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ABSTRACT

Reduced graphene oxide/cadmium meta niobate (RGOCN) hybrid nanocom-
posite was hydrothermally synthesised and subjected to structural characteri-
zation through X-ray diffraction and various microscopic analysis. Pure CN
exhibited a cubical, rectangular slab like mixed morphology with average par-
ticle size ranging from 50 nm to 2 pm. Further, this work revealed that RGOCN
composite showed exfoliation of graphene sheets with mixed morphology of
cubes and rectangular slab. Spectral analysis enabled in understanding the
various functional groups present in RGOCN. The optical band gap of prepared
RGOCN composite material was estimated as 4.024 eV. The calculated rema-
nent polarization and coercive electric field of cadmium niobate (CN) and
RGOCN are P, = 0.0151 pC em %, E.= —130 kVem™! and P, = 0.0685
uC em 2, E. = — 2.39 kV cm™!, respectively. RGOCN was developed into an
electrode material and its electrochemical behaviour was evaluated by adopting
the cyclic voltammetry and galvanostatic charging discharging measurements.
The observed specific surface area of hybrid RGOCN showed enhanced redox
current rate than the pseudo-capacitive CN. Also, hybrid RGOCN electrode
furnished enhancement in specific capacitance for different scan rates and
current density than CN. Specific capacitance of RGOCN was estimated to be
58.2 F g~ ! for very low molar H,SO, electrolyte at a current density of 1 A g~
Furthermore, RGOCN coated over carbon electrode furnished cyclic stability
with 98% of capacitive retention after 500 cycles at 2 A g~'. The maximum
energy density of 8.08 Wh kg™ with consuming high power density of 4137
W kg 'at1A g ' compared with few other reported materials make graphene
nested CN nanocomposite stay as a significant material supporting energy
storage applications.
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1 Introduction

In this technological world, researchers have con-
siderable interest in developing flexible, bendable
and wearable electronics, flat panel, power supplies
and electronic displays using electrochemical super-
capacitors. To build up these applications, electrodes
are fabricated with preventive bending, folding and
flexibility nature. Allotropes of carbon such as carbon
nanotube, graphene and flexible carbon fibres are
favourable agents for flexible energy storage devices
owing to their excellent mechanical, electrochemical
and electrical properties [1, 2]. Also, different forms
of carbon materials such as graphene oxide (GO),
RGO, functionalized reduced graphene oxide. carbon
nanotubes, carbon aerogels and activated carbon
have attracted much attention owing to its high-
power density, very fast charging/discharging and
excellent cycling stability.

Among the various carbon allotropes, reduced
graphene oxide (RGO) is a 2-dimensional sheet
comprising hybridized carbon sp2 structure with
different functional groups that can regulate its
electrical, mechanical, optical, physical and chemical
properties [3-6]. Graphene sheets stimulates the
required surface area with irreversible agglomeration
by developing strong n-n interaction and wan der
Waals force, which in turn results in high capacitive
behaviour [1]. Moreover, the high surface area of
graphene and its derivative’s porous structure for-
mation provides the short ion transport and diffusion
distance, which is extremely recommended for high
capacitive performance [7].

Graphene composed of hybrid coloumbites have
been reported to be good performance electrode
materials generating high electrochemical capaci-
tance and exhibit high capacitance. Further, gra-
phene-based hybrid composite electrode materials
have been explored much with research interest on
account of their collective and effective production of
pseudo-capacitance and electrochemical double layer
capacitor [8-10]. In addition, graphene-based com-
posites are promising materials which exports many
applications like energy storage sensors, water split-
ting, electrode fabrication in lithium batteries and
biosensing applications. Also, its pseudo-capacitive
nature is a highlighting property that can be used in
supercapacitors, fuel cell devices and so on [11-14].
Nanocomposites when loaded with very low loading
of graphene exhibits enhanced property in its
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multifunctional aspects when compared to conven-
tional materials and their composites [15]. Moreover,
the lighter weight with simple processing makes it
suitable for various cost-effective multifunctional
applications.

Structural parameters of any hybrid material can
be optimized and controlled during the synthesis.
Various graphene-based composites have been syn-
thesized using different synthesis routes such as
electrochemical transformation, solvothermal,
hydrogen reducing, hydrolysis process, solution
precipitation and electrophoretic deposition, etc.
Those described synthesis approach reported in
various articles show that it is rather complex and
difficult in controlling the compound structure
[16-18]. The hydrothermal route adopted in this
work is simpler, cost-effective and a fast synthesis
route for synthesis of graphene-based hybrid com-
posite structure for enhanced electrochemical per-
formance. Also, this method stays as an excellent
choice for preparing perovskite niobate and colum-
bite niobate powders and its composites at low tem-
peratures with minimal reaction time [19]. The
degree of mixing and the reactivity of starting mate-
rial by utilizing mixed solutions as reactants under
high pressure can be done in the hydrothermal pro-
cess. Owing to low temperature treatment, the grain
size of the synthesized particles can be altered with
multiple dimensions for improving various proper-
ties. Moreover, the loss of reaction species can be
effectively prevented in this process when the reac-
tion species is taken into a closed system.

