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1 Introduction

Spinel ferrites are an extraordinarily useful group of
metal oxides with good optical, electronic and mag-
netic properties. They are auspicious materials to
address the sustainable energy conversion and stor-
age as well as the increasing environmental issues [1].

ABSTRACT

CoFe,Oy thin films have been prepared with various solution concentrations
using chemical spray pyrolysis technique. The dependence of precursor solution
concentration on physical and electrochemical properties of CoFe,O, thin films
has been studied. XRD study showed spinel cubic crystal structure symmetry.
FESEM micrographs showed mesoporous, spherical grain-like surface mor-
phology. EDAX analysis confirmed formation of stoichiometric CoFe,O, thin
films. CoFe,O, thin films showed high absorption coefficient of 10* cm™" with
direct allowed type transition and bandgap energies in the range of
2.28-2.45 eV. The CoFe;Oy, thin film prepared with 0.20 M solution concentra-
tion showed the lowest electrical resistivity of 2.63 x 10° Qcm and the activation
energies in the range of 0.044-0.051 eV and 0.002-0.010 eV. The maximum
specific capacitance of 593 Fg~' at scan rate of 5 mVs ™' from CV and 628 Fg™' at
a current density of 0.5 Ag™" from GCD were observed. The specific energy of
21.97 Whkg ™' and specific power of 550 Wkg ™' at current density of 2 Ag™"
were observed for CoFe;O, thin film prepared with 0.20 M solution concen-
tration. Further, the CoFe,O, thin film prepared with 0.20 M solution concen-
tration exhibited 92.85% retention of its specific capacitance after 1000
continuous charge-discharge cycles at an applied current density of 1 Ag™". The
electrochemical performance suggests the CoFe,O, thin film as a potential
electrode material for energy storage applications.

In literature, mostly magnetic and photochemical
properties of spinel ferrites have been widely inves-
tigated; their electrochemical properties have recently
gained attention [2, 3]. Among various ferrites,
CoFe;O, have low cost, strong anisotropy, excellent
chemical and structural stability at high temperature,
outstanding electrochemical performance and
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environment friendliness [4]. These properties make
them suitable for various device applications
including supercapacitors, transformer cores, micro-
waves, noise filters, gas sensor and energy storage
devices [5].

For the preparation of CoFe,O,, various techniques
are used in literature including co-electrospinning
[6], hydrothermal [7], sol-gel [8], electrodeposition
[9], chemical vapour deposition [10], co-precipitation
[11], spin coating [12], spray pyrolysis [13-15].
Amongst these spray pyrolysis offers excellent
advantages such as ease of handling, reasonable cost,
large area deposition and ability to produce porous
and nanostructured thin films [16, 17].

Previously the CoFe,O, thin film electrodes pre-
pared by spray pyrolysis at substrate temperature of
425 °C showed a maximum specific capacitance of
543 Fg~' at scan rate of 5 mVs ™' in potential window
0.0 to 0.55 V in aqueous 1 M KOH electrolyte. The
maximum specific capacitance, specific energy and
specific power from GCD for CoFe,O, thin film
electrode prepared by spray pyrolysis at substrate
temperature of 425 °C were found to be 575 Fg™' at
current density of 0.5 Ag~', 17.85 WhKg™' and
1108.29 Wkg ' at current density of 4 Ag™' respec-
tively. In order to improve the electrochemical per-
formance, CoFe,Oy thin films were prepared by spray
pyrolysis with various solution concentrations. The
dependence of precursor solution concentration on
the physical and electrochemical properties of has
been studied. The results obtained are discussed and
compared.

2 Experimental details

CoFe,Oy thin films were prepared by varying solu-
tion concentrations from 0.05M to 025 M at the
interval of 0.05 M onto amorphous and FTO coated
conducting glass substrates using computerized
chemical spray pyrolysis technique at optimized
substrate temperature of 425 °C. For the preparation
of CoFe,Oy, thin films, AR grade chemicals were used.
Co(NO3),.6H,0O and Fe(NOj3)3.9H,O were used as
precursors. The Co:Fe ratio was kept constant 1:2 for
all the depositions. For each deposition, 5 ml
Co(NO3),.6H,0 and 10 ml Fe(NO3)3.9H,O were dis-
solved separately in double distilled water. These
precursor solutions were mixed thoroughly by stir-
ring for 15 min and considered as stock solution.
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15 ml ethanol was added to stock solution before the
depositions. It has been observed that addition of
ethanol to stock solution before deposition improves
the morphological and electrical properties of
CoFe;Oy thin films significantly. Finally, 30 ml solu-
tion was sprayed onto preheated glass and FTO
coated conducting glass substrates (7 Qcm™?). All
other parameters were constant at their optimized
values namely spray rate; 34 mlmin~', substrate to
nozzle distance 30 cm; and air as carrier gas with
pressure 176,520 Nm 2.

