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Energy storage has always been a major concern in the present-day situation. Advanced energy storage devices
are batteries, supercapacitor and solar cells. However, advancements have been noteworthy in the field of high-
performance hybrid supercapacitors. On this note, we have fabricated a hybrid supercapacitor electrode material
Potassium tantalate nano cube (KT NCs) and its reduced graphene oxide composite (KT-rGO NCs) and tested its
electrochemical performance. The materials showed high performances with specific capacitance of 565 F/g for

KT NCs and 850 F/g for KT-rGO NCs respectively. Energy densities of both KT NCs & KT-rGO NCs are 28.24 Wh/
Kg and 29.50 Wh/kg with good retention capacities. Further detailed study of both KT NCs and KT-rGO NCs are
carried out with characterization techniques like XRD, FTIR, BET, Raman and HRTEM for structural analysis and
electrochemical measurements to analyse various parameters pertaining to its charge storage capacity.

1. Introduction

A rise in the energy demand has accorded to the need of extensive
research in the field of advanced materials for supercapacitor applica-
tions [1-4]. This also comes with the challenges in terms of efficiency,
energy storage and other environmental concerns during its disposal.
Applications of a supercapacitor are tremendous beginning with the
military to various techniques in automotive industries. Sooner or later
supercapacitors (SCs) have reached a vital stage where it can be a con-
ventional battery [5-7].

Supercapacitors can be differentiated into electrochemical double
layer capacitors (EDLCs) and Pseudo capacitors (battery-type), in which
the former stores energy in the electrode/electrolyte interface and the
latter by fast and reversible faradaic reactions at the surface of electrode.
At present, the combination of both EDLCs and Pseudo capacitors play a
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vital role in fulfilling the high-energy needs with good stability. In
hybrid SCs, the electrodes comprise both transition metal oxides (TMOs)
and carbon material. However, structural degradation is one of the basic
limitations in a faradaic reaction. This can be evaded using carbon
materials such as highly porous carbon, carbon aerogels, carbon nano-
fibers, carbon nanotubes (CNTs), graphene etc. along with the electrode,
which is advantageous in its fabrication and workability at a wide
temperature range [8-11].

A transition metal oxide nanocomposite material is used in the
electrodes of the SCs to match to the advanced high energy needs. So far,
highly used materials in SCs include various TMOs such as TiO3, Ruz0,
Zn0, NiO, V505, Fe03 etc. [12-14]. The exhibition of EDLCs essentially
relies upon the kinds of the anode materials used. As of late, a few kinds
of carbon materials have been accounted for EDLCs, for example, porous
carbons, nanofibers of carbon, carbide-determined carbons (CDCs),
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templated carbons, nanotubes of carbon, and graphene. Amongst these,
graphene is one of the additional promising competitors for EDLC in
view of its mechanical strength, high surface area, high conductivity,
and flexibility [15-18].

Tantalum oxide is widely used in readily available supercapacitors
with real-time applications. It can also be extended in the field of
advanced energy storage in hybrid supercapacitors. Furthermore, Po-
tassium tantalate is a well-known perovskite electrode material because
of its simple cubic structure, high mobility [19] and pseudo capacitance
which adds up to the performance of a supercapacitor. Further, it has
been used in superconducting interfacial studies and photocatalytic
applications too. Liu et.al. Have worked on the anisotropic transport at
KTaOgs interfaces [20]. Sumedha et.al have synthesized KTaO3 using
novel method and used in photocatalysis, hydrogen evolution reactions
(HER) and oxygen evolution reactions (OER) with good efficiency and
high performances [21].

Our research group is also involved in the preparation of TMOs like
ZnO, ZnO/PANI composite and ZnO/rGO composite and other such
materials and their advanced applications in lithium batteries and
electrochemical sensors in detection of various analytes [22-27].
Comparative studies of various perovskite materials and the present
material are shown in Table 1.

Herein, we have synthesized potassium tantalate nanocubes (KT
NCs) and potassium tantalate-rGO (KT-rGO NCs) composite by a hy-
drothermal approach adapting areca nut powder as the carbon source.
The prepared materials are utilised in supercapacitor studies and have
displayed better electrochemical performance in comparison to a bare
metal oxide. As per our knowledge, this is the first time that cubic po-
tassium tantalate perovskite and its reduced graphene oxide composite
have been used in high performance supercapacitor applications.

