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Abstract Graphene nanosheets, polyaniline (PANI), and
nanocrystallites of transition metal ferrite {Fe3O4 (Mag),
NiFe2O4 (NiF), and CoFe2O4 (CoF)} have been prepared and
characterized via XRD, FTIR, SEM, TEM, UV–vis spectrosco-
py, cyclic voltammetry, galvanostatic charge discharges, and im-
pedance spectroscopy. Electrochemical measurements showed
that supercapacitances of hybrid electrodes made of the ternary
materials are higher than that of hybrid electrode made of binary
or single material. The ternary hybrid CoF/graphene (G)/PANI
electrode exhibits a highest specific capacitance reaching
1123 Fg−1, an energy density of 240 Wh kg−1 at 1 A g−1, and
a power density of 2680 Wkg−1 at 1 A g−1 and outstanding
cycling performance, with 98.2% capacitance retained over
2000 cycles. The extraordinary electrochemical performance of
the ternary CoF/G/PANI hybrid can be attributed to the synergis-
tic effects of the individual components. The PANI conducting
polymer enhances an electron transport. The Ferrite nanoparticles
prevent the restocking of the carbon sheets and provide Faradaic
processes to increase the total capacitance.

Keywords Graphene . Supercapacitor . Ferrite . Cyclic
voltammetry

Introduction

With the rapidly developing market in portable electronic de-
vices, electric vehicles, and hybrid electric vehicles, there has
been a regularly expanding interest in environmentally friend-
ly, high-performance energy storage systems. The recent re-
search efforts on electrochemical power sources, such as bat-
teries, electrochemical capacitors, and fuel cells, are coordi-
nated toward accomplishing high specific energy, high specif-
ic power, long cycle life, etc., at a moderately low cost [1].

Since batteries have a good energy density at the cost of a
lesser power density, a supercapacitor could be introduced with a
specific end goal to supplement the batteries. A supercapacitor
has a good power density, but a lower energy density. This ability
makes it suitable to give energy during short power peaks. The
long lifetime of the supercapacitor likewise makes it suitable to
use to smooth out the power to the battery and thereby relief the
battery from stress. The electrochemical supercapacitors are con-
sidered as a piece of a vast area of electrochemical energy storage
in light of the fact that they span over any barrier between other
capacitors and batteries [2]. The fundamental purposes of the
supercapacitors are identifiedwith high power density, large peak
power requirements, load smoothing, reinforcement power for
mobile applications, and diverse types of recovering systems.
Supercapacitors can be easily and quickly charged from different
electrical supply sources, and also, their voltage–current charac-
teristics and charging/discharging behaviors are not affected by
the over-current, deep discharge, and temperature variations.
Supercapacitors have the capacity for backing up to millions of
life cycles [3].

Capacitance must be seen subjectively with the help of the
model for a porous electrode and as a quantity strongly de-
pending on electrical potential [4]. Despite the fact that carbon
materials (such as carbon nanotubes (CNTs) (have a much
higher electronic conductivity) /active carbon) and polyaniline
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(PANI) are widely studied as electrode materials, the utiliza-
tion of these individual materials in supercapacitors is restrict-
ed because of their disadvantages, for example, the high cost
of CNTs, the unsuitable performance of active carbon, and
poor life of PANI. At the point when the benefits of carbon
materials are consolidated with PANI, the subsequent com-
posites give synergistic execution as electrode materials [5].

Graphene and chemically modified graphene sheets have
high conductivity [6], high surface area, and good mechanical
properties similar to or far and away superior to carbon nano-
tubes. Simple chemical treatment of graphite can be used eas-
ily to synthesize the graphene-based materials. Therefore, the
capability of utilizing graphene-based materials for
supercapacitor has attracted very much attention very recently
[7]. In fact, specific capacitances of tens to 135 Fg−1 have been
resolved for distinctive graphene materials [8].

Transition metal oxides linked to carbon nanotubes have been
studied and show enhanced capacitive behavior because of their
enhanced stability and high conductivity [9]. In this way, the
hybrid of an electric double-layer system and a Faradaic
pseudocapacitive system could be a good candidate for a
supercapacitor with high energy density and specific capacitance
[10–13].

