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1. Introduction

Recently, the carbon nanotubes, graphene oxide (GO), and
porous carbons have attracted significant interest for high-
performance supercapacitor applications because of their
unique properties such as high electrochemical properties
and excellent cyclic stability. Heteroatom-doped carbon mate-
rials are widely used electroactive materials owing to their
excellent electrochemical performances in supercapacitor
applications. Therefore, the carbon-based composite mate-
rials are used in portable electronics, hybrid vehicles, and
backup energy systems with excellent performances [1-3].
Based on the charge storage mechanism, supercapacitors
are mainly categorized as electric double layer capacitors
(EDLCs) and pseudo capacitors depending on the materials
involved in the electrochemical reaction. Electrodes contain-
ing nitrogen-doped graphene oxide (NGO), porous activated
carbons, and N-doped carbon source electrode materials are
used for supercapacitor applications [4-6]. Redox capacitors
or pseudo capacitors such as Co304, NiO, and MnO, and
polymer-based electrodes are used for energy storage device
applications.

The mainly energy storage materials are depends on the
electrostatic interaction increases of charges at the electrode-
electrolyte interface via EDLC layer. On the other hand,
in pseudo capacitors, the stored energy is released in the
presence of reversible redox reactions or faradaic reactions
occurring in the metal oxide electrodes [7,8]. The electro-
chemical performances are enhanced via a control synthesis
of mesoporous and microporous carbon materials using a
suitable catalyst. The microspores create an effective elec-
trode/electrolyte interface in the EDLCs and provide channels
to facilitate electron diffusion [9]. Carbon-based nanostruc-
tured materials have attracted great attention because of
the outstanding properties of one- and two-dimensional
nanotubes and graphene [9-11]. Two-dimensional carbon
nanostructure materials have large surface areas and high
electronic properties, which enhance the electrochemical
properties [12,13]. Different activated carbons and metal oxide
materials are used as EDLCs owing to their higher power
densities and excellent cyclic stability for supercapacitor
applications. NGO materials are thermally stable and bio-
compatible and have larger surface area of active groups and
excellent mechanical properties compared with undoped car-
bon materials. Nitrogen doping of graphene is carried out by
various methods such as substitution reactions and catalytic
pyrolysis of organic precursors [14-16]. Based on the n-doping
process of carbon materials such as reduced GO can result
in a specific capacitance of ~206F/g and exceptional cyclic
stability.

Numerous studies on graphene-based materials have
reported an increase in specific capacitance from ~60F/g at
a scan rate of 1mV/s to 118 F/g at a scan rate of 100 mV/s and
170F/g at a scan rate of 10mV/s depending on the electrolyte
and electrode materials. Various metal oxide nanoparticles
such as Co304, MnO,, Fe304, RuO,, V,0s5, and SnO; nanopar-
ticles show increased electrical conductivity and specific
capacitance with excellent cyclic stability. Recently, a high the-
oretical capacitance (~3657 F g~1) and excellent stability have

been reported for cobalt oxide@carbon electrode materials.
Cobalt oxides (Co304) have been studied as promising candi-
date electrode materials for supercapacitor applications. Gao
etal. reported a Co304 nanowire on nickel foam that displayed
a maximum specific capacitance of ~746Fg~! at a cur-
rent density of 5mA cm~2 [17-19]. Further, hexagonal Co304
nanosheets synthesized using complex-precursor materials
by a thermal decomposition technique showed a capaci-
tance of ~230F g~! at 1A/g with excellent cyclic retention.
Nanoporous Co304 materials synthesized via a hydrother-
mal process exhibited a capacity of ~280Fg~! with high
cyclic stability. Co304 nanorods synthesized as single crystals
for supercapacitor applications showed a maximum capaci-
tance of ~458 F g~1 [20]. Co304 synthesized as an aerogel-like
mesoporous material via an addition reaction [21] exhibited
a specific capacitance of ~600Fg~! with excellent contin-
uous cycles. Mesoporous Co304 nanoparticles with a large
surface area of ~185m?g~! exhibited a maximum specific
capacitance of ~370Fg~! [22]. Besides, tin oxide (SnO,) is
an n-type semiconductor with a wide bandgap of ~3.6eV
and is widely used in the field of solar cells, catalysts, gas
sensors, and electrochromic devices. Wang and co-workers
studied the microwave-assisted synthesis of SnO,/graphene,
which showed a specific capacitance of ~99.7 F/g and excel-
lent cyclic stability [23]. Li et al. prepared a SnO,/graphene
active electrode by a one-pot synthesis approach; the mate-
rial showed excellent capacitance and cyclic retention [24].
Velmurugan et al. reported SnO,/graphene composite [25]
electrodes having the combined properties of an EDLC and a
pseudo capacitor to enhance the electrochemical properties.
As evident from literature [26], nanocomposites synthesized
using materials with different morphologies are widely used
as electrodes for energy storage applications. Lee et al. [26]
synthesized composite nanoparticles of SnO, and cobalt oxide
by a hydrothermal process. The composite material exhibited
an electrochemical capacitance of ~840Fg? at 10mVs™ in
the potential range of -0.8V-0.1V.