Structural properties and phase identification of
CoFe;O, thin films were studied using the X-ray
diffractometer (Philips model PW-1710) with Cu-Ka
radiation (A = 1.5406 A). Field emission scanning
electron microscope (Model No-5-4800 Hitachi high
technologies corporation, Japan) was used to study
the surface morphology of CoFe,Oy, thin films. EDAX
(Model No-X flash 5030 detector, Bruker AXS Gmbh,
Germany) was used to determine the compositions of
CoFe;Oy thin films. To study the optical properties,
the optical absorption spectra of CoFe,O, thin films
was recorded using UV-Vis spectrophotometer
(SHIMADZU-1700) within wavelength range of 400
to 800 nm. To determine the electrical resistivity of
CoFe,O, thin films, DC two-point probe method was
used. Electrochemical performances were studied in
the standard three-electrode cell on a CHI-608D (CH
Instruments, USA). For electrochemical performance,
the CoFe,O, thin films as a working electrode, plat-
inum (Pt) wire as counter electrode and Ag/AgCl as
a reference electrode were used. Initially we tried the
different aqueous electrolytes with different concen-
trations. It has been witnessed that the CoFe,O, thin
film based supercapacitor showed better electro-
chemical performance in 1M KOH electrolyte.
Therefore the electrochemical characterizations are
performed in 1 M KOH aqueous electrolyte. Using
CHI instrument, analysis of cyclic voltammetry (CV)
has been carried out at different scan rates within
potential range of 0.0 to 0.55 V in 1 M KOH aqueous
electrolyte, galvanostatic charge-discharge (GCD)
analysis was used to study the charge-discharge
behaviour of the CoFe,O, electrodes. Using AC sig-
nal multi-frequency electrochemical impedance
spectroscopy measurement (EIS) was carried out in
the frequency range from 1 Hz to 1 kHz.
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3 Results and discussion
3.1 Film thickness

Figure 1 shows the photograph CoFe,O, thin films
prepared by spray pyrolysis with various solution
concentrations. It has been observed that the grey
colour of CoFe,O, thin film changes to black with
increase in precursor solution concentration. The
colour of CoFe,O, thin films varies with film thick-
ness due to light interference phenomena occurring
at the metal-oxide-air interfaces. The film thickness of
CoFe,O, were determined using gravimetric weight
difference method [18]. Figure 2 shows the variation
of film thickness with solution concentration for
CoFe,O, thin films prepared by spray pyrolysis. The
film thickness increases with increase in solution
concentrations initially upto 0.15 M solution concen-
tration and then starts to saturate. This behaviour is
due to supply of maximum number of ingredient
(CoFe,O,) ions with increase in solution concentra-
tions. The saturation of the film thickness after 0.15 M
solution concentration is due to partial thermal
decomposition of the sprayed solution. Similar
behavior was reported previously for spray depos-
ited NiO thin films [18].

3.2 X-ray diffraction

The crystal structure of CoFe,O, thin films prepared
by spray pyrolysis with various solution concentra-
tions was studied using XRD method in 20 range of
20° to 80°. Figure 3 shows the XRD patterns of the
CoFe;O, thin films that correspond to (220), (311),
(222), (400), (422), (511) and (440) crystallographic
planes. All the diffractograms are indexed with
standard JCPDS data card (22-1086) to the charac-
teristic reflections of the cubic spinel phase of the Fd-

Fig. 1 Photograph of
CoFe,0, thin films prepared
by spray pyrolysis with
various precursor solution
concentrations
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Fig. 3 XRD pattern of CoFe,O,4 thin films prepared by spray
pyrolysis at various precursor solution concentrations