The attraction towards the electrochemical perfor-
mance reports such as specific capacitance, cycle
stability, energy density and power density of
columbite and perovskite materials are presented by
many researchers [20-22]. To stimulate high perfor-
mance in graphene-based electrochemical superca-
pacitors, focus is made on to graphene incorporated
pseudocapacitive materials. This hybrid composite
suppresses the restacking of graphene sheets and
provides higher energy density, power density and
promising pseudo-capacitance in the supercapacitor
[23, 24].

Literature review reveal that niobate compounds
have gathered much attention in the recent days due
to their ferroelectric, piezoelectric, pyroelectric, elec-
tro-optical, photorefractive and photocatalytic prop-
erties [25-27]. However, the electrochemical
oxidation and reduction property of niobates in
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supercapacitors are not been assessed much [28].
Hence to bring out the good performance in com-
pound making and also to increase thermal stability,
RGO is incorporated with columbite cadmium meta
niobate (CN) with molecular formula CdNb,Oq
belonging to Pbcn space group.

This paper demonstrates the scalable synthesis of
cost effective, porous, reduced graphene oxide/cad-
mium meta niobate (RGOCN) electrode material by
utilizing CN nano cubes with large specific surface
area on to reduced graphene oxide by hydrothermal
route. Furthermore, future implementation of
RGOCN as an electrode material for flexible super-
capacitor is described through various characteriza-
tion methods.

2 Preparation of nanocomposites
2.1 Materials

Graphite powder, KMnO; (99%), HSOs (98%),
CdCO; (97%), NbyOs (99.95%), NaOH (97%), H,0O,
(30% concentration), HCI (35% concentration) pur-
chased from Sisco Research Laboratory (SRL),
Maharashtra, India and Milli-Q water was used
throughout the experiment. Various other chemicals,
and solvents used for synthesis were of analytical
grade and were used with no further purification.

2.2 Synthesis of graphene oxide (GO)
and cadmium meta niobate (CN)

GO was prepared by Hummer’s technique (modified
version) as described by Daniela and co-workers [29].
Here 2.5 g of graphite flakes and 2.5 g of sodium
nitrate were mixed in 60 ml of concentrated sul-
phuric acid. This reaction mixture was placed in an
ice bath for 2 h with constant stirring. To this 8 g of
KMnO, was added gradually by maintaining the
temperature at 20 °C. Further, the ice bath was
removed from the reaction set up and kept at room
temperature with continuous stirring till it turned
into a pasty state. The above reaction mixture was
further diluted with 125 ml deionized (DI) water and
the temperature was raised to 98 °C. Now, the color
of mixture turned to brown. Finally, the above sus-
pension was treated with 15 ml of H,O, (30%) to
terminate the reaction. The mixture turned yellow
and this was then washed using DI water and 10%
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diluted HCl and centrifuged at 6000 rpm to remove
unwanted residues.

CN nanostructures were synthesized by adopting
the hydrothermal method in which 0.345 g of CdCO;3
and 0.265 g of Nb,Os were mixed in 2 M of alkaline
solution (NaOH) and stirred continuously for 30 min.
The obtained white coloured mixture was transferred
onto a Teflon lined stainless-steel autoclave and was
subjected for continuous stirring. The autoclave was
later sealed and heated to 200 °C for 24 h by main-
taining autogenous pressure. The temperature of
resultant mixture was brought down to room tem-
perature and HCl was added to the mixture and it
was then centrifuged at a speed of 6000 rpm. The
precipitate was then rinsed using deionized water
followed by ethanol to eliminate the hydroxides. The
formed pure white colloids were dried for 6 h at
80 °C. This powder was further subjected to sintering
by heating for 6 h at 700 °C. The resultant mixture
was pure and thermally strong CN.

2.3 Preparation of RGOCN nanocomposite

The precursors, GO colloids (0.1 g) and CN powder
(0.4 g) were well dispersed in 15 mL ethanol and 35
ml distilled water. The pH of the dispersant was
increased above 12 by adding ammonia drop wise to
the solution. This pH modified colloidal mixture was
stirred continuously for about 30 min. Further this
mixture was ultrasonicated for 30 min to make the
particles uniformly dispersed. Thereafter the ultra-
sonicated solution was transferred onto an autoclave
and subjected to 180 °C for 2 h under autogenous
pressure. To remove the surface impurities, this
product was washed in distilled water and later HCl
was added to the mixture and it was then centrifuged
at a speed of 6000 rpm. Later this resultant product
was kept for 2 h at 80 °C for drying.

3 Structural analysis
3.1 Diffraction analysis using X-ray

Diffraction studies on as prepared GO, CN and
RGOCN were done with the help of Rigaku X-ray
diffractometer using Cu K, radiation (2 = 1.5406 A)
with 20 angle in the range of 5° to 90°. PXRD pattern
of GO, CN and RGOCN are presented in Fig. 1a, b
and c. As described in reported article [30] the
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oxidation of graphite was confirmed through the
diffraction peak observed at 20 = 11.5° as seen in
Fig. 1a. The broad diffraction peak identified from
PXRD is due to amorphous carbon and the broad
peak centred at d(gp = 42° corresponds to un-oxi-
dized graphite [31].

