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Abstract

Most recently, graphene-related composite-modified electrode surfaces are been widely employed to improve surface inter-
actions and electron transfer kinetics. Hydrothermally prepared strontium pyro niobate (SPN) and reduced graphene oxide/
strontium pyro niobate (RGOSPN) nanostructures reveal excellent morphology. X-ray diffraction analysis of SPN and
RGOSPN agree with standard data. Thermogravimetry—differential scanning calorimetry analyses show that RGOSPN has
higher thermal stability than SPN. In addition, from the polarization—electric field (P—E) loop measurements, the estimated
value of remnant polarization (P,) and coercive electric field (E,) of SPN are 0.039 uC cm™ and —2.90 kV cm™! and that of
RGOSPN nanocomposite are 0.0139 uC cm=2 and —2.04 kV cm™!. Cyclic voltammetry measurements show that RGOSPN
nanocomposite manifests the possibility of electrochemical reversibility beyond long cycles without change in performance.
The redox cycle reveal that RGOSPN can be used as part of a composite electrode for hybrid capacitors dynamic conditions.
Moreover, the specific capacitance of SPN and RGOSPN was calculated using galvanostatic charge—discharge (GCD) tech-
nique. The observed energy density of 9.1 W h kg™ in RGOSPN is higher when compared with previous reported values.

Keywords Hummer’s method - Hydrothermal method - Nanocomposites - Columbite - Electrochemical studies - Impedance
spectroscopy

1 Introduction

Development of novel technology for sustainable energy
production and affordable health care system are the sig-
nificant challenges among researchers in the recent days.
Electrochemistry plays a substantial role in several chemical
and biological sensors as well as energy storage devices.
This utilizes energy as electricity to gather or inoculate elec-
trons through electrodes in clean form. Recently, graphene-
supported metal, metal oxides and polymer has gathered
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much interest in developing bifunctional catalyst for energy
conversion system [1].

Columbite compounds are found with a combination of
fascinating physical properties such as piezoelectric, mag-
netic, catalytic, photovoltaic, ferroelectric and dielectric [2,
3]. These properties make them suitable for a wide range of
applications. Columbites have also put into the energy con-
version process as active electrode materials to enhance the
composite behavior, owing to its high electronic and ionic
conductivity [4-7]. Columbite ferroelectric materials are
significant materials identified by the presence of a change in
spontaneous polarisation in accordance with applied exter-
nal electric field. Ferroelectrics usually include titanates, zir-
conates and niobates which are structure-dependent type [8].

Graphene, an allotrope of carbon plays a significant
role in all aspects such as energy storage devices, energy
generation devices, catalysts, sensor fabrication, and cost-
effective water purification. Advanced graphene-based
materials always bring new perspectives and prospects to
the electrochemical systems. Graphene has been incorpo-
rated along with columbite to improve electrochemical per-
formance of the composites. Strontium pyro niobate with
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chemical formula Sr,Nb,O, exhibit orthorhombic crystal
structure with space group Cmc21 and belong to the ferro-
electric material and possess high Curie temperature, with
very high thermal and chemical stability. This material also
exhibits appreciable piezoelectric and electro-optic proper-
ties [9-14].

Recently graphene-based heterostructures offers new
opportunities for the development of energy storage devices
and for the stabilization of conceptually new two-dimen-
sional materials. To bridge better understanding between
experimental approach and theoretical approach about the
graphene composite structure formation, computational
methods can also be adopted for the characterization of gra-
phene-based composite derivatives. Interplay of gas phase,
atomistic, electronic processes and surface reactions about
graphene-based composite structure can be regulated by
density-functional ab initio molecular dynamics with van
der Waals corrections beyond the resolution of experimental
techniques [15]. Theoretical calculations can also be used
to investigate mechanism from the electronic level, which
could provide an explanation for some experimental phe-
nomenon [16, 17].

Herein, we describe a hydrothermal route for the synthe-
sis of strontium pyro niobate (SPN) rhombic nanosheets.
Morphological evolution of nanostructures was obtained
by maintaining reaction at low temperature in alkaline
(sodium hydroxide) medium. We also established a unique
structured composite material consisting of SPN sheets and
reduced graphene oxide (RGO) by hydrothermal method.
Distinctly, the facile hydrothermal method produces homo-
geneous nanostructured columbite materials with sheet-like
morphology. This nanostructured-reduced graphene oxide
strontium pyro niobate (RGOSPN) composite material was
characterized physicochemically and electrochemically as a
new kind of bifunctional catalyst for energy storage devices.
Crystallite size of SPN and RGOSPN materials were studied
with the help of X-ray diffraction (XRD) and high-resolution
scanning electron microscopy (HRSEM). In addition, fer-
roelectric properties of the composite prepared were inves-
tigated at ambient condition. Electrochemical analysis both
by cyclic voltammetry and galvanostatic charging and dis-
charging methods were carried out to analyze the suitability
of the composite for energy storage applications.

