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In this study, we report on a combined approach to preparing an active electrode

material for supercapattery application by making nanocomposites of Polyaniline/Cerium

(PANI/Ce) with different weight percentages of magnetite (Fe3O4). Fourier-transform

infrared spectroscopy (FTIR) and x-ray diffraction (XRD) analyses supported the

interaction of PANI with Ce and the formation of the successful nanocomposite

with magnetite nanoparticles. Scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) analyses showed the uniform and porous morphology of the

composites. Cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD) were

used to test the supercapattery behavior of the nanocomposite electrodes in 1.0M

H2SO4. It was found that the supercapattery electrode of PANI/Ce+7 wt.% Fe3O4

exhibited a specific capacity of 171 mAhg−1 in the potential range of −0.2 to 1.0 V at

the current density of 2.5 Ag−1. Moreover, PANI/Ce+7 wt.% Fe3O4 revealed a power

density of 376.6 Wkg−1 along with a maximum energy density of 25.4 Whkg−1 at

2.5 Ag−1. Further, the cyclic stability of PANI/Ce+7 wt.% Fe3O4 was found to be

96.0% after 5,000 cycles. The obtained results suggested that the PANI/Ce+Fe3O4

nanocomposite could be a promising electrode material candidate for high-performance

supercapattery applications.

Keywords: Ce-doping, magnetite nanocomposites, polyaniline, specific capacity, supercapattery

INTRODUCTION

The study of energy storage devices is an important field of research aiming to develop the next
generation of cost-effective, durable, energy-efficient, and environmentally friendly power sources
for the feasible implantation of renewable energy (Patil et al., 2011). Electrochemical capacitors are
a family of energy storage devices possessing excellent reversibility, high power delivery or uptake
ability, and long operating lifetimes due to either the high reversible ion adsorption mechanism
or the fast surface redox reaction (Simon and Gogotsi, 2008; Salanne et al., 2016; Wang et al.,
2017). These remarkable features make electrochemical capacitors promising devices for power
capture and supply, backup, safety, and low-maintenance applications (Hall et al., 2010). The low
energy density (E) of electrochemical capacitors can be enhanced by hybridizing their merits with
battery-grade materials together in a single device (Yu and Chen, 2020).

Supercapattery, a supercapacitor mixed with a battery, takes the merits of the high
charge–discharge capability of supercapacitors and the large charge storage ability of batteries
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(Yu and Chen, 2016). In electrical double-layer capacitors
(EDLCs), the capacitance arises by the accumulation of charges
at the electrode/electrolyte interfaces on the application of
voltage bias (Ji et al., 2014). In pseudocapacitors (PCs), the
pseudocapacitance arises from superficial faradic reaction
occurring at the electrode/electrolyte interfaces and possesses a
much higher specific capacitance (Hu et al., 2015). Transition
metal compounds (oxides/hydroxides/nitrides/sulfides) and
electronically conducting polymers are extensively researched
active materials for usage in PCs (Ballarin et al., 2019). The
electrode materials in batteries store faradic charge but are
non-capacitive in nature, which results in peak-shaped cyclic
voltammetry (CV) and a non-linear galvanostatic charge–
discharge (GCD) curve (Yu and Chen, 2016). The metal oxides
and conducting polymer composites as redox materials can
play an important role in the charge storage of a supercapattery
(supercapacitor + battery) cells. These composites gained the
merits of both capacitive and non-capacitive faradic charge
storage mechanisms (Ma et al., 2013).

Among several electronically conducting polymers,
polyaniline (PANI) has gained particular interest for its
excellent redox reversibility, superior capacitive behavior
with a high specific capacity, low cost, facile synthesis in the
form of powder or thin-film by chemical or electrochemical
oxidative polymerization, environmental-friendliness, and
unique doping/dedoping behaviors (Li et al., 2009; Jiang et al.,
2014). Despite all these peculiar features, one of the challenging
issues that render PANI an active material for high-performance
supercapattery is its low electronic conductivity and poor
stability during the charge–discharge process (Patil et al., 2012;
Tharani and Vinayagam, 2015). Extensive research work has
been carried out to overcome this issue. An approach to tackle
this issue is either metal doping, which enhances the electronic
conduction of the electrode, or metal oxide nanocomposite
formation, which facilitates the diffusion of ions due to the large
accessible internal surface area. The latter provides an enhanced
charge–discharge rate and, hence, supercapattery performance
(Patil et al., 2012; Zeng et al., 2016).