The appearance of new organic and inorganic
nanomaterials in later years, especially, graphene, conducting
polymers, and metal oxides, has enabled the formation of
high-performance energy devices. Therefore, in the present
paper, we studied the electrochemical behavior of nanoferrites
(Fe3O4, NiFe2O4, or CoFe2O4), polyaniline, and binary as
well as a ternary system of them as advanced capacitor mate-
rials. This ternary material is predictable to revoke the draw-
backs of each component, which produce a high specific ca-
pacitance and an excellent cycling life.

Experimental

Preparation of graphene nanosheets

To a mixture of fuming nitric acid (25 ml) and sulfuric acid
(50 ml) for 30 min, 5.0 g of graphite (99.99% purity, provided
from Fischer Scientific, Chemical) was gradually added. After
cooling the mixture down to 5 °C in an ice bath, 25.0 g of
potassium chlorate was gradually added to the solution while
stirring for 30min. The solutionwas heated up to 70 °C for 5 h
and was then put on the air for 3 days. Most graphite precip-
itated at the bottom, but some reacted carbons were floating.
The floating carbon materials were transferred into deionized
water (1 L). The solution was directly filtrated after stirring it

for 1 h, and then, the sample was dried in air. Afterward, the
previous steps were repeated four times.

The previously mentioned method for preparing graphene
is similar to the Staudenmaier process [14, 15] utilized for
developing graphite oxide. On the other hand, unlike the
Staudenmaier process which filtrates all the graphite powders,
we separate out (by filtering) just the floating graphite, which
has reacted with the potassium chlorate.

Preparation of conducting polymer polyaniline

Into 100 ml nitric acid (1 M), 1.82 ml aniline (supplied from
Merck) was added and stirred. In a drop-wise fashion, 5.7 g
(NH4)2S2O8 in 100 ml deionized water was then added into the
previous solution as an oxidant and stirred for 2 h at room tem-
perature. After filtration, deionized water, methanol, and acetone
were used to wash the precipitate until the filtrate was colorless.
The dark green polyaniline powder was dried at 60 °C.

Preparation of magnetite (Fe3O4 (Mag))

Magnetite (Fe3O4) was prepared from ferrous chloride and ferric
chloride by a modified method as described elsewhere [16].
Solution A, 3.2 g of ferric chloride in 15 ml concentrated HCl,
and solution B, 2 g of ferrous chloride in 20ml concentrated HCl
and ammonia solution 33% as an alkali source, were prepared as
stock solutions. The solution Awas mixed with solution B under
vigorous and continuous stirring. Thirty-milliliter ammonia solu-
tion was added to the mixture slowly. A black precipitate of iron
oxides was formed immediately and filtrated and then washed
several times with deionized water.

Preparation of CoFe2O4

The stoichiometric amounts of cobalt nitrate Co(NO3)2·6H2O
(6.20 g) and ferric nitrate (Fe(NO3)3·9H2O) (17.22 g) were
dissolved in deionized water under magnetic stirring. Then,
citric acid (C6H8O7·H2O) (13.43 g) was mixed with the metal
nitrate solution to chelate Co2+ and Fe3+ ions in the solution.
The molar ratio of citric acid to total moles of nitrates that
were used is 1:3. A definite amount of ammonia solution
was added dropwise to the solution to adjust the pH value at
7 and stabilize the citrate–nitrate solution. The neutralitie so-
lution was evaporated to dryness by heating at 90 °C on a hot
plate with continuous stirring until it becomes viscous and
finally formed a very viscous gel. The gel was dried by raising
the temperature up to 120 °C. The dried gel burnt completely
in a self-propagating combustion manner to form a loose pow-
der. Finally, the as-burnt powders were annealed at tempera-
ture 800 °C for 4 h to obtain the spinel CoFe2O4 phase.
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Preparation of NiFe2O4

The same preparation method mentioned for cobalt ferrite
preparation was used to prepare NiFe2O4 using Ni(NO3)2·
6H2O instead of Co(NO3)2·6H2O.

Characterization tools

X-ray diffraction

XRD analyses were performed on a Philips X-ray diffractom-
eter. The patterns were run with filtered Co-Kα radiation
(λ = 1.79 Å). The diffractogram was recorded for 2θ angles
in the range 15–80°.

Scanning and transmission electron microscope

The SEM photographs were taken with a scanning electron
microscope (Philips SEM 515), and a JEM-2100f (JEOL,
Japan) was used to perform the TEM analyses of the samples.

