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Abstract

Supercapacitors are energy storage devices that can cleanly and efficiently meet the growing energy demand.
The present work describes the synthesis of nanoparticles of cobalt ferrite (CoFe,0,) by the combustion method
and their use with activated carbon (AC) to manufacture supercapacitors. In order to study the influence of
composition on the electrochemical properties, supercapacitors with three different compositions were pro-
duced: Fe90 (90% CoFe,O0, and 10% AC), Fe50 (50% CoFe,O0, and 50% AC) and Fel0 (10% CoFe,O, and
90% AC). Microstructural and morphological analyses were performed by X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and Raman spectroscopy. Cyclic voltam-
metry (CV), galvanostatic charge-discharge (GCD), floating and electrochemical impedance spectroscopy
(ELS) tests were performed. XRD, SEM, TEM and Raman results showed that the combustion method was
effective for the production of CoFe,0, nanoparticles. SEM and Raman spectroscopy results showed that the
AC has a porous structure and low crystallinity. According to CV, GCD and floating tests, all three supercapac-
itors presented excellent electrochemical stability. The Fe50 composition yielded the lowest equivalent series
resistance, while the FelO composition yielded the highest capacitance. The results show that the combination
of AC with CoFe, 0, is promising for the use in supercapacitors.
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I. Introduction EDLCs, the capacitance occurs by the accumulation of
electrostatic charges at the interface between the elec-
trodes and the electrolyte; thus, the capacitance is di-
rectly proportional to the surface area of the electrodes
[1]. In pseudocapacitors, energy storage arises from fast
reversible oxi-redox reactions at the interface between
the electrode and the electrolyte [4]. Energy storage in
hybrid supercapacitors occurs by a combination of the
two processes [5]. The most common materials used in

The long-term harmful effects of greenhouse gases
in the atmosphere and the rapid depletion of fossil re-
sources lead to the need to explore renewable energy
resources and new devices for energy generation and
storage [1]. Supercapacitors or electrochemical capac-
itors are promising energy storage devices to meet this
demand since they have high specific capacitance, fast

charge/discharge rate and long cycles [2,3]. EDLC supercapacitors are carbon-based materials (e.g.
According to the electrical charge storage mech- . ivated carbon [6] and graphene [7]), metal oxides

anism, .supercapacitors can be divided into three (e.g. RuO, [8], NiO [9], MnO, [10]) and conducting
categories: double-layer electrochemical capacitors polymers, such as polyaniline [11].

(EDLCs), pseudocapacitors and hybrid capacitors. In Activated carbon (AC) is frequently used in EDLCs
due to its high surface area (up to 3000 m?/g), high elec-
trical conductivity and low cost. Although AC superca-
pacitors have a high power density, their small specific
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capacitance is a drawback for many applications. Cobalt
ferrite (CoFe,0,) has been suggested for use in pseu-
dosupercapacitors due to its multivalent oxidation, high
theoretical specific capacitance and electrochemical sta-
bility [12-18]. However, pure CoFe,O, does not yield a
satisfactory performance due to its low power density,
so the approach of making AC/CoFe,O, hybrids may
provide good results [19,20].

In this work, we synthesized supercapacitors based
on activated carbon and CoFe,O, with different com-
positions. The electrochemical properties were evalu-
ated and correlated to the material structure. The results
showed that the supercapacitors have excellent electro-
chemical stability and good capacitance.

II. Experimental

2.1. Supercapacitor preparation

The starting materials were cobalt nitrate
(Co(NOs;), -6 H,0, Alphatec), iron nitrate
(Fe(NO,); - 9H,0, CRQ Produtos Quimicos), glycine
(C,H4NO;, Sigma Aldrich), polyvinylidene difluo-
ride (PVDFE, Sigma Aldrich, molecular weight 534),
N-methyl-2-pyrrolidinone (NMP, Sigma Aldrich) and
activated carbon (NORIT® SX Plus CAT, Sigma
Aldrich).

To produce 1g of cobalt ferrite powder, cobalt ni-
trate and iron nitrate, in a ratio of 1:2, were dissolved
in 10ml of distilled water. The fuel was glycine, with
a glycine/nitrate molar ration of 1:1. The mixture was
stirred until a homogeneous solution was obtained. The
solution was kept in a hot plate at 100 °C until combus-
tion occurred after approximately 20 min. The resulting
powder was macerated in a mortar.