2. Materials and methods
2.1. Preparation of areca seed powder

Areca seeds were extracted from Sringeri, Sringeri taluk, Chikka-
magaluru district, Karnataka, India. The collected seeds are cleaned with
distilled water for a few times, dried, powdered into 100-mesh size and
was stored at normal temperature.

2.2. Preparation of KT NCs

Solution combustion method was adopted using areca seed extract as
the fuel. Tantalum (V) oxide (Ta3Os) and potassium hydroxide (KOH)
were obtained from sigma Aldrich (AR) and have been used as procured.
Areca seed extract and 0.4 g of tantalum oxide were pulverised for 15
min with the aid of an agate mortar. Hence prepared solid was trans-
ferred to a clean dry crucible, after which 1.4 M KOH solution was added
and stirred for 15 min and then subjected to calcination at 700 °C in a
muffle furnace pre-heated at 500 °C for 10 min. Milky white coloured
powder of potassium tantalate nanoparticles were obtained and stored
in an airtight desiccator for further use.

Table 1
Comparative studies of various perovskite materials and the present material
Material Specific Energy Power Reference
capacitance density (Wh  density (W
(Fg™") Kg™") Kg™)
LaNiO3 106.58 - - [42]
Lag g5S19.15sMnO3 186 20.6 1700 [43]
MoO3/Au/MoO3 275 24.5 377 [44]
LaFeO3 241.3 34 900 [45]
SrMnOg 446.8 37 400 [46]
KTa03-rGO NCs 850 29.5 17,000 Present
work
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2.3. Preparation of KT-rGO NCs

100 mg of graphene oxide was dispersed for 30 min in distilled
water, to which 200 mg of prepared potassium tantalate nanoparticles
are added. This solution was later sonicated for 10 min, later, which it
was placed in a hot air oven for hydrothermal reaction at 180 °C for 24 h.
After the reaction, the suspension was kept for drying at 70 °C for 24 h.
Hence, obtained solid composite was crushed using a pestle and mortar
and stored for analysis.

2.4. Fabrication of electrodes

Uniformly dispersed KT NCs is added to a mixture of water and
ethanol (1:1) and sonicated for 10 min. Then about 0.90 pl of Nafion was
added to the solution and sonicated. This solution was coated on a nickel
foam measuring 1.5 cm height and 1 cm width. Ni foam was coated with
drop-wise addition of the solution leaving the top portion. It was then
dried completely and used as an electrode.

Further, KT-rGO NCs is also coated in the same way and utilised for
electrochemical studies.

2.5. Electrochemical measurements

All electrochemical studies of KT NCs and KT-rGO NCs are recorded
through Charge-discharge (Chronopotentiometry), cyclic voltammo-
gram (CV) and Impedance (EIS) by using CH-660E instrument at 20°C.
The KT NCs/Ni electrode and KT-rGO NCs/Ni electrode acts as a
working electrode, saturated calomel electrode and platinum electrode
were operated as a reference and counter electrodes in a 3-electrode
system respectively. For electrochemical measurements, 0.1 M KOH
electrolyte was taken with scan rates of 1-100 mV/s and 1-10 Ag~!
current densities with 100 kHz-1 Hz frequency range. The charge-
discharge curve was used to calculate the specific capacitance of KT
NCs and KT-rGO NCs using Eq. (1) given below.

Csp = ——— @

In the above equation, specific capacitance (Csp) measured in Fg~},
Current (I) in mA, discharge time (At) in seconds, amount of active
material (m) in mg and operational window (AV) in V.

2.6. Material characterization

Phase of the material synthesized was determined by Philips X’pert-
PRO diffractometer (Cu-Ko, A = 1.5418 A) with scan speed of 2° min~ !,
10-80° as its 20 range to obtain X-ray diffraction data, PerkinElmer FTIR
(Spectrum-1000) spectrometer in the range of 4000-400 cm ™! was used
in FTIR analysis. Quanta Chrome Nova 2200e Surface Area & Pore Size
analyser Nova station A is being used for BET surface area calculations.
Morphology at the surface was measured using High-resolution trans-
mission electron microscope (HRTEM) (Jeol/JEM 2100 200 kV). Varied
oxidation states were determined using X-ray photoelectron spectros-
copy (XPS) (Kratos Axis Ultra DLD instrument equipped with a mono-
chromatic Al Ka X-ray source). Structural analysis was carried out using
VESTA software. CH 660E potentiostat (CH Instruments, USA) and the
cyclic voltammograms (CV) were used to carry out different electro-
chemical measurements of the material which were noted by employing
a three-electrode system, having working electrode (Ni foam), counter
electrode (platinum wire) and reference electrodes (Calomel electrode).
Electrochemical studies were performed with 0.1 M KOH as the elec-
trolyte at varied scan rates (1-100 mV/s), with a raise of 10 mV, in the
potential range of —0.6 to 1.2 V (vs reference electrode). The impedance
measurements were verified between the frequency range of 1 Hz to 1
MHz having 5 mV AC amplitude.
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3. Results
3.1. Powder X-ray diffraction studies: (P-XRD)