In recent years, the doping of f-block Ce has gained more
attention. It is due to the higher stability stemming from the
accessibility of the shielded 4f orbitals for strong binding affinity
with the nitrogen lone pair of PANI and the suitable redox
activity (Tharani and Vinayagam, 2015; Li et al., 2018). Of
the metal compounds, spinel metal oxides Fe3O4 nanoparticles
have received more considerable attention. It has added merits
such as improving the electrochemical activities, inexpensiveness,
high theoretical specific capacity (926 mAhg−1), large potential
window, and environmental compatibility (Umare et al., 2010;
Xavier et al., 2014; Nithya and Arul, 2016; Prasankumar
et al., 2018). Li et al. prepared PANI/Ce3+ and PANI/Ce4+

composites by in situ polymerization and found that the
electrical conductivity of PANI/Ce(NO3)3 increased by 377% in
comparison to pure PANI. The result was attributed to more
charges and faster movements of Ce3+ (Li et al., 2018). Rantho
et al. fabricated symmetric supercapacitors with supercapattery
behavior based on carbonized iron cations adsorbed onto
polyaniline, which exhibited a higher energy and power density

of 41.3 Whkg−1 and 231.9 Wkg−1, respectively (Rantho et al.,
2018). Prasankumar et al. investigated the pseudocapacitive
performance of PANI wrapped over Fe3O4 nanoparticles and
found that voids are built during the formation of microspheres
from the nanosphere, which improved the charge storage
(Prasankumar et al., 2018). A capacitance value of 572 Fg−1 at
0.5 Ag−1 was reported with capacitance retention of 82% after
5,000 charge–discharge cycles. Although the porous PANI/Fe3O4

nanocomposites used in the study enhanced the capacitive
performance of the supercapacitors, the rate performance data
implied limited ion transport and ion accessibility.

Herein, nanocomposites based on different weight
percentages of Fe3O4 nanoparticles encapsulated in Ce-
doped PANI were prepared by in situ chemical oxidative
polymerization and used as active materials to prepare electrodes
for high-performance supercapattery. The objective of the
synthesis of PANI/Ce+7 wt.% Fe3O4 nanocomposite electrode
for supercapattery is to improve the electronic conductivity by
doping along with an increase in charge–discharge rate due
to a decrease in the diffusion path length by the formation of
nanocomposites. The Fe3O4 nanoparticle concentration was
varied to determine its effect on the magnitude of different
electrochemical performance metrics of PANI/Ce.

MATERIALS AND METHODS

Materials
Aniline, obtained from Fisher Scientific, India, was purified
using the double distillation method under reduced pressure.
Ammonium persulfate ([NH4]2S2O8) and Cerium (III) nitrate
hexahydrate (Ce[NO3]3.6H2O) were obtained from SD Fine
Chemicals, India. Ammonium iron (II) sulfate hexahydrate
([NH4]2Fe[SO4]2.6H2O), iron(III) chloride hexahydrate
(FeCl3.6H2O), sulfuric acid (H2SO4), sodium hydroxide
(NaOH), hydrochloric acid (HCl), and Cetrimide purified
were obtained from Merck Life Science Private Ltd., India.
The binder polyvinylidene difluoride (PVDF), solvent N-
Methyl-2-pyrrolidone (NMP), nickel foam (Ni-foam), and
carbon black (nanopowder) were obtained from Xiamen Tob
Energy Technology, China. All the mentioned chemicals were
of analytical reagent grade and were used without any further
chemical modification (except aniline). Double distilled water
was used to prepare all solutions.

Preparation of Ce-Doped PANI/Fe3O4

Nanocomposites
Magnetite nanoparticles were prepared by using the co-
precipitation method (Ghandoor et al., 2012). The solutions
of (NH4)2Fe(SO4)2.6H2O and FeCl3.6H2O were mixed at a
1:2 ratio at 80◦C, in an alkaline medium (0.8M NaOH) to
obtain Fe3O4 nanoparticles. Then, 1.82ml of purified aniline
was dispersed into 150ml of 1.0M HCl. Subsequently, 91.0mg
of Ce(NO3)3.6H2O was added to the solution and stirred at
room temperature for 15min to facilitate the proper dispersion
of Ce3+ ions. An appropriate quantity of Fe3O4 nanoparticles
(1, 3, 5, and 7 wt.%) and cetrimonium bromide (CTAB) in
20ml of double distilled water was ultrasonicated for 20min.
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The mixture was dispersed with aniline and cerium nitrate by
further ultrasonication for 30min. Then, 2.0 g of (NH4)2S2O8 in
30ml of 1.0M HCl was dropped into the above solution slowly
under constant stirring for 7 h to complete the polycondenzation
polymerization process. The final products were collected by
filtration, washed with distilled water and ethanol, and dried for
16 h at 70◦C. Also, for comparison, pure PANI and Ce-doped
PANI were synthesized in the same manner without the addition
of Fe3O4 nanoparticles and CTAB (Ghandoor et al., 2012).