The first step in preparation of supercapacitor was
mixing of 80% active material (CoFe,O, + AC), 10%
polyvinylidene fluoride (PVDF) and 10% conductive
additive (Tob New Energy brand, code T-SUP). Three
different compositions were prepared and named Fel0O
(10% CoFe,O, and 90% AC), Fe50 (50% CoFe,0,
and 50% AC) and Fe90 (90% CoFe,O, and 10%
AC). PVDF is a highly non-reactive thermoplastic flu-
oropolymer that is used for the synthesis of carbona-
ceous electrodes of supercapacitors as a binder com-
pound, and the conductive additive is a very high purity
carbon widely used in lithium battery production. As
solvent, 1 ml of methylpyrrolidone (NMP) was added to
each 100 mg of active material. This mixture was kept
under magnetic stirring for 15 min and then it was taken
to an ultrasonicator for 15 min.

To manufacture the electrodes, 60 ul of the mixture
were deposited on Ni foil substrates with 10 mm diam-
eter as shown in Fig. 1, and then taken to a hot plate
for 2 h. The electrodes were placed in an oven at 60 °C
for 12 h to remove the solvent. A cellulose paper, NKK
brand TF4850, was used as a separator and 6 M aqueous
solution of KOH for the electrolyte. The supercapaci-
tors were manufactured in a symmetrical configuration
using the 2032-coin cell model.
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Figure 1. Electrodes with different compositions

Figure 2 shows each component of the supercapaci-
tor. The components were arranged as follows: a conical
spacer, a stainless steel current collector, an electrode
and a separator were placed inside of a metallic capsule.
Then, 60 ul of electrolyte were dropped in the separa-
tor. After that the counter electrode, the current collector
and the negative part of the metallic capsule were placed
in the capsule. Finally, for sealing and consolidating the
supercapacitor, a pressure of 6.9 MPa (1000 psi) was ap-
plied using a TOB GN-110 hydraulic press.

1. Positive side of
the capsule

2. Spacer 3. Current collector 4. Electrode

8. Negative side of
the capsule

Figure 2. Components of the supercapacitor

2.2. Characterization

The crystal structures of CoFe,0, and AC were de-
termined by X-ray diffractometry (XRD) using a Shi-
madzu XRD-7000 diffractometer equipped with a Co-
Kea1 (4 = 0.179 nm) radiation source, using a step size
of 0.05° and dwell time of 150s/°. The crystallite size
and lattice parameters of the samples were determined
from XRD data by the Rietveld refinement.

Morphological and microstructural analyses were
performed by field emission scanning electron mi-
croscopy (FESEM) using a QUANTA FEG 250 sys-
tem and transmission electron microscopy (TEM), using
a JEOL JEM 1200EX-II system. Raman spectra were
recorded using a 514.5nm argon-ion laser on a Ren-
ishaw spectrophotometer.

In a two-electrode configuration, electrochemical
measurements were carried out with 6 M KOH as elec-
trolyte. Electrochemical characterization using cyclic
voltammetry (CV), galvanostatic charge/discharge
(GCD), chronoamperiometry (CA), and electrochemi-
cal impedance spectroscopy (EIS) were performed in a
Biologic SP-200 potentiostat-galvanostat. The CV and
GCD measurements were conducted in the potential
range of 0.8 to 1.1 V. The GCD tests were performed
using a gravimetric current of 0.75mA/g and charging
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and discharging the supercapacitors up to a voltage of
1 V. In the floating test, the supercapacitors under a
constant voltage of 1 V went through 10 ageing cycles
of 12 h. At the end of each cycle, GCD electrochemical
test was performed to assess the capacitance retention
of the device. The study of ion transport and conduc-
tivity of electroactive materials was carried out by EIS
performed in a frequency range from 10 mHz to 10kHz,
with 10 points per decade and 10 mV amplitude using
DC voltage signal from 0.8 to 1.1 V. From the GCD,
the specific capacitance (Cs) was calculated using the
following equation [21]:
i- At

s = 1
C, AU -m (1

where i is the current density, At is the discharge time,
AU is the potential drop during discharge and m is the
supercapacitor mass. The specific energy (E) was calcu-
lated using Eq. 2:

_C,-AU?