Recently, we demonstrated electrochemical supercapac-
itor applications of binary composite NGO@SnO, electrode
[27], and it is interesting to investigate the impact of Co304
nanoparticles incorporation towards electrochemical perfor-
mance of ternary composite.

Therefore, in the present study, SnO,@Co304/NGO porous
composite materials were synthesized by a thermal reduc-
tion reaction for supercapacitor application using 2M KOH
as an electrolyte. The composite was characterized by field
emission transmission electron microscopy (FE-TEM), field
emission scanning electron microscopy (FE-SEM), Raman
spectroscopy, X-ray diffraction (XRD) analysis, X-ray pho-
toelectron spectroscopy (XPS), and Brunauer-Emmett-Teller
(BET) analysis. Furthermore, the electrochemical properties
of the Sn0O,@Co304/NGO composite were studied by cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) mea-
surements, and electrochemical impedance spectroscopy (EIS)
for supercapacitor application. The SnO,@Co304/NGO com-
posite exhibited a high specific capacitance of ~375Fg~! at
0.5 A/g and cyclic stability up to 10,000 cycles, which indicate
that the hybrid composite electrode material is promising for
supercapacitor application.
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2. Experimental

2.1. Materials

In this study, the mandatory chemicals were used in the
analytical grade without any purification. Graphene sheet,
cobalt nitrate (Co(NOs),-6H,0)), tin(IV) chloride (SnCls.5H,0),
urea (NH,CONH,), ammonia, (Sigma-Aldrich, 98%), sulfuric
acid (H2SO4), potassium hydroxide (KOH), phosphoric acid
(H3PO4), N-methyl-2-pyrrolidone, potassium permanganate
(KMnOy4), and polyvinylidene fluoride(PVDF) were acquired
from Sigma-Aldrich, South Korea.

2.2. Graphene oxide (GO) synthesis

GO was produced by Hummers’ procedure and slightly
modified the previous reports of graphite materials [26,28].
Calculated amounts of graphite (6g), H,SO4 (300 ml), H3POy4
(40ml), and KMnO4 (20g) were mixed in a three-neck flask
and heated at 50°C for 24h until the formation of graphite
sheets. The resultant reaction mixture changed from dark pur-
ple to greenish brown, and 30 ml of H,O, solution was added to
convert into graphite oxide or graphene oxide. Finally, the GO
powder was purified by ethanol and dried in a vacuum oven
at 90°C for 20h.

2.3.  N-doped graphene oxide (NGO) synthesis

A calculated amount of GO (0.6 g) was dispersed in 300 ml of
H,0 by ultrasonication for 4 h, which yielded a brownish solu-
tion. Then, 50 ml of water was added into the GO suspension
and purified by using vacuum oven at 95°C for 12h. Then,
1.65 gm of urea and ammonia solution (40 ml) were added to
the reaction mixture with continuous stirring for 12h at 95°C.
Finally, the obtained NGO material was dried in a vacuum oven
at 200°C for 24 h.

2.4. Sn0,@Co304/NGO composite synthesis via
thermal reduction process

In this experiment, calculated amounts of NGO (0.6 g), urea
(1.65g), and ammonia precursor solution (40 ml) were added
with continuous stirring at 95°C for 6h to form a homo-
geneous suspension. Then, calculated amounts of 0.01M
Co(NO3),.6H,0 and 0.01M SnCls.5H,0 were dispersed into
300ml of purified water in a three-neck flask. The reaction
was carried out at 95°C for 12 with continuous stirring, and
the entire solution was then transferred to a 300 ml closed
autoclave vessel. The reaction product was heated at 200 °C for
12h and then cooled to room temperature. The product, SnO;
@Co0304/NGO composite, was further heated at 450°C for 10h
in a vacuum furnace and purified using water and ethanol.
Finally, the SnO,@Co0304/NGO composite was collected and
used for further characterization (Fig. 1).

