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Graphite was used to prepare functionalized graphene oxide (GO) by Hummers method. The a-Fez0s
powder was prepared by hydrothermal technique. Thin-film electrodes of GO, a-Fez0s (0.05. 0.1 and 0.2 M
concentrations) and graphene coupled with a-Fe20:@GO (1, 2 and 3 %) were prepared by spray pyrolysis
technique using air and various optimized conditions: the distance between the spray nozzle and the sub-
strate was 22 cm, the flow rate was 5 ml/min, and were used as anode material for supercapacitor. GO and
a-Fe:03@GO nanocomposite were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray
powder diffraction (XRD), and scanning electron microscopy (SEM). The FTIR showed the strong band at
1735 cm -1 associated with stretching vibration modes of C=0 in carboxylic acid and carbonyl groups. The
XRD (002) peak disappeared and the (111) peak appeared for graphite and GO, respectively, i.e., the prod-
uct was completely oxidized after chemical oxidation and exfoliation. The SEM showed that thick sheets
are stacked together. For electrochemical studies, cyclic voltammetry and stability of GO and a-Fe:0:@GO
nanocomposite were carried out using three electrode configurations in 1 M KCI aqueous electrolyte. The
GO, a-Foos, a-Foos@1%GO nanocomposites provided the maximum specific capacitance of 262, 201 and

312 F-g-1 at a scan rate of 2 mV-s -1, respectively.
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1. INTRODUCTION

The twenty-first century is the era of electronic
gadgets, and every corner of the world is taking ad-
vantages of them. Hence, energy storage devices are
required to operate electronic gadgets for better per-
formance of green energy devices. Accordingly, a device,
which delivers high power output, long service life and
short charging time, is essential [1]. Therefore, the
community needs energy storage devices that can
quickly deal with crisis of fossil fuel [1]. Today super-
capacitors are considered as a new class of energy stor-
age devices that store energy with high specific capaci-
tance. A supercapacitor mostly fills in the gaps between
batteries and traditional capacitors. It is widely used in
pulsed lasers, field-effect transistors, sensors, trans-
parent conducting electrodes, field emitters [2, 3].

Now-a-days, carbon-based electrodes are used as an-
odes due to high specific surface area, excellent electri-
cal conductivity and large power density [4]. To explore
a new kind of anode electrode material, transition metal
oxides such as Fe3Os, SnO:2 [5], NiO, Co304, V205,
NiCOS; [6], Mn3O4 [7] are best suited due to multiple
accessible valence states. Hence, to improve the super-
capacitive performance [6], many transition metal ox-
ides are combined with graphene material [3]. The re-
dox reactions enhance the value of specific capacitance
by 10-100 times depending on the nature of oxides [9].
Iron oxide has received considerable research attention
due to its good intrinsic physical and chemical proper-
ties, such as low cost, stability under ambient condi-
tions, and environmental friendliness [6, 7]. Published
studies have confirmed that the use of a hematite-type
Fe203 material with a conductive medium such as car-
bon tubes, carbon black graphene and polymers is an
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effective way to improve its electrochemical properties
[6]. Li et al. [8] reported a specific capacitance of
214 F-g-1 at 1 A-g—! for the solvothermal synthesis of
Fe20s-loaded activated carbon materials. Yang et al. [9]
reported a specific capacitance of rod-like a-Fe20s meso-
crystals/graphene nano-hybrids of 306.9 F-g-1 at 3 A-g-!
in an aqueous electrolyte.

In this research article, graphene oxide (GO) was
synthesized by Hummers method and Fe203 powder
was synthesized by one-step hydrothermal technique.
Electrodes made of GO, Fe203 and Fe203/GO compo-
sites were fabricated by spray pyrolysis technique.