CN belongs to the orthorhombic system with Pbcn
space group and has lattice parameters a = 14.7825(1)
A, b=584852(4) A, c=5.14444(3) A, V = 444.767(5) A’
[32]. The observed PXRD peaks in Fig. 1b are mat-
ched with JCPDS Card No: 38-1428. The appearance
of an additional less intense peak at 15° in Fig. 1c
corresponding to RGOCN indicates the presence of
unreduced GO content due to defect formation, lat-
tice contraction and exfoliation mechanisms [33].
Also, the appearance of new peak at 20 = 24°in
Fig. 1c implies that RGO coexist with CN. Thus, the
PXRD pattern of RGOCN confirms that GO is
reduced with CN.

Prominent peaks observed in Fig. 1b and ¢ were
assigned to calculate the crystallite size of CN and
RGOCN using the Debye-Sherrer formula [34] and
the average estimated crystallite sizes were 67 nm
and 73 nm, respectively.

3.2 Morphology and composition analysis

FEI Quanta FEG 200 coupled with EDAX was
involved to study the morphology of CN and
RGOCN. The morphologies of CN and RGOCN are
presented in Fig. 2a and b. HRSEM image of CN
shown in Fig. 2a reveals a wide size distribution of
columbite crystallites. In addition, pure CN exhibit a
cubical, rectangular slab like mixed morphology
having the average particle size ranging from 50 nm
to 2 pum. RGOCN composite exhibit exfoliation of
graphene sheets with mixed morphology of cubes
and rectangular slab are revealed in Fig. 2b. More-
over, the relative content of CN decreases with
increasing GO under hydrothermal treatment and is
in agreement with the PXRD results. Also, RGO
when intercalated with CN exhibit a typical mixed
morphology of graphene sheets [30] and CN. Thus,
from electron microscopy studies, the excellent cube-
like and rectangular slab-like morphology is
established.

The EDAX compositional analysis of CN and
RGOCN nanostructures are demonstrated in Fig. 2c
and d. The elements of CN (Cd: 10.54 wt% Nb: 58.61
wt% O: 30.85 wt%) is appreciably indexed from
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Fig. 1 X-ray diffraction pattern of a GO, b CN and ¢ RGOCN

Fig. 2c and that of RGOCN elements are indexed
from Fig. 2d as Cd: 5.12 wt% Nb: 7.46 wt% O: 12.56
wt% C: 74.86 wt%. Observed EDAX pattern confirms
the homogeneity of carbon and CN elements. The
distribution of different elements as observed in CN
and RGOCN are listed in Tables 1 and 2. This further
establishes that RGOCN exhibits mixed composi-
tional behaviour.
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3.3 High-resolution transmission electron
microscopy (HRTEM) studies

High-resolution transmission electron microscopy
(HRTEM) technique allows recording the images of
the prepared materials at an atomic scale with ulti-
mate resolution. A phase contrast is produced in the
phase of the electron wave electron due to the change
produced in the position of specimen and objective
lens for the formation of image [35]. Transmission
electron microscopy interfaced with high-resolution
observation along with selected-area electron
diffraction (SAED) was accomplished using the JEOL
Model JEM-3010 system at 300 kV by fixing the
powder sample on a microgrid.

The morphology and structural study on sample of
GO, CN and RGOCN were done using the HRTEM
analysis. The HRTEM of GO shown in Fig. 3a clearly
illustrates the high magnified image of flake-like
structure in GO. Moreover, many layers of sheet-like
GO of size ranging from ten to several nanometers
were found wrinkled and folded together. SAED
design of GO displayed in Fig. 3d shows the rings
obtained due to diffraction. The unresolved dots
formed by diffraction confirms that the GO flakes are
amorphous [36]. The diffraction rings exhibited con-
firms the disorderliness in the GO nanosheets. The
observed rings also give additional data about the
interplanar distance d (100) for GO material and this
was calculated as 7.4 A using Image]J software. This
result is mapped with XRD analysis.

The HRTEM investigations for CN at high magni-
fication shown in Fig. 3b, reveal cluster of CN nano
cubes with 50 nm size. The corresponding SAED
pattern analysed by choosing a specific area on CN
nano cube illustrated in Fig. 3e indicates the existence
of both bright diffraction spots and rings. The
appearance of rings of these kinds indicates the
polycrystalline structure of CN nano cube. The rings
due to diffraction numbered from centre spot are
designated to the (200), (201), (231), (261) and (133)
planes whose interplanar distance are measured as
2995 A, 2571 A, 2227 A, 1731 A and 1532 A,
respectively. The observed diffraction results are
similar to that in XRD analysis [37, 38].