E;
2

2

The specific power (P) was calculated using Eq. 3:
Py=— 3)

where ¢ is the discharge time. The equivalent resistance
(Rgsgr) was calculated using Eq. 4:

AU
Resg = — 4
21

II1I. Results and discussion

3.1. Morphological and structural characterizations

X-ray diffraction patterns of the CoFe,O, and AC
are shown in Fig. 3. The Rietveld refinement was per-
formed with the aid of Fullprof program. The refinement
of the CoFe,0, synthesized by combustion method is
shown in Fig. 3a, where the pink, black and blue colours

represent the experimental points, the fitted profile and
the difference between the observed and calculated pro-
files, respectively. The diffraction peaks in the 260 range
of 10-55° correspond to the characteristic reflections
of the cubic spinel structure, space group Fd3m (No.
227) [22]. The diffraction patterns and the relative in-
tensity of all diffraction peaks match well with the stan-
dard card JCPDS 022-1086, supporting the formation
of CoFe,O, phase [23]. The value of lattice parameter
of CoFe,0, is 8.487 A, in reasonable agreement with
other values reported [24,25,28]. The crystallite size
was found to be 41 nm, similar as in other studies [24—
26]. Figure 3b shows the AC XRD pattern. There are
two very broad peaks centred at approximately 26 = 25°
and 50° corresponding respectively to the diffraction of
the graphitic basal plane (002) and the characteristic of
the sp*-hybridized lattice reflections (100) [13,29-31].
These large widths of the AC diffraction pattern indi-
cate an amorphous and disordered nature of the AC [13,
30-33].

Figure 4 shows Raman spectra of the CoFe,O, and
AC. For the CoFe,O,, the vibrational modes observed
at 308, 470, 575, 624 and 680cm™!, as shown in Fig.
4a, are attributed to the vibrational modes 12,1y, Ej,
T242), Toe3) and Ay, [34,35]. In Fig. 4b, four bands,
located at 1188, 1340, 1535 and 1599 cm™!, were ob-
served, which correspond to bands D1, D, D2 and G,
respectively [16,36]. The two main bands are D and G:
the D band is related to crystal lattice defects involving
a double resonance process in the Brillouin zone and
the G band is associated with the graphitized material,
which has sp? planar bonds between carbons due to Es,
Raman vibration mode. D1 and D2 bands are assigned
to amorphous domains associated with sp” clusters of
four-fold coordinated bonds. The high intensity of the D
band suggests that the carbonaceous material has a high
defect density. The amorphous structure of the material
can be estimated from the intensity ratio between the D
and G bands (Ip/1;): the higher the ratio, the greater the
degree of disorder. The calculated Ip /I value based on
Fig. 4b was 1.11, which indicates low crystallinity of
the AC.
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Figure 3. XRD patterns of: a) CoFe,O, and b) AC
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Figure 4. Raman spectra of: a) CoFe,O, and b) AC

Figure 5. SEM images of: a) Fel0, b) FeS0 and c) Fe90; TEM image of CoFe,O, (d); delimitation of the nanoparticles of TEM
image by ImageJ (e)

Figures 5a-c show the morphology of the superca-
pacitors FelO, Fe50 and Fe90. Figures 5a,b present a
structure rich in pores related to the low number of
the CoFe,O, particles deposited in the AC cavities.
These open channels may improve the contact of the
electrolyte/electrode interface and thus enhance the dif-
fusion of the electrolyte ions. Figure Sc of the Fe90
shows much less porosity than other samples (Fel0 and
Fe50) indicating that the AC pores were clogged with
CoFe,0, agglomerates. The low porosity of the Fe90
impairs electrolyte mobility, leading to low capacitance
and high resistance.

TEM image of the CoFe,O, nanoparticles is shown
in Fig. 5d and, similarly to a “bunch of grapes”, several
isolated particles of CoFe,O, can be seen. With that low
agglomeration, it is possible to observe the shape of the
nanoparticles and their well-defined grain boundaries.
From this image, the average size obtained by counting
64 nanoparticles was approximately 46 nm using Im-
agel software to delimit the grain boundaries, Fig. Se.
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3.2. Electrochemical measurements

Figures 6a-c show the cyclic voltammograms of
the Fe90, Fe50 and FelO supercapacitors measured at
10mV/s in a potential range from 0.8 to 1.1 V. From the
quasi-rectangular shape and cycle area of the voltam-
mograms, the CoFe,O, and AC are good materials to
be used in electrodes for potentials lower than 0.9V in
a 6 M KOH electrolyte [12]. The highest electrical cur-
rent response was for the FelO, followed by the Fe50
and with a much smaller value for the Fe90 supercapac-
itor. The obtained current is the combination of faradaic
and capacitive current [19,37,38]. The area under the
CV curve and the current plateau for the Fel0 are larger
than those of the other supercapacitors leading to the
highest capacitance, which is corroborated by GCD pro-
files. From Figs. 6a-c, it is verified that the supercapac-
itor Fe90 with the highest percentage of CoFe,0, is the
one with a steeper slope at anodic vertex voltage of the
voltammogram curve with potential above 0.9V, indi-
cating oxygen evolution reactions [1].
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Figure 7. Chronoamperometry curves of: a) Fel0, b) Fe50 and c) Fe90