2. EXPERIMENTAL DETAILS
2.1 Synthesis of GO Powder

Graphene is synthesized by Hummers method from
graphite powder as a source material [15, 16]. Initially,
1 g of graphite powder and 0.6 g of sodium nitrate were
mixed together followed by the addition of concentrated
sulfuric acid (H2SO4) with constant stirring in an ice
bath at a temperature of 0 to 5 °C. To control the reac-
tion temperature, potassium permanganate (KMnOs)
was gradually added to the solution to prevent over-
heating and explosion. The ice bath was then removed
and stirred continuously until the mixture turned
brownish. The resulting mixture was diluted by adding
distilled water with stirring. The reaction temperature
reached 98 °C with effervescence and color change to
brown. To ensure the completion of the reaction with
KMnOg, the suspension was mixed with H2O2 solution.
The resulting mixture was washed with HCl and H:z0,
respectively, followed by vacuum filtration and drying;
GO was obtained [10, 11].
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2.2 Synthesis of GO Electrode

1 g of GO powder was mixed in ethylene glycol (EG).
The solution was sprayed on a conducting substrate at
a temperature of 200 °C at a rate of 3 ml/min [12].

2.3 Synthesis of a-Fe203 Powder

The a-Fe203 powder was synthesized using a hydro-
thermal route. Initially, 250 ml of a solution of
Fe(NOs3)s with various concentrations (0.05, 0.1, 0.2 M),
designated as a-Foos, a-Fo.1, a-Fo2, were prepared in
distilled water with an appropriate amount. The result-
ing precursor suspension was transferred to a 250 ml
Teflon-lined stainless-steel autoclave and filled with
the reaction media to 80 %. The autoclave was kept in
an oven at a maintained temperature of 200 °C for 4 h.
After the reaction, the autoclave was naturally cooled
to room temperature. The red solid precipitate was
collected by centrifugation, washed with distilled wa-
ter, and finally dried under vacuum.

2.4 Preparation of a- Fe203@GO Nanocomposite
Electrodes

The initially synthesized GO and a-Fe203 (a-Fo.os,
a-Fo1 and a-Foz2) powder was mixed with EG under
constant stirring and sprayed on stainless steel at
200 °C at a rate of 3 ml/min. These deposited electrodes
were designated as a-Fo.0s@GO, a-Fo.1@GO, a-Fo2@GO
and were used for electrochemical studies.

3. RESULTS AND DISCUSSION
3.1 FTIR Analysis of GO

FTIR spectra (see Fig. 1) confirmed the presence of
oxygen containing groups, such as functional hydroxyl,
epoxy and carboxylic groups, after the oxidation of
graphite powder [16]. The strong band at 1735 cm ! is
associated with stretching vibration modes of C =0 in
carboxylic acid and carbonyl groups. The peak at
1616 cm—! corresponds to the stretching and bending
vibrations of OH groups of water molecules adsorbed on
graphene [12]. The stretching vibrations of alcohol
C-OH group and O-H group are observed in absorption
peaks at 1139 cm ! and 3347.43 cm ~ 1, respectively [12].
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Fig. 1 - FTIR spectrum of GO powder
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3.2 Structural Analysis
3.2.1 GO

X-ray diffraction (XRD) technique is used for crys-
talline material characterization. The XRD (002) peak
of graphite (Fig. 2) was observed at 26= 26.34°, corre-
sponding to the organized layer, and the GO (111) peak
(the inset shows graphene) at 20= 11.51°, since the AB
stacking order is still observed in graphene with an
observed d-spacing of 0.75 nm [13]. This d-spacing is
larger than the d-spacing (0.34 nm) of graphite. The
XRD (002) peak disappeared and the (111) peak ap-
peared for graphite and GO, respectively, indicating
that the product was completely oxidized after chemical
oxidation and exfoliation [10, 14].
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Fig. 2 - XRD pattern of graphene powder