Figure 3¢ shows the HRTEM images of RGOCN
nanocomposite. In the composite structure, the CN
nano cubes are dispensed thickly over the sheets of
RGO. However, in certain regions, agglomeration of
CN was noted on RGO surfaces. The composite size
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of reduced graphene oxide encapsulated CN is nearly
500 nm. From the images it can be seen clearly that
thin reduced graphene oxide layers are homoge-
neously deposited over CN mixed morphological
structure. The corresponding diffraction rings are
observed clearly from the SAED pattern of RGOCN
and is shown in Fig. 3f. In this figure we see five
diffraction rings. These rings when counted from the
centre spot are consigned to the (002), (131), (201),
(231) and (202) planes and the measured interplanar
distances are 4.42 A, 3.12 A, 2.53 A, 2.25 A and 1.99 A,
respectively. The shift in interplanar distance and
diffraction plane found using Image ] software when
GO is reduced with CN and diffraction plane (002)
with interplanar distance was approximately 0.442
nm. The appearance of the (002) diffraction line
confirms the reduction of GO nanosheets and the
restoration of ordered structure with CN [39]. The
SAED pattern of RGOCN also confirms the compos-
ite structure and is consistent with the XRD results.

4 Spectral analysis
4.1 FTIR spectral analysis

The different functional groups present in the pre-
pared samples were examined in the wavelength
ranging 4000450 cm™' using globar and mercury
source in a Perkin Elmer FT-IR equipment. FT-IR
spectrum of GO shown in Fig. 4a represents the
existence of hydroxyl, carbonyl, carboxyl and car-
boxylic functional group. The presence of adsorbed
water is explicated by the peak seen at 3390 cm ™' and
this is due to O-H stretching vibrations [40-42].
Stretching of the carbonyl and carboxyl groups are
observed at 1720 and 1615 cm™'. Vibrations from
graphitic domain are well predominant by the peak
seen at 1050 cm™'. Presence of various functional
groups in GO makes it to be in hydrophilic nature.
But it is converted into hydrophobic in nature while
reducing to graphene oxide.

The FTIR bands belonging to CN in the region
between 2000 and 400 cm ™' in Fig. 4a demonstrate
and establish the presence of both bending and
stretching vibrations of NbOs octahedron. At
647 cm~! we observe a broad envelope and this is
designated to the mentioned stretching and bending
modes of the NbOg octahedron [43].
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Fig. 2 a Morphology of CN and b morphology of RGOCN, ¢ compositional analysis of CN and d compositional analysis of RGOCN

@ Springer



2434

Table 1 Elemental composition of CN

ELEMENT Wit% At%
OK 30.85 72.68
NbL 58.61 23.78
CdL 10.54 3.54
Matrix Correction ZAF

Table 2 Elemental

composition of RGOCN Element  Wt% At%
CK 74.86 87.09
OK 12.56 10.97
NbL 07.46 01.12
CdL 05.12 00.82
Matrix Correction ZAF

Variations in intensity are noted corresponding to
the peaks belonging to hydroxyl, carbonyl and car-
boxyl functional group in Fig. 4a, the spectra
belonging to RGOCN. Reduction of graphene oxide is
dominantly shown by the peaks centred at 3457, 1632
and 1404 cm ™. Distortion of Nb-O is revealed by the
sharp stretching vibration seen at 637 cm™'.This dis-
tortion also brings into light that graphene sheets are
fastened within the columbite CN. The compiled
vibrational assignments are shown in Table 3.

4.2 FT-Raman spectral analysis

Using Nd-YAG laser source coupled BRUKER RFS
27: stand-alone FT-Raman Spectrometer, the Raman
spectra was analysed in a scan range of
4000-50 cm~'. This analysis was done on GO, CN
and RGOCN to ascertain the extent of reduction of
GO and structural changes supported with graphene
in CN and is presented in Fig. 4b. In carbon-based
materials, D bands are formed owing to the breathing
mode of Ka point photons belonging to A;; symme-
try. G bands are formed because of scattering of order
one due to the photon belonging to atoms of carbon
in E», mode of sp” hybridized state [44]. Raman
spectra of GO nano sheets illustrated in Fig. 4b dis-
plays a peak at 1610 cm™" indicating the strong D
band and at 1295 cm ™' show the weak G band with
calculated intensity ratio Ip/Ig as 0.8755. The
observed low intensity ratio infers that exfoliated GO
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consists of both sp? and sp® hybridized carbon con-
tent after oxidation.

In Fig. 4b, the Raman spectra of CN, the lowest
frequency band at 77 cm™' is due to the lattice
vibrations. At 602 cm™' and 241 cm™' we observe
sharp peak which indicate the vibrations due to
stretching of terminal 6 (O-Nb-O) in F»; mode [45].
The vibrations noted from 700 to 500 cm™' wave-
length region is owing to the Nb-O bridge and those
seen below 500 cm ™' is because of the Nb-O chain
vibration. The stretching of Cd-O mostly occurs at
lesser wavelength regions.

Figure 4b, the spectra of RGOCN show a rise in the
value of ratio of intensity of D and G band (Ip/Ig =
1.079) than that observed in GO. This indicates the
reduction of graphene oxide. Also, the characteristic
Raman band shift identified at 550, 638, 1296 and
1592 cm™! indicate the availability of orthorhombic
CN in the reduced graphene oxide layers [44].

