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HIGHLIGHTS

GRAPHICAL ABSTRACT

Complete symmetric supercapacitor de-
vice with a wide voltage frame of 2 V.
Highest recordable specific capacitance
of 569.7 F/g at 2 mV/s scan rate.
Remarkable energy density of 62 Wh/kg
and power density of 11.5 kW/kg with
capacitive retention of 89.2 % for 4000
cycles.

Glowing of red LED shows the practical
aspect of device.
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Proper selection of electrode material with sensible scheme is definitely significant to dodge commercial obsta-
cles of supercapacitors. This challenge has been addressed by engineering prototype symmetric supercapacitor
(SSC) device fabricated with enhanced supercapacitive vanadium (V) oxide integrated multi-walled carbon
nanotubes (MWCNTSs) composite as electrode material with Li-ion associating LiClO4 electrolyte. The V,0s/
MWCNTSs composite with nanoscale architecture has been synthesized with inexpensive and simple chemical
bath deposition (CBD) method. The cyclic voltammetry of SSC device has exhibited the involvement of electro-
chemically active reversible redox process in the composite. The specific capacitance of 569.7 F/g at scan rate
of 2 mV/s including excellent electrochemical stability of 89.2% at 4000 CV cycles have been achieved with oper-
ating potential window of 2 V. Furthermore, the device exhibits excellent energy density of 62 Wh/kg and excep-
tional power density of 11.5 kW/kg. The low resistive factors have driven the device towards the potential

application as glowing of red LED for 10 s.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Due to energy snags, unfathomable efforts have been made to design
novel supercapacitors (SCs), which have been measured as potential
energy storage solutions due to their necessary assets of pronounced
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charge/discharge, exceptional lifetime, light weight and compact size
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[1]. However, there are several obstacles in developing high perfor-
mance SCs due to restrictions regarding to both the electrolyte and elec-
trode components. The performance of supercapacitors is not only
dependent on the electrode materials, but also strongly affected by the
employed electrolytes [2]. The environmental points and favorable
cost of SCs associating with aqueous electrolytes are influential; still, ad-
vancement towards inexpensive and high specific capacitance SCs
poses a substantial challenge.

Electrochemical capacitors centred on transition metal oxides
showed remarkable capacitance with better electrochemical stability
than the conventional conducting polymers and carbon materials [3].
Previously, ruthenium oxide was one of the most promising metal
oxide electrodes for electrochemical supercapacitor owing to its ex-
traordinary specific capacitance. However, the cost of this novel metal
oxide is too expensive to commercialize, efforts have being made to-
wards exploration on alternative electrode materials for supercapacitor
to achieve better electrochemical properties.

The thin layer of V,0s is being considered the topic of research in
current years due to their structure, morphology, physical and corre-
sponding chemical characteristics, which lead towards various real-
world applications. V,0s is specified by layered structure in which the
alkaline atoms can reversibly deintercalated after being intercalated
[4]. As a result, V,0s as intercalation compound has attracted a lot for
electrochemical pseudocapacitor application. In precise case, single
V5,05 unit can take part in insertion/extraction up to three lithium
ions, resulting a total capacity of 440 mAh/g in voltage frame of
1.5-3.8 V [5]. On the other hand, combining V,0s with conductive car-
bon nanomaterials has been justified to be an efficient method to im-
prove not only the electric transport properties, but the cyclic stability
by enhancing adhesion with nanostructures [6-8]. Wu et al. prepared
V,05/MWCNTs hybrid which exhibit outstanding capacitance of
625 F/g with excellent cyclic stability (> 20,000 cycles) [9]. With the
help of hydrothermal process, Lee et al. synthesized graphene decorated
V,05 with enhanced specific capacitance of 288 F/g [10]. Furthermore,
the V,0s/carbon nanofiber composite exhibits improved capacitance
of 150 F/g with higher energy density of 18.8 Wh/kg as reported by
Kim et al. [11].

As various application requires minimum operating voltage of 1.5V,
many efforts have been put forth to widen the potential window of
supercapacitor above 1.5 V for single device by combining asymmetric
or symmetric device configurations. Asymmetric configuration involved
two dissimilar electrode materials whereas symmetric involves both
electrodes of same material. Designing and making it industry scalable,
symmetric configuration is easy and cost effective. It requires two elec-
trodes coated with active material and sandwiched by using mem-
brane/separator which is soaked with liquid electrolyte for liquid
configured device. Hence, efforts have been put forth to assemble sym-
metric configured supercapacitive device with widen potential window
of 20 V.

