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Abstract

In the present work, bismuth iron oxide—graphene composite has been explored as electrode material for electrochemical
supercapacitor application. Bismuth iron oxide (BFO) nanoparticles, synthesized by sol—gel process, are mixed with the
graphene sheets in a solution. The electrodes are prepared by coating the resulted slurry on stainless steel (SS) substrate, by
drop casting process. The morphology and structure of the BFO—graphene composite are characterized by XRD, FIB-SEM,
HRTEM and Raman spectroscopy, which show that the nanoparticles with diameter 100-200 nm are randomly distributed
on and around the graphene sheets. The composite electrode exhibits significantly enhanced capacitance as compared to
BFO. In this structure, the electrons generated by the surface based Faradaic reactions from the BFO nanoparticles can be
transported by the graphene nanosheets toward the current collector. The electrochemical characteristic of the electrodes is
investigated through cyclic voltammetry and charging/discharging process. The specific capacitance of the electrode measured
at 5-100 mV/s was found to be 17—4 mF/cm? which is comparable to the most commonly used metal oxide based electrode
materials. It shows better cycling stability with 95% retention of capacitance after 2000 cycles.

1 Introduction

Supercapacitors, the electrochemical energy storage devices,
with high power density are considered as promising can-
didates in potential applications such as electric vehicles,
wearable electronics, micro-electronic systems and indus-
trial power and energy management [1-6]. In addition to
higher power density, supercapacitor has larger cycle stabil-
ity and faster charging/discharging rates over a battery, as it
stores the charge at electrode’s surface only. Supercapacitors
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are usually developed by selecting the electrode material, the
electrolyte or the cell design to optimize the overall perfor-
mance. Since the capacitance primarily depends on the elec-
trode material, today’s research is focused at exploring new
electrode materials or modification in the existing electrode
material to improve upon their capacitance [7-9]. Till date,
many electrode materials have been studied for supercapaci-
tor application. Supercapacitor electrodes are classified into
two main categories based on the charge storage mecha-
nisms; (1) metal oxides for pseudocapacitor [10, 11] and (2)
carbon and silicon based materials for electric double layer
capacitor (EDLC) [12-14].

The primary charge storage mechanism in pseudocapaci-
tors involves faradaic redox reactions that control the oxida-
tion states of host materials, whereas the carbon and sili-
con generally store charge electrostatically at electrode and
electrolyte interface in an EDL. The metal oxide electrodes
exhibit higher energy density and storage capacity, but the
slow storage and limited lifetime are their drawbacks. On the
other hand, EDLCs exhibit high rate capability, but suffer
with low energy density. Achieving larger energy density of
a supercapacitor without losing their power density and rate
capability is a challenging task.

The above issue can be addressed by combining the two
charge storage mechanisms, which function simultaneously
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depending on the nature of the electrode material [15-18].
It is inferred from literature that adding the carbonaceous
materials such as carbon nanotubes and garphene, to the
metal oxides improves the electrical conductivity and
mechanical strength of the composite material. Graphene,
the carbonaceous material is a right choice for electrode
material for supercapacitor in an aqueous media. The high
surface area, excellent conductivity, good capacitance value
have made this material useful for supercapacitor applica-
tions. In this regard, Zhang et al. [18] have reported that the
graphene—ZnO composite film based supercapacitor exhib-
ited an enhanced capacitive behavior with better reversible
charging/discharging ability and higher capacitance value
in comparison to graphene electrode. In literature, graphene
sheets have also been deposited on silicon nanowires to
increase their areal capacitance [19].

Chemically deposited metal oxides thin films such as
RuO,, Mn0O,, NiO, Fe,03, SnO,, perovskites have been used
as electrodes in supercapacitor [10]. Chemical deposition
methods are inexpensive and enable the synthesis of mate-
rial at low temperature, thus avoiding the high temperature
effect like interdiffusion, contamination etc. The perovskite,
BFO is a well known multiferroic material at room tem-
perature, which has a wide range of applications includ-
ing memory storage, spintronics, sensors and photovoltaic
[20-23]. Recent studies have also revealed that BFO, due
to its band gap of ~2 eV and good chemical stability, can
be used as a visible light responsive photo-catalytic mate-
rial and an active material in photovoltaic devices [21]. Till
date, very few reports are available on the BFO electrodes
for supercapacitor application [24-26]. Lokhande et al. [25]
have explored the pervoskite nanocrystalline porous BFO
thin film for supercapacitor in an aqueous NaOH electro-
lyte, which showed the capacitance of 81 F/g. It exhibits
multiple crystallite phases i.e. BiFeO;, Bi,Fe, Oy, Bi;Fes0,,,
Bi,Fe,0q4 and BiyFe,0,, [25]. The presence of these phases
is beneficial for a supercapacitor as it has the capability for
sustaining the changes in the phases during the charging and
discharging process. The BFO nanoflake electrode has also
been studied for supercapacitor with a specific capacitance
of 72.2 F/g [26]. Sarkar et al. [24] have improved the capaci-
tance of BFO by depositing it on TiO, nanotubes. Though
this structure showed the specific capacitance in the range of
350-440 F/g, the fabrication of this electrode has multiple
and complex steps i.e. growth of TiO, nanotubes at high
temperature and followed deposition of BFO on them by
electrophoretic deposition process.