3 m (227) space group [19]. In addition, no other
impurity diffraction peaks are witnessed, represent-
ing a pure phase formation of CoFe,Oy thin films by
spray pyrolysis. The relative intensity observed for
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the most prominent peak (311) is increased with
increase in as the solution concentration. The proba-
ble reason is, at low solution concentration the film
thickness is lower and larger grain boundaries per
unit area are present in CoFe;O, thin films. This leads
to strain in film at low solution concentration. With
increase in precursor solution concentration, the film
thickness increases resulting in reduction in grain
boundaries per unit area present in the CoFe,O, thin
films. Thus, a high extent of crystallization occurs in
CoFe;Oy thin films with increase in precursor solu-
tion concentration due to increased film thickness
and reduced grain boundaries per unit area present
in the CoFe,O,4 thin films. Similar behaviour was
previously reported by Babar et al. [20] for sprayed
antimony doped tin oxide thin films.

The crystallite sizes of CoFe,Oy thin films prepared
by spray pyrolysis with various solution concentra-
tions were calculated using the Scherer’s formula
[21]. It is found that, crystallite size of CoFe,O,
increases with increase in solution concentration
from 19 to 29 nm. This is because with increase in
precursor solution concentration, the strain and dis-
location density are reduced [22]. Similar behaviour
of crystallite size has been reported in literature
[23, 24]. The lattice parameter ‘a’ of CoFe,O, thin
films for (311) plane was determined using the stan-
dard relation for cubic phase. The calculated average
lattice parameter a = 8.333 A is close to standard
JCPDS data card value a = 8.3910 A [19]. Table 1
shows the crystallite size, interplanar spacing and
lattice constants for CoFe,O, thin films prepared by
spray pyrolysis with various precursor solution
concentrations.

3.3 FESEM

Figure 4 shows the FESEM micrographs (magnifica-
tion x 200 k) of CoFe,O4 thin films prepared by
spray pyrolysis with various precursor solution
concentrations. All the films are crack free, uniform
and mesoporous with spherical grain like surface
morphology. Surface morphology was observed to be
precursor solution concentration dependent. From
the FESEM micrographs, one can observe that
CoFe;Oy thin films prepared with solution concen-
tration of 0.05 M (Fig. 4a) shows mesoporous struc-
ture. With increase in precursor solution
concentration, the mesoporosity increases up to pre-
cursor solution concentration of 0.20 M (Fig. 4d).
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However, with an increase in precursor solution
concentration above 0.25 M, the porous structure
becomes dense (Fig. 4e) for CoFe,O, thin films pre-
pared by spray pyrolysis. Similar mesoporous mor-
phology for CoFe,O, thin films was previously
reported by Reddy et al. [25] for CoFe,O; nano-
spheres prepared by hydrothermal synthesis and by
Shang and colleagues [26] for CoFe,O, prepared by
nanocasting method. Generally, mesoporous mor-
phology is useful in electrochemical energy conver-
sion and storage devices due to its great potential to
achieve high capacitive performance with high
specific energy, high specific power, longer lifetime,
high interfacial reaction activity and improved
Kkinetics [27].

3.4 EDAX

The chemical purity together with stoichiometry of
the CoFe,O, thin films was examined by EDAX.
Figure 5 shows the EDAX spectra of CoFe,O, thin
films prepared by spray pyrolysis with various
solution concentrations. EDAX spectra shows peaks
corresponding to cobalt (Co), iron (Fe) and oxygen
(O) elements alone are present in the sample. The
EDAX study confirmed that the precursors used for
preparation of CoFe,O, thin films have completely
undergone the chemical effect to form the single-
phase nanocrystalline CoFe,O,. Table 2 shows com-
positional analysis of CoFe,O, thin films prepared by
spray pyrolysis with various solution concentrations.
It shows that the CoFe,O, thin films are nearly
homogeneous and stoichiometric.