2 Experimental

2.1 Materials

Graphite powder, KMnO, (99%), H,SO, (98%), SrCl,-6H,O
(99%), Nb,Os (99.95%), NaOH (97%) H,0, (30% concen-

tration) and HCI (35% concentration) were purchased from
Sisco research laboratory. Milli-Q (Millipore, Milford, MA)
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water was used throughout the experiment. All other chemi-
cals, reagents and solvents utilized in this experiment were
of analytical grade.

2.2 Synthesis of graphene oxide and strontium
pyro niobate

Modified Hummer’s method was adopted to derive graphene
oxide (GO) [18]. High vapor pressure condition obtaining
hydrothermal method was appropriated to synthesize SPN.
Optimized synthesis was promoted by mixing 0.266 g of
SrCl,-6H,0 and 0.266 g of Nb,O5 (1:1), in 9 g of NaOH
(2 M) alkaline solution with constant stirring for 30 min.
The solution mixture was then transferred into a 150-ml
Teflon-lined stainless steel autoclave and the temperature
was allowed to maintain at 200 °C for 24 h. The reaction
mixture obtained under hydrothermal condition was then
taken out and rinsed several times using de-ionized (DI)
water and centrifuged several times in well-dispersed 10%
diluted HCI at 6000 rpm to remove impurities present in
the obtained reaction mixture. Finally, dried compound was
sintered using a silica crucible at 700 °C for 20 h using a
high-temperature furnace.

2.3 Preparation of reduced graphene oxide/
strontium pyro niobate nanocomposite

GO and SPN powder in 1:1 weight ratio was dispersed well
in 25 ml ethanol and 15 ml DI water. The pH of the mix-
ture was estimated as 12. The obtained mixture was stirred
for 30 min and ultrasonicated for 30 min to obtain uniform
dispersant. The stirred solution was then taken into a 150-
ml stainless steel autoclave lined with Teflon and heated at
180 °C for 2 h and subsequently cooled to room temperature.
The obtained materials were then rinsed thoroughly with DI
water followed by 10% diluted HCI and centrifuged many
times at 6000 rpm to remove the impurities present in the
prepared nanocomposite. The resulting material was further
dried at 80 °C for 2 h.

2.4 Characterization tools

XRD studies of SPN and RGOSPN samples were per-
formed on a Rigaku smart lab X-ray diffractometer, cou-
pled with 3 kW X-ray generator Cu tube, using radiation
(A=1.5406 A) with 260 ranging from 5° to 90° at a step
scanning of 0.02°. Morphologies of the prepared samples
were analyzed using high-resolution scanning electron
microscopy (HRSEM)-(FEI Quanta FEG 200 equipped
with energy-dispersive analysis of X-rays). Spectral anal-
ysis was carried out using Perkin Elmer FTIR instrument
(scan range 4000—450 cm™") adopting globar and mercury
as source and BRUKER RFS 27: stand-alone FT-Raman
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Spectrometer (scan range 4000-50 cm™!) with 1064 nm
Nd-YAG laser source. Thermal stability of the synthesized
materials were measured by thermogravimetric (TG) and
differential scanning calorimetry (DSC) using NETZSCHS
simultaneous TG analyzer, by heating the specimens from
35 to 1400 °C in nitrogen at 10 °C min~". Ferroelectric hys-
teresis data (P—E loop) were collected using 609E—6 high-
voltage amplifier interfaced with 4 kV radiant technologies
at room temperature.

The electrochemical properties of graphite rod, SPN
and RGOSPN samples were evaluated using the three-
electrode system in 0.1 M H,SO, medium using the elec-
trochemical workstation (Biological-SP240). Platinum and
calomel electrodes were used as the counter and reference
electrode, respectively. SPN/RGOSPN, carbon black and
polyvinylpyrrolidone (PVP) were taken in the weight ratio
of 70:20:10 for the preparation of slurry. The solvent used
for the preparation of slurry was N-methyl-2-pyrrolidone
(NMP). Slurry of SPN/RGOSPN was coated on the surface
of the carbon paper separately as a thin layer by slurry cast-
ing method [19]. The net mass of active coating material
was 0.5 mg cm™2. The net mass of active coating material
was about 0.5 mg cm™2. This prepared working electrode of
SPN and RGOSPN were kept in a hot air oven maintained
at 80 °C for 12 h for drying and desiccated overnight. Cyclic
voltammetry (CV) data were obtained with electrochemi-
cal workstation (Biologic-SP240) for various scan rates (10,
20, 30, 40, 50, 60, 80, and 100 mV s_l) between —0.2 and
1.0 V in acidic medium. The carbon paper-modified SPN
and RGOSPN working electrodes were used for impedance
measurement using Biologic-SP 240 apparatus.