Characterization of Synthesized Materials
The Fourier-transform infrared spectroscopy (FTIR) spectra
of PANI and PANI/Ce with different wt.% of Fe3O4 were
recorded using the IRPrestige-21 FTIR spectrometer (Shimadzu,
Japan) in the range of 4,000–390 cm−1. The crystalline phase
of the materials was investigated by powder X-ray diffraction
(XRD) measurements on a Bruker diffractometer (Billerica,
MA, United States) using Cu-Kα radiation (λ = 1.5406 Å) in
the range of 2θ = 10◦-70◦. The UV-Vis spectra of materials
dispersed in NMP were recorded using the Specord 200
Plus spectrophotometer (Analytik Jena, Jena, Germany). The
morphology of the materials was observed by field-emission
scanning electron microscopy (FE-SEM; S7400, Hitachi, Japan)
equipped with an energy dispersive x-ray spectrometer (EDX),
and the structure was characterized by transmission electron
microscopy (TEM; JEM-2200, JEOL, Japan; 200 kV).

Electrochemical Measurements
All electrochemical properties were evaluated in a three-electrode
setup comprising of a platinum wire as a counter electrode and
a saturated calomel electrode (SCE) as a reference electrode.
A Hokuto Denko (Japan) Ha-151 Potentiostat/Galvanostat
controlled by a self-made LabVIEW-based program (Neupane,
2013) was used for the electrochemical measurements. The
working electrodes were prepared by pressing a homogeneous
slurry formed by grinding 80 wt.% active materials, 10 wt.%
PVDF, and 10 wt.% carbon black with a few drops of the
NMP solvent. The composition was further fixed onto a nickel
foam current collector with a dimension of 1.0 cm × 0.5 cm
and dried in a vacuum oven at 60◦C for 12 h. The loading
mass of active materials for all electrodes was 3.0mg. CV and
GCD measurements were carried out to estimate the capacities
and cyclic stability of the materials in 1.0M H2SO4. The
specific capacity (Csp) was calculated from the integration of
the resulting cyclic voltammogram, according to the equation
(Zhang and Pan, 2015; Chen, 2017; Iqbal et al., 2020a; Numan
et al., 2020):

Csp =

∫ E2
E1 IdU

2× 3.6×m× ν
(1)

The values of Csp, energy density (E), and power density (P) were
calculated from GCD according to the equation (Zhang and Pan,

2015; Chen, 2017; Iqbal et al., 2020a; Numan et al., 2020):

Csp (mAhg−1) =
I × 1t

m × 3.6
(2)

E (Whkg−1) =
1

8
Csp × 1U (3)

ESR =
IRdrop

2 × I
(4)

P (Wkg−1) =
E× 3600

1t
. (5)

A two-electrode symmetric cell system was also assembled to
compare the performance metrics with the results obtained from
the three-electrode cell in the 1.0M H2SO4 electrolyte using a
separator. The values of Csp, E, and P were calculated according
to the equation (Zhang and Pan, 2015; Chen, 2017; Iqbal et al.,
2020a; Numan et al., 2020):

Csp (mAhg−1) =
I × 1t

m × 3.6
, (6)

E (Whkg−1) =
1

2
Csp × 1U (7)

P (Wkg−1) =
E× 3600

1t
, (8)

Where the equivalent series resistance (ESR) calculated from
the IRdrop of GCD curve. The current (I) with a discharge
time (1t) between potential limits excluding IRdrop. The tested
potential window (1U) and mass (m) of active material within
the electrode is also calculated with the above equation. It is well-
known that the specific capacity of a three-electrode cell is four
times larger than that of a two-electrode cell, so for comparison,
Equation (3) is divided by 4 (Zhang and Pan, 2015; Chen, 2017).