Fourier transform infrared spectroscopy spectroscopy

An infrared spectrophotometer (PerkinElmer LX 18–5255) was
used to record the FTIR spectra in the range of 400–4000 cm−1.
The samples were grounded with KBr (1:100) so as to form
tablets, which mounted into the sample holder in the cavity of
the spectrometer.

UV–visible spectra

UV–visible absorption spectra were measured using a
Shimadzu UV-2501PC spectrophotometer in the range of
300–800 nm.

Electrochemical performance measurements

The electrodes for capacitance measurement were fabricated
by forming a paste of the graphene, polyaniline, or ferrite
samples with a binder polytetrafluoroethylene (1%, w/w) with
the mass ratio 95:5 to obtain a homogeneous slurry. The paste
was spread using a doctor blade and roll-pressed uniformly
onto an indium tin oxide (ITO) glass (Pilkington Kappa
Energy Float), transmission ca. 80% in the visible and sheet
resistance 18–20 Ω cm, that serves as current collector. It is
then dried at 100 °C to make sure that the entire solvent is
evaporated. The binary and ternary multilayer films were pre-
pared using a layer-by-layer deposition of positively charged
ferrite NPs and negatively charged graphene (G) suspension

onto the precleaned ITO glass. For a typical layer-by-layer
assembly based on spin coating, one drop of the ferrite solu-
tion (1 mg ml−1, pH 4) was dropped on cleaning the substrate
and spinning at 400 rpm for 20 s. Then, drying of the substrate
was carried out. Furthermore, the graphene solution
(2 mg ml−1, pH 3.5) was dropped on the substrate coated with
ferrite layer, spinning for 20 s at 400 rpm, and dried through
the sameway. Then, a drop of polyaniline solution (1mgml−1,
acetone) dropped on the substrate coated with ferrite layer and
graphene layer, spinning for 20 s at 400 rpm, and then dried.
The electrode assembly is shown in Fig. S1.

The electrochemical properties of the electrodes were stud-
ied using a three-electrode cell consisted of a standard calomel
electrode (SCE), a Pt mesh as the counter electrode, and a
working electrode. The electrolyte used in all measurements
was an aqueous solution of 6 M KOH. Cyclic voltammetry
(CV), constant current charge–discharge tests, and electro-
chemical impedance spectroscopy (EIS) experiments were
conducted using a Gamry G750 potentiostat/galvanostat in-
strument carried out with the EIS300 software.

Results and discussions

X-ray powder diffraction

The XRD diffraction patterns of pure ferrites, PANI, and
graphene are shown in Fig. 1a–e. Figure 1a–c shows the typ-
ical reflections of (220), (311), (222), (400), (422), (511), and
(440) planes that are indications of the presence of the cubic
spinel structure for Fe3O4 (JCPDS 19-629), NiFe2O4 (JCPDS
074-2081), and CoFe2O4 (JCPDS 22-1086. The sharp peaks
represent that all ferrites are crystalline nature of single phase.
The peaks at the 2θ values of 18.3, 30.1, 35.3, 37.1, 43.0, 53.5,
56.9, and 62.43° can be indexed as the (111), (220), (311),
(222), (400), (422), (511), and (440) crystal planes of spinel,
respectively. Figure 1d shows the XRD pattern of PANI. The
partly crystalline structure of PANI was observed from the
XRD pattern due to the appearance of a broad peak at 2θ of
∼20°. This is because the phenyl rings were densely packed
and, thus, an extensive π–π orbital overlap [17]. The XRD
patterns of graphene (Fig. 1e) show one broad reflection peak
centered at 2θ = 25.3° (002), which is attributed to an inter-
layer spacing of 0.38 nm. The broad peak observed is an
evidence to that the graphene sheets are loosely stacked and
it is distinct than that of the crystalline graphite. The absence
of any peak characterized for graphene oxide or graphite in-
dicates that the prepared sample is pure graphene [6].

The crystallite sizes of the ferrites and PANIwere estimated
from the X-ray peak broadening of the (311) peak for ferrites
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and (002) peak for PANI using Scherrer’s equation [18] and
found to be 40.7, 43.8, and 50.0, 21.0 nm for NiFe2O4,
CoFe2O4, Fe3O4, and PANI, respectively.