We have investigated the use of BFO—graphene compos-
ite film as electrode material in electrochemical superca-
pacitor. The structural and microstructure characterizations
of the film were performed through XRD, SEM, TEM and
Raman spectrometer. The device was fabricated by sand-
wiching two identical electrodes separated by a separator.
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The performance of supercapacitor based on BFO electrode
with that of BFO—graphene electrodes have also been com-
pared. The electrochemical properties ascertain the use of
composite electrode in supercapacitor.

2 Experimental details
2.1 BFO nanoparticles synthesis

BFO nanoparticles were synthesized by sol—gel combustion
method [21]. The chemical reagents used in this work were
bismuth nitrate, iron nitrate, nitric acid and citric acid. First,
bismuth nitrate was dissolved in 1 N nitric acid at 60 °C to
form aqueous solution. 5 mM iron nitrate was added to the
solution under constant magnetic stirring and heating. Cit-
ric acid was successively added to the resulting transparent
solution in 2:1 molar ratio with metal ions with vigorous
stirring for 2 h, which turns the solution into light brown.
The solution was kept at 60 °C for several hours until a dried
gel was obtained. The dried gel was placed in a hot air oven
at 220 °C and allowed to be auto-ignited. Finally, the as-
prepared dark brownish powder was ground and calcined
at 500 °C for 3 h.

2.2 BFO-graphene nanocomposite film preparation
and characterization

Figure 1 displays the systematic representation of the prepa-
ration steps of BFO—graphene nanocomposite films. First,
the freshly prepared BFO nanoparticles were dispersed in
DI water (30 ml) and polyvinyl alcohol (PVA) was also
added to prohibit the agglomeration of BFO nanoparticles.
The solution was heated at 60 °C under constant stirring.
The graphene nanosheets with composition ratio of 1:10 to
BFO were added to the solution and the stirring process
was continued for 6 h. The concentration of BFO—graphene
with water was maintained throughout by adding extra
water intermediately. This precursor solution was used for
the deposition of films (drop-casting) on two SS substrates
of size 2 cm X2 cm each. The films were finally annealed
at a 250 °C for 1 h. The mass density of the BFO—graphene
film was found to be 0.2 mg/cm?. The crystal structure of
the film was investigated by X-ray diffraction, (PANalyti-
cal X’pert PRO) with CuKa radiations. The surface mor-
phology of the prepared film was observed by Focused ion
beam scanning electron microscopes (FIB-SEM), Carl Zeiss
Microscopy and TEM (Jeol, JEM 2100F). Further, Raman
spectroscopy (Horiba, HR 8000, Argon laser 514.5 nm) was
also employed to confirm the different phases of the com-
posite film.
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Fig. 1 Schematic representation of the processing steps for the fabrication of the electrodes of BFO—graphene composite and the supercapacitor

2.3 Device fabrication and electrochemical
characterization

In this work, a supercapacitor was fabricated in two elec-
trode configuration. The BFO-graphene composite film
deposited on SS substrate acts as electrode. The device was
assembled with a filter paper soaked in the electrolyte of 1
M Na,SO, as a separator between the electrodes (shown in
Fig. 1). For comparison, a device was also made with BFO
film as electrodes. The electrochemical properties of the fab-
ricated supercapacitor were analyzed through the Bio-Logic
system (Model, SP-300) at room temperature. The capacitive
properties were investigated from cyclic voltammetry (CV)
and galvanostatic charging/discharging processes.