2.5. Characterization

Raman spectroscopy of the SnO, @Co304/NGO composite was
performed using an alpha 300R spectroscope with exceptional

speed and sensitivity and high resolution. The crystalloid
arrangement of SnO,@Co304/NGO was determined by pow-
der XRD analysis (Rotaflex RU-200B, Rigaku) performed using
a Cu K, radiation source. Elemental analysis was carried out
by XPS (ESCALAB 250Xi) using Al K, radiation of 1486.6eV
with an energy source. The morphological analysis of the SnO,
@Co304/NGO composite was carried out by FE-SEM (Hitachi S-
4800, Japan) and FE-TEM (JEOL, JEM-2010F). BET analysis of the
composite sample was performed using an ASAP 2010 ana-
lyzer (Micromeritics, USA).

2.6.  Fabrication of composite electrodes

The electrochemical properties of the SnO,@Co304/NGO
composite were determined by mixing 80wt% composite
with 15wt% carbon black and 5wt% PVDF in N-methyl-2-
pyrrolidone. The composite slurry was then coated on a nickel
wire of 1cm? area and dispersed and dehydrated in an oven
at 80°C for 10h. The quantity of the active electrode was
~1.2mg. The Sn0O,@Co304/NGO composite was studied using
a conventional three-electrode system and a two-electrode
arrangement using a CHI 7081C electrochemical workstation.
A Ni wire was used to fabricate the composite electrode, while
a Pt wire and Ag/AgCl were used as the counter and refer-
ence electrodes, respectively. CV experiments were conducted
using 2 M KOH as the electrolyte, and EIS was performed in the
range of 0.01-105 Hz.

3. Results and discussion
3.1. Fourier transform Raman (FT-Raman) spectral
analysis

The FT-Raman spectral analysis was performed to study
the NGO materials and their defect structures. Fig. 2(a)
and (b) show the Raman spectra of SnO,@Co304 and
Sn0,@Co0304/NGO composite synthesized by the hydrother-
mal process. The NGO composite shows a peak at 1579 cm™?
corresponding to the G peak of sp? Cand a D peak at 1342 cm !
that can be ascribed to the breathing modes of the Ajg sym-
metry [29], which indicates the disordered phase of the NGO
material. In addition, peaks at 2684-2931cm™! (2D and 2D’)
can be seen in Fig. 2(b). The ratio of D and G peak intensities
(In/Ig) is about ~1.03, which indicates that a large amount of
oxygen groups is intercalated between the GO nanosheets via
the thermal reduction process [30]. The peaks at 611, 685, 522,
and 192 cm™! correspond to the A;g, Ayu, and Bog modes of
the SnO,@Co304/NGO composite, respectively [31].

3.2 Structural analysis by XRD

The structural analysis of graphite, GO, and NGO has been
previously reported in literature [32]. The graphite powder
showed a characteristic peak at 26 =25.50°, which corresponds
to a GO interlayer spacing of ~0.45 nm. For GO, which was pre-
pared by oxidizing the graphite powder with KMnOg, the peak
shifted corresponding to an interlayer spacing of ~0.9nm,
which is characteristic of the GO structure. In addition, the
diffraction peak at around 20=42° can be indexed to GO hav-
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Fig. 2 - (a, b). Raman spectra of (a) Sn0,@Co304 and (b) Sn0,@Co304/NGO composites prepared via thermal reduction

process.

ing a turbostratic disorder [33]. The XRD spectra of NGO and
the Sn0O,@Co0304/NGO composite are shown in Fig. 3(a) and
(b), respectively. The peaks correspond to the (111), (220), (222),
(311), (400), (511), and (440) planes, which can be indexed to the
face-centered cubic (FCC) structure of Coy04, as confirmed by
standard JCPDS data (card no. 43-1003 and 42-1467). The peaks
corresponding to the (110), (101), (200), (211), (220), (310), and
(301) planes can be indexed to the tetragonal structure of crys-
talline SnO; in the composite, which matches well with the
literature values (JCPDS card no. 41-1445). Therefore, the XRD
results prove that the thermal reduction process are shows an
important character in the crystalline behaviors confirmed in
the previous reports [34].

3.3.  Elemental analysis

The elemental analysis of NGO and the SnO,@Co304/NGO
composite was performed by XPS. Fig. 4(a—-d) show the C 1s
(284 eV), O 1s (531eV), N 1s (395-408 eV), and survey spectra in
the range of 0-1400 eV, respectively. The characteristic peaks of
N, O, and C atoms are observed in the NGO composite spectra.
Fig. 5(a—f) show the XPS profiles of the SnO,@Co0304/NGO com-
posite. The C 1s (284 V), O 1s (530eV), N 1s (395-408 eV), and
Co 2p and Sn 3d spectra (Fig. 5d, e) confirm the two spin-orbit
doublets of cobalt and tin oxides. The Co?* and Co3* peaks
appeared at 780 and 795 eV, respectively, while the Sn 3d5/, and
Sn 3ds/, peaks appeared at binding energies of 494 and 486 eV,
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respectively. The XPS survey spectrum (Fig. 5(f)) confirms the
presence of C, O, N, Co, and Sn in the composite.