Although the CV curves do not show current peaks  rent (/) is the sum of capacitive current (/) and the OER
due to the faradaic CoFe,O, reactions, from the quasi-  faradaic current (/rogr)), given by Eq. 8:
rectangular shape it is possible to estimate the influence
of the ferrite on the faradaic reaction corresponding to
different oxidation states of a metal according to Eqs. 5
and 6 [38]:

@y - F(U = Uyokr))
R-T

I = Ic+IpoEr) = Ic+1oq) eXp (8)
where a4, R, T and Iy, are the anodic charge-transfer

2M + OH™ + 0, —» MOOH + MO + e~ 5) coeflicient, the universal gas constant, the absolute tem-
perature and the anodic exchange current density mea-

2M"0 +20H™ —» M™O + (OH)Z(MIHO) +2e (6) sured at U = Uyokr), respectively. Since the HER
faradaic current (/rngg)) is not taken into account in a

where M represents Fe or Co [13]. In a two-electrode  two-electrode system, because the potentiostat consid-
well-behaved supercapacitor, the more rectangular the  ers only the working electrode signal, the phenomenon

voltammogram curve is, the greater the electrochemi-  is not investigated in detail in this work. According to

cal stability of the supercapacitoris. The electric current ~ Eq. 8, the CV plots (Figs. 6a-c), and the chronoamper-

(I¢) of a supercapacitor can be calculated using Eq. 7: ometry results (Figs. 7a-c), the OER currents increase
~ 50% for a voltage of 0.9 V.

Ie = Capp - v [ 1 exp( —AU )] ) Eigures 83}—; §how GCD curves for the three superca-

Resg - Cepr - v pacitors exhibiting an almost triangular profile, charac-

teristic of an EDLC behaviour also indicative of pseu-
where v is the voltage scan rate and AU is the working  docapacitive behaviour that was caused by a synergistic
voltage window (WVW). Thus, the I versus v plot for  effect between CoFe,O, and AC [16,40]. This profile
an ideal supercapacitor is expected to be a straight line.  indicates good reversibility for the supercapacitors. The
When the voltammogram curve after reaching the cur-  linearity and deviation in the GCD curves refer to the
rent plateau is slanted at the ends (vertices), this is an  contribution of, respectively, EDLC and pseudocapaci-
indication of electrolyte degradation: the oxygen evolu-  tance [5,19].
tion reactions (OER) and hydrogen evolution reactions According to GCD tests at a current density of
(HER) gases from oxi-redox reactions lead to a current 0.1 A/g, the specific capacitances (Cy) calculated for the
increase. An increase in the right extreme vertex in the  FelO, Fe50 and Fe90 supercapacitors were 14, 8 and
voltammogram is due to OER, and in the left is due = 3 F/g, respectively. As the CoFe,O, concentration in-
to HER. So, to evaluate this behaviour another model  creases, the charge and discharge times decrease and the
should be considered. The Butler-Volmer model takes  capacitance decreases. The capacitance was expected
into consideration the current increase at the voltammo-  to increase when decorating the AC electrode with
gram vertex due to a gas evolution [39]. The total cur-  CoFe,O, nanoparticles, since the capacitance would
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Figure 8. GCD curves of: a) Fel0, b) Fe50 and c) Fe90