3.5 Optical

The optical properties of CoFe,O, thin films prepared
by spray pyrolysis with various precursor solution
concentrations were investigated using UV-Vis
spectroscopy by measuring the optical absorption
spectra in wavelength range 400-800 nm. The
absorption spectra were used to study the depen-
dence of precursor solution concentration on the
absorption coefficient, bandgap energy and nature of
transition (direct or indirect, allowed or forbidden)
involved during the absorption process. The
absorption coefficient was found to be of the order of
10* cm ™. Figure 6a shows the plot of (sthv)* against
hv for CoFe;O, thin films prepared by spray pyrol-
ysis with various precursor solution concentrations.
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Table 1 Structural parameters

for CoFe,0, thin films Solution Conc. (M) 20 (°) d (A) Obs d (A) Std hkl a(A) D (nm)
Svr;gai‘:ji:zs sf:ﬁlyﬁgzmly“s 0.05 35.58 2521 2.976 311 8351 19
) 37.16 2417 2533 222
concentrations 4328 2.088 2.097 400
53.80 1.702 1714 422
57.38 1.604 1.614 511
62.95 1.475 1.482 440
0.10 30.53 2.925 2.976 220 8.345 21
35.66 2515 2533 311
37.13 2419 2421 222
4324 2.090 2.097 400
53.79 1.703 1714 422
57.22 1.608 1.614 511
62.80 1.478 1.482 440
0.15 30.58 2921 2.976 220 8331 23
35.63 2517 2533 311
37.20 2415 2421 222
4331 2.087 2.097 400
53.87 1.700 1.714 422
57.40 1.604 1.614 511
63.02 1.474 1.482 440
0.20 30.63 2916 2.976 220 8321 27
35.68 2514 2533 311
37.28 2410 2421 222
4336 2.085 2.097 400
53.92 1.699 1714 422
57.45 1.602 1.614 511
63.07 1.473 1.482 440
0.25 30.67 2912 2.976 220 8317 29
35.72 2511 2533 311
37.29 2.409 2421 222
43.40 2.083 2.097 400
53.96 1.698 1.714 422
57.51 1.601 1.614 511
62.96 1.475 1.482 440

20 Bragg’s angle, d interplanar spacing, hkl miller indices, a lattice constant, D crystallite size

The plot of (¢hv)® against hv shows straight line
nature indicating direct allowed transition [28, 29]
and intercept on energy (hv) axis (x-axis) gives the
bandgap energy. Table 3 shows the bandgap energies
of CoFe;O, thin films prepared by spray pyrolysis
with various solution concentrations. These values
are in the range of 2.28-2.45 eV and in well agree-
ment with previously reported values [30-32]. From
Fig. 6b it has been observed that as precursor solu-
tion concentration increases bandgap energy decrea-
ses due to thicker films owing to more CoFe,O, ions
in the film [33]. This may also be related with the
increase in crystallinity of CoFe,O, films indicating

@ Springer

reduction in barrier height at the grain boundaries
with enhancement of crystallite size [34]. Similar
results has been reported for spray deposited tin
oxide thin films with various solution concentrations
[33].

3.6 Electrical resistivity

The DC electrical resistivity measurements on
CoFe;O, thin films were carried out in the tempera-
ture range of 300-500 K in the dark. Figure 7 shows
the variation of logp with inverse of absolute tem-
perature (1000/T) for CoFe,Oy, thin films prepared by
spray pyrolysis with various precursor solution
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Fig. 4 FESEM images
(magnification x 200 k) of
CoFe,0y thin films prepared
by spray pyrolysis with
solution concentrations of

a 0.05M,b 0.10 M,
c0.15M, d 0.20 M and

e 0.25 M, respectively

concentrations. CoFe,O, are well-known to be semi-
conducting material, and this is confirmed by the
decreasing electrical resistivity with increase in
operating temperature. The electrical resistivity of
CoFe;O; thin films prepared by spray pyrolysis with
various precursor solution concentrations are listed
in Table 3. The minimum room temperature electrical
resistivity was found to be 2.63 x 10° Qcm for
CoFe,O, thin film prepared by spray pyrolysis with
precursor solution concentration of 0.20 M. Gener-
ally, for ferrite materials electrical resistivity depends
on the hopping mechanism in trivalent metal ions in

thin film, ionic substitution, film deposition tech-
nique and crystal structure of the material [32]. The
electrical resistivity of the material also depends on
the solution concentrations of trivalent Fe’" ions
present in the octahedral A-site and Fe®* and Co*"
ions in the tetrahedral B-site [35].