Transmission electron microscopy and scanning electron
microscopy study

Figure 2 shows the TEM images of the prepared samples
as well as the selected area electron diffraction (SAED).
The TEM images (Fig. 2a) of graphene show nanosheets
rippled and entangled with each other. They are transpar-
ent and reveal stable nature under the electron beam; they
are acting as monolayer graphene nanosheets. The SAED
on a region along the [001] zone axis shows that the well-
defined diffraction spots prove the crystalline structure of
the graphene nanoplatelets obtained. The TEM image of
polyaniline, shown in Fig. 2b, illustrates that the prepared
sample is composed almost entirely of nanofibers having
an average fiber diameter in the range 15–20 nm.

The TEM images of magnetite given in Fig. 2c show that
the morphological structure of Fe3O4 (Mag) consists of nano-
wires with an average diameter of 50 nm. The SAED ring

patterns (seen in Fig. 2c) were consistent with those of mag-
netite. The TEM images of the synthesized CoFe2O4 and
NiFe2O4, (seen in Fig. 2d, e) show that the particles are mostly
in the form of squares, paralelloids, and truncated forms.
Moreover, some moderately agglomerated particles, as well
as separated particles, were also observed. The appearance of
a large number of small scattered grains with the strongest
spotty patterns as observed in TEM images indicating highly
crystalline spinel structure with a range of particle size lies in
20–50 nm. The SAED pattern of investigated samples shows
their high crystallinity structure.

Scanning electron micrographs of all the prepared samples
are shown in Fig. 3. It can be seen that the surface morphology
differs from sample to another, and it also agrees well with the
results obtained from TEM micrographs.

Fourier transform infrared spectroscopy results

FTIR spectra of all studied samples are measured in the range
of 400–4000 and shown in Fig. 4. The FTIR spectrum of the
graphene nanosheets shows a prominent peak in the region
1626–1690 cm−1 with a center at ∼1650 cm−1, which could be
assigned to the ring vibration of the whole carbon skeleton of
graphene [19] indicating the successful synthesis of graphene
sheets.

The FTIR spectrum of PANI sample (Fig. 4b) shows the
main characteristic bands of polyaniline, which are assigned
as follows: the bands located at 1583 and 1497 cm−1 are
attributed to the characteristic C–N stretching vibration of
the quinoid N=Q=N and benzenoid N–B–N rings [20],
respectively (where B refers to the benzoic-type rings and Q
refers to the quinonic-type rings). These peaks indicate the
oxidation state of the emeraldine salt of PANI. The peak that
appeared at 1138 cm−1 of PANI can be attributed to the doped
PANI chain with H+ and was commonly observed in the spec-
trum of emeraldine base (EB) protonated with strong acids
[17]. The characteristic peaks at 1138 and 826 cm−1 were
assigned to B–NH–Q or B–NH–B bonds and out-of-plane
bending vibration of the C–H on the P-disubstituted aromatic
ring, respectively. The peak that appeared at 1138 cm−1, which
is the characteristic of PANI conductivity and the degree of the
delocalization of electrons, was attributed to the in-plane
bending vibration of the C–H [20]. The band at 1383 cm−1

in this spectrum is assigned to the stretching of C–N bonds of
secondary aromatic amines and/or displacement ofπ electrons
that is induced by acid doping of the polymer [21]. The band
characteristic of the electrically conductive form of doped
polyaniline is observed at ca. 1305 cm−1. This was attributed
to when the EB polyaniline doped with acid, the C–N+·
polaron structure was produced [22].
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The FTIR spectra of the ferrite samples showed the
characteristic tetrahedral vibration bands ν1 (600–
450 cm−1) and the octahedral vibration band ν2 (420–

350 cm−1) of ferrite spinel samples (Fig. 4c–e) [23]. The
stretching and bending mode vibrations of the free or
absorbed water were confirmed by appearing prominent
bands near 3400 and 1600 cm−1 [24].

UV–vis absorption spectra

UV–vis absorption spectrum for as-synthesized graphene
nanosheets was also investigated (Fig. S2). A sharp absor-
bance peak centered at around 261 nm has been observed.
The absorbance peak is well aligned with the absorption spec-
trum reported in the literature [2, 3, 25] and generally assigned
to the excitation of π-plasmon of the graphitic structure.