3.4. Surface morphological properties

The morphological properties of GO, RGO, and NGO materials
and the electrochemical properties of their supercapaci-
tors have been widely studied [35-37]. The morphological
properties of the SnO,@Co304/NGO composite analyzed by FE-
TEM, FE-SEM, and SEM-EDX are presented in Figs. 6-8. The
Sn0,@Co0304/NGO composite mainly shows small spherical
particles like cauliflower structured and uniformly distributed

in the NGO matrix with nanoscale range (~10-30 nm). These
nanoparticles are arranged in the larger surface area and
shorter diffusion may be provide greater possibility, and
excellent rate performance in the active electrode composite
material for supercapacitor applications. The SEM-EDX results
show the presence of C, O, N, Co, and Sn elements in the hybrid
composite (Fig. 7(a,b)).

The HR-TEM images of the hybrid composite show
nanocrystalline particles with a size range of ~20-100nm
(Fig. 8(a—f)). The Sn0O,@Co304 nanoparticles with a controlled
size in the nanometer scale are well decorated on the NGO
matrix. These nanoparticles are arranged as nanorods in the
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composite.

NGO matrix. Fig. 8(d) shows an interlayer spacing of ~0.22 nm,
corresponding to the (101) and (311) planes of nanocrystalline
Sn0O,@Co304. Therefore, the composite has a conductive core
that enhances the remarkable properties in the electrochem-
ical studies. The SAED patterns of the composite (Fig. 8(e,f))
show well-defined rings, which confirm the nanocrystalline
structure of SnO,@ Co304 in the NGO matrix.

3.5. Electrochemical properties of SnO,@Co304/NGO
composite

GO, RGO, and NGO materials are widely used as elec-
trode materials for energy storage applications [38-40]. The

Sn0,@Co304/NGO composite was used in three- and two-
electrode systems with a 2molL~? KOH solution as an
electrolyte for supercapacitor application. In the present
study, CV, GCD measurements, and EIS were performed using
a three-electrode system with a strong electrolyte such as 2M
KOH. A Pt wire and Ag/AgCl were used as the counter and ref-
erence electrodes, respectively, while the SnO,@Co304/NGO
composite was used as the working electrode. The electro-
chemical properties of the composite electrode are shown
in Figs. 9 and 10. CV was performed at various scan rates
(10-100mV/s) in the potential range of 0-0.6 V using a 2M KOH
aqueous solution. The CV curves (Figs. 9(a) and 10(a)) display
the redox peaks and symmetrical results are indicate that fast



J MATER RES TECHNOL.2020;9(3):4183-4193

4189

Atomic (%)
17.57
10.37
47.54
11.96
12.56

[ETET weight (%)

———

20pm Electron Image 1

Fig. 7 - (a-b) SEM-EDX results of SnO,@Co304/NGO composite.

faradaic reactions and its ideal capacitance, which is possibly
due to the enhanced charge-discharge characteristics with a
high capacitance at a scan rate of 100mV/s. The CV curves
of the Sn0O,@Co0304/NGO composite indicate a redox behav-
ior and EDLC because of the NGO in the presence 2M KOH
solution. The prepared composite appeared to be an ideal elec-
trode material and indicated a pair of redox reactions in the
range of 0-0.5Vin the CV curves, which represent the chemical
reaction involving the redox process.

C0304+0H < 3COOOH + e~ (1)

CoOOH + OH <> Co0,+H,0 + e~ @)

In this electrochemical reaction, the anodic peaks repre-
sent the positive and negative peaks in the CV curves are due
to the redox reactions. This is presumably because the covered
Co304 particles underwent electrochemical charge-transfer
reactions in the presence of 2M KOH electrolyte creation for
pseudo capacitor efficient electrode. The previous reports of
cobalt oxide materials are strongly recommended the redox
couples generally elaborate in the electrochemical system and
its redox reactions [38]. Therefore, the non-rectangular CV
curves indicate the pseudo capacitance behavior originating
from the oxidation-reduction reaction. Furthermore, the CV
curves show that with increasing scan rate, the anodic and
cathodic peaks shifted toward higher and lower potentials,
respectively. The CV curves of the SnO,@Co0304/NGO com-
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100 1/nm