An Arrhenius law dependence of the electrical
resistivity of CoFe,O4 thin films, and the corre-
sponding activation energies (Ea) at low temperature
and high temperature regions are given in Table 3.
The activation energies were found to be
0.044-0.051 eV and 0.002-0.010 eV  in  high

@ Springer
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Fig. 5 EDAX spectra of CoFe,0, thin films prepared by spray pyrolysis with precursor solution concentrations of a 0.05 M, b 0.10 M,
c0.15M, d 0.20 M and e 0.25 M, respectively

Table 2 Compositional

analysis of CoFe,O, thin films Solution concentration Atomic percentage in CoFe,O, thin films
prepared by spray pyrolysis ™M) Co Fe 0
with various precursor solution
concentrations 0.05 15.42 29.25 55.33
0.10 15.28 30.02 54.70
0.15 14.34 27.76 57.90
0.20 13.21 29.02 57.77
0.25 13.17 28.95 57.88
temperature and low temperature regions, respec- [36] for cobalt ferrite nanopowders obtained by sol-

tively. The activation energies observed in present gel auto-combustion method.
study are lower than 0.172 eV reported by Shinde
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Fig. 6 a Plot of (ohv)® against hv and b variation of bandgap
energy with precursor solution concentration for CoFe,O,4 thin
films prepared by spray pyrolysis

3.7 Electrochemical characterization
3.7.1 Cyclic voltammetry

CV is a powerful electrochemical technique generally
employed to examine the reduction and oxidation
processes of molecular species [37]. The electro-
chemical performance of CoFe,O, thin films
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Fig. 7 Plot logp versus inverse of absolute temperature (1000/T)
for CoFe,0, thin films prepared by spray pyrolysis with various
precursor solution concentrations

prepared by spray pyrolysis with various precursor
solution concentrations was studied using the CV
tool in 1 M KOH electrolyte within potential window
0.0 to 0.55V versus Ag/AgCl. Figure 8 shows CV
curves at different scan rates for CoFe,O, thin films
prepared by spray pyrolysis with various precursor
solution concentrations. All CV curves show the
oxidation-reduction peaks during the cathodic and
anodic sweeps indicating pseudocapacitive beha-
viour [38] of CoFe,Oy thin film electrodes. Figure 9a
shows the CV curves at scan rate of 10 mVs™' for
CoFe,Oy4 thin film electrodes. It was observed that
area under the CV curve increases with increase in
solution concentration upto 0.20 M and decreases
thereafter.

The specific capacitances at different scan rates
were determined using the relation given elsewhere
[39] and are listed in Table 4. Specific capacitance
increases with increase in precursor solution con-
centration reaching maximum 593 Fg ™' at scan rate of
5 mVs~' for CoFe,;Oy thin film prepared with 0.20 M
solution concentration and decreases thereafter for

Table 3 Optical and electrical properties of CoFe,Oy thin films prepared by spray pyrolysis with various precursor solution concentrations

Solution Conc. (M) Optical bandgap (eV)

Electrical resistivity (Qcm)

Activation energy (eV)

300 K (x 10%) 500 K (x 10") LT HT
0.05 245 288 17.78 0.002 0.049
0.10 2.39 83.2 4365 0.006 0.041
0.15 2.33 28.2 0.933 0.008 0.051
0.20 2.30 2.63 0.398 0.010 0.045
0.25 228 9.77 0.667 0.009 0.044
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further increase in solution concentration. This is
because CoFe,O, thin film prepared with 0.20 M
solution concentration has better crystallinity and
surface morphology providing easier ionic intercala-
tion/deintercalation [40, 41]. The specific capacitance
of 593 Fg ™' at scan rate of 5 mVs™' observed in pre-
sent study is higher than 254 Fg~' at scan rate 10
mVs~' reported by Ahmadi and colleagues for
CoFe;O, prepared by microwave assisted auto
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combustion method [42], 235 Fg~' for CoFe,O,-gra-
phene composite reported by Lee et al. [43] by aerosol
spray pyrolysis and is comparable with 600 Fg~' for
CoFe;O4@carbon sphere electrode prepared by one
step solvothermal method [44].