3 Results and discussion

The room temperature X-ray diffraction pattern of the
BFO-graphene composite film is depicted in Fig. 2. The
diffraction peaks are indexed to the distorted rhombohedral
(R3c¢) structure of BFO (ICDD 01-086-1518). However,
traces of small intensity phases are also observed. These two
peaks are encircled and the magnified pattern is shown as
inset to Fig. 2. The peak at 26 of 27.7° indicates the presence
of an impurity phase of Bi,sFeO,, (ICDD 01-078-1543),
whereas the presence of graphene sheets is confirmed by a
graphite (multilayer graphene) peak at 20 of 26.60°. This
peak confirms interplanar stacking of the graphene sheets.
Hence, the formation of BFO and graphene composite is
confirmed by XRD analysis.

The morphology of the as-prepared BFO—graphene com-
posite film is shown in the FIB-SEM image (Fig. 3). The gra-
phene sheets exhibited flake type structure in BFO—graphene
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Fig.2 XRD pattern of the BFO—graphene composite electrode

aphene sheets

phEs e

Fig. 3 FIB-SEM micrograph of the electrodes of BFO—graphene on
SS substrate
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film, with an average size of 5—10 um. The BFO nanoparti-
cles with size of 100-200 nm are observed to be randomly
distributed around the graphene sheets as well as on the sur-
face. The role of graphene is to increase the overall conduc-
tivity of the electrode and providing good transportation of
charge between the electrode and the current collector. The
graphene sheets are creating the separation/voids between
the BFO particles, hence increasing the effective surface
area of the composite film. This would definitely improve
the capacitance of the supercapacitor.

HRTEM analysis (Fig. 4) was carried out in order to get
the information of the morphology of the BFO particles and
graphene sheets in the electrodes. For TEM, the material was
removed from the electrode using acetone and then trans-
ferred on the Cu grid. Figure 4a shows the TEM image of
the BFO—graphene composite. The coverage of graphene
sheets with BFO particles can be observed from Fig. 4a.
The BFO nanoparticles are present over the nanosheets
(Fig. 4b) and this may prevent the aggregation of nanosheets

(a)

Graphene sheets

BFO particles

Fig.4 a TEM photograph of the BFO—-graphene composite, b magni-
fied TEM image showing the BFO particles and graphene sheets, ¢
HRTEM image of graphene sheets. The separation between graphene
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in the electrodes. The graphene exhibits rough texture as
it has flexibility and ultrathin features. The composite of
BFO-graphene has cavities within the electrode building a
porous type structure for the electrode. The porous structure
has better accessibility for the ions which is useful for the
supercapacitor in high power application. Figure 4c shows
the HRTEM image of the graphene sheets which have mul-
tilayered structure. The spacing between the graphene sheets
is determined to be 0.329 nm which corresponds to the (002)
plane. The TEM results are consistent with the XRD results
shown earlier [27]. The energy dispersive X-ray spectros-
copy (EDX) result of the composite electrode is shown in
Fig. 4d.

Figure 5 shows the Raman spectrum of BFO—graphene
film in the range of 100-2000 cm™!. The spectrum exhibits
two intense characteristic bands at 130 and 213 cm™!, which
correspond to A;-1 and A;-3 modes of BFO, respectively
[28]. The presence Bi,sFeO,, phase is confirmed by the
band located at 518 cm™! [29]. Two Raman bands are also
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sheets is 0.329 nm which is corresponding to the interlayer distance.
d EDX spectrum of the composite electrode
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Fig.5 Raman spectrum at room temperature of the BFO—graphene
electrode
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Fig.6 a CV curves for electrodes deposited on SS substrate at a scan
rate of 20 mV/s, b CV curves at different scanning rates for BFO—
graphene composite electrodes, ¢ effect of the scan rate on the elec-

observed at ~ 1351 and ~ 1578 cm™!, which are assigned
to the carbonaceous materials (graphene sheets) [30]. G
band (~ 1578 cm™!) is a feature of the first order scatter-
ing of E,, phonon of sp? bonded carbon atoms, and D band
(~1351 cm™!) is due to the breathing mode of K point phon-
ons with A, symmetry, which generally occurs due the local
defects and disorders in the graphene structure [19, 30].