RESULTS AND DISCUSSION

Structure Characteristics and Morphology
The field-emission (FE-SEM) measurements were used
to characterize the morphological features of different
compositions. Figure 1A shows the aggregated coarse structure
of the PANI nanorods. After doping Ce3+ on PANI, as shown
in Figure 1B, well-distributed nanorods with nanopores are
observed. The obtained morphology provides a large surface-
area-to-volume ratio by averting the aggregation of PANI and
may assist in influencing specific capacitance and charge–
discharge rates. The SEM micrographs of Ce-doped PANI with
different wt.% of Fe3O4 clearly show the short nanorod-like
uniform morphological appearance (Figures 1C–F). Smooth
Fe3O4 nanospheres are seen as adhered to the nanorods of
PANI. The uniform morphology of the PANI/Ce+7 wt.% Fe3O4

composites exhibited extended interfaces with smaller particle
size, as shown in Figure 1F. This feature might be due to the
agglomerating tendency of the nanoparticles and the formation
of a cluster or agglomerates.

From the SEM images, the effects of Ce doping and Fe3O4

addition on themorphological evolution of PANI nanocomposite
helped to understand their role in developing a smaller particle
size. For further structural information, PANI/Ce+5 wt.% Fe3O4
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FIGURE 1 | SEM images of (A) PANI, (B) PANI/Ce, PANI/Ce with (C) 1 wt.%, (D) 3 wt.%, (E) 5 wt.%, and (F) 7 wt.% Fe3O4.

was chosen as the test subject to perform EDX mapping and
TEM analysis. Figure 2 represents the EDX mapping of the
PANI/Ce+5 wt.% Fe3O4 with its elemental composition of C, O,
N, and Ce. The elements are homogeneously distributed within
the nanocomposite (Figures 2A,B).

The morphology and size distribution of the PANI/Ce+5
wt.% Fe3O4 nanocomposites were further analyzed using TEM.
Figure 3A displays a short nanorod-like morphology. The image
reveals that the PANI/Ce chain was absorbed on the surface
of the Fe3O4 nanoparticles. The nanoparticles are uniformly
dispersed in the PANI/Ce matrix and form a regular polymeric
chain-like nanostructure. The average width is 50–60 nm, which
was calculated by using the ImageJ software as presented in
the histogram and Lorentzian curve fitting in Figure 3B. Also,
the length of the nanorod is in the range of 150–200 nm
(Li et al., 2009).

Figure 4 shows the FTIR spectra of PANI, PANI/Ce, and Ce-
doped PANI with different wt.% of Fe3O4. The characteristic
peaks at 1,590, 1,488, 1,294, 1,158, and 836 cm−1 are attributed
to the C=C stretching mode of a quinonoid ring, C=C stretching
mode of a benzenoid ring, C-N stretching mode of a quinonoid
ring, C-H in-plane and out of plane bending mode of PANI,
respectively (Butoi et al., 2017). The broadband around 3,435
cm−1 are allocated to the N-H stretching mode of PANI
(Tharani and Vinayagam, 2015). The peak corresponding to
N-H stretching at 3,435 cm−1 is broadened and less intense
due to the simultaneous occurrence of another new vibrational
mode after Ce-doping. Sharp absorption peaks at 518 and 452
cm−1 are assigned to the presence of Fe3O4 in the PANI/Ce

matrix; however, PANI also shows firm peaks in the same regions;
therefore, the peak intensity decreases with the increase in the
amount of Fe3O4 (Silva et al., 2020).

Similarly, Figure 5 represents the XRD patterns of Fe3O4,
PANI, and PANI/Ce with different wt.% of Fe3O4. The diffraction
peaks are associated with (111), (220), (311), (400), (511), and
(440) planes, and all the Bragg planes are indexed to the cubic
phase of Fe3O4 following the reported data (JCPDS file no.
79-0417) (Ghandoor et al., 2012). The average crystallite size
of Fe3O4 nanoparticles is 8.45 nm, as calculated by using the
Scherrer equation (Holzwarth and Gibson, 2011). Peaks that
appeared at 2θ = 15.2◦, 19.6◦, and 26.1◦ revealed the semi-
crystalline nature of PANI (Sampreeth et al., 2018). The degree
of crystallinity of PANI/Ce with 3, 5, and 7 wt.% are found to
be 2.16, 4.99, and 8.83%, respectively, as calculated using the
(311) sharp peaks of Fe3O4 in the composites. In contrast, the
XRD patterns of PANI/Ce with different wt.% of Fe3O4 displayed
an increase in the degree of crystallinity with wt.% of Fe3O4

due to strong interaction between the vacant d-orbitals of Fe
and the lone pair electrons of the nitrogen atom of PANI/Ce
(Koysuren and Koysuren, 2019).