3 Results and discussion
3.1 X-ray diffraction analysis

The XRD pattern of GO, SPN and RGOSPN are shown
in Fig. la—c. The prominent diffraction peak spotted at
20=11.58° having an interlayer distance of 0.76 nm along
the (001) orientation in Fig. 1a suggests the oxidation of
graphite which is the formation of GO [20]. The peak also
confirms the exfoliation of GO sheets from graphite flakes.

Figure 1b shows the XRD pattern of as-synthesized
SPN nanopowder. The obtained planes were indexed for
orthorhombic structure with lattice constant a =3.933 A,
b=26.572 A and ¢=5.679 A [21]. The obtained pattern is
in agreement with the standard JCPDS data card (file no.
70-0114). Intense peaks of SPN are observed at 260 =29.35°
and 32.32° and are related to (131) and (151) planes, respec-
tively. The crystallite size of SPN nanopowders was evalu-
ated as an average of 90 nm, by adopting Scherrer’s equation
and the prominent peaks [22].

— GO

6000 ©01)  (a)

5000 -
4000 ~

3000

Intensity (counts)

2000 -

1000

10 20 30 40 50 60 70 30
20

4500_- (b) SPN

(002)

Intensity

160000

(c)

—— RGOSPN

(131)

140000

120000 -

(002)

100000 —

80000 —

Intensity

(151

60000 —

40000 —

20000

0 T T v T T T v T v T T T

10 20 30 40 50 60 70 80
26

Fig. 1 Diffraction pattern of a GO, b SPN, and ¢ RGOSPN

XRD pattern of RGOSPN nanocomposite is shown in
Fig. 1c. The major peak at 24.80° confirmed the presence
of RGO and is indexed as (002). The existence of SPN is
revealed by the increased intense peak at 260 =29.35 and
32.32 corresponding to (131) and (151) planes, respec-
tively [23]. The average crystallite size of RGOSPN was
estimated as 61 nm using the Scherrer’s equation and the
prominent peak values.
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Fig.2 Morphology of a, b GO, ¢ SPN, and d RGOSPN and compositional analysis of e SPN and f RGOSPN composite
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Table 1 Elemental composition

of SPN Element Wt% At%
OK 20.22 59.28
NbL 64.91 32.77
SrL 14.86 7.96
Matrix Correction  ZAF

Table 2 Elemental composition Element  Wt% At%

of RGOSPN
CK 74.86 87.09
OK 12.56 10.97
NbL 07.46 01.12
SrL 05.12 00.82
Matrix Correction ZAF

3.2 Morphological and composition studies

HRSEM analyses were carried out for GO, SPN and
RGOSPN samples to determine the surface morphology.
Morphology of GO images showed in Fig. 2a, b unveiled that
the exfoliated GO material comprised of crumpled sheets,
aggregated randomly and closely associated with each other.
In addition, thin sheets are formed from the graphite solid.
The crinkled and folded regions of the exfoliated sheets of
2-nm average widths were identified by HRSEM [24].

Figure 2c presents the morphology of the SPN nanop-
owder obtained from hydrothermal method at 200 °C for
24 h. Shapeless structure was obtained under hydrothermal
condition at 200 °C for 2 h. Upon increasing the reaction
time to 24 h and at higher pH 12 condition, nanosized sheet-
like morphology with an amorphous phase appeared [25].
The observed crystallite size ranged from 90 to 500 nm and
matched well with XRD results.

Fig.3 a FTIR spectra of GO

In Fig. 2d, we see image of nanocomposite RGOSPN.
This figure very clearly reveals that SPN nanosheets are
linked with functionalized graphene. Moreover, grain size
of the composite is modified with nanostructured SPN sheets
and compared with XRD results. Thus, compound novelty is
been established from the morphological analysis.

The EDAX characterization of SPN and RGOSPN are
shown in Fig. 2e, f. Figure 2e and inset picture confesses that
the sheet-like particles are most probably comprised of three
elements such as strontium, niobium and oxygen, with the
exclusion of carbon. After the reduction of graphene oxide
with nanostructured SPN through hydrothermal condition,
EDAX analysis in Fig. 2f and inset figure shows the inclu-
sion of carbon with strontium niobium oxide. Elemental
compositional analysis of SPN and RGOSPN are compiled
in Tables 1 and 2.

