloth

The as-purchased carbon cloth was hydrophobic; electro-
chemical etching of carbon cloth was carried out to make it
hydrophilic. During electrochemical etching, a piece of carbon
cloth (1 cm x 3 cm) was used as a working electrode, a Pt rod as

This journal is © The Royal Society of Chemistry 2019

View Article Online

Nanoscale Advances

a counter electrode, Ag/AgCl as a reference electrode and 1 M
H,S0, as the electrolyte. Etching of carbon cloth was done by
applying a constant voltage of 2 V for 10 min.*®

Synthesis of NVL@CC

Synthesis of NVL@CC was carried out via a simple, cost-
effective and potentially scalable hydrothermal technique. For
a typical synthesis, 2.6 mmol of NiCl, and 0.64 mmol of VCl;
were mixed with 6.48 mmol of HMTA in 40 mL of DI water, and
the solution was magnetically stirred for 30 min. After that, the
solution was transferred into a Teflon lined stainless steel
autoclave along with a piece of carbon cloth and was kept at
120 °C for 12 h. After the reaction, the autoclave was left to cool
down naturally. After NVL loading, CC was cleaned and soni-
cated with DI water and ethanol for 5 min and was left for drying
at 60 °C for 12 h under vacuum. NVL loading was found to be 2-
2.2 mg on CC. The as-synthesized NVL coated CC was named
NVL@CC and used as such as a supercapacitor electrode.”®*”

Preparation of PVA/LiCl gel electrolyte

The alkaline PVA/LiCl gel polymer electrolyte was prepared
through a solution casting method. 2 g LiCl and 1 g PVA were
mixed in 10 mL of DI water and the mixture was stirred vigor-
ously at 85 °C until it turned clear.”®

Synthesis of the activated carbon electrode

Activated carbon, PVDF and Super P were taken in a weight ratio
of 75:15:10 and were mixed for 30 min in a mortar with
a pestle. After that, the mixture was stirred in NMP solvent for
12 h, coated on etched carbon cloth and dried at 80 °C for 12 h
under vacuum. After drying, the activated carbon coated carbon
cloth was directly used as an electrode for supercapacitor testing.

Materials characterization

Field emission scanning electron microscopy (FESEM, Quanta
200, Zeiss, Germany) and transmission electron microscopy (FEI
Titan G2 60-300 TEM (HR-TEM)) were used to observe the
morphology and size of the as-synthesized NVL@CC. Elemental
mapping of the samples was carried out by energy dispersive X-
ray spectroscopy (EDX coupled with FESEM, Oxford Instru-
ments, UK). The X-ray diffraction (XRD) patterns of NVL@CC and
etched carbon cloth were obtained using the Cu Ko wavelength (4
= 1.5406 A) of an X-ray diffractometer (X'Pert Pro, PANalytical,
Netherlands). The presence of functional groups on the NVL@CC
and etched carbon cloth was studied through analyzing Fourier
transform infrared spectra (FTIR, PerkinElmer, USA). X-ray
photoelectron spectroscopy (XPS) measurements were carried
out with a PHI 5000 Versa Probe II, FEI Inc. spectrometer to
understand the oxidation states of Ni and V elements in
NVL@CC. The C 1s hydrocarbon peak at 284.6 eV was taken as
a reference for the binding energy values for all the samples.

Electrochemical characterization

A three-electrode setup was used to carry out the electro-
chemical testing to study the NVL@CC performance. NVL@CC
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was directly used as a working electrode for electrochemical
testing. Ag/AgCl/KCl and a Pt rod were used as reference and
counter electrodes, respectively, while 2 M KOH was used as an
electrolyte in three-electrode testing.

Pieces of NVL@CC (1 x 3 cm?) and activated carbon coated
etched carbon cloth (1 x 3 cm?) were taken and placed face to
face over each other to fabricate the NVL@CC//AC HSC using
a PVA/LICl gel electrolyte membrane in between. The device was
left for solidification of the gel electrolyte for 5 min and was
tested for electrochemical performance immediately afterward.
The overall thickness of the device was found to be ~0.3 mm,
facilitating good contact between the NVL@CC and PVA/LiCl
gel polymer electrolyte.”®

To maintain charge neutrality (. = ¢g_) during the HSC
testing, the mass ratio of active materials at the positive (m,)
and negative (m_) electrodes was maintained according to the
following equation:

my X Co x AVy=m_x C_x AV_ )]