Figure 6A shows the UV-Vis spectra of PANI, PANI/Ce, and
PANI/Ce with different wt.% Fe3O4. The observed absorption
spectra revealed a significant absorption peak at 366 nm due to
the 5-5∗ transition of the benzenoid structure being in good
agreement with the results mentioned in earlier work (Khan
et al., 2015). A similar band is observed for PANI/Ce with the
hypsochromic shift. And, the hyperchromic effect caused by a
strong interaction between PANI and doped element, leading
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FIGURE 2 | (A) EDX patterns of PANI/Ce+5 wt.% Fe3O4, with the (B) corresponding elemental maps.

to an easy charge transfer process. A broad absorption band
of Ce-doped PANI appears due to the superimposed electronic
transition behavior on the other molecular energy state.

The UV-Vis spectra of PANI/Ce with different wt.% of
Fe3O4 showed the hypochromic effect of Ce-doped PANI due
to the strong interaction between the Fe3O4 nanoparticles and

the Ce-doped polymer chain (Umare et al., 2010). Also, the
hyperchromic effects are observed up to 5 wt.% of Fe3O4,
and then the hypochromic effect was observed for 7 wt.% of
Fe3O4. The uniform dispersion of Fe3O4 nanoparticles within
the PANI/Ce matrix leads to higher broadness and intensity of
the PANI/Ce+5 wt.% Fe3O4 nanocomposites. In PANI/Ce+7
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FIGURE 3 | (A) TEM image of PANI/Ce+5 wt.% Fe3O4 and (B) the corresponding histogram and Lorentzian curve fitting. The arrows denote Fe3O4 nanoparticles.

FIGURE 4 | FTIR spectra of PANI and PANI/Ce with 1, 3, 5, and 7 wt.% of

Fe3O4.

wt.% Fe3O4, the aggregation and the formation of the cluster in
the PANI/Ce matrix diminished the intensity of the absorption
peak. Therefore, it revealed a higher interfacial interaction for
the 5 wt.% Fe3O4 composites (Sampreeth et al., 2018). Likewise,
the bandgap energy of PANI, PANI/Ce, PANI/Ce+1, 3, 5, and
7 wt.% Fe3O4 were 2.78, 2.58, 2.63, 2.66, 2.70, and 2.73 eV,
respectively (Figure 6B). The bandgap energy is decreased with
Ce-doping, owing to allowed shallow states created in the
bandgap (Bahmanrokh et al., 2020). Thus, the doping of cerium
generated some energy levels that were close to the bandgap.
It allowed a lower energy transition, resulting in a decrease in
bandgap energy. Also, the bandgap energy increased with the

FIGURE 5 | XRD patterns of Fe3O4 nanoparticles, PANI, and PANI/Ce with 1,

3, 5, and 7 wt.% Fe3O4.

wt.% of Fe3O4 in Ce-doped PANI due to the change in electron
density and interfacial interactions (Sampreeth et al., 2018).

Electrochemical Characterizations
Electrochemical measurements were carried out to test the
supercapattery performance of the prepared compositions. CVs
of as-prepared PANI, PANI/Ce, and PANI/Ce with different wt.%
of Fe3O4 used as the active electrode material in the three-
electrode system were recorded at the sweep rate of 10 mVs−1.
The fixed operating potential range of −0.2 to 1.0V vs. SCE in
1.0M H2SO4 electrolyte was used. CVs of active materials show
oxidation and reduction peaks due to the faradic charge transfer
process in the electrode materials, as shown in Figure 7A. The
CV of PANI was composed of two redox couple reactions. The
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FIGURE 6 | (A) UV-Vis spectra of (i) PANI, (ii) PANI/Ce, PANI/Ce with (iii) 1 wt.%, (iv) 3 wt.%, (v) 5 wt.%, and (vi) 7 wt.% Fe3O4, and (B) the corresponding Tauc plot.