3.3 Spectral analysis
3.3.1 FTIR spectral analysis

The presence of different functional groups in GO such as
O-H, C-OH, C-0 and COOH is observed in Fig. 3a, the
FTIR spectra of GO [26]. The FTIR spectra of SPN and
RGOSPN are presented in Fig. 4a, b. In the FTIR spectra
of SPN shown in Fig. 4a, the intensities of the FTIR bands
in the region between 1000 and 400 cm™" clearly establish
bending and stretching modes of NbOg octahedron [27].
The peaks at 856, 704, 508 cm™! explicit v, (B,,) mode, v,
(B,,) mode and v; (B,,) mode of vibration, respectively, and
is observed due to stretching and bending modes of NbOg
octahedra [28].

In the spectra corresponding to RGOSPN shown in
Fig. 3a, the overlapping of B,,, B,,, and B;, symmetries
are identified. The broad prominent peak at 664 cm™!

and b Raman spectra of GO
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Fig.4 a FTIR spectra of SPN
and RGOSPN and b Raman
spectra of SPN and RGOSPN
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Table 3 FTIR spectral assignments of GO, SPN and RGOSPN

GO (cm™) SPN (cm™) RGOSPN (cm™))  Assignment

3000-3500 ~OH

1713 1711, 1561 ~C=0

1614 ~C=C

1051 ~C-0-C
856,704,508 664 ~Nb-O

indicate the vibrations of Nb—O (stretching). Furthermore,
shift in wavelength at 1711 and 1561 cm™! due to stretch
of carbonyl, carboxyl groups and the broadening of the
vibrational peaks designating a slightly distorted (NbOg
octahedra) crystal structure confirms the reduction of GO
and also the attachment of RGO with polycrystalline SPN.
The observed IR bands and the band assignments are com-
piled in Table 3.
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3.3.2 FT-RAMAN spectral analysis

Raman spectroscopy stays as an effective tool to identify
structural changes and analyze the characteristic modes
associated with nanocomposites due to its sensitivity to
local symmetry. The Raman spectra show both D and G
ply as prominent peaks for all composite material based on
carbon. The G bands are harmonized to the first-order scat-
tering of the E,, mode in the Brillouin zone of sp? carbon
bonding and the D bands corresponds to structural defects.
Raman spectra of GO presents in the previous reported arti-
cle describes the C—C bond stretching in sp* carbon system
seen at 1599 cm™! corresponds to the G band and the avail-
ability of sp? carbon system disorder visible at 1303 cm™!
confirms the D band [26, 29]. Estimated intensity ratio of the
D band to the G band (I;,/I5=0.8781) provides information
of the defects and validates the shift of carbon atoms from
sp? to sp° hybridized carbon after oxidation.

Raman spectra of SPN and RGOSPN are plotted in
Fig. 3b. In Raman spectra of SPN shown in Fig. 4b,
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phonons of strong intensity active modes at 993, 619, 266
and 124 cm™! are consigned to the fundamental vibrations
of the NbOy octahedron. The sharp intense band at 993 cm™!
[0, (A,g) mode] is attributed to the terminal Nb—O stretch-
ing vibration. The prominent peak at 619 cm™! corresponds
to F,, mode and bridge Nb-O stretching vibration and the
peak at 121 cm™! exhibits the chain Nb-O stretching vibra-
tion. The bending vibration of O—Nb—-O occur in the range
of 450-100 cm™" [30].

According to Monisha et al. [31], defective D band
occurs due to the disordered arrangement of carbon atoms
and that of G band arises due to the tangential stretching
vibrations of carbon atoms in GO. Thermal reduction of
GO to rGO, reduced the number of carboxylic acid, ether
and hydroxyl groups and caused a decrease in intensity of D
band in RGOSPN when compared to that of GO. In addition,
a shift in both D and G bands in RGOSPN is noticed. Fur-
ther, the Raman spectra of RGOSPN shown in Fig. 3b give
the intensity ratio of D and G bands as 1.01. The increase in
D/G intensity ratio from 0.8781 to 1.01 interprets that single
layer of graphene has interlinked (as described in HRSEM
analysis) with the nanostructured SPN and exhibits bridge
and chain Nb-O stretching vibration mode (FZg) consigned
at 597 and 116 cm™', respectively. This shift in D and G
band shift in peak of Nb—O, vibrations when composite is
formed is well witnessed in the Raman spectra of previ-
ously reported composite materials such as NiNb,O4-rGO,
CuNb,0-rGO and ZnNb,O4-rGO [32, 33]. Moreover, in
the current study after the decoration of SPN with RGO,
shift in peak of Sr—O4 and Nb—Og vibrations is noticed.
In addition, the presence of rGO was further confirmed
in RGOSPN composites with a small rise of peak around
~1400 to ~ 1500 cm™".