Fig. 1 shows the powder X-ray diffractometer (PXRD) studies of both
KT NCs and KT-rGO NCs ranging from 15 to 80° 6. The obtained highly
intense peaks were well matched with the JCPDS card no-38-1470 and
38-8745 for KT NCs and KT-rGO NCs respectively with negligible im-
purity peaks. The hkl values for KT NCs were found to be at (100), (110),
(111), (200), (210), (211), (220), (300), (310), (311), (222), (320)
planes with highly pure and intense peaks.

Perovskites generally have the cubic crystal lattice in the form of
ABOg3. High thermal resistance is one of the major advantages of
tantalum oxide, but under certain conditions, this might change. The
prepared KT-rGO NCs showed similar hkl values as that of the KT NCs
with slight shift in their positions and intensities. Yet another important
observation is that there is a change in phase when potassium tantalate
is processed through hydrothermal reaction as majority of the perov-
skites are sensitive to thermal treatments [28].

Debye-Scherer’s equation is utilised to calculate the average crys-
talline size of both KT NCs and KT-rGO NCs and found to be between 20
and 25 nm. Crystal defect may be the main reason behind the less
crystallite size of KT NCs.

K2

“ B Cos0 2

Using the Eq. (2), d spacing can be determined. In the above equa-
tion, Crystallite Shape Constant (0.89) is K, Wavelength of X ray beam is
noted as A, Cu-Ka radiation (1.5406 }o\), B-Full width at half maximum
(FWHM) and 6 being the diffraction angle.

Crystal structure has been shown in Fig. 1c exhibiting the ABO3
structure of perovskite. It shows that all the lattice parameters a, b and ¢
are equal to 3.98830 and a,  and y at 90° Its unit cell volume was found
to be 63.440 A%, Transport properties of perovskites depend upon their

—— KT NCs
(a)
—~
(=)
—
—
~
~
(=3
S —~
Z S ~
S ~ )
a <o - N
—~ — \(‘:l/ [\
a <c

—— KT rGO NCs

(b)

Intensity (a.u)

20 40 60 80
2 Theta (degree)

e-Prime - Advances in Electrical Engineering, Electronics and Energy 4 (2023) 100182

defects in the crystal lattice leading to good ionic conductivities [3].
Thus, slight distortions in their electrochemical performances can be
observed when doped with a carbon.

3.2. Fourier transform infrared spectroscopy (FTIR)

The bonding characteristics of potassium, tantalum and oxygen were
measured and given in Fig. 2 For KT-rGO NCs, the most intense peak was
detected at 610 cm ™! exhibiting bond between Ta and O (Ta-O) [29] and
medium intense peak at 1400 cm ™! corresponds to the C—H bending
frequency and C=C vibrations which corresponds to 1641 cm™! may be
from the amount of fuel added [30]. The peak at 3422 cm‘l, confirmed
the adsorption of moisture or water. For KT-rGO NCs, characteristic
reduced graphene oxide (rGO) peak was observed at 1570 cm™! which
incurs the formation of rGO [31]. Further, the presence of rGO in
KT-rGO NCs was confirmed with the help of Raman spectroscopy.

3.3. Raman spectroscopy

Prepared perovskites were further characterized using Raman spec-
troscopy primarily for the identification of crystal structure. Fig. 3 shows
Raman peak positions at 237, 600 and 810 cm™! correspond to the
perovskite structure of potassium tantalate. Characteristic bands be-
tween 100 and 500 cm ™! accounts for 0—Ta—O bending vibrations and
that of 500-900 cm ™! for Ta—O bonds with unequal bond strengths
[32]. Further, carbon peaks at 1033 and 1286 cm™! can be directed
towards usage of carbon source in fuel [33]. Presence of rGO has been
intensified in the bands 1356 and 1580 cm ™! which corresponds to
D-Band and G-band [34]. A D-band is derived from the C—C stretching
and G due to the aromatic rings. Further, Id/Ig ratio for the rGO band
was found to be 0.926 and looking into the intensities of D and G band
we can infer that there has been low reduction with high degree of

disorder in the material [33].