FIGURE 7 | (A) Cyclic voltammetry of (i) PANI, (ii) PANI/Ce, PANI/Ce with (iii) 1 wt.%, (iv) 3 wt.%, (v) 5 wt.%, and (vi) 7 wt.% Fe3O4 in the three-electrode system at a

scan rate of 10 mVs−1; (B) variation of specific capacity of PANI/Ce with wt.% of Fe3O4.

presence of an oxidization peak at about 0.23V was due to
the transformation of leucoemeraldine to conductive emeraldine
salt form and the presence of another at 0.72V was due to
the formation of a fully oxidized pernigraniline state from the
emeraldine oxidation state. The reduction peaks at 0.05 and
0.58V represent the transformation of the leucoemeraldine and
emeraldine base, respectively (Martyak et al., 2002). The Ce-
doping led to a shift in oxidation peaks to 0.20 and 0.67V, and
the reduction peaks to 0.03 and 0.63V, toward lower potential. As
the wt.% of Fe3O4 increased in Ce-doped PANI, the peaks further
shifted to the lower potential with an increase in the area of CV.

The formation of composites with Fe3O4 has enhanced the
electrochemical performance of the Ce-doped PANI electrode
due to three different redox mechanisms (Martyak et al., 2002).
On the integration of the CV curves of PANI/Ce with 7 wt.%
Fe3O4 from −0.2 to 0.0V vs. SCE, a capacitance of 263.5
F/g was calculated due to capacitive charge storage. Also, the
same calculation was performed on the same CV within the

potential windows of −0.2 to 0.2V, 0.2–0.4V, and 0.4–0.8V, and
the capacitance values were calculated to be 1,071.5, 1,057.25,
and 908.25 F/g, respectively, with a pair of redox peaks, which
indicate that the capacitive charge storage mixed along with
the faradic charge storage arises from a faradic mechanism
involving peak-shaped CV. This calculation indicates that charge
storage (Q) is some continuous function of the potential (U),
and the derivative dQ/dU arises, which has properties of
capacitive mentioned by Brousse et al. and non-capacitive faradic
contribution (Brousse et al., 2015).

The specific capacity of PANI/Ce+7 wt.% Fe3O4 is 172
mAhg−1 (616.8 Cg−1), whereas that of pure PANI is 70 mAhg−1

(252 Cg−1). The specific capacity of Ce-doped PANI increased
from 102 to 172 mAhg−1 with an increment in the wt.% of Fe3O4

from 1 to 7 wt.%, as depicted in Figure 7B. The results might
be due to the increasing exposure of the electrode surface and
increasing the number of active sites for surface redox reaction
with the formation of composites (Augustyn et al., 2014).
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FIGURE 8 | (A) GCD plots of (i) PANI, (ii) PANI/Ce, PANI/Ce with (iii) 1 wt.%, (iv) 3 wt.%, (v) 5 wt.%, and (vi) 7 wt.% Fe3O4 in the three-electrode system at a constant

current density of 2.5 Ag−1 and (B) the corresponding Ragone plot.

TABLE 1 | Specific capacity, energy density, and power density of prepared

sample electrode calculated from GCD.

Samples Specific capacity Energy density Power density

(mAhg−1) (WhKg−1) (WKg−1)

Fe3O4 35 4.1 311.9

PANI 70 10.2 377.7

Ce doped PANI 103 15.2 381.2

1% Fe3O4 108 16.0 374.4

3% Fe3O4 122 18.0 374.8

5% Fe3O4 149 22.1 376.9

7% Fe3O4 171 25.4 376.6

Figure 8A shows the GCD curves of all the samples which
were carried out at a current density of 2.5 Ag−1. The GCD
curves are non-linear and asymmetrical with charge–discharge
plateaus, indicating that the capacity of PANI, PANI/Ce, and
PANI/Ce with different wt.% of Fe3O4 mainly arose from both
capacitive and non-capacitive contributions, as explained above
(Iqbal et al., 2020a; Numan et al., 2020). A small IR drop in
the GCD curve is observed (indicated by a linear drop). The
specific capacity of PANI, Ce-doped PANI, and Ce-doped PANI
with 1, 3, 5, and 7 wt.% Fe3O4 as a function of constant charge–
discharge current density is found to be 70, 103, 108, 122, 149,
and 171 mAhg−1, respectively. These values are similar to the
CV plot (Figure 7A). The performance metrics were calculated
after deducing the IR drop, as shown in Table 1. The increase
in the number of delocalized ions of PANI by doping of Ce
improved the conductivity and enhanced the specific capacity
in Ce-doped PANI (Li et al., 2018). Also, the pseudocapacitive
contribution of the Fe3O4 nanoparticles increased the specific
capacity of composites. Umare et al. reported a discharge capacity
value of 78.8 mAhg−1 at a current density of 0.5 mAcm−2

from the GCD for Zn-PANI/Fe3O4 (9:1) (Umare et al., 2010).
Furthermore, Iqbal et al. observed a discharge capacity value
of 162.5 Cg−1 at a current density of 0.4 Ag−1 in MOF/PANI

(50/50%) with the lowest ESR resistance (Iqbal et al., 2020a).
When compared to this MOF/PANI electrode, the electrode
presented in this paper exhibits a higher specific capacity, which
may be due to the favorable microstructure for ion diffusion and
enhanced conductivity.