Further, the Raman spectra of RGOSPN shown in Fig. 4b,
gives the intensity ratio of D and G bands as 1.01. The
increase in D/G intensity ratio from 0.8781 to 1.01 interprets
that single layer of graphene has interlinked (as described in
HRSEM analysis) with the nanostructured SPN and exhib-
its bridge and chain Nb-O stretching vibration mode (F,,)
consigned at 597 and 116 cm™! respectively.

3.4 Thermal analysis of GO, SPN and RGOSPN

The thermal graph shown in Fig. 5a shows a gradual weight
loss (6.43%) due to decomposition of functional groups hav-
ing oxygen in GO (-C=0, —-COOH, and OH) with a strong
exothermic peak at 218.4 °C. The thermal stability of SPN
and RGOSPN composite is analyzed from Fig. 5b, c. In the
TG-DSC curve of SPN, we see a gradual weight loss from
100 to 700 °C and this can be attributed to the separation of
the labile oxygen-containing functional groups and H,O vapor
from the material due to annihilation of oxygenated functional
groups. In addition, the DSC curve in Fig. 5b communicates a

strong endothermic peak at 863 °C revealing the decomposi-
tion of SPN. When graphene is incorporated into SPN, the
prominent endothermic peak is shifted to 1348.7° exhibiting
very high thermal stability and is seen in Fig. 5c.

3.5 Ferroelectric studies

The P-E loop of SPN and RGOSPN samples were obtained
at room temperature for an applied electric field of 1 kV cm™!
and is shown in Fig. 6a, b. The P-FE loop is partially satu-
rated due to the applied low electric field. The curve also
intimates the excellent ferroelectric behavior of the SPN and
RGOSPN nanostructure. The spontaneous polarization (P,) for
SPN nanosheets is 0.1041 uC cm™2, while the corresponding
remanent polarization (P,) and coercive electric field (E,) are
0.039 uC cm™2 and —2.90 kV cm™!, respectively. The coer-
cive electric field (E,) at room temperature for RGOSPN is
—2.04 kV cm™!. This observed reduction in coercive elec-
tric field of RGOSPN when compared with SPN is due to
the addition of graphene. The spontaneous polarization (P,)
and remanent polarization (P,) for RGOSPN nanocomposite
observed at the measuring electric field of 1 kV are ~0.0622
and 0.0139 uC cm™2, respectively. Further, the area of the
RGOSPN loop is observed to be less when compared with
SPN. This reveals that the remanent polarization of RGOSPN
nanomaterial has been enhanced with better consistency
and also confirms the ferroelectric nature of the composite.
The squareness of polarization calculated using the follow-
ing relation gives a value of 0.3230 and 0.4719 for SPN and
RGOSPN, respectively:

Pr
qu=P—+

Pk,
P

ey

S T

3.6 Electrochemical measurement of SPN
and RGOSPN

Cyclic voltammogram provides a time-dependent current (/)
which is plotted against the scanned potential (£) and yields
a cyclic voltammogram (CV) curve for capacitive diagnosis
[34]. The CV analysis was carried out in acidic medium to
reveal the reversible system. The net mass of active material
on carbon paper was 0.5 mg cm™2. To explore electrochemi-
cal surface reaction of SPN and RGOSPN working electrode,
cyclic voltammetry was carried out at different scan rates.

3.6.1 Cyclic voltammetry
Cyclic voltammetry (CV) measurements were carried out in

0.1 M H,SO, medium to analyze the electrochemical per-
formances of the two samples namely SPN and RGOSPN.
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Fig.5 TG and DSC curve of a
GO, b SPN, and ¢ RGOSPN
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Both the samples were analyzed within the potential range
of —0.2to +1 V for a scan rate of 10, 20, 30, 40, 50, 60, 80
and 100 m V s~!. The potential window for the columbite
SPN and RGOSPN electrode is thus 1.2 V.

Figure 7a, b shows the CV curves for SPN and RGOSPN
samples, respectively. The CV curves for SPN and RGOSPN
shows that the overall area under the curve increases with
increase in scan rate owing to increase in the value of cur-
rent. At higher scan rate, the redox peaks get shifted. The
reduction peak approaches the lower potential whereas the
oxidation peak approaches the higher potential value. The
rate of migration of ions and electrons at the electrode—elec-
trolyte interface will be fast at higher scan rate for which
the current value is high [35]. The shift which is noticed at
higher scan rate reflects that electronic neutralization could
not get satisfied. The redox reaction of SPN is represented
by the following equation:
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Fig.7 Cyclic voltammetry in 0.1 M H,SO, of a SPN and b RGOSPN. ¢ Variation of specific capacitance as a function of scan rate for SPN and
RGOSPN and d performance comparison of SPN and RGOSPN-modified electrode
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Sr,Nb,0; + H* + ¢~ < HSr,Nb,O,. )

The specific capacitance of SPN and RGOSPN samples
were estimated using the relation:

_J1adv

vmV "’

” 3)
where I denotes the response current, V refers to potential
window, v is the recorded scan rate in millivolts per second
and m refers to mass of active material on electrode [36].