Fig. 1. XRD pattern of (a) KT NCs, (b) KT-rGO NCs and Crystal structure of KT NCs.
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3.4. Transmission electron microscopy (TEM)

The images obtained from different magnifications of HRTEM tech-
nique were shown in Fig. 4. The d spacing of KT and rGO-KT from
HRTEM images found to be 0.38 nm and 0.68 nm respectively. KT NCs
have been attached to rGO sheets as shown in the Fig. 4d making it slight
distorted. This contact permits the electronic collaboration between KT
NCs and rGO sheets and could be possibly valuable for successful
detachment of charge transporters. The SAED patterns have been shown
in 4c and 4f, which correlates, to KT NCs and KT-rGO NCs. The hkl
values of both KT NCs and KT-rGO NCs correlate to that of its JCPDS
card numbers.

3.5. BET surface area analysis

Surface area of a particle can be easily scrutinized using BET Nitro-
gen adsorption-desorption curves. The mesoporous nature of both KT
NCs and KT-rGO NCs are confirmed by hysteresis loop of type IV
isotherm curve shown in Fig. 5a. The KT-rGO NCs exhibit more BET
surface area of 4.37 m2g~! compared to 2.534 m?g ™! of bare KT NCs.
The mean pore diameter and total pore volume of KT NCs were 3.106 nm
and 0.009 m3g ™! respectively, whereas the complement values of KT-
rGO NCs were 5.03 nm and 0.012 m3g~!. The more diffusion of OH™
ions of electrolyte through electrode surface takes place by increase in
both surface area and pore volume of material. The pore size distribution
curves in BJH (Barrett-Joyner-Halenda) plot exhibits almost similar
values for both KT NCs and KT-rGO NCs shown in Fig. 5b.

3.6. XPS studies: (X-ray photoelectron spectroscopy)

Composition of KT NCs and KT-rGO NCs elemental characteristics
can be uniquely verified with X-ray photoelectron spectroscopy.

The fitted spectra of K 2p, Ta 4f, O 1 s and C 1 s spectra are depicted
in the Fig. 6. This explains the presence of elements potassium,
tantalum, oxygen and carbon respectively. The carbon peak at 286.2 eV
ascribes to C—C bond. The Ta 4f exhibits two states of Ta 4f;,, at 26.3 eV
and Ta 4f5 /5 at 28.2 eV. K 2p line consists of a peak at 291.5 and 294 eV
which attributes to K 2p3,2 and K 2p; » with higher intensity for KTaOs
crystal lattice. O 1 s spectra reveals a doublet at 531.5 eV and 533.6 eV
corresponding to carbonyl oxygen and hydroxy oxygen respectively [35,
36]. Thus, obtained different oxidation state of the metal indicates the
amount of metal ions available for the redox reaction and its electro-
chemical performance.

3.7. Electrochemical studies

Cyclic voltammetry

The CV technique is adopted to analyse the specific capacitance of
both KT NCs and KT-rGO NCs at potential window 0 to 0.8 V. Initially
both coated nickel foams were stabilised for 20 cycles at 20 mV/s and
later CV studies were employed at varied scan rates from 1 mV/s to 100
mV/s. The formula to calculate the specific capacitance from CV studies
is given below in Eq. (3) [37].

Current (A) o
s = —— Fg 3
Active mass (g) * Potential window (V)* Scan rate (V/S)

The cyclic voltammogram of KT NCs and KT-rGO NCs at different
scan rates were recorded and depicted in Fig. 7a and 7b respectively.

It can be noted that, the CV curve of KT-rGO NCs has more area
compared to bare KT NCs, which can be correlated to its enhanced
charge storage capacity. A capacitance of 571 F/g was achieved for KT-
rGO NCs whereas KT NCs exhibits a capacitance of 489 F/g at 10 mV/s
scan rate. Pseudocapacitive behaviour of these Nano cubes is detected
by the typical redox shape with clear indication of anodic and cathodic
peaks in Fig. 7a. It was recognised that, KT NCs has comparatively less
(0.15 V) anodic and cathodic potential difference (E;-E.) than that of KT-
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Fig. 4. HRTEM images of KT NCs (a and b) with its SAED pattern (c) and that of KT-rGO NCs (d and e) with corresponding SAED pattern (f).
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Fig. 5. (a) Nitrogen adsorption-desorption isotherm of KT NCs and KT-rGO NCs and (b) BJH pore size distribution of KT NCs and KT-rGO NCs.

rGO NCs (0.18 V), which proves the good reversibility of pseudocapa-
citive reaction [38].