4.3 Band gap determination

The dependence of absorbance with wavelength for
CN and RGOCN nanocomposite is shown in Fig. 5a
and b. Absorption peak shown at about 253 nm in
Fig. 5a relates to the optical absorption of CN. Fur-
ther, the peak at 221 nm in Fig. 5b shows optical
absorption in RGOCN. The blue-shift in the optical
spectra of RGOCN when compared to CN is due to
the bond among CN and RGO layers. Moreover, in
RGO layers there is a wavelength shift in the
absorption edge of nanocomposites based with gra-
phene due to the Burstein-Moss effect [46]. This blue-
shift in RGOCN is due to the potential barriers
formed by the limiting electron transfer exhibited
among the levels of CN. This indicate that the energy
necessary to excite and transfer RGOCN increases.
Figure 5c and d shows the linear plot of («1v)* with
energy of photon for CN and RGOCN, respectively.
The optical band gap corresponding to CN and
RGOCN obtained by extrapolating a straight line
from the plot of («hv)* with energy of photon are
3.5107 eV and 4.024 eV, respectively. The raise in
band gap energy of RGOCN composite when com-
pared to CN system is due to structural interaction of
CN. The band gap of RGOCN composite can also be
regulated by the interaction of GO with CN.
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Fig. 3 HRTEM images of a GO, b CN and ¢ RGOCN, SAED pattern of d GO, e CN and f RGOCN

5 Thermal studies of CN and RGOCN

To evaluate the stability of synthesized CN and
RGOCN materials towards the change in tempera-
ture, a NETZSCHS5 simultaneous thermogravimeric
(TG) analyser was used by increasing the tempera-

ture of the samples at a rate of 10 °C min ' in

nitrogen atmosphere. The recorded curves are
revealed in Fig. 6a and b. In the TG curve corre-
sponding to CN presented in Fig. 6a, we see that
when the temperature was raised beyond 363.4 °C
the mass remained the same till 1000 °C. However,
there is a drastic loss of mass (28.2%) from 1000 to
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1150 °C. The DSC curve explicit a strong endothermic
peak at 1135 °C indicating the decay of unreacted
CdO content in the formed CN [45]. Further, the

Table 3 FTIR spectral assignments of GO, CN and RGOCN

GO (em™!)) CN(m™)  RGOCN (ecm™!)  Assignment
3390 3457 ~ OH
1720, 1650 1632 ~ C=0
1404 ~ C-0
1050 1047 ~ C-0-C
647 637 ~ Nb-O
0.32
(a) —=CN
0.30
E)
8 028
(V]
Q
g
_g - Xmax=253 nm
e ]
e
<
0.24 <
0'22 1 1 ] ]
300 400 500 600 700
Wavelength (nm)
1.4
- RGOCN

(b)

Absorbance (a.u)

0.4

T T
500 600

Wavelength (nm)

T T
300 400 700
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prominent peak at 1345.9 °C indicates the melting
point of CN.

The thermal behaviour of RGOCN nanocomposite
is seen in Fig. 6b. At 467.4 °C we see a strong
exothermic peak with 17.63% weight loss that
occurred during the oxidation of graphene [47].
Correspondingly in the TG-DSC curve of RGOCN,
the evaporation of CdO found in RGOCN generate a
strong endothermic peak at 1196.7 °C followed by a
weight loss of 35.66%. Moreover, the temperature of
melting occurred at 1399 °C. Thus, we note better-
ment in the thermal stability of RGOCN.
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Fig. 5 a Plot of absorbance with wavelength for CN. b Plot of absorbance with wavelength for RGOCN, ¢ plot of (aiv)? with hv for CN,

d plot of (¢hv)? with hv for RGOCN
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6 Ferroelectric hysteresis studies

Polarization verses electric field (P-E loop) data were
collected and analysed by a 609E—6 high voltage
amplifier networked with 4 kV precision Radiant
premier ferroelectric test system at 300 K. The P-E
loop is a non-ideal curve generated due to the leakage
current produced by oxygen vacancy [48]. The P-E
loop in Fig. 7a and b illustrates the hysteresis beha-
viour of CN and RGOCN samples for an applied
electric field of 25 kVem 'and 45 kVom™},
respectively at ambient temperature.

The obtained P-E curve reveals promising ferro-
electric nature in both CN and RGOCN nanostruc-
tures. The spontaneous polarization (Ps) for CN
nanostructure was found to be 0.0244 nC cm~2 and
its remanent polarization (P,) and coercive electric
field (E) were observed at 0.0151 pC cm ™2 and
— 1.30 kV ecm ™, respectively [49].

The observed coercive field (E.) of — 2.39 kV cm ™"
at room temperature for RGOCN shown in Fig. 7b
shows an increase in value when compared with CN.
The spontaneous polarization (P,) and remenant
polarization (P,) for RGOCN nanocomposite at a
higher electric field of 4.5kV was found to be
~ 0.0685 uC cm™2 and 0.0461 pC cm ™2, respectively.
Thus, an enhancement in remenent polarization was
observed in RGOCN nanocomposite and this indi-
cates its ferroelectric nature. Squareness of polariza-
tion (Rgq) of CN and RGOCN was estimated as 0.684
and 0.797 respectively using the relation,

P, Piig
Ir c 1
5.7, (1)

Ry =

7 Electrochemical studies
7.1 Cyclic voltammetry

The electrochemical studies were done using bio-
logic-240 electrochemical workstation. CN/RGOCN
slurry was prepared by continuously mixing the
electrode material in N-methyl-2-pyrrolidone using
carbon black and polyvinylpyrrolidone as binder [50]
in the weight ratio of 70:20:10. This prepared slurry
was layered as a thin coat in a carbon paper of size
1 cm x 1 em. This working electrode was then dried
at 80 °C for about 30 min and desiccated overnight. A
three-electrode system was used to determine the
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electrochemical properties of CN and RGOCN sam-
ples. Throughout the entire electrochemical analysis,
an electrode of saturated calomel acted as refer-
ence electrode and a platinum wire served as counter
electrode. The potential window for scanning was set
from — 0.2 to + 1.0 V. Also, the electrodes were
scanned for various scan rates in 0.1 M H,SO, elec-
trolyte. Throughout the analysis, the current was
observed as a function of voltage (potentiostatic
mode).