The calculated specific capacitance for different scan rate
presented in Table 3 clearly indicates that the value of spe-
cific capacitance decreases with increase in scan rate. At
lower scan rate, the electrolyte ions have sufficient time to
diffuse and reach the pores within the material and this in
turn enable to expose the active material. However, at high
scan rates, the material at the electrode surface is not able to
contribute to the process because of the insufficient time for
the electrolyte ions to penetrate into the pores. A decrease
in capacitance is clearly demonstrated with increase in scan
rate. The electrochemical performance of RGOSPN sample
under the mentioned conditions is presented in Fig. 7b. The
incorporation of RGO into SPN has shown an increase in
the redox peak. The increase in current is attributed to the
increased electrical conductivity due to the reduction of gra-
phene oxide with SPN [37].

RGO sheets usually suffer from agglomeration, porous
and restacking due to the van der Waals interactions, which
leads to a loss of effective ion-accessible surface area and
consequently a lower capacitance than as expected. This
behavior and the existence of abnormal redox peaks rather
than rectangular shape can be attributed to the redox reac-
tion of OH- with the residual functional groups such as
epoxy, hydroxyl, and carboxyl function groups in the RGO
[38]. In addition, this behavior relatively displays the partial
reduction of graphene oxide. Some of the oxygen functional
groups in RGOSPN are essentially electrochemical active
and thereby oxidization or reduction may be abnormal even
at mild electrochemical potentials.

Volumetric capacitances for graphene-based composite
electrode materials are usually less than 200 F cm™3, due
to their low packing density. Instability of ion-accessible
surface area arises due to contents of oxygenated groups
in RGO, including C-OH, C=0, and —COOH not easily
controlled by most common reduction methods. Surface
functionalization is an effective tool to solve the above-men-
tioned challenges. Surface functional groups containing oxy-
gen, fluorine, nitrogen, sulfur boron, or phosphorus could
not only enhance the pseudocapacitance, but also increase
the wettability of the electrode material and further increase
the ion-accessible surface area [39].

@ Springer

Figure 7c shows the variation of specific capacitance (C,)
with scan rate for SPN and RGOSPN. It is noted that in the
case of both SPN and RGOSPN, the specific capacitance
decreases with increase in scan rate owing to the transfer
rate of electrolytes. This further leads to either depletion
or saturation of ions in the electrolytes inside the electrode
during the redox process. When the transfer of electrolyte
ions become faster, it makes hydrogen ions insertion into the
nanocomposites easier [40].

However, while comparing the specific capacitance of
SPN with RGOSPN we see an increase in the specific capac-
itance when RGO was incorporated into SPN. The addition
of reduced graphene oxide into SPN has increased the value
of specific capacitance of RGOSPN which is well evidenced
from Table 4.

To determine the cyclic stability, the potential window
was maintained at a range of —0.2 to 1.0 V. For 100 cycles,
the scan rate was set at a rate of 10 m V s~!. The observed
output is shown in Fig. 7d. From Fig. 7c, we understand that
at the end of 100 cycles, the RGOSPN binary nanocom-
posites retain 85% of its initial capacitance value which is
higher than SPN. The excellent cyclic stability of RGOSPN
with superior reversibility is thus established.

3.6.2 Galvanostatic charge-discharge (GCD) analysis

Galvanostatic charge—discharge analysis was carried out to
study the GCD performance for various current densities.
Figure 8a, b displays the charge—discharge behavior exhib-
ited by SPN and RGOSPN composite electrodes between
0 and 1 V for current density value of 1, 2, and 3 Ag_l in
0.1 M H,SO, aqueous solution.

The charge—discharge curves of SPN and RGOSPN
very clearly show that the voltage decreases along with the
discharge time and this describes pseudocapacitance and
hybrid capacitance. The discharge curve of SPN composite
measured at low current density shown in Fig. 8a consists

Table 4 Specific capacitance of SPN and RGOSPN nanostructures
measured at different scan rates

Scan rate (mV s71) Specific capacitance (Fg™!) Specific

SPN capacitance
(Fg™)
RGOSPN
10 17.50 120.83
20 16.25 100.25
30 15.83 89.78
40 15.20 82.12
50 14.67 76.36
60 14.22 71.69
80 13.50 63.75
100 12.95 57.83
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of a sudden potential drop from 1.0 V. This potential drop
represents a typical pseudocapacitance nature, caused by
electrochemical adsorption/desorption or a redox reaction
at the electrode/electrolyte interface [41]. However, a slight
curvature from 0.3 to 0 V indicates slow charge/discharge
duration, which is a typical pseudocapacitance behavior due
to double-layer distribution. Usually, Faradaic redox reac-
tion is accompanied by the double-layer charge discharge
process, and thus the combination of electric double-layer
capacitance and Faradaic pseudocapacitance is responsible
for hybrid capacitance [42].