Here C., AV,, C_, and, AV_ are the specific capacitance and
voltage window used for GCD measurement for the positive
electrode and the negative electrode, respectively. The optimum

. m.y . .
mass ratio { — | (based on specific capacitance at a current
m

density of 3 A g~ and respective voltage window for the positive
and the negative electrode) was found to be 1.86. A potentiostat/
galvanostat (Metrohm Autolab PGSTAT302N, Netherlands) was
used to measure cyclic voltammetry (CV), galvanostatic charge—
discharge (GCD) and electrochemical impedance spectroscopy
(EIS). All EIS measurements were done at open circuit potential.
The specific capacitance, energy density (E) and power density
(P) of the HSC were calculated using the following equations:**°

I x At 4
Cs = AV (F g ) (for three electrode set up)
_ I x At

m

C (C g') (for three electrode set up)

_ I x At o
Cy = YUNG (mF cm™) (for HSC)
I x At _
Cy = AN (mF cm™) (for HSC)
E= 3 xCy x AV*(mW h em™)

E _
P= E(mthm 3)

Coulombic efficiency = Z—d x 100
C
where Cs is the specific capacitance based on the mass of active
material coated on carbon cloth for a single electrode, m is the
mass of the active material on the carbon cloth electrode in a 3
electrode setup, A is the area of the active electrode, V is the
volume of the HSC, C, and Cy, are the specific capacitance of the

2402 | Nanoscale Adv., 2019, 1, 2400-2407

View Article Online

Paper

HSC based on the area and volume of the HSC device, I is the
current (A), At is the discharge time, AV is the potential window
used at the time of GCD measurement, ¢, is the discharge time
and ¢, is the charge time during GCD measurement.

Results and discussion

The typical XRD spectra of CC and the as-synthesized NVL@CC
are shown in Fig. 1a. The XRD spectra confirm the peaks cor-
responding to (Akl) planes (003), (101), (012) and (113) of the as-
synthesized NVL@CC. The peaks in NVL@CC are in good
agreement with those in the referenced nickel vanadium
carbonate hydroxide hydrate material with JCPDS card no. 052-
1627. It can be argued that the presence of an intense high peak
of carbon cloth at 25.6° overlapping with an intense peak of
NVL®@CC at 22.78°, due to the (006) plane and shifted slightly
left in the XRD spectra, indicates the successful loading of NVL
on carbon cloth. Also, there are no impurities detected in the as-
synthesized NVL@CC. From the XRD spectra of the as-
synthesized NVL@CC, the interlayer distance (dyo3) for the
(003) plane calculated from Bragg's formula is found to be
0.79 nm.*"** The surface morphology of NVL@CC (Fig. 1b and
S1t) confirms the presence of well-separated, vertically grown
and uniformly aligned nanosheets with 3D nanostructures on
the carbon cloth. As seen from the SEM images of NVL@CC, the
formation of honeycomb-like structures via the in situ growth
process provides enriched electrochemically active sites. This
will induce fast redox reactions on the electrode surfaces, and
the interconnected porous channel can influence or help
intercalation/deintercalation of ions in the electrolyte.*® There-
fore, excellent electrochemical activity of the electrodes could be
achieved. Elemental mapping in Fig. 1c shows the uniform
distribution of Ni, V, and O in the NVL@CC. Fig. 1d presents the
TEM and HRTEM images and SAED pattern for NVL@CC. TEM
confirmed the formation of thin nanosheets (~1-2 nm) of NVL.
The SAED pattern reveals the semi-crystalline nature of the as-
synthesized NVL.** The HRTEM image of NVL@CC reveals
that the crystal lattice fringe d-spacing was 0.26 nm, corre-
sponding to the (101) plane of NVL. This result is consistent
with the XRD spectra of NVL@CC. Fig. 2 presents the XPS
spectra for the as-synthesized NVL@CC. The survey scan
(Fig. 2a) showed the presence of both elements Ni and V in
NVL@CC. Ni 2p spectra showed two main peaks, Ni 2p3/, (850-
870 eV) and Ni 2p;,, (870-890 eV), resulting from the spin-
orbital splitting of the p orbital. Ni 2ps, and Ni 2p,,, present
two main peaks at 853.9 eV and 871.7 eV along with two intense
satellite peaks at 859.9 eV and 877.9 eV (Fig. 2b); this is the
characteristic signature of Ni**.>*3 V 2p core level spectra
(Fig. 2c) showed three peaks for V** (516.2 eV), V** (516.9 eV)
and V** (517.9 eV).>*>¥ Fig. 2d shows the FTIR spectra for etched
carbon cloth and NVL@CC. The FTIR spectra for CC and
NVL@CC matched with each other, and a few new peaks
appeared in NVL@CC due to the formation of NVL over CC. The
absorption bands appearing at ~3437 cm ™', ~1639 cm ™' and
~1072 cm ™' are primarily due to the stretching and bending
vibrations of the -OH group, indicating the presence of water
molecules in the interlayers and metal (Ni** and V**)-hydroxyl