3.2.2 a-Fe203:@GO

Fig. 3 shows the XRD pattern of a-Fe20:@GO (1, 2
and 3 %) in which all the peaks can be assigned to
a-Fe203. Moreover, no conventional stacking peak (111)
of graphite oxide at 20 = 11.51° is detected, suggesting
that the graphene sheet can be individual monolayers
that are homogeneously dispersed [15].
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Fig. 3 - XRD pattern of a-Fe:0:@GO composites
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3.3 Surface Morphological Studies
3.3.1 GO

Fig. 4 shows morphological images of as-prepared
GO at different magnifications. Graphene shows that
thick sheets are stacked together [15]. Rodbari et al.
explained the similar surface morphology of GO, show-
ing that oxidation of graphene causes changes in its
morphology [16]. Fig. 7b shows that graphene sheets
are exfoliated and arranged in pattern stacking [10].

Fig. 4 - SEM micrographs of GO powder: (a) 5 um, (b) 1 um
magnification

3.3.2 a-Fe203@GO

Fig. 5 shows the surface morphology of a-Fe20:@GO
(1, 2 and 3 %) composite electrodes with homogeneously
distributed nanoparticles. It is observed that the nano-
particles have good adhesion and are moderately spread
over the substrate surface. This type of surface mor-
phology can be responsible for efficient energy storage
applications, since it can provide better ion transfer
between the electrode and the electrolyte solution [13].

Fig. 5 - SEM micrographs of a-Fe20:@GO composites: (a) 1 %
GO, (b) 2% GO, (c) 3% GO

3.4 Electrochemical Measurement
3.4.1 Cyclic Voltammogram (CV) Analysis
3.4.1.1 GO

The CV profiles of the GO electrode obtained at dif-
ferent scan rates ranging from 2 to 100 mV-s~! within
a fixed potential window range of —1.2 to — 0.3V in
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aqueous 1 M KCl electrolyte are shown in Fig. 6. It is
seen that the current increases with increasing scan
rate, showing capacitive behavior [6]. Oxidation and
reduction of the electrode material is confirmed by the
redox reaction [18]. The specific capacitance of the GO
electrode is determined using the following equation [19]:

Idv

—Ixf—""
sC ijxAsz’

@

where I is the current of the sample per unit area
(1 cm?2), m is the mass of an active electrode with 1 cm?
surface area deposited on a stainless steel substrate,
AV is the potential window, and s is the sweep rate.
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Fig. 6 - CV curves of the thin-film GO electrode at different
scan rates in 1 M KCl electrolyte

The specific capacitance values of the GO electrode
were found to be 262, 197, 141, 113, 98 and 92 F-g-1! at
scan rates of 2, 5, 25, 50, 75, 100 mV-s 1, respectively.
It is found that the specific capacitance is inversely
proportional to the scan rate. At low scan rates, diffu-
sion of K* ions can reach available active sites due to
absorption in the GO electrode [6, 20]. At higher scan
rates, K* ions can restrict active sites. As a result, they
cannot use the inner surface. Therefore, a complete
redox transition may not complete at higher scan rates,
which contribute to the capacitance values [10, 18].

The calculated values of the specific capacitance,
energy density, and power density of the GO film elec-
trode are summarized in Table 1.

The electrochemical performance such as energy
density (E), power density (P) and efficiency was calcu-
lated using the following equations [19]:

E:VxIdxtd7 @)
m

P:VxId’ ®)
m

where Ig is the discharge current, t¢ is the discharge
time, tc is the charge time, V is the voltage, and m is
the mass,
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where Atq and At. represent discharge and charge
times, respectively.

The calculated values of the specific capacitance,
energy density, power density, and efficiency of a-Fe2Os3
electrode are summarized in Table 1.