However, the power density of the composite material
value did not change significantly after 5 wt.% of Fe3O4

in the nanocomposites, as shown in Table 1. The result
indicates that an increase in the wt.% of Fe3O4 nanoparticles
above 7 wt.% would have enhanced the agglomerating
tendency of nanoparticles. This would lead to the formation
of clusters, which reduces the interfacial interaction
between Fe3O4 and Ce-doped PANI, hence resulting in
highly resistive electrode materials having lower power
deliverance capacity.

As compared with the results from the other studies, the
prepared PANI/Ce with 7 wt.% Fe3O4 offers a higher specific
capacity of 171 mAhg−1 at a current density of 2.5 Ag−1.
From the observation of the Ragone plot shown in Figure 8B,
it can be seen that the PANI/Ce with 7 wt.% Fe3O4 composites
display a maximum energy density of 25.4 WhKg−1 (Equation 3)
without compromising the high power density of 376.6 WhKg−1

(Equation 4). Table 2 gives a comparison of the results obtained
in this study with the values of some other supercapattery
electrode composite materials based on pseudocapacitive charge
storage in aqueous electrolytes from other studies, which again
shows that the material proposed in this study gives superior
specific capacity values.

Figure 9 displays GCD profiles of PANI/Ce with 7 wt.%
Fe3O4 at different current densities from 2 to 10 Ag−1. The
specific capacity decreases from 188.7 to 97.3 mAhg−1 as the
current density increases from 2 to 10 Ag−1. The capacity
value decreases by 91%. Similarly, the initial value decreases
to 52% when the discharge current increases from 2 to 2.5
Ag−1 and 2 to 10 Ag−1. The inner redox-active sites are
not fully accessible for electroactive species at higher current
densities, cause decreases in capacity value (Numan et al.,
2020). The results indicate that the steady reversibility of the
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electrode material results from a lower IR drop (Muthulakshmi
et al., 2006). The inset shows the linear relation between
the IR drop and current densities. A lower ESR value of
0.02891� is found for the PANI/Ce with 7 wt.% Fe3O4,
imparting a high charge–discharge ability of electrode materials.
This lower value of ESR could be attributed to enhanced
electrical conductivity that leads to rapid electron transport
even at high current densities during the charge–discharge
process (Padmanathan et al., 2016).

The symmetric supercapacitor with the supercapattery
characteristics of PANI/Ce+5 wt.% Fe3O4 is further examined

TABLE 2 | Comparative specific capacity performance of supercapattery

electrodes based on pseudocapacitive charge storage in aqueous electrolytes.

S.N. Electrode materials Electrolyte Potential

window

Specific

capacity

(mAhg−1)

1. 2D Co3O4 nanoflakes

(Numan et al., 2020)

KOH (1M) 0.0–0.4 V 30.2 (3

mVs−1)

2. MOF/PANI (Iqbal et al.,

2020b)

KOH (1M) 0.0–0.6 V 45.0 (0.4

Ag−1)

3. Sr3P2/PANI (Iqbal et al.,

2020b)

KOH (1M) 0.0–0.6 V 53.3 (3

mVs−1)

4. NiS2@NiV2S4

(Manikandan et al.,

2019)

KOH (6M) 0.0–1.6 V 144.4 (1.0

Ag−1)

5. g-C3N4@ZnCo2O4

(Sharma and Gaur,

2020)

KOH (1M) 0.0–0.4 V 154 (4 Ag−1)

6. NiO-In2O3 Microflower

3D/Nanorod 1D

(Padmanathan et al.,

2016)

KOH (3M) −0.2 to

0.6 V

213 (5 Ag−1)

7 Ce-doped PANI/Fe3O4

nanocomposites [this

study]

H2SO4 (1M) −0.2 to

1.0 V

171 (2.5

Ag−1)

by GCD using a two-electrode system for device applications
(Figure 10). The specific capacity, energy density, and power
density are calculated to be 43 mAhg−1 (Equation 5), 21.8
WhKg−1 (Equation 6), and 374.9 WKg−1 (Equation 7),
respectively. All the mentioned parameters are almost equal to
the values calculated for the three-electrode system. It is worth
noting that the specific capacity of the three-electrode system is
almost four times the specific capacity of the two-electrode cell
(Equation 2). This relates that the specific capacity of electrode
materials is simply four-fold of the specific capacity of the cell
in a symmetrical configuration (Chen, 2017). The results show a
good capacity value shown by the nanocomposite of PANI/Ce+5
wt.% Fe3O4.