Figure 9b shows the plot of specific capacitance
versus scan rate for CoFe,O, thin film prepared by
spray pyrolysis with various precursor solution
concentrations. The specific capacitance decreases



] Mater Sci: Mater Electron (2022) 33:19612-19626 19621
Fig. 9 a CV plots at scan rate 4 T T T T T T T
of 10 mVs™' for comparison . 6001
and b plot of specific {E\ - . v‘uc? 500 i
capacitance versus scan rate < o
. g 04 O 400 .
for CoFe,0, thin film = 1 § \\\\\‘\‘Q
lectrod db ‘e ‘S 300
electrodes prepared by spray 2 2 0.05 M ] g 0.05M |
pyrolysis with various 3 : o
S —0.10M O 200{——0.10 M
precursor solution g -4 0'15 M £ ——0.15M
concentrations 3 —_020M i §_ 100{——0.20 M
64 0.25M 0 § ——0.25M
00 01 02 03 04 05 06 0 20 40 60 80 100
Potential (V vs Ag/AgCl) Scan rate (mVs™)
(a) (b)
Table 4 Specific capacitance
from CV for CoFe,0, thin Solution concentration (M) — 0.05 0.10 0.15 0.20 0.25
film electrodes prepared by Scan rate (mVs™") | Specific capacitance from CV (Fg™')
Ivsis with vari
Sl:rayrpyrm ylsfi V:t various 5 377 416 543 593 486
precu Sto :" uho 10 349 389 486 547 453
concertrations 20 327 358 444 494 417
50 301 330 401 451 378
100 282 304 377 427 346

with increase in scan rate due to existence of inner
active sites, which cannot perform redox transition
completely at higher scan rates, whereas at lower
scan rates, inner and outer pores of CoFe,O, are
available for ion diffusion hence more charge is
stored resulting in maximum specific capacitance
[40].

3.7.2  Galvanostatic charge-discharge

Galvanostatic charge—discharge (GCD) measure-
ments CoFe,O, thin film electrodes prepared by
spray pyrolysis with various solution concentrations
were carried out at different current densities ranging
from 0.5-4.0 Ag™' in a steady potential window of
0.0 V to 0.55 V and are shown in Fig. 10. GCD mea-
surements show linear behavior up to a maximum
voltage of 0.55 V demonstrating the typical ideal
capacitive behavior. From figure, it is clear that as
current density of the CoFe,O, thin film electrode
increases the charge-discharge time decreases due to
slow and irreversible faradaic reaction during redox
mechanism [45].

Figure 11a shows the GCD curves at current den-
sity of 1 Ag™! for CoFe,Oy thin film electrodes pre-
pared by spray pyrolysis with various precursor
solution concentrations. The charge—discharge curve

shows the pseudocapacitive behaviour of the CoFe,.
Oy thin film electrodes due to redox reaction [46, 47].
The specific capacitance, specific energy and specific
power for CoFe,O, thin film electrodes at various
solution concentrations were calculated using the
equation given in literature [48] and are listed in
Table 5.

As solution concentration used for preparation of
CoFe,Oy4 thin film increases from 0.05 M to 0.20 M,
the specific capacitance at current density of 0.5 Ag™"
increases from 399 Fg~' to 628 Fg~' and for further
increase in precursor solution concentration from
0.20 M to 0.25 M the specific capacitance decreases to
515 Fg~'. This behaviour can be related to the better
crystallinity and porous morphology observed for
CoFe;O, thin film prepared at 0.20 M precursor
solution concentration from XRD and FESEM. The
specific capacitance values obtained from GCD are
higher than obtained from CV because the specific
capacitance calculations from GCD and CV have
their typical point of dependence factors. Most of the
researchers consider the GCD as the technique of
choice for varying reasons. The specific capacitance
obtained from GCD depends on current density,
whereas specific capacitance obtained from CV
depends on scan rate. These values of specific

@ Springer



19622 ] Mater Sci: Mater Electron (2022) 33:19612-19626
Fig. 10 GCD curves at 0.6 T T T =
different current densities for —05 Ag_1
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capacitances are higher than 18.7 Fg~' at current
density of 5 mAg~' reported by He et al. [49] for
Graphene Oxide-CoFe,O, composites prepared by
coprecipitation method and 39.4 Fg~' at current
density of 0.1 Ag™" reported by Xiong and colleagues
[50] for cobalt ferrite nanocomposites.