To explore the BFO—graphene electrodes for supercapaci-
tor application, the CV curves were recorded at scan rate of
20 mV/s. Figure 6a displays the difference between the CV
curves of the constructed electrodes of BFO with and with-
out graphene. The electrodes exhibit symmetric CV curves
in forward and reverse sweep direction. The electrodes of
BFO-graphene showed CVs with larger integrated area than
BFO electrodes indicating enhancement in the capacitance.
Moreover, the electrodes exhibit characteristics of an ideal
supercapacitor (nearly rectangular shaped CV curves). This
behavior is usually seen in case of carbon based electrodes
[31]. In addition, a pair of redox reaction peaks is also
observed in the CV curve.
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trode capacitance and d galvanostatic charging/discharging curves
for BFO—graphene composite. The CV curves are recorded with 1 M
Na,SO, electrolyte
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As seen from Fig. 6a, the capacitive current of BFO—gra-
phene electrodes originates from the combination of two
types of capacitances: (i) EDLC, where electrostatic storage
is achieved by separating charges at the interface between
the surface of the conductive electrode and an electrolyte,
and (ii) pseudocapacitance, where faradaic electrochemical
storage is achieved by redox reactions [25, 26]. Therefore,
the composite electrodes exhibit higher capacitance output
than BFO electrode. In literature, sarkar et al. [24] have
also observed the redox peaks in CV from BFO. They have
deposited a thin layer of BFO nanoparticles on TiO, nano-
tubes and the CV curves were evaluated in three electrode
configuration [24]. Jadhav et al. [26] have reported the rec-
tangular shaped CV curves for mixed-phase bismuth ferrite
nanoflake with two electrode configuration.

From the CV curves (Fig. 6a), the areal capacitance of the
electrodes was calculated using the equation

2x1
SxA

C (areal capacitance) =

where, I is the average current, A and S are the area of the
electrode and the scan rate, respectively [7, 19]. BFO elec-
trodes exhibit a capacitance of ~5.7 mF/cm?, whereas by
adding graphene sheets to the BFO electrodes it increases to
~11.35 mF/cm?. This clearly indicates that the better capaci-
tive properties for the BFO—graphene composite electrode.
The capacitance per unit mass is determined to be 64 F/g at
the scan rate of 20 mV/s. The specific capacitance values
are observed to be comparable to the BFO based superca-
pacitors reported in the literature [25, 26]. However, this
value is lower than the reported for the electrode of BFO
coated on TiO, nanotube arrays [24]. Actually, the capaci-
tance depends on various parameters such as the type of
electrolyte and the measurement setup i.e. three electrode
configurations or two electrode configurations. The specific
capacitance of the BFO—graphene electrode is found to be
higher than the bismuth oxide based electrodes with the
same electrolyte (43 F/g at 5 mV/s) [32].

It has already been reported that the graphene with unique
two-dimensional structure has good electrical conductivity
and large surface area for supercapacitor as the both faces
are available to accumulate the ions from the electrolyte
forming two EDLs on a single sheet [18, 19, 33]. Moreover,
graphene sheets would work as an excellent electron chan-
nel between the BFO nanoparticles and the substrate. The
redox reactions from BFO contribute pseudocapacitance to
the total capacitance of BFO—graphene electrode apart from
the double-layer capacitance from graphene. Therefore, the
higher electrical conductivity of the graphene and enhanced
effective surface area of the electrode are the key points to
improve the charge storage capacity of the electrode.

To study the effect of scan rates on the capacitance, the
CV curves were further recorded at different scan rates
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varying from 5 to 100 mV/s and shown in Fig. 6b. The cur-
rent increases with the scan rate as expected usually. The
rectangular shape of the CV curves of the composite elec-
trode is less distorted with increase in voltage scan rates
indicating its high charging/discharging rate capabilities.
The maximum areal capacitance of 17 mF/cm? is obtained
at the scan rate of 5 mV/s and it degrades to 4.75 mF/cm?
at 100 mV/s (Fig. 6¢). This electrode shows a better reten-
tion of capacitance at higher scan rates than the electrode of
Mixed-phase bismuth ferrite nanoflake [26]. The capacitive
behavior of the electrode also depends on the used elec-
trolyte properties such as concentration, size of the ions,
pH value. Therefore, a large number of electrolytes with
different concentration have been used for supercapacitor
application. BFO electrodes behavior has been tested with
NaOH, KOH, Na,SO;, Na,SO,, NaCl and KClI electrolytes.
Lokhande et al. [25] have achieved better performance from
BFO in NaOH electrolyte. NaOH and KOH are corrosive
and they may corrode the current collector which might
cause the device failure or reduce cycle stability. In the pre-
sent work, we have chosen the neutral electrolyte, Na,SO,.
However, we have compared the electrochemical perfor-
mance of the BFO based materials with different electrolytes
reported in literature and presented in Table 1.