Fig. 8 - (a—f) HR-TEM images of SnO,@Co0304/NGO composite.

posite indicate a redox reaction between the electrode and
electrolyte used in the electrochemical reaction. The CV peaks
of the composite electrode to calculate the specific capaci-
tance values of the pristine Co304 and SnO, composite and
cyclic stability results were reported in the literature [41].
The storage behavior and energy density of the composite
electrode were calculated by the equations [41] reported in pre-
vious studies. Figs. 9(b) and 10(b) represent the GCD profiles
of the composite electrode at various current densities (0.5,
1, 1.5, 2, 3, and 4Ag~1) using an Ag/AgCl reference electrode.
Figs. 9(c) and 10(c) show the specific capacitance of the elec-
trode as a function of current density, which can indicate the
electrochemical behavior of the composite. The specific capac-
itances of the electrode are ~375, 325, 274, 262, and 250F g~!
at current densities of 0.5, 1, 1.5, 2, 3, and 4Ag™!, respec-
tively. The specific capacitance decreased from 375 to 250 F g~?
with an increase in current density from 0.5 to 4Ag~. The
specific capacitances of the asymmetric SnO,@Co304/NGO
electrode are ~255, 186, 148, 126, and 118Fg! at current
densities of 0.5, 1, 1.5, 2, 3, and 4A g1, respectively. The
capacitance decreased with an increase in current density to
4 A g~ because the electrolyte ions rapidly diffused out of the
electrode [42]. This indicates that the electrode performance
depends on the active material of the composite electrode. In
the present study, the composite electrode was prepared by a
thermal reduction process using 0.01 M cobalt nitrate and tin
chloride as optimum precursors, with ammonia and urea as
the catalysts. The increase in specific capacitance is due to the

synergetic effect of SnO; and Co304 in the presence of an NGO
network structure. The superior electrochemical performance
of the SnO,@Co0304/NGO material is important for practical
supercapacitor application. The substantial improvement in
the super capacitive performance and enhanced exploitation
of electroactive surface of the composite material than that of
pristine cobalt and SnO; [43].

EIS was performed using three-electrode symmetric and
asymmetric systems with 2M KOH as an electrolyte. The
Nyquist plots show the resistive and capacitive behaviors of
the Sn0O,@Co304/NGO composite. In the Nyquist plot, the real
axis intercept represents the ESR, contact resistance and the
intrinsic things of the composite electrode in the presence
the 2M KOH electrolyte. The ESR and semicircle diameters
represent a higher conductivity and lower charge-transfer
resistance (Re) in the low-frequency region, which indicate
the high capacitance of the active electrode material. Figs. 9(d)
and 10(d) show the EIS profiles of the SnO,@Co3;04/NGO
composites. The Rs and R indicate an improvement in the
electrochemical properties due to the synergetic effect of the
metal oxides and NGO. The vertical and the straight slop-
ing Rt confirm the improved capacitive performance of the
composite electrodes. The observed semicircles for the com-
posite electrodes indicate faradaic reactions or charge transfer
in the active surface of the electrode. The angle between the
imaginary and real parts of impedance of the electrode is
>45° in the low-frequency region, which implies improved
electrochemical properties. The lower ESR values indicate the
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Fig. 9 — (a—e). Electrochemical properties of Sn0,@Co0304/NGO composite electrode: (a) CV profiles, (b) charge-discharge
profiles, (c) specific capacitance as a function of current density, (d) EIS spectrum, and (e) capacity retention.

electrochemical behavior of the electrode for supercapacitor
application.

Figs. 9(e) and 10(e) show the GCD curves of the compos-
ite electrodes for 10,000 cycles at a current density of 0.5A/g.
The results show an improvement in storage capacity during
cycling, which indicates the structural commencement and
pore opening in the composite material. The specific capaci-
tance of the SnO,@Co0304/NGO composite remained constant
with further charge-discharge cycles and the storage capacity
decreased only by ~4.6% after 10,000 charge-discharge cycles
at a current density of 0.5 A/g.

4, Conclusions

In this study, a SnO,@Co0304/NGO composite was synthesized
by a thermal reduction process for supercapacitor applica-
tions. The storage capacities of the composite electrode were
much higher than that of the pristine electrode due to the
redox activity of SnO,@Co304/NGO. The SnO,@Co304/NGO
composite symmetrical electrode demonstrated a maximum
storage capacity of ~375Fg~1 at 0.5A/g and excellent stabil-
ity over 10,000 cycles. Therefore, the remarkable structural
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spectrum.

and morphological properties and excellent stability (~95%
capacity retention) of the composite electrode for promising
supercapacitor applications.
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