An attempt has been made to synthesize V,05 by simple and inex-
pensive chemical bath deposition (CBD) method to design the
supercapacitor device in aqueous electrolyte. Present study emphasizes
(i) exploitation of easy CBD method to prepare V,0s nanostructure onto
‘dip and dry’ coated stable and conductive MWCNTSs nanonetwork, (ii)
symmetric supercapacitor (SSC) device fabrication using nanoscale
V05 architecture with improved electro-active cavities for LiClO4 elec-
trolyte to penetrate, and (iii) improved capacitance and power/energy
density values with decent cyclic stability in well-defined steady
manner.

2. Experimental techniques
2.1. Synthesis of V,0s/MWCNTSs thin film

The MWCNTs film on stainless steel (SS) substrate was prepared by
easy ‘dip and dry’ process as illustrated in our previous report [12]. Now,

V,05 was synthesized by adopting simple CBD method. Ionic and solu-
bility product plays a vibrant role for CBD method. Normally the ionic
product of both anion and cation will comparable with the solubility
product of consisting oxide in saturation condition for CBD method.
While it exceeds, ions combine and precipitation follows on substrate
as form of deposition. First, 0.4 ml of 1 M NaOH was added drop wise
in aqueous VOSO, solution (0.1 M) to obtain a blue colored uniform so-
lution by preparing vanadyl ion (VO?™) bath. The homogeneous solu-
tion was maintained at 60 °C for 3 h with continuous stirring of
100 rpm to get green colored V5,05 nanostructure on MWCNTSs substrate
which was dipped initially in the solution. At the MWCNTs surface, the
ionic cluster of VO3 is oxidized to deposit solid V,0s through the pro-
viding reaction [13]:

2V0?* 4 3H,0°%V,05 + 6HT + 2e~ 1)

Briefly, the process consists of two states. Primarily VO?* oxidizes to
soluble H,V,00%5 :

10VO** 4 18H,0—H,V;0% + 34H* + 10e™ (2)
And in next stage precipitation occurs in the electrode interface:
H,V100355 + 4H" -5V,05 + 3H,0 3)

The precipitation initially dispersed in the solution and consequently
condensed on the MWCNTSs substrate. To achieve uniform deposition of
V5,05 on MWCNTs substrate, the solution was stirred at speed of
100 rpm throughout the procedure. Finally, the substrate was dried at
room temperature (28 °C) after being rinsed with double distilled
water (DDW).

The mass loading of V,05/MWCNT film on SS substrate is
0.26 mg/cm?. So, the total mass loading involved in (1 x 1) cm? proto-
type device is (m; + my) = (0.26 + 0.26) mg = 0.52 mg. Here, m,
and m; are the masses of positive and negative electrodes. As the re-
ported cell is a symmetric device, then m; = m, = 0.26 mg.

The structural, morphological and electrochemical characterization
techniques have been briefly discussed in Supplementary information
S1.

3. Results and discussion
3.1. Structural studies

The crystal structure formation of V,0s thin film on SS substrate was
collected by X-ray diffraction (XRD) as depicted in Fig. 1a. XRD analysis
of V5,05 thin film clearly indicates a prominent peak at 26 = 25.5° which
resembles to the (210) crystal plane of V,05 (JCPDS No. 89-2483) with
orthorhombic structure. A small peak at 26 = 25.8° associates with
(002) crystal plane of MWCNTs whereas the extra peaks (denoted by
‘A’) are for SS substrate [14].

An FTIR spectrum (Supplementary information S2) of as synthesized
orthorhombic V505 sample was recorded to confirm the structure. The
band around 471 cm ™! is attributable to the mode of oxygen atom
stretching [15]. The band at 788 cm ™! represents V-O-V asymmetric
stretching modes while the 1004 cm ™! band corresponds to terminal
oxygen stretching (V=0 bond) [15,16] which confirms the formation
of V,0s. The bands appeared at 1628 and 3436 cm~' are due to the
stretching vibrations in C=0 and O—H, correspondingly [17]. More-
over, the carbon backbone stretching is associated with the peaks
emerged at 2366 and 1094 cm ™!, respectively.