In the CV curves of CN presented in Fig. 8a we see
that for an increase in scan rate, the dominant Far-
adaic process (both oxidation and reduction) leads to
variation of redox peaks. Moreover, there is a gradual
increase in the area of CV curves with increase in
scan rate. This endorses the pseudo-capacitance
process. Further, when the scan rate was increased an
increase in redox current was identified. Several
oxidation and reduction peaks are observed owing to
the different faces of the major crystalline phase and
their different reactivity. Moreover, these are likely to
manifest as different potentials [51].

The electrochemical reaction at CN electrode is
given by the following relation.

CdNb,Og¢ + H +e « HCdNDb,Og. (2)

Figure 8b, the CV representation of RGOCN indi-
cates reversible electrochemical properties owing to
the availability of RGO. In the potential ranging from
0.2 to 1 V, RGOCN exhibit enhanced Faradaic beha-
viour than CN. We also observe a rise in the redox
peak reflecting the inclusion of graphene and thereby
the hybrid capacity of RGOCN electrode is revealed.
The interlinking of RGO and CN generates excellent
charge transfer kinetics in RGOCN.

The specific capacitance for CN and RGOCN
electrodes were estimated using [52] the relation

[1av
omV

Co = (3)

Here the response current is indicated by I, the
potential window by V, the recorded scan rate by
v and the active material mass on electrode by
m. Table 4 presents the obtained results. While
moving from higher to lower potential regions we see
a continuous shift in the redox peak of both CN and
RGOCN. Also, an increase in the rate of scan gener-
ates an increase among redox peak in the potential
separation. This can be owing to the influence of
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Fig. 6 a TG and DSC curve of CN, b TG and DSC curve of RGOCN

ohmic resistance and polarization effect present in
the material of the electrodes. Moreover, quasi-re-
versible nature of electrochemical reaction shows that
the irreversibility degree turns to be large when the
scan rates increase [52]. The loading of active material
on the electrode contributes to the intrinsic activity of
the electrode. When the loading increases on the
electrode, the distance for the transport of electrons
on the electrode increases and this supports a faster
charge transfer on the electrode. Figure 8c and d
displays the 3D-cyclic voltammetry (3D-CV) curves
of the CN and RGOCN electrode for various scan
rates. There is a noticeable change in the CV curves
for different scan rates. Also, information on the

charge storage mechanism of capacitors during var-
ious potential scan rates is clearly understood.

The impact of the scan rate on the specific capaci-
tance of CN and RGOCN presented in Fig. 8e shows
a reduction in value of specific capacitance with scan
rate. When there is a rise in scan rate owing to dif-
fusion of H* ion into the electrode material interca-
lation/deintercalation of H* metal cations occurs. H*
metal cations can easily intercalate inside RGOCN
hybrids electrode at lower scan rate. However, at
higher scan rates RGOCN hybrid electrodes shows a
decrease in the capacitance. This decrease is because
of the transfer rate of electrolytes which enabled
depletion/saturation of ions in the electrolytes within

@ Springer



2440

0.08
0.06

0.04 ~

0.02

0004 -----—--—-—-———-

P [uClcm?]

-0.02

-0.04 -

-0.06

-0.08 - —— (b) RGOCN

T
-5 -4 -3 -2 -1 0 1 2 3 4 5
E [KV/cm]

Fig. 7 P-E loop of a CN and b RGOCN

the electrode during the redox process. When the ion
transfer in the electrolyte turns faster, hydrogen ions
inclusion onto the nanocomposites becomes
easier [24]. Also, we see that presence of RGO in CN
has raised its specific capacitance.

In the chosen potential window of — 0.2 to 1.0 V
with 10 mV s™! scan rates, the cyclic stability of CN
and RGOCN were measured for 500 cycles and the
output is presented in Fig. 8f. From the graph, we
understand that, RGOCN binary nanocomposites
retain 92% of original value when 500 cycles were
over and this is a greater value when compared with
CN. The superior reversibility and cyclic stability
possessed by the nanocomposite is thus revealed.

7.2 Galvanostatic charge-discharge (GCD)
measurement

GCD studies were carried out with potential ranging
between 0 and 1V for various current densities.
Figure 9a and b illustrates the charge-discharge
functioning of CN and RGOCN in 0.1 M H,SO,
aqueous electrolytic medium. From the charge-dis-
charge pattern, the reversible behaviour of CN and
RGOCN with the discharge time is identified. How-
ever, deviations are observed for CN and RGOCN
due to electrochemical decomposition in electrode
preparation. This is due to limitation of electrode
material’s stability. Therefore, only a minimum part
of electrical double layer was involved during dis-
charging in RGOCN.