Figure 11b shows variation of specific capacitance
with current density for CoFe,O, thin films prepared
by spray pyrolysis with various precursor solution
concentrations. The specific capacitance of the
CoFe,O, thin film electrode decreases with increase

@ Springer
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in current density because at lower current density
the film surface area is sufficient for the access of
electrolyte ions [48]. Figure 11c shows the Ragone
plot of CoFe,Oy thin film prepared with 0.20 M pre-
cursor solution concentration. Table 6 shows the
specific energy and specific power for CoFe,O, thin
film prepared by spray pyrolysis with 0.20 M pre-
cursor solution concentration. The specific energy
and specific power are found to be 20.08 Whkg " and
1100 Wkg ™' respectively at current density of 4 Ag™".
The long term cycle stability of CoFe,O, thin film is
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Table 5 Specific capacitance
from GCD studies for Solution concentration (M) — 0.05 0.10 0.15 0.20 0.25
CoFe,0, thin film electrodes Current density (Ag™") | Specific capacitance from GCD (Fg™")
d b lysi
pr,etiare Oy SPTay pyro yISItS, 0.5 399 440 575 628 515
with various precursor solution
o P 1 369 412 515 579 480
concentrations
2 346 379 470 523 442
4 319 349 425 478 400

crucial parameter for practical applications. The cycle
performance of CoFe,O, electrode prepared by spray
pyrolysis with 0.20 M precursor solution concentra-
tion was studied at current density of 1 Ag™" and is
shown in Fig. 11d. After the 1000 charge—discharge
cycles, the specific capacitance of CoFe,O, thin film
electrode maintains 92.85% of its initial value,

indicating the good electrochemical cycle stability
and reversibility of the material.

3.7.3  Electrochemical impedance spectroscopy

The impedance spectra were measured in the fre-
quency range of 1 to 100,000 Hz in 1 M KOH elec-
trolyte solution. Figure 12 shows the Nyquist plots

Table 6 The specific energy

(SE) and specific power (SP) Current density (Ag™") Discharge time (s) SE (Whkg ™) SP (Wkg ™)
ﬁ;r tCrm;e204 thin gl]rgn 0.5 691 26.38 138

elec lo les p'rtipgrgo N}[’ spray 1 318 2433 275
pyrolysis Wll ) . 9 144 21.97 550
precursor solution 4 66 20.08 1100

concentration

@ Springer



19624

for of CoFe;O, thin film electrodes prepared by spray
pyrolysis with various solution concentrations. The
values of Rs and Rct obtained from the EIS investi-
gation are listed in Table 7. It is found that the min-
imum solution resistance (Rs) was 0.18 Q and charge
transfer resistance (Rct) was 13.05 Qcm? for CoFe,O,
thin film electrode prepared by spray pyrolysis with
0.20 M solution concentration. The minimum resis-
tance observed for CoFe,O, thin film electrode pre-
pared 0.20 M solution concentration provides more
access of electrolyte ions to the surface and reduces
the ion diffusion path showing better electrochemical
performance.

4 Conclusions

Precursor solution concentration dependent CoFe,O,
thin film electrodes are prepared using chemical
spray pyrolysis technique. The increase in solution
concentration upto 0.20 M was found to improve the
specific capacitance (593 Fg~! in 5 mVs™' from CV
and 628 Fg~' at a current density of 0.5 Ag™' from
GCD), cycle life (92.85% capacitance retention after
1000 cycles) due to their mesoporous morphology,
rapid ionic transport and accessible electrochemically
reactive sites. The CoFe,O, thin film electrodes
exhibited specific energy of 21.97 Whkg™' and
specific power of 550 Wkg™' at current density of 2
Ag™! comparable to the start-of-the-art values
reported in the literature. The variation in precursor
solution concentration provided a platform to
improve morphology and electrical conductivity.

200 T T T T
= 0.05M
1754 ¢ 0.10M u
1504 4 0.15M ™ 7
125 v 0.20M <" Toomm ) Ty
. <« 025 M< LR P KRR
G 1004 RO PR
= Q@ o s S " |
N 754 @’ o R
< T i 4
50 a8 5 /". %
25J 5 10 15 20 25
z@©)
0 L] L] L] -

0 25 50 75 100 125 150 175 200
Z'(Q)

Fig. 12 Nyquist plot for CoFe,Oy thin film electrodes prepared by
spray pyrolysis with various precursor solution concentrations

@ Springer

J Mater Sci: Mater Electron (2022) 33:19612-19626

Table 7 Nyquist data for CoFe,O, thin film electrodes prepared

by spray pyrolysis with various solution concentrations

Solution concentration (M) Rs () Ret (Q cm?)
0.05 0.40 22.25
0.10 0.30 18.75
0.15 0.25 16.15
0.20 0.18 13.05
0.25 0.21 15.30
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