The broad and intense peaks in XPS studies (Fig. 1b) at 523.9 and
517.0 eV binding energies are assigned to V 2p;,; and V 2ps,, respec-
tively for V 2p of V>, with a splitting of 6.9 eV [18]. A less intensed
peak at 515.5 eV corresponds to minute V4T content in V,05/MWCNTs
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Fig. 1. (a) XRD patterns of MWCNTSs, V,0s, and V,0s/MWCNTSs thin films on SS substrates, (b) XPS core spectrum of V,05/MWCNTSs sample, (¢, d) FESEM images of V,0s/MWCNTs thin

film, (e, f) HRTEM images of V,0s/MWCNTSs, (g) EDS elemental mapping of V,0s/MWCNTs.

composite [19]. The peak at 529.6 eV is allocated to the O 1s whereas a
small inclusive peak at 530.6 eV is due to surface OH groups [20].

3.2. Morphological analysis

For supercapacitor point of view, morphology of the electroactive
material significantly plays an influential role [21]. The FESEM images
of composite film as shown in Fig. 1¢, d exhibit a unique intermixed po-
rous flakes surface morphology on MWCNTSs surface. HRTEM analysis
was also performed for the confirmation of definite size of nanoparticles
along with the growth and distribution of crystallites. Fig. 1e displays
the HRTEM image of as-synthesized V,0s5 nanoflakes anchored
MWCNTs. The fringes with lattice spacing of 0.34 nm revealed clearly

in Fig. 1f associates with (210) planes indicating orthorhombic phase
of V,0s5, which is well supported by XRD studies. The EDS elemental
mapping (Fig. 1g) demonstrates the distribution profile of vanadium,
oxygen and carbon, confirming a homogeneous distribution of V,05
flakes on MWCNTs surface.

3.3. Electrochemical performance of SSC device

Cyclic voltammetric (CV) curves at various scan rates of V,0s/
MWCNTs electrode show high current response with a stable potential
frame of 1 V in 2 M LiClO,4 electrolyte (Supplementary information S3).
So, the CV plot performed at scan rate 100 mV/s of SSC device obviously
shows an extended 2 V voltage window as depicted in Fig. 2a. With the
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Fig. 2. Supercapacitive performance of SSC device in 2 M LiClO, electrolyte. (a) CV curves at scan rate of 100 mV/s for different voltage windows (1 to 2 V), (b) CV curves studied at various
scan rates, (c) specific capacitances at different scan rates, (d) cycling stability for 4000 cycles at 100 mV/s scan rate, inset shows CV curves for various cycle numbers, (e) CD curves at
different current densities ranging from 3 to 6 mA/cm?, (f) specific capacitances at different current densities.

increment in scan rate from 2 to 100 mV/s (Fig. 2b), an improvement in
current density was observed, but the shape of CV curves did not show
apparent change which indicates exceptional supercapacitive charac-
teristics of electrode material [22]. The specific capacitance value
569.7 F/g at scan rate of 2 mV/s (Fig. 2¢) is attributed to active involve-
ment in faradic redox reaction associated with pseudocapacitive mech-
anism [23]. Moreover, the volumetric capacitance involved in the cell is
592.5 F/cm? at scan rate of 2 mV/s. This value is comparable to the vol-
umetric capacitance values of recently reported literatures [24-26]. The
electrochemical inclusion of Li™ ions inside V,05 nanostructure can be

defined by following reversible reaction based on redox mechanism
[27].

xLi* +xe~ +V;,05 = LixV205 (4)