The estimated specific capacitance of CN and
RGOCN is tabulated in Table 5. It is observed that
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graphene when attached with cube-like CN enhances
the storage ability of RGOCN. The table also record
the GCD behaviour of CN and RGOCN for various
values of current density in H,SO, electrolytic med-
ium. A maximum value of 7.97 F g~ and 582 F g~
specific capacitance was seen in CN and RGOCN for
the low concentration aqueous electrolytic medium of
0.1 M H,SO, when the current density was 1 A g~ .
We see an increase in specific capacitance of RGOCN
due to the reduction of GO with CN. The results
observed in GCD modes agree well with those
attained in the cyclic voltammetry experiments.

Variation in specific capacitance CN and RGOCN
for different current densities represented in Fig. 9¢c
also shows lowering in the value of specific capaci-
tance value in the CN and RGOCN electrodes when
the value of current density rise. This decrease in
specific capacitance resulted due to the internal
resistance exhibited by them [53, 54]. At higher cur-
rent density, only the material which was available in
the outer layer of the electrode was used effectively
and thereby resulted in lower value of capacitance.

The energy density and power density of both CN
and RGOCN electrodes were calculated using the
following equations.

2
Energy density (E;) = % (%) "
Power density (7) = (255). ”

where the potential windows is indicated by dV,
specific capacitance is represented by C, power
density by P and the discharge time by dt. For CN
electrode, a maximum energy density of 1.1 Wh kg™
with consuming power density of 415 W kg~ was
noted at 1 A g~ '. Also, the maximum energy density
obtained for RGOCN electrode was 8.08 Wh kg™
and its consuming power density was 4137 W kg~ at
1 A g~'. Table 6 clearly shows that moderate energy
density and high-power density of RGOCN brings
about acceptable magnitudes for energy storage
behaviour when compared with few reported mate-
rials [55]. It is further reflected from Table 7 that
RGOCN stay as a good material for fabricating
supercapacitor since enhancement in specific capaci-
tance of RGOCN composite material is observed.
Obtained results are permissible for producing
energy storage devices when compared with other
reported graphene composites for low electrolytic
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«Fig. 8 a Cyclic voltammetry curve in 0.1 M H,SO, for CN,
b cyclic voltammetry curve in 0.1 M H,SO,4 for RGOCN, ¢ 3D-
cyclic voltammetry curves of CN and d 3D-cyclic voltammetry
curves of RGOCN, e variation of specific capacitance as a
function of scan rate for CN and RGOCN and f performance
comparison of CN and RGOCN electrode for 500 cycles

concentration even though prominent preparation
methods were used.

The cyclic stability of CN and RGOCN were mea-
sured in 0.1 M H,SO, using GCD technique for 500
cycles at 2 A g”' and the output is explored from
Fig. 10a, b and c. From the graph, it is understood
that, RGOCN binary nanocomposites retain 98% of
original value when 500 cycles were over and this is
enhanced when compared with CN.

7.3 Electrochemical impedance
spectroscopy (EIS)

The transfer of charge and its mechanism can be well
understood by the EIS method in a solid-state device.
The synthesized CN and RGOCN materials were
coated on carbon paper and EIS measurements were
obtained for a frequency range of 100 Hz to 7 MHz at
10 mV AC sine amplitude. Figure 11a and b repre-
sents the typical Nyquist impedance plots of CN and
RGOCN at room temperature. The electronic and
ionic involvement can be described from the resis-
tance offered by electrochemical cell. The ionic part is
further explored to the separator resistance by means
of the ions diffusion through the pores of the elec-
trodes. The electronic resistance is calculated from
the bulk resistivity of the electrode material, which
includes contact resistance between current collecting
substrate and the electrode making materials. The

] Mater Sci: Mater Electron (2022) 33:2428-2449

intercept of real part (Z) reveals the ionic resistance of
electrolyte at higher range of frequency. It further
helps to estimate that the ionic resistance of elec-
trolyte and is almost same for both impedance spec-
tra. Also, Nyquist plots of CN and RGOCN
composite hybrid electrodes show a semicircular part
with an inclined line. It is clearly identified that the
large semicircle for the electrode is due to the high
interfacial charge transfer resistance, which resulted
from the low electrical conductivity of active sub-
stances. In the Nyquist plots, charge transfer resis-
tance (R,) is identified as a semicircle at high
frequency region and fast diffusion of ions in the
electrode materials as inclined line at low frequencies
[58].

Further, the equivalent circuit was generated with
Z fit analysis utilizing the EC lab software already
programmed within the instrument and is displayed
as inset in Fig. 11a and b. Equivalent circuit of both
CN and RGOCN consists of solution resistance (R;),
charge transfer resistance (R,), double layer capaci-
tance (C;) and Warburg element (W). At higher fre-
quency, the Nyquist plot of both electrodes appears
as a semicircle and in the lower frequency range it is
seen as a straight line.