Electrochemical measurements

The cyclic voltammogram (CV) tests were carried out within a
potential range of −0.8 to 0.2 V with scan rates varying from 1
to 20 mV s−1 using 6 M KOH electrolyte. Figure 5 illustrates
the CV curves of the single-material electrodes: graphene,
polyaniline, Fe3O4, NiFe2O4, and CoFe2O4 recorded at a scan
rate of 1 mV s−1. The CV profile of graphene clearly indicates
the capacitive behavior with a semirectangular shape without
any peaks, which is a characteristic of the electric double-layer
capacitance of carbon-based materials. On the other hand,
polyaniline and ferrite electrodes demonstrate a couple of re-
dox peaks. The redox peaks of PANI are attributed to two
processes: the first is the redox transition between a semicon-
ducting state (leucoemeraldine form) [26] and a conducting
state (polaronic emeraldine form), and the second is the
Faradic transformation of emeraldine/pernigraniline [8]. The
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Fig. 3 SEMmicrographs of the prepared samples: aG, b PANI, cMag, d
CoF, and e NiF
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specific capacitances (Csp) for all the investigated electrodes
were computed from CV curves according to Eq. (1) [4, 27],
and the results are listed in Table 1.

Csp ¼ 1

vw ΔVð Þ
ZVc

Va

iVdV ð1Þ

whereΔV (V) is the potential drop, the scan rate is v (mV s−1),
and w (g) is the mass of the electrode. Graphene electrode
exhibits the highest specific capacitance and showed a fast
charge storage and transport kinetics (i.e., high-rate capabili-
ty), which can be demonstrated by its rectangle shape and
sharp fleeting responses at both ends of the CV plot
(Fig. 5a). The mesoporosity, outstanding electrical conductiv-
ity, and electrolyte approachability of graphene could be re-
sponsible for the observed high-rate capability [28].

Figure 6 shows the CV loops of binary and ternary hy-
brid materials: G/PANI, G/NiFe2O4 (NiF), G/CoFe2O4

(CoF), G/Mag and PANI/CoF, PANI/Mag, PANI/NiF,
graphene/CoFe2O4/polyaniline (G/CoF/PANI), G/NiF/
PANI, and G/Mag/PANI recorded at a scan rate of
1 mV s−1. The specific capacitance values Csp for all elec-
trode systems are also calculated by Eq. (1) and given in
Table 1. From which, it can be seen that the specific ca-
pacitance (Csp) increases as follows: ternary materials >
binary materials > single material. The performance in ca-
pacitance of ternary materials may be attributed to the fol-
lowing reasons: first, the presence of ionic layer of
polyaniline at the surface of electrode leads to enhance-
ment of the electrolyte availability and kinetics of ion
transport by effectively increasing the number of ion dif-
fusion paths inside the bulk of electrode and also reduces
the interfacial resistance between the electrolyte and the
active electrode materials, therefore improving the perfor-
mance. Second, the noticeable amount of pleats present in

Table 1 Capacitance data from
CV curves and discharge data for
the investigated samples

Electrode C (Fg−1) from CV curves at 1 mV s−1 C (Fg−1) from discharge data at 1 A g−1

G 223 212

PANI 36 28

CoF 54 39

NiF 30 22

Mag 13 12

G/PANI 612 431

G/CoF 256 196

G/NiF 81 70

G/Mag 23 15

PANI/Mag 14.5 15.5

PANI/CoF 60 53

PANI/NiF 51 46

G/Mag/PANI 325 259

G/CoF/PANI 1123 805

G/NiF/PANI 645 462
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Fig. 5 Cyclic voltammograms (CV) in 6 M KOH at a sweep rate of
1 mV s−1: a G (dashed line) and PANI (continuous line). b Mag (dotted
line), NiF (continuous line), and CoF (dashed line)

J Solid State Electrochem (2017) 21:995–1005 1001



the graphene surface increases the quantity of mesopores
that can be avai lable to the ions of electrolyte.
Additionally, a highly conductive network supplied from
graphene causes an enhancement in the electron transport
during the charge and discharge processes, subsequently
increasing the electrical properties and charge transfer
pathways generated of pure ferrite and polyaniline [29,
30].

As depicted in Table 1, the ternary G/CoF/PANI electrode
shows a higher specific capacitance than all the other elec-
trodes investigated. Thus, in order to get more information
on the electrochemical behavior of this electrode, CV charac-
terizations were done at different scan rates from 1 to
20mV s−1 (Fig. 7). Fromwhich, it can be seen that the specific
capacitance increases with increasing the scan rate, referring
to the good rate property and excellent capacitance behavior.
The non-rectangular nature of the CV curves and presence of
peaks at high scan rate indicate deviation from ideal behavior
and the considerable contribution of pseudocapacitance to the
total specific capacitance. This behavior can be attributed to
that K+ may not have enough time to enter the deep body of

the material and produced an accumulation of charge at the
interface [31].