The cycling life of device (Fig. 2d) was carried out for 4000 cycles at
scan rate of 100 mV/s by analysing the CV plots. The device exhibits ex-
cellent capacitance retention of 89% with sustaining the shape of CV
shapes even after 4000 cycles.
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To examine the device performance, Galvanostatic charge/discharge
(CD) test was carried out at various current densities and results are
shown in Fig. 2e. At higher current densities, the fast diminishing of ca-
pacitance is due to internal resistances (IR drop) [28,29]. The GCD mea-
surements yield outstanding capacitance of 111.7 F/g measured at a
high current density of 3 mA/cm? (Fig. 2f), further validating observa-
tions obtained from the CV measurements. The V,05 nanoflakes archi-
tecture on MWCNTSs provides enormous electroactive sites, as a result
electrolyte ions may simply penetrate to inner V,0s layers with the
maximum utilization of the electrode materials [30,31]. Energy and
power densities were calculated using the discharge curves and repre-
sented in Ragone plot (Fig. 3a). The maximum energy density of
62 Wh/kg with great power density of 11.5 kW/kg shows quite encour-
aging framework for developing V,05/MWCNTs as excellent
electroactive material for electrochemical supercapacitors. The energy
density of reported cell is significantly higher than previously reported
symmetric devices with electrode materials such as porous carbon
(7.22 Wh/kg) [32], MWCNTs (3.5 Wh/kg) [33], MoSe, (36.2 Wh/kg)
[34], PEDOT:PSS/MWCNT (13.2 Wh/kg) [35], ZnCo,04/rGO
(11.44 Why/kg) [36], ZnS/CNTs (22.3 Wh/kg) [37], Pt/n-CNT@PANI
(30.22 Wh/kg) [38], waste paper fibers-RGO-MnO, (19.6 Wh/kg)
[39], and N-doped cotton-derived carbon frameworks (NCCF)-rGO
(20 Wh/kg) [40]. Even, energy density of the symmetric device is com-
parable with recent reports on high-performance asymmetric
supercapacitor devices such as CoS//AC (5.3 Wh/kg) [41], CuS/3D
graphene//3D graphene (5 Wh/kg) [42], NiCo,S4/polyaniline//AC
(54.06 Wh/kg) [43], NiCo,0,4/CC//porous graphene papers (PGP)
(60.9 Wh/kg) [44], NiCo,04@PPy//activated carbon (AC) (58.8 Wh/kg)
[45], y-MnS//eggplant derived AC (EDAC) (37.6 Wh/kg) [46],
CoMo004@NiMo0,-xH,0//Fe;03 (41.8 Wh/kg) [47], NiCo-LDH//carbon
nanorods (59.2 Wh/kg) [48], MnO,@PANI//3D graphene foam (GF)
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(37 Wh/kg) [49], and Ni(OH),/RGO/Ni//RGO aerogel/Ni (24.5 Wh/kg)
[50]. All the evaluated electrochemical parameters are comparable
with the reports on aqueous electrolyte based symmetric
supercapacitor devices (Supplementary information S4).

To study the resistive factors of SSC device, electrochemical imped-
ance spectroscopy (EIS) was analyzed (Fig. 3b). The solution resistance
(Rs) signifying the ionic resistance of electrolyte is estimated by the
non-zero intercept in real axis (Z’) from Nyquist plot [51]. The charge
transfer resistance (R¢r) at electrolyte-electrode boundary is specified
by semi-circular arc at high frequency region [52-55]. The SSC device
showed very low R and R¢r values of 2.1 and 3.9 Q/cm?, respectively.
In accordance with equivalent circuit, Nyquist plots were analyzed,
which is illustrated in the inset of Fig. 3b. C; and R are the leakage ca-
pacitance and resistance, respectively [56]. Cp, is related to double
layer capacitance associated with MWCNTSs while Warburg component
(W) is responsible for shift between low and high frequency section
[57-59]. The Bode plot shown in Fig. 3c exhibits the phase angle of
—54°, displaying the capacitive behavior [60-62]. The device can in-
tensely glow a red LED for 10 s after being charged with 2 V as shown
in Fig. 3d-e, clearly demonstrating the commercial application of
supercapacitor device (Supplementary video).

4. Conclusions

Liquid configured symmetric supercapacitor (SSC) device has been
successfully configured by using simple and industry scalable chemical
bath deposition (CBD) method to anchor V505 on to ‘dip and dry’ coated
MWCNTs with LiClO,4 electrolyte as conducting mediator. The unique
nanostructured morphology of V,0s/MWCNTSs widens the electrochem-
ical potential window up to 2.0 V which favors greater electrochemical
features for excellent energy storage application. The SSC device exhibits
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Fig. 3. (a) Ragone plot, (b) Nyquist plot in the frequency ranging from 100 mHz to 100 kHz, inset displays the related equivalent circuit, (c) Bode plot, (d, e) demonstration of SSC device

discharging through red LED for 10 s.
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an improved specific capacitance of 569.7 F/g and advanced energy den-
sity of 62 Wh/kg including long-term cyclic stability. The effective effort
to light a commercial LED displays that SSC cell has good prospect to be
directed in energy and convenient electronics applications.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2019.107972.
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