The data obtained for CN electrode is fitted with
one simple parallel R,C, circuit connected in series
with a resistor (R;) and Warburg element (W3) con-
nected in series as depicted in Fig. 11a. The C, ele-
ment for CN system is computed as 2.1 F g~'. The
resistance R; in CN equivalent circuit is due to ionic
resistance of electrolyte and R, is related with the
charge transfer resistance observed in the interface of
electrode-electrolyte. W, represents Warburg resis-
tance associated with linear part of low frequency.

Table 4 Specific capacitance

of CN and RGOCN at Scan rate (mV s~

Specific capacitance (F g~ ')

Specific capacitance (F g~ ")

different scan rates CN RGOCN
10 1.83 58.33
20 1.58 45.83
40 1.45 40.00
60 1.58 36.38
80 1.43 34.37
100 1.41 32.75
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Table 5 Specific capacitance of CN and RGOCN by GCD mode

Current density (A g™

Specific capacitance (F g™ ")

For RGOCN electrode, the observed C, element
value of 65.2 F g~! reveals one simple series R,W,
circuit connected in parallel with a capacitor C; and

CN RGOCN in series with solution resistance R; and is presented
| 797 e in Fig. 11b. RGO, when incorporated with CN alters
) 218 45 its dielectric behaviour and this improves the electric
3 222 43 conduction. At low frequency region, the Warburg

element of CN shows pseudo-capacitance behaviour.
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Table 6 Comparison of

energy density of RGOCN Material

References

Energy density (Wh kg™")

Power density (kW kg™

with other supercapacitor

materials MnMoQO, on Ni foam Mu et al. [42] 31.6 0.935
NiO/porous carbon Wang et al. [42] 11.6 0.028
NiCo,O4/AC Ding et al. [42] 6.8 2.8
NiC0,04~MnO,//AG  Kuang et al. [42] 5.8 2.5
RGOCN Present work 8.08 4.13

Table 7 Comparison chart of specific capacitance value of RGOCN composite material with previous reported articles

Electrode material Electrolyte Preparation method Specific capacitance References
C(Fg™h

CNT-graphene films 0.1 M H,SO,4 Drop casting, vacuum filtration, 14 [55]
air brush spraying

Graphene/PANI hybrid paper 0.1 M H,SO, Vacuum filtration and 48.9 [55]
polymerization

Functionalized graphene hydrogel 0.1 M H,SO,4 Hydrothermal method 23.9 [55]

Cobalt oxide-intercalated 0.5 M BMIM-BF,/ Microwave irradiation 712 [56]

(GWCI) CH;CN

Graphene/MnO, 1 M Na,SO,4 aqueous Hydrothermal 192.2 [57]

electrolyte
Voids induced and graphene-wrapped 5 M KOH Microwave irradiation 549 [18]
nickel oxide (VGWN)
RGOCN 0.1 M H,SO, Hydrothermal 58.2 Present
work

The observed change in RGOCN equivalent circuit in
the low frequency region reflects the addition of RGO
on CN [59]. Table 8 summarizes the values exhibited
by the various circuit parameters for both CN and
RGOCN.

Comparing both electrodes, the RGOCN hybrid
electrode explores low R, value of 4.55 Q and has a
less inclined line, thereby showing an enhanced
capacitive performance than that of the CN electrode
(24.6 Q). Those observed results may be due to the
reversible redox reactions entangled with CN nano-
materials along with the better electrical conductivity
of RGOCN.

8 Conclusions

The orthorhombic structure exhibited by CN
nanocomposite and the inclusion of RGO in CN were
confirmed from the PXRD pattern. Hydrothermally
prepared RGOCN composite exhibited exfoliation of
graphene sheets with mixed morphology of cubes
and rectangular slab were revealed by HRSEM and

@ Springer

HRTEM analysis. The presence of different functional
groups belonging to GO, CN and RGOCN were
understood through the FTIR and FT-Raman analy-
sis. The optical band gap corresponding to CN and
RGOCN were found to be 3.5107 eV and 4.024 eV.
Moreover, RGOCN was identified with enhancement
in remenant polarization, coercive electric field when
compared with CN.

Electrochemical studies of CN and RGOCN in low
concentration 0.1 M H,SO, electrolyte showed that
RGOCN display high surface area and enhanced
specific capacitance for different scan rates than CN.
Specific capacitance of RGOCN was computed as
582 Fg ' at 1 A g~'. Maximum energy density of
8.08 Wh kg~' was obtained for RGOCN electrode
and its consuming power density was estimated to be
as 4137 W kg™ ! at 1 A g~'. Furthermore, RGOCN
electrode furnishes cyclic stability with 98% of
capacitive retention after 500 cycles at 2 A g~' by
GCD method. Magnitude of energy density and
power density for RGOCN showed the better per-
formance of energy storage capacity than other few
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Table 8 Circuit elements of CN and RGOCN

Circuit parameters CN values RGOCN values
R, 0.3727 Q 0.1848 Q

G, 21Fg! 652 F g

R, 24.61 Q 4.548 Q
Warburg element 1859 Qs 38.23 Qs

reported materials. Thus, the obtained results well
demonstrate the hybrid capacitive behaviour of both
CN and RGOCN making it material of great interest
for super capacitor applications.
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