The electrochemical performances of the electrode mate-
rials were also investigated by galvanostatic charge/discharge
measurements. The results obtained are represented in Fig. 8.
All discharge curves showed an internal resistance drop
(IRdrop). It was recognized to the equivalent series resistance
that comprises both electrode and electrolyte resistances, in
addition to the contact resistance among the electrodes, sepa-
rator, and the electrolyte [31]. As opposed to graphene, the
discharge curves of the double and ternary electrodes demon-
strate a deviation from a straight line due to their
pseudocapacitive nature. The longest discharge times ob-
served for the ternary system indicate that it has the highest
specific capacitance than the other systems. The specific ca-
pacitance of the electrodes was evaluated from the discharge
cycles according to Eq. (2):

Csp⋅ ¼ I
.

m dV
.
dt

� �h i
ð2Þ

where I is the current loading (A), m is the mass of the active
materials (g), and dV/dt is the discharge curve slope [1, 32].
The slope of a full discharge curve (aside from internal resis-
tance (IR drop)) was taken to quantify the specific capacitance
of the electrode. The results obtained are listed in Table 1.
From which, it can be seen that G/CoF/PANI electrode ex-
hibits the high capacity value. These feedbacks assist the spe-
cific capacitances obtained from the CV curves earlier.

It should be mentioned here that with introducing the
graphene into electrode materials, a drop in the internal resis-
tance (IR) was observed, indicating the decreasing resistance
of the electrode. This is attributed to that the conductive
graphene sheet could serve as a fast electron transport path
in the electrode. The electroactive PANI/ferrite composite
would favor high-density electron produced through fast and
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Fig. 6 CV curves in 6MKOH at 1 mV s−1 of A) G/PANI (black line), G/
CoF (royal blue line), G/NiF (red line), PANI/CoF (green line), PANI/
Mag (orange line), PANI/NiF (light blue line). b G/CoF/PANI (black
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Fig. 7 CV curves of G/CoF/PANI in 6 M KOH at different scan rates:
20 mV s−1 (red line), 10 mV s−1 (black line), 5 mV s−1 (royal blue line),
2 mV s−1 (green line), and 1 mV s−1 (violet line)
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reversible redox reaction. Consequently, the G/CoF/PANI
electrode could obtain high electrochemical capacitance
performance.

Rate capability is an important factor for using the
supercapacitor in power application. A good electrochemical
energy storage device is required to provide high energy den-
sity at a high charge/discharge rate. In the present work, the
specific capacitances of the binary and ternary electrode ma-
terials at different galvanostatic current densities were studied
and typical plots for the electrodes with higher capacitance
values are shown in Figs. S3 and S4. For all the electrode
materials, the capacities were found to decrease with increas-
ing current rate discharge. This is due to the limited diffusion
of K+ with the time restriction at high scan rates. Only the
outer active surface can be used for charge storing, resulting
in a lower electrochemical utilization of electroactive mate-
rials [33, 34].

Long cycling stability is of great importance for
supercapacitor operations. Therefore, the electrochemical sta-
bility of the ternary G/CoF/PANI electrode (highest Csp) was
studied, at a current density of 1 A g−1. The results obtained
are represented in Fig. 9. As seen in the figure after 2000 cy-
cles, the G/CoF/PANI electrode retained about 98.2% of its

initial capacitance and exhibited prevalent limit reversibility in
consecutive charge/discharge cycles. The excellent stability of
ternary G/CoF/PANI may be appended to the synergistic im-
pacts among the three components of the ternary system. This
may be because the graphene proceeds some mechanical de-
formation during the redox process of PANI [35], and at the
same time, CoFe2O4 particles can be stabilized by PANI,
which acts as a protective layer, all of these help in enhancing
the electrochemical stability.