This journal is © The Royal Society of Chemistry 2019
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NVL@CC; (d) FTIR spectra for etched CC and NVL@CC.

1 1

bond.*® The bands present at ~1373 ¢cm™ and ~2920 cm™
indicate CO;>~ and CO;*> -H,O stretching vibrations,
respectively.*®

Electrochemical characterization of NVL@CC was carried
out through a three-electrode setup using 2 M KOH. Fig. 3a
shows the CV curves for NVL@CC in the potential range of 0 to
0.5 V at scan rates varying from 5 mV s~ to 100 mV s~ *. The CV
curves exhibited a well-resolved redox peak at all scan rates.*’ It
is expected that the redox peaks appearing in the CV curves are
due to the redox behavior of Ni, present in NVL@CC.*' It is also
evident from the CV curves that cathodic and anodic peaks shift
toward more negative and more positive potential, respectively,

This journal is © The Royal Society of Chemistry 2019

as the scan rate increases from 5 mV s~ ' to 100 mV s~ *, sug-
gesting the reversible faradaic behavior at the time of oxidation
and reduction of NVL@CC. It is also clear from the CV curves
that the redox current increases as we go from a low scan rate to
a higher scan rate. The enhanced specific capacitance of the
NVL@CC electrodes during CV is due to the reversible reactions
of Ni** bound to OH™. V helps in increasing the conductivity,
resulting in facile charge transportation for the NVL@CC.*>*?
The same can be expressed by the following redox equation of
the NVL@CC during the CV test.**?

Ni(OH), + OH™ < NiOOH + H,0 + ¢~ )

The GCD curves at various current densities (1 A g to
10 A g~') are shown in Fig. 3b. The shape of the GCD curves is
nonlinear, indicating the quasi-reversible e transfer between
NVL®@CC and electrolyte. It also confirms that NVL@CC behaves
like a battery material and the corresponding specific capacitance
is due to the faradaic mechanism.* The GCD curves retained their
shape as the current density was increased from 1 A g ' to
10 A g~ ', demonstrating the higher rate capability of NVL@CC.
The specific capacity of NVL@CC was found to be 1226 C g~*
(2790 Fg™"),862Cg " (2000 Fg™"),663Cg ' (1574 F g ), 596 C
g ' (1445F g "),550Cg ' (1351 Fg " and 430 Cg ' (1121 Fg )
at current densitiesof 1Ag™',2Ag 1,3Ag ", 4Ag ,5Ag "and
10 A g, respectively. The variation of specific capacity with
current density is shown in Fig. 3c. This high rate capability of
NVL®@CC can be due to a reduction in the diffusion path of ions,
increased accessible surface area and high electrical conductivity
of carbon cloth.”” The specific capacitance for other materials
grown on carbon cloth is compared in Table 1. NVL@CC showed
the highest specific capacitance compared to other reported LDHs
at a current density of 1 A g~ ' while having a comparable working
potential window. The GCD curves are used to calculate the