The larger specific capacitance value of the RGOSPN
composite than the pure SPN further proves that the com-
bination of graphene anchored with sheet-like SPN is very
beneficial for improving the storage performance. Subse-
quently, the GCD properties of the composite were obtained
with different current density of H,SO, electrolytes.

The drop in voltage in GCD curve is due to internal resist-
ance, and due to capacitance. To observe effective capaci-
tance from GCD curve, constant current interval is noticed at
the moment the discharge process initiated [43]. Further, the
IR drop is calculated from the difference between the second
discharge point to the beginning of discharge for various
current density such as 1 Ag~!, 2 Ag~! and 3 Ag~!. Specific
capacitance was also evaluated by subtracting the IR drop
for the similar current density mentioned above using the
following equation and values are listed in Table 5:

Id
- =< @)

P mdv’

where C,, refers to specific capacitance possessed by the
active material; 1, dt, dV, and m are constant discharge cur-
rent (A), discharge time (s), the voltage changes after a full
discharge (V), and the mass of active material (g), respec-
tively [44]. It is found that the specific capacitance of SPN
and RGOSPN electrode based on the as-prepared composite
reached a maximum value of 13.80 Fg~! and 65.50 Fg~!,
respectively, in 0.1 M H,SO, electrolyte for a current den-
sity of 1 Ag™!. The enhancement in specific capacitance of
RGOSPN was observed when GO was reduced with SPN
owing to the higher discharge time and is identified from
Fig. 8b. The results are in good agreement with the results
obtained from the cyclic voltammetry.

Table 5 Specific capacitance

Current Specific capaci-
of SPN and RGOSPN by GCD density tance (Fg™!)
mode (Ag™)

SPN  RGOSPN

1 23.62 73.27

21.53 60.67

3 13.30 59.68

The stability of SPN and RGOSPN nanomaterials were
determined by GCD technique for 100 cycles and is pre-
sented in Fig. 8c, d. RGOSPN binary nanocomposite retains
higher discharge time than SPN. This demonstrates the
acceptable cyclic stability and specific capacitance of the
material with superior reversibility.

Figure 8e displays the variation in specific capacitance of
the SPN and hybrid RGOSPN for different current densities
of 1,2 and 3 Ag™'. The work carried out by Zhao et al. reveal
that RGO material when made as a supercapacitor electrode,
the film exhibits a gravimetric specific capacitance of 42.5
Fg~'at 1 Ag'in 0.1 M H,SO, aqueous electrolyte when
integrated into a symmetric cell [45]. In the present study,
SPN exhibit 23.62 Fg™' at 1 Ag™' and RGOSPN exhibit
73.27 Fg~' at 1 Ag™! thus revealing that the electrochemi-
cal performance of hybrid RGOSPN electrode is superior
to SPN electrode.

The energy density (E,) and power density (P,) of SPN
and RGOSPN were estimated from the following relation:

E_ICstV2 s
) 3.6 ’ )

p_ (3600 %E,
= O g (©6)

where E| refers to energy density (W h kg™'), dV refers
to potential window (V), C, refers to specific capacitance
(F g71), P is power density (W kg™!) and dt refers to dis-
charge time (s). The maximum energy density and power
density of about 1.91 W h kg~! and 665.6 W kg~! were
computed for SPN at 1 Ag~! current density. Moreo-
ver, the maximum energy density and power density of
about 9.1 W h kg™ and 463.9 W kg~! were calculated for
RGOSPN composite for the same current density. Table 6
shows the relative comparison of energy density value of
RGOSPN with other supercapacitor materials. From table, it
is well evident that this composite electrode RGOSPN dem-
onstrates relatively good energy density than conventional
capacitors, delivering power density significantly higher
than the common fuel cell and battery.

Table 6 Comparison of energy density and power density of
RGOSPN with other supercapacitor materials

Material Reference Energy Power
density density
Whkg™)  kWkg™h

NiCO,0,/AC Ding et al. [42] 6.8 2.8

Co0;0,@MnO,/Acti- Lei et al. [46] 17.7 0.6

vated Graphene
NiCO,0,~MnO,/AC Kuangetal. [47] 5.8 2.5
RGOSPN Present work 9.1 0.464
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3.6.3 Impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) test for SPN
and RGOSPN were performed at room temperature in the
frequency range of 100 Hz to 7 MHz with 10 mV AC sine
amplitude to evaluate the electrochemical behavior.