FIGURE 10 | PANI/Ce+5 wt.% Fe3O4 at the current density of 2.5 Ag−1 in the

two-electrode system.

FIGURE 9 | GCD plot of PANI/Ce+7 wt.% Fe3O4 at different current densities of (A) (i) 10 Ag−1, (ii) 2.5 Ag−1, and, (iii) 2 Ag−1 in the three-electrode system; (B)

Zoom-in of 2.5 Ag−1. Inset: IR drop condition.
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FIGURE 11 | (A) Cycling performance and (B) coulombic efficiency of (i) PANI, (ii) PANI/Ce, and (iii) PANI/Ce with 7 wt% Fe3O4.

The cyclic stability test showed that PANI retained 40%
of the initial capacity after 5,000 cycles of CV at a scan
rate of 100 mVs−1 between −0.2 and 1.0V, as shown in
Figure 11A. The inferior stability of PANI resulted from
the strain generated by the swelling and shrinkage during
the doping–dedoping of charged ions during CV (Eftekhari
et al., 2017). However, PANI/Ce and PANI/Ce+7 wt.% Fe3O4

maintained almost 66.0 and 96.0% of their initial capacity,
respectively. The support of the Fe3O4 nanoparticles in the
composites can adapt to the volume change that helps to
suppress the structural alternation and chemical degradation of
PANI in the composite electrodes (Chen, 2017). The stability
of iron oxides in an acidic medium has been extensively
studied by Salmimies et al., who used nitric acid and sulfuric
acid and found dissolution of magnetite at high enough
concentrations of these acids (Salmimies et al., 2011). We
have also found a 52% degradation of magnetite by the
1.0M H2SO4 acid after 1,000 cycles of CV at 10 mV/s
when used independently. However, the composite materials of
PANI/Ce+7 wt.% Fe3O4 showed degradation of only 4%, and
therefore, the composite was not affected by the stability of the
individual component.

Also, the Coulombic efficiency of PANI, PANI/Ce, and
PANI/Ce with 7 wt.% Fe3O4 was calculated to be 86.0, 93.8, and
97.3%, respectively, after 5,000 cycles, as shown in Figure 11B.
The excellent stability over 5,000 cycles with retention of
almost 96% of the initial capacity might be ascribed to the
activation process which allows the trapped cations to diffuse
out gradually or the insufficient contact of the nanocomposites
with the H2SO4 aqueous solution during electrochemical
processes (Gul et al., 2019). Thus, cyclic performance and
Coulombic efficiency are enhanced due to the contribution
of Ce and Fe3O4 on PANI and the synergistic interactions
between them.

The enhanced electrochemical performance of PANI/Ce+7
wt.% Fe3O4-based supercapattery can be ascribed to (a) the
multiple oxidation states of the redox-active electrode materials
leading to the improved energy storage capacity of materials

(Martyak et al., 2002); (b) the coordination effect between Ce and
the N atom of PANI enhancing the conductivity of PANI, which
gives fast accessibility for proton diffusion to electrochemically
active sites (Li et al., 2018); (c) the composite formation
of PANI/Ce with the Fe3O4 nanocomposites suppressing the
mechanical stress, which leads to the enhancement in cyclability
(Prasankumar et al., 2018); and (d) the high ionic conductivity of
H+ electrolyte promoting better redox reaction of the composites
(Yuan et al., 2008).

CONCLUSION

This study introduces a simple and effective method to synthesize
cost-effective and efficient supercapattery electrode materials.
The specific capacity and power performances are greatly
enhanced by the doping of Ce, followed by the incorporation
of Fe3O4 in PANI. PANI/Ce exhibits a maximum capacity of
171 mAhg−1 with an energy density of 25.4 WhKg−1 and
a power density of 376.6 WKg−1 with 7 wt.% Fe3O4 at 2.5
Ag−1 of load. The capacity retention is 96.0% after 5,000
cycles of charge–discharge. The synthesized composite is a
promising candidate for supercapattery with its attributes of
high specific capacities, power density, energy density, and
cycle life.
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