It is confirmed that with higher scan rates, the anodic peaks move
towards greater voltage and cathodic peaks towards lesser voltage
values. In addition, capacitance fall was observed on increase in scan
rates. The diffusion of OH™ ions will be more in lesser scan rates, which
leads to increase in the capacitance. The specific capacitance for KT NCs
and KT-rGO NCs were found to be 449, 398, 350, 256, 150 and 571, 450,
410, 310, 240 F/g at scan rates 1, 10, 30, 50, 100 mV/s respectively.

3.8. Galvanostatic charge discharge

At different current densities (1-5 A/g), the GCD studies were done

for both KT NCs and KT-rGO NCs shown in Fig. 8a and 8b. The higher
potential of 0.5 V was observed for KT NCs, whereas 0.45 V for KT-rGO
NCs. The specific capacitance using charge-discharge curve was calcu-
lated by the formula given in Eq. (4).

C Discharge time (s) * Current density (Ag™")
s =

-1

Active mass (g) * Potential window (V) Fg “)

The specific capacitance calculated using CV curves were of 850 and
565 F/g was recorded for KT-rGO NCs and KT NCs respectively. The
discharge curves of both KT NCs and KT-rGO NCs at current density of 1
A/g were depicted in supplementary information. The discharge pattern
was observed to be the combination of both pseudocapacitive and
electrical double layer capacitive behaviour of materials. Specific
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Fig. 6. XPS survey spectrum of KT-rGO NCs (a), XPS spectra of K 2p (b), O 1 s (c), C 1 s (d) and Ta 4f (e).

capacitance calculated with the help of Eq. (4) using the charge-
discharge curves were 60 F/g for KT NCs and 136 F/g for KT-rGO NCs
at a constant current density of 1 A/g with retention of 62% and 73%
after 6600 cycles. Energy density of bare KT NCs were found to be 28.24
Wh/Kg and KT-rGO NCs was 29.50 Wh/Kg at the constant current
density of 1 A/g.

Resistance offered by an electrode material is analysed using AC
Impedance studies. Nyquist plot in Fig. 8d provides an electrochemical

impedance spectroscopy in comparison to both KT NCs and KT-rGO NCs
before and after charge-discharge cycles. Minimum charge-transfer
resistance leads to good capacitance and vice versa. This adds to the
overall Ohmic resistance, which includes resistance due to the electro-
lyte, solvent and current collector. Smaller semicircle indicates less ion
transfer resistance and wider indicates more [39]. Thus, carbon com-
posite has offered less ohmic resistance, with improved performance.
Further, addition of rGO helps in the enhancement of the active sites
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Fig. 8. Galvanostatic charge-discharge studies — (a) GCD curves of KT NCs, (b) GCD curves of KT-rGO NCs and Nyquist plots for both KT NCs and KT-rGO NCs in 0.1

M KOH electrolyte.

available for the redox reaction and high porosity leads to easy move-

ment of charges offering minimum resistance [40,41].

These results demonstrate that the addition of a carbon matrix such
as reduced graphene oxide enhances the strength, flexibility, and

efficiency of the electrode material. Present work portrays the funda-
mentals of design and fabrication of carbon-based porous composites
with high performance and their use in applications like thin films. This
advanced material can be a potentially suitable electrode material in
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high performance hybrid supercapacitor electrodes.
4. Discussion & conclusion

In the present study, we have correlated the enhanced performances
between potassium tantalate and its reduced graphene oxide composite
with respect to various electrochemical characterizations. Potassium
tantalate nanocubes were synthesized by a solution combustion
approach with a novel carbon source (areca seed extract) and thus ob-
tained KT NCs were used in KT-rGO NCs synthesis. Reduced Graphene
oxide composite has exhibited high performance with good stability,
low charge transfer resistance and high specific capacitance of 850 F/g
at 1 A/g and a higher power density of 17,000 W/Kg when compared to
the bare material at 9000 W/Kg. Energy density of bare KT NCs were
found to be 28.24 Wh/Kg and KT-rGO NCs were 29.50 Wh/Kg at the
constant current density of 1 A/g. Thus, usage of perovskite KTaO3
material and addition of carbonaceous matrix can be used as a promising
hybrid supercapacitor device.
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