be formed by two different and non-competing mech-
anisms: a purely physical EDLC mechanism from AC
and a faradaic mechanism from the ferrite. A possi-
ble explanation for the fact that this did not happen is
that the presence of narrow pores in the CoFe,O, struc-
ture, as seen in Fig. 6a, causes kinetic polarization, re-
ducing the specific capacitance [41]. Furthermore, per-
haps the method of preparation or the amount of mate-
rial adopted was not ideal, so it is suggested that future
works optimize the synthesis parameters of such super-
capacitors to obtain optimal electrochemical properties.
The Rgsr values were determined from GCD results
in Figs. 8a-c. The Fe50 achieved the lowest Rgsg value,
0.80Q. This low resistance reveals good conductivity
of the electrode materials. A low Rggr allows the su-
percapacitor to have a good diffusional flux for the for-
mation of the EDLC [42]. Although the Fe50 has the
lowest Rggg, its capacitance was not the highest among
the supercapacitors, as shown by the GCD results. The
capacitive mechanism is more complex and not only de-
pendent on the material’s Rggg, but also on other factors
such as the surface porosity, type of pore, the interaction
between support (carbon) and nanoparticles, etc. [15].
The Fe90 and FelO supercapacitors had higher R val-
ues, 1.50 and 1.16 Q, respectively. One possible reason
is that these devices do not have a good dispersion of
particles in the porous structure. This hinders the ionic
diffusion of the electrolyte on the electrode surface.
The GCD test can be used to determine the cyclic
stability or coulombic efficiency (77), given by the per-
centage ratio between the time of discharge and charge

102
= a
S (a)
g A/\
Q
S 100
S
=)
o
2
S 984
g
2
=
3
o g P10 Fes0 < Feg0
6 . . : .
0.00 0.25 0.50 0.75 1.00

Gravimetric current (A g™)

of the devices. According to Fig. 9a, all supercapaci-
tors showed excellent performance higher than 98% of
the initial capacitance, indicating high capacitance re-
tention. This behaviour can be attributed to the efficient
ionic accessibility in the superficial pores of the elec-
trode and by the chemical stability that cobalt ferrite
presents [43].

As to electrochemical stability, Fig. 9b shows the ca-
pacitance retention for 120 h period under a floating test.
Although the Fe50 and Fe90 do not have the highest CS,
they showed capacitance retention greater than 106% of
the initial values: the electrodes suffered no degradation,
showing good stability when being potentially charging
and discharging. According to Fig. 9b, there is an in-
crease of the capacitance in the beginning of the test.
This can be explained by the fact that initially the ma-
terial is not fully used; by the time the whole AC and
CoFe,0, structure is in contact with the electrolyte, the
capacitance is larger [5]. The lowest capacitance reten-
tion was by the Fel0 supercapacitor, even though it can
still be considered good, as it showed 99% of the initial
capacitance. As the excellent cycle stability indicates,
the CoFe,O, content improves the electrochemical sta-
bility [18].

For EIS analysis, Figs. 10a-c present the Nyquist dia-
grams which show two regions, a semicircle and ver-
tical line, at high and low frequency regions, respec-
tively. The values of charge transfer resistance (RCT)
for the Fel0, Fe50 and Fe90 are 2.43, 1.64 and 3.66 Q,
respectively. There are no significant changes in RCT
for all supercapacitors at different potentials, what indi-
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Figure 9. Coulombic efficiency of the supercapacitor at different gravimetric currents (a) and
floating test with potential at 1V (b)
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Figure 11. Bode plots of: a) Fe10, b) Fe50 and c) Fe90

cates that the semicircle formation is related to the su-
percapacitor impedance [44].

The Bode plots are displayed in Fig. 11. In the low
frequency region, the prepared supercapacitors exhib-
ited phase angles between 75° and 82°, similar to the
results presented in the literature [45,46]. The Fe50 is
the supercapacitor that presents an angle closer to 90°.
The closer to 90° the phase angle is at low frequency,
the closer a supercapacitor is to behaving as an ideal ca-
pacitor [15]. As it can be seen, the increase in potential
within the window (0.8—1.1 V) causes the emergence of
residual currents and the result shown in Fig. 7 was be-
low 1%, which means that there was no degradation of
the electrolyte.

IV. Conclusions

The preparation of CoFe,O, nanoparticles by the
combustion method was confirmed by XRD, FESEM,
TEM and Raman spectroscopy. Supercapacitors based
on AC and CoFe,0, were produced in three composi-
tions: Fel0, Fe50 and Fe90. The FelO supercapacitor
showed the highest specific capacitance (8.52 F/g) and
the lowest capacitance is that of the Fe90 (1.74 F/g) for
a current of 0.75 mA/g. The smallest value of Rgsg was
0.80 Q for the Fe50 supercapacitor. The supercapacitors
Fel0 and Fe90 showed higher values of Rgsg, 1.16 Q2
and 1.50 Q, respectively. The Fe50 supercapacitor pre-
sented a better balance between electrochemical sta-
bility and capacitive properties in comparison to other
two samples. All supercapacitors showed excellent ca-
pacitance retention and coulombic efficiency. Thus, the
CoFe,0,/AC materials showed to be very good candi-
dates to be used in hybrid supercapacitors.
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