In order to demonstrate the electrical resistance and the
capacitance behavior of the electrodes, impedance measure-
ments were done. The results are given in Fig. 10. The half
circle and a straight line of the EIS at the relating high- and
low-frequency regions point to the charge transfer resistance
and electrical double-layer capacitor (EDLC) of the electrodes
(based on ion adsorption), respectively [36]. As shown in
Fig. 10, the half circles of the electrode material decreased
with introducing graphene into the electrode composition, in-
dicating the decrease of charge transfer resistances of the elec-
trodes. Meanwhile, the straight lines become more vertical for
a binary system, representing the higher EDLC behavior. The
charge transfer resistance in the ternary system is lower than
that in the binary one, emphasizing the faster rate of charge
transfer in the ternary system. The magnitude of equivalent
series resistance (ESR) is obtained from x-intercept of the
Nyquist plot. It has the values of 1.91, 2.05, 1.83, 1.65,
1.46, and 1.32 Ω for G/CoF, CoF/PANI, G/PANI, G/NiF/
PANI, G/Mag/PANI, and G/CoF/PANI electrodes, respective-
ly. The difference in ESR of electrodes can be attributed to the
diverse conductivities of electrode materials. The smaller ESR
of ternary electrodes exhibited the lowest charge transfer re-
sistance between the electrolyte and the ternary electrodes due
to the synergetic effect of the three components.

From the frequency (f°, Hz) corresponding to the max-
imum of imaginary impedance (Z//) of the semicircle in
the impedance spectra, the time constant (τ, s) of the ca-
pacitor is calculated using the following equation: τ = 1/f°
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Fig. 9 Cycle stability of ternary G/CoF/PANI nanocomposites during the
long-term charge/discharge process at a current density of 1 A g−1
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Fig. 8 Galvanostatic charge/discharge curves at 1 A g−1 for a G (black
line), PANI (violet line), NiF (light green line), CoF (dark brown line),
Mag (light blue line), G/CoF (royal blue line), G/NiF (red line), G/Mag
(green line), G/PANI (yellow line), PANI/CoF (dark blue line), PANI/NiF
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line), G/NiF/PANI (royal blue line), and G/CoF/PANI (black line)
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[37, 38]. The values of τ obtained from the data are 4.7,
5.2, 7.1, 12.2, 12.6, 14.1, 14.8, 15.2, 18, 18.1, 35, 48, and
61 ms for G/CoF/PANI, G/NiF/PANI, G/PANI, G/Mag/
PANI, G, G/CoF, PANI/CoF, PANI/NiF, PANI/Mag,
G/Mag, CoF, NiF, and Mag, respectively. The difference
in the time constant is due to structural changes in the
electrodes of the electrochemical capacitors. Low values
of τ are preferred for electrochemical capacitors for fast
charge–discharge processes [39]. The small time constants
of the ternary system reveal their high power response.

In order to determine the electrochemical performance of
the ternary system electrodes (have higher Csp), the power (P,
Wkg−1) and the energy density (E, Wh kg−1) were evaluated
using the following equations [40]:

E ¼ 0:5 Csp ΔVð Þ2 ð3Þ

P ¼ E
.
t ð4Þ

where Csp is the specific capacitance of the supercapacitor
(Fg−1),ΔV is the voltage change during the discharge process
after IR drop in V and t (h) is the time for a sweep segment.
The results obtained are illustrated in Fig. 11 as Ragone plots
(E vs. P). The energy density was found to decrease gradually
with power density. The energy density of G/CoF/PANI is
240 Wh kg−1 at a power density of 2680 Wkg−1 and at a
charging current density of 1 A g−1.

Conclusions

In summary, nanoferrites (Fe3O4, NiFe2O4, CoFe2O4),
graphene, and PANI hybrid nanomaterials have been pre-
pared. The as-synthesized materials were well characterized

including the structural and electrochemical properties. The
XRD analysis confirmed the formation of a single-phase spi-
nel ferrite. TEMmicrographs showed fiber structure for PANI
that enables transfer of electrolyte ions. It is found that the
well-designed hierarchical nanostructure and the synergistic
effects among the three components are assisted for the high
electrochemical performance. The as-prepared ternary G/CoF/
PANI electrode has much higher specific capacitance, signif-
icantly outperforming the three separated components
(CoFe2O4, graphene, and PANI) and their corresponding bi-
nary hybrids (G/CoF, G/PANI, and CoF/PANI). The ternary
hybrid CoF/G/PANI electrode exhibits a specific capacitance
reaching 1123 Fg−1, an energy density of 240 Wh kg−1, and a
power density of 2680 Wkg−1 at a charging current density of
1 A g−1, respectively, and outstanding cycling performance,
with 98.2% capacitance retained over 2000 cycles. We trust
that this work can open up new conceivable outcomes for
investigating novel hybrid electrode materials and their useful
application in energy.
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