Nanoscale Adv., 2019, 1, 2400-2407 | 2403
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potential drop due to internal resistances, found to be 11.28 mV at
a current density of 1 A g~ " and increasing to 85.25 mV as the
current density was increased to 10 A g~ *. A small potential drop
signifies the lower internal resistance of the electrode and
confirms the higher conductivity of the NVL@CC material. The
EIS spectrum for NVL@CC is presented in Fig. 4a and confirms
that experimental data points are well harmonized with the fitted
data points. The equivalent circuit fitting showed equivalent
series resistance (Rs), charge transfer resistance (R.) and pseu-
docapacitance (Cp) values of 2.38 Q, 5.34 Q and 4.55 mF, respec-
tively. Lower charge transfer resistances are responsible for the
faster redox kinetics during the charge and discharge process and
higher conductivity of NVL@CC.* The cycling stability curve for
NVL@CC in Fig. 4b shows that the specific capacity value
decreases continuously for the first 600 cycles and then starts
increasing because of the creation of new active sites due to
continuous charging and discharging.* We did not observe any
peeling of NVL from the surface of CC during the cycling and
thus, depicting the good adhesion of NVL over the surface of CC.
The cycling study showed 75% retention in specific capacity at
a current density of 10 A g~ " after 2000 cycles. The capacitance
decay may be due to a phase change, structural collapse or
reduction of the active surface area during -charging-
discharging.*®

To further explore the potential of NVL@CC in flexible and
lightweight wearable electronics, hybrid supercapacitor (HSC)
devices were fabricated using PVA/LICl as a gel polymer elec-
trolyte. Fig. S2at presents the CV curves of the NVL@CC//AC
HSC at various potential windows which vary from 0.9 V to
1.5 V at a constant scan rate of 10 mV s~ . From this study, we
can infer that the exact trace as obtained with the working
window of 0 to 0.9 V for an NVL@CC HSC is followed further for

Time (s)

o

2000 3000 0 2 4 6 8 10

Current density (A g-1)

(a) CV curves for NVL@CC at various scan rates; (b) GCD curves for NVL@QCC at various current densities; (c) variation of specific capacity
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Fig. 4 (a) EIS spectra for NVL@QCC; (b) variation of specific capacity

with the number of charge—discharge cycles at 10 A g%,

all CV curves up to a 1.5 V potential window, suggesting that the
potential window can be extended up to 1.5 V easily. Fig. 5a
illustrates the typical CV curves for the NVL@CC//AC HSC in the
potential window of 1.5 V at various scan rates. It is clear that
the shape is not rectangular as shown for EDLCs, which is
indicative of the intercalating pseudocapacitive nature of the
NVL@CC electrode. It also indicates that as the scan rate is
increased, the shape of the CV curve does not change much.
Also, redox peaks shift towards more negative potentials, which
is indicative of an increase in the capacitive process, agreeing
well with the power law.*” To check the flexibility characteristics
of the NVL@CC//AC HSC device, we tested the as-fabricated
electrodes under various bending angles and in a twisted
state. Fig. S2bt shows the CV curves for the NVL@CC//AC HSC
device under normal conditions, at various bending angles (60°,
90°,120°, and 180°) and in the twisted state. Fig. S2b¥ illustrates
that there is no significant change in the device performance
even after repeated bending and twisting of the NVL@CC//AC
HSC. Fig. 6 shows the digital photographs of the NVL@CC//
AC HSC at various bending angles and in the twisted state.

Table 1 Comparison of NVL@CC with other materials grown over carbon cloth

Specific capacitance at
a lower current density

Specific capacitance at
a higher current density

Active material (Fg™h (Fg™ Electrolyte Potential window Ref.
Co-Fe LDH 774Fg tat1Ag" 496 Fg 'at10Ag " 2 M KOH —0.1-0.4 V 27
Co-Mn hydroxide 633.4Fg 'at1Ag " 477.8Fg "at20Ag " 1 M KOH —0.1-0.4 V 53
Co-Mn LDH 1079 Fg 'at2.1Ag " 891 Fg 'at42A¢g ! 1 M LiOH —0.2-0.6 V 54

Ni-Mn LDH 2239 Fg ' at 5 mA cm > — 2 M KOH —0.1-0.5 V 26
CoNig 5 LDH 1938 Fg 'at1Ag " 1551 Fg 'at50 Ag " 2 M KOH 0-0.6 V 55

Ni-V LDH 2790 Fg 'at1Ag " 1121 Fg 'at10Ag™" 2 M KOH 0-0.45V This work
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Fig. 5 (a) CV curves for the NVL@QCC//AC HSC at various scan rates;
(b) GCD curves for the NVL@CC//AC HSC at various current densities;
(c) variation of specific capacitance and coulombic efficiency with the
number of charge—discharge cycles; (d) EIS spectra for the NVL@CC//
AC HSC.