3.4.1.2 a-Fe20:@GO

To realize the potential relevance of a-Fo.o5@GO (1,
2 and 3 %) for supercapacitor applications, the balance
of the mass ratio of a-Fe203@GO in the composite is
important [28]. In the present study, we synthesized
a-Fo.05@GO hybrid electrode with 1, 2 and 3 % graphene
powder mixed with a-Fo.os electrode. The CV curves of
a-Fo.05@GO with composite electrodes (1, 2, 3 % GO) are
shown in Fig. 7. The hybrid electrode «-Fo.05@1%GO
showed the best electrochemical performance. The ma-
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Fig. 7- CV curves of a-Fe:0:@GO: (a) 1 % GO, (b) 2 % GO and
(¢) 3 % GO thin films at different scan rates in 1 M KCl elec-
trolyte
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ximum specific capacitance of 312 F-g-1 was shown by
-Fo.05@1%GO. The calculated values of the specific
capacitance, energy density, power density and effi-
ciency of a-Fes03@1%GO film electrode are summa-
rized in Table 1.

3.4.2 Stability of GO, a-Fo.05 and a-F0.0:@1%GO

The most essential factor in energy storage is the
long-term cyclic stability of the electrode [6, 19]. The
long-term cyclic stability and reversibility of porous
GO, a-Fo.os and a-Fo.05@1%GO electrodes were evaluat-
ed by repeating the CV test in the range of — 1.2 to
— 0.3V at a scan rate of 100 mV-s—1; the results are
shown in Fig. 8. Furthermore, there is no change in the
CV curve before and after 1000th cycles.
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Fig. 8 — Stability study of (a) GO, (b) a-Fo.05, (¢) a-Fo.0:@1%GO

Table 1 — Specific capacitance, energy, power density and efficiency values of GO, a-Fe:0s and a-Fe:0:@GO film electrodes in

1 M KCl electrolyte

Electrode Specific capacitance, Specific energy, | Specific power, | Coulomb efficiency,
F.g-1 Wh-kg-1 kW-kg-1 %
CVv CP
GO 262 248 32.18 47.90 90
Fo.0 201 158 11.66 11.55 59.46
Foa 152
Fo.s 248
Fo.05@1%GO 312 291 | 20.47 | 19.39 | 81
Fo.05@2%GO 229
Fo.05@3%GO 157

4. CONCLUSIONS

GO was successfully synthesized by Hummers
method from graphite powder. A simple spray pyrolysis
method was employed to prepare a high-quality GO
electrode. The XRD (002) peak of graphite observed at
20=26.34° corresponds to a highly organized layered
structure and GO at 26 of 11.51°, which is mainly due
to the oxidation of graphite. FTIR of GO confirmed the
existence of oxygen functional groups and the presence
of C-O and C=C bonds. SEM showed exfoliation of
graphene. Electrochemical study was carried at differ-

ent scan rates within a fixed potential window range of
—1.2 to —0.3V in aqueous 1 M KCI electrolyte. The
maximum specific capacitance of GO, a-Foos and
a-Fo.05@1%GO electrodes from CV and charge/discharge
curves were found to be 262, 201, 312 F-g-! and 248,
158 and 291 F-g -1, respectively.
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JocinigxeHHa MOKpalIeHNX €JIEKTPOXiMIiYHMX BJIACTUBOCTE HaHOKoMmno3uty rpadgen/Fe203
P.D. More!, V.H. Dharkar?, A.R. Shirsath!, N.L.. Tarwal2, Y.H. Navale3, A.S. Salunkhe3, V.B. Patil3