The obtained typical Nyquist plot for the samples is pre-
sented in Fig. 9a, b. The impedance spectra were analyzed
by the Z fit analysis using the EC-lab software available in
the instrument. The resulting parameters are presented in
Table 7 and the obtained equivalent circuit is shown as inset
in Fig. 8a, b. It is observed from the plot that the data resem-
ble the shape of a capacitive straight line nearer to —Im
(Z). Further, the Nyquist plots of bare SPN and RGOSPN
nanocomposite show a semi-circle with greater diameter
and semi-circle with shorter diameter, respectively. Here,
Z" denotes the imaginary component of the impedance and
Z' denotes the real component of impedance. The diam-
eter of semi-circle indicates the interfacial charge transfer
resistance. The significant decrease in diameter of semi-cir-
cle demonstrates promising electrochemical properties in
RGOSPN nanocomposite when compared to SPN nanostruc-
ture. The vertical line observed at the low-frequency region
in RGOSPN reveals the process of diffusion of ions in the
electrolytes and adsorption on the graphite sheet-modified
electrodes [48].

The SPN system shows the data modeled with one simple
series R, W, circuit connected parallel with a capacitor (C,)
and R connected in series as seen in Fig. 9a. C, element of
SPN system was computed as 14.53 Fg~!. The resistances R,
and R, in SPN equivalent circuit represent the contact resist-
ance and the material layer resistance. These resistances are
in general present in all practical devices.

The RGOSPN system reflects an enhancement in C, ele-
ment value as 72.4 Fg~! which is much greater than the
observed in SPN. In addition, the RGOSPN system possess
one simple series R,W, circuit connected parallel with a
capacitor (C,) and connected in series with resistance R, as
shown in Fig. 8b. RGO when composited with SPN enables
to improve the dielectric property and electrical conductiv-
ity. The obtained capacitive straight line for SPN at high-
frequency illustrates pseudo capacitance. However, the addi-
tion of RGO on SPN shows enhanced hybrid capacitance at
high frequency [49].

The EIS data were further used to analyze the electro-
chemical properties of SPN and RGOSPN nanocomposite
in the frequency range from 0.1 kHz to 100 kHz under open
circuit potential. The EIS data were modified into specific
capacitance using the relation:
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Table 7 Circuit parameters of SPN and RGOSPN

Circuit parameters Observed values

SPN RGOSPN
RI1 9.56 Q 8.266 Q
R2 7.235Q 7.045 Q
C2 14.53 Fg™! 72.4 Fg~!
w2 4336 Qs 67.66 Q s~

Z" indicates imaginary part of impedance and f indicates
the measurement frequency [48]. The modifying imped-
ance data into capacitance and its outcomes are displayed
in Fig. 9c. It is well illustrated in the figure that specific
capacitance (C,) decreases with increasing frequency and
this behavior is well agreed with the decrease in capacitance
with increase in scan rate during the cyclic voltammetry
analysis (Fig. 7¢).

4 Conclusion

In this work, SPN was prepared through hydrothermal
approach. The morphological analysis reveals that sheet-like
SPN structure is well dispersed and anchored on flexible
graphene sheets. The synthesized RGOSPN unique nano-
structure is thermally stable up to 1348.7 °C as observed
from TG-DSC analysis. Polarization of RGOSPN was also
analyzed using P-E loop. The remarkable electrochemi-
cal performance of RGOSPN revealed in CV analysis is
owing to the unique nanostructure of RGOSPN. The spe-
cific capacitance of SPN and RGOSPN were estimated
using the CV technique and GCD technique. The estimated
specific capacitance value of RGOSPN reveals that addi-
tion of graphene on stable SPN, has greatly improved its
specific capacitance to 120.83 Fg~' at 10 mV s~ in 0.1 M
H,SO,. The estimated energy density and power density of
1.91 W hkg™! and 665.6 W kg™! at 1 Ag™! current density
in SPN was enhanced greatly to a value of 9.1 W h kg~!
and 463.9 W kg~! for RGOSPN composite at 1 Ag™! cur-
rent density. Energy density and power density of RGOSPN
were also compared with reported materials. Analysis on
suitability of RGOSPN as an active material revealed that
it exhibits promising hybrid capacitance, reversibility and
good redox behavior in acidic medium. Thus, the RGOSPN
binary component will play a vital role for making it a prom-
ising electrode material for the hybrid capacitance nature.
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