The overall thickness of the device was ~0.3 mm. These results
illustrate that the NVL@CC//AC HSC device possesses very
high flexibility and is lightweight, which is one of the most
suitable criteria for wearable and portable electronics. Results
for activated carbon coated on carbon cloth and etched carbon
cloth are discussed in Fig. S3 and S4.1 There is no significant
contribution of etched carbon cloth in the device performance
(Fig. S4ct). Fig. 5b and S2ct present the GCD curves for the
NVL@CC//AC HSC device at various current densities varying
from 0.1 mA cm ™2 to 10 mA cm 2 in the potential window of
1.5 V. The GCD curves exhibit small non-linearity during
charging and discharging, which illustrates the pseudocapa-
citive behavior of the NVL@CC//AC HSC. No significant iR-drop
was recorded even at a higher current density of 10 mA cm ™2,
indicating the low internal resistance of the NVL@CC//AC
HSC.*® The specific capacitance variation with charge density
for three different devices is presented in Fig. 7a. The
maximum specific capacitance was found to be 91 mF cm ™2, 40
mF cm ™2, 39 mF cm ™2, and 38 mF cm ™2 at current densities of

twisted

normal

Fig. 6 Digital photographs of the NVL@CC//AC HSC at a various
bending angles and in the twisted state.
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Fig. 7 (a) Variation of specific capacitance with current density for the
NVL@CC//AC HSC; (b) Ragone plot for the NVL@CC//AC HSC and
other devices reported in the literature.

0.1 mA cm %, 0.2 mA cm 2, 0.5 mA cm > and 1 mA cm 2,

respectively. The maximum specific capacitance remained at
37 mF em ™ even at a higher current density of 10 mA em™>.
The cycling stability of the NVL@CC//AC HSC device was tested
at a current density of 5 mA cm ™ 2. The devices showed no decay
in specific capacitance and coulombic efficiency up to 5000
charge-discharge cycles, confirming the excellent cycle life of
the NVL@CC//AC HSC device. In the literature, it was shown
that LiCl/PVA gel electrolyte stabilized the cycling performance
of V based compounds by preventing the loss of V during
cycling.* Fig. 5d shows the EIS spectra of the NVL@CC//AC
HSC device before and after 5000 charge-discharge cycles. It
is observed from the EIS spectra that the quasi-vertical line in
the lower frequency region makes a quite larger angle with the
real axis as illustrated for a typical Warburg angle (45°), con-
firming a better electrolyte diffusion-controlled process at the
electrode and electrolyte interface.*” The lower charge transfer
resistance (R.) of 16.6 Q further indicates the higher conduc-
tivity of the NVL@CC//AC HSC. From the equivalent circuit, we
can observe equivalent series resistance (R;) and pseudocapa-
citance (Cp) values of 29.1 Q and 12.7 mF, respectively. After
5000 cycles, R, Rs, and Cj, values change to 20.6 Q, 22.4 Q and
16.1 mF, respectively. The energy density of the NVL@CC//AC
HSC was found to be 0.69 mW h em ™ at a power density of
2.5 mW cm ° and it remained at 0.24 mW h cm ™ at a higher
power density of 214.4 mW cm . Fig. 7b presents the Ragone
plot for the NVL@CC//AC HSC device and other LDH materials.
The Ragone plot shows that the energy density of the
NVL@CC//AC device is higher than that of other reported
flexible supercapacitors.**-*> The NVL@CC//AC HSC device was
also used to light up a 1.8 V red light emitting diode (LED).
Three such devices were used to power the LED for more than
1 min (Movie S1%).

Conclusion

In summary, NVL@CC has been synthesized through a facile
and cost-effective hydrothermal route. The as-synthesized
NVL@CC possesses a uniform, mechanically strong and
highly ordered porous network with connected pores, which
ensures high specific capacitance and enhanced cyclability.
Furthermore, a full solid-state hybrid supercapacitor device was
fabricated. The electrochemical performance of the solid-state
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flexible supercapacitors showed a negligible change upon
bending and twisting of the devices. Hence, the procedure
adopted for the synthesis of NVL@CC can be further applied to
scalable applications and will help to develop future SC devices
having high flexibility without compromising the cyclability and
performance of the electrodes.
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