The decrease in the capacitance with the scan rate could
be due to the following two mechanisms involved in the
process: (1) the ions inaccessibility at the electrode surface
at high charging/discharging rates due to slow diffusion rate
of the ions and (2) the series resistance [35-37]. For BFO,
the inner active sites may not follow the redox transitions
completely at higher scan rates, resulting in decreasing the
capacitance at such high scan rates. The full utilization of
the electrode material can be achieved at slow scan rates. At
higher scan rates BFO—graphene shows purely EDL capaci-
tor behavior. The electrochemical performance was further
investigate by recording charging/discharging curves within
a voltage range of 0—1 V and varying the current densities
from 0.5 to 2.5 mA/cm?, as shown in Fig. 6d. It is clear
that all curves while charging exhibit near linearity. How-
ever, during discharging there is an initial drop in the volt-
age caused by the inner resistances (IR drop), which can be
reduced by finding an optimum ratio of BFO and graphene
in the electrode.

The cycle life is an important parameter to evaluate the
performance of any charge storage device. Thus the cycle
life of the device was recorded by repeating the charging/
discharging curves for 2000 cycles. Figure 7 displays the
capacitance retention and coulombic efficiency as a func-
tion of cycle numbers. It can be seen that the compos-
ite electrode retained 95% of its initial capacitance after
2000 cycles, demonstrating its excellent electrochemical
stability. Initially, it shows 98% coulombic efficiency and
it decreases to 96% after 2000 cycles. BFO—graphene
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Table 1 Comparison of the electrochemical performance of some selected bismuth metal oxide based electrodes

Electrode material Electrolyte Specific capacitance Cycle stability Ref.
Nanocrystalline porous bismuth iron 1 M NaOH 81 F/g and 20 mF/cm? at 20 mV/s, Measured for 1000 cycles with [25]
oxide 45 F/g and 11 mF/cm? at slightly decrease in the capacitance
200 mV/s
(two electrode configuration)
Mixed-phase bismuth ferrite nano- 1 M NaOH 72.2F/gatl Alg 82.8% retention of the initial capaci- [26]
flake thin film (three electrode configuration) tance after 1500 cycles
Titania Nanotube/Bismuth Oxide 1 M NaOH 185 mF/cm? at 20 mV/s 25% after 500 cycles [34]
Composite Electrode (three electrode set up)
BiFeO; Anchored TiO, Nanotube 0.5M Na,SO, 440F/gat1.1 A/g 92.5 retention after 1200 cycles [24]

Arrays

350 F/gat2.5 A/g

(three electrode configuration)

y-Bi,MoOg¢ nanoplates 1 M Na,SO, 43 F/gin 1M Na,SO,, and About 80% retention after 30 cycle  [32]
1 M NaOH 519 F/g in 1 M NaOH (three after that stable upto 200 cycle
electrodes cell)
BiFeO;-Graphene nanocomposites 1 M Na,SO, 17 —4 mF/cm?, at 5-100 mV/s 95% retention after 2000 cycles Pres-ent work
64 F/g at the scan rate of 20 mV/s
(two electrode setup)
M — 110 available surface area, thus enhancing the total capacitance
of the electrode.
100 == mu 4 100
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£ > 2 : :
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50 Time (sec) 50 cantly larger than that of without graphene. The increase in
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Fig.7 Cycle stability of the supercapacitor fabricated with BFO—gra-
phene composite electrodes

electrode exhibits better capacitance retention than BFO/
TiO, [24] and pure mixed-phase bismuth ferrite [26]
electrodes. These results indicate that the BFO—graphene
electrode can be used for high performance supercapaci-
tor with long term stability. The better performance of
the BFO—graphene composite electrode can be attributed
to the synergistic effects of the electrochemical proper-
ties of graphene sheets and BFO particles. BFO nano-
particles prevent the restacking and agglomeration of
graphene sheets. Thus BFO nanoparticles act as an agent
for the building a 3D interconnected conductive porous
structure to improve the electrical conductivity and fast
charge transport within the electrode. Graphene sheets are
compatible to oxide function group, which increases the

the capacitance is mainly attributed to the enhancement of
the electrical conductivity and the surface area of the elec-
trode after adding graphene sheets. The device exhibited a
good electrochemical stability with a loss of capacitance of
5% with coulombic efficiency of ~96% after 2000 cycles.
Optimization for the concentration of BFO and graphene
can further improve the device performance. Therefore, this
work suggests that this hybrid electrode of metal oxides with
carbon based materials has promising potential in the appli-
cation of energy storage devices.
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