L Department of Physics, Ahmednagar College, Ahmednagar, (M.S.), 414001, India
2 Department of Physics, Shivaji University, Kolhapur, (M.S.), 416004, India
3 Functional Materials Research Laboratory (FMRL), School of Physical Sciences, Punyashloak Ahilyabai Holkar
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I'padit BUKOpHCTOBYBAIN [JiA IPUTOTYBAHHA (PyHKITIOHATI30BaHOTO oKcuay rpadeny (GO) meromom
Xammepca. [Topomor a-Fe2Os orpumysasnu rigporepmasibHOn0 TexHIKOK. ToHKOILIIBKOBI enexrpomu 3 GO,
a-Fe203 (roumenrparrii 0,05; 0,1 ta 0,2 M) 1 rpacdeny y moenuanui 3 a-Fe20s@GO (1, 2 ta 3 %) Oysu miaro-
TOBJIEHI METO/IOM CIIPeH-I1ipoJIidy 3a JOIIOMOIo0 IIOBITPS Ta PI3HMUX ONTHMI30BAHMUX YMOB: BIICTAHB MIK PO3-
THJTIOBAYEM Ta ITTKJIAIKOI0 CTAHOBMIIA 22 CM, IBUJIKICTH ITOTOKY OyJia 5 MJI/XB, 1 BOHM BUKOPHCTOBYBAJIFICS
SIK aHOMHUM Marepias muist cyreprorgercaropa. GO ta manoxommosur a-Fe:0:@GO xapakrepusyBaswcst
iHpadepBoHO0 criekTpockomieo 3 meperBopeHHAM Dyp'e (FTIR), moporkoBoio peHTreHiBChKO0 U paKiii-
eio (XRD) Ta crkanyouoio emexrporHo0 Mikpockorieo (SEM). locmimkernns FTIR mokasasu, mo cmyra 3 1ii-
JIBUIIEHOIO IIPOITyCKHOI0 3aaTHicTIO py 1735 cm~! moB'sssana 3 Momamu BasieHTHuX koinuBanb C=0 B kap-
OOHOBHUX KHCJIOTaX Ta KapOoHLIbHEX rpynax. XRD mk (002) suuk, a mik (111) 3'sBuBcs mist rpadity Ta GO
BIJIITOBITHO, TOOTO BUXITHUM MPOJYKT ITOBHICTIO OKMCJIMBCS TICJISA XIMIYHOTO OKHCJIEHHS Ta BiIITapyBaHHI.
Pesynbratn SEM mokasaustw, 1o ToBeTi rpadeHoBi moBepxHi ckiameri padom. Ilo crocyerhes esrekTpoximiv-
HUX JOCJII/PKEHb, IUKJIIYHY BoJbTaMiepoMerpio Ta crabliabaicts GO ta Hanokommosuty «-Fe20:@GO mpo-
BOJMJIV 3 BUKOPUCTAHHSIM TPHOX KOH(irypariit exekrponis y 1 M Bonaomy eserrpostiti KCl. GO ra maHOKO-
vmosuta a-Foos, a-Foos@1%G0O 3abesmeuyBany MarCHMaJIbHYy OUTOMY €MHICTH BigmoBimHo 262, 201 1
312 @-r-! mpu mBHUAKOCTI cCKaHyBaHHS 2 MB-c—1.

Kmiouori ciosa: I'paden, Fe203, Merox Xammepca, [Migporepmiunmii, CymrepkoHeHcaTOop.

05036-5


https://doi.org/10.1016/j.apsusc.2008.07.192
https://doi.org/10.1039/C2NR11625A
https://doi.org/10.1016/j.nanoen.2014.04.009
https://doi.org/10.1016/j.nanoen.2014.04.009
https://doi.org/10.1016/j.jcis.2015.12.024
https://doi.org/10.1007/s10854-016-5580-4
https://doi.org/10.1016/j.electacta.2014.04.094
https://doi.org/10.1002/smll.201303922
https://doi.org/10.4172/2157-7439.1000253
https://doi.org/10.4172/2157-7439.1000253
https://doi.org/10.4236/graphene.2016.53012
https://doi.org/10.1021/nn901311t
https://doi.org/10.1021/nn901311t
https://doi.org/10.21203/rs.3.rs-180701/v1
http://dx.doi.org/10.4067/S0717-97072016000300023
https://doi.org/10.1016/j.nanoen.2012.05.001
https://doi.org/10.1016/S1003-6326(08)60336-2
https://doi.org/10.1016/S1003-6326(08)60336-2
https://doi.org/10.1007/s10854-017-7725-5
https://doi.org/10.1007/s10853-019-03371-5

