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Physical and electrochemical properties of spray-deposited Co3O4

thin films
Abhijit A. Yadav

Thin Film Physics Laboratory, Department of Physics, Electronics and Photonics, Rajarshi Shahu Mahavidyalaya
(Autonomous), Latur, India

ABSTRACT
Nanostructured cobalt oxide films have been prepared by a simple and
cost-effective chemical spray pyrolysis. The effect of the quantity of the
spraying solution for various film properties has been studied. The X-ray
diffraction analysis shows that Co3O4 thin films are cubic in nature with
strong (311) orientation. SEM images show a porous morphology. Optical
band gap energies are between 1.41 and 1.48 eV in the lower and 1.84–
2.02 eV in the higher energy regions, respectively. Specific capacitance is
565 Fg−1 at a scan rate of 5 mVs−1. Specific energy 57.50 Whkg−1, specific
power 1.8 kWkg−1 and columbic efficiency 89.15% are found from
galvanostatic charge/discharge studies. Such unique nanostructures
delivered adequate active sites for redox reaction resulting in enhanced
electrochemical behaviour. These findings suggest a favourable route
towards the fabrication of electrodes for high-performance supercapacitors.
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1. Introduction

Worldwide climate change and greenhouse effect have placed a crucial demand on sustainable and
renewable energy sources, such as solar and wind energy in current years [1–5]. Also, the reliable
energy storage technologies are of equal significance. Electrochemical energy storage devices,
lithium-ion batteries and supercapacitors, offer the possibility to reversibly store electric energy
in an economic and efficient manner. Electrochemical supercapacitor is an advanced technology
because it seals the gap between batteries and conventional capacitors. Supercapacitors have
remarkable characteristics such as high power density than batteries and also high energy density
than conventional capacitors [6].

Carbon-based materials, metal oxides and polymers are the best candidates in the development
of energy-efficient and cost-effective supercapacitors [3,4,7,8]. Among these, metal oxides are
favourable electrode materials due to their high specific capacitance, low resistance, easier in con-
struction with high energy and power density. The most beneficial metal oxide to give high specific
capacitance is RuO2. But it is costly and is available in rare quantities. Therefore, other metal oxides,
such as MnO2, Co3O4, NiO, IrO2, FeO, TiO2, SnO2, V2O5, and MoO, are studied [4,9]. Out of these,
cobalt oxide is one of the most studied oxides due to its applications in various devices. Co3O4 can
provide good surface area, extraordinary conductivity and worthy electrochemical stability. Also,
the literature has shown that Co3O4 electrode has good efficiency and long-term performance [10].

Deng et al. [11] fabricated ordered mesoporous spinel Co3O4 using the nanocasting. Co3O4 dis-
played superior catalytic performance due to its large specific surface area, high pore volume, and
high Co2+ content and high density of surface active sites. Patil and coworkers [12] synthesized the
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nanocrystalline spinal Co3O4 thin films by the spin coating method. Carrier concentration and the
mobility of Co3O4 films are 1019 cm−3 and 10−5 cm2V−1s−1, respectively. Pal and colleagues [13]
have grown self-supported Co3O4 nanocubes over Ni foam by the solvothermal method. These
nanocubes exhibited a specific capacitance of 1913 Fg−1 at the current density of 8 Ag−1 with
high rate capability and good cycling stability. Shinde et al. [10] studied supercapacitive perform-
ances of spray-deposited cobalt oxides. These films showed a specific capacitance of 74 Fg−1. The
use of r.f. sputtered cobalt oxide electrodes in supercapacitors was reported also by Kim et al. [14].
Huang and colleagues [15] synthesized novel porous polyhedral and fusiform Co3O4 powders
through the hydrothermal method. Jagadale et al. [16] deposited Co3O4 thin films via the potentio-
dynamic electrodeposition method with a specific capacitance of 365 Fg−1 in 1M KOH at a scan rate
of 5 mVs−1. These and other studies [17–21] indicated that Co3O4 thin film electrode is one of the
most favourable materials for the supercapacitors. The spray pyrolysis technique is very simple,
cost-effective, versatile, environment-friendly and most widely used for the synthesis of semicon-
ductor oxides. There are very little reports on spray-deposited Co3O4 thin films using mixed aqu-
eous/organic solvents. Therefore, in the present study, Co3O4 thin films are spray-deposited at
different quantities of the spraying solution using mixed aqueous/organic solvents and their phys-
ical and electrochemical properties are studied.

2. Experimental

Cobalt chloride hexahydrate (0.05M) is taken as a precursor material to prepare Co3O4 films. This
stock solution with Propan-2-ol (1:1) is used as the precursor solution. Thoroughly cleaned amor-
phous and FTO-coated glass substrates were used. Nozzle to substrate distance is maintained at
30 cm during all depositions. All the films are deposited at an optimized substrate temperature
of 350°C by using the computerized spray pyrolysis technique discussed elsewhere [22]. The quan-
tity of the spraying solution (CoCl2.6H2O) is varied from 15 to 30 cc at the interval of 5 cc. Atmos-
pheric air was used as the carrier gas. The spray rate employed was 3 ccmin−1 and kept constant
throughout the depositions.

Spray-deposited films are characterized by XRD, SEM, UV–Vis–NIR Spectra, electrical resis-
tivity and electrochemical measurements. Film thickness is calculated by the gravimetric weight
difference method. Structural analysis of the Co3O4 thin films is carried out using X-ray diffract-
ometer (wavelength λ = 1.5406 Å for Cu-Kα radiation). Surface morphology is studied by using a
JEOL-JSM-6360A analytical scanning electron microscope. The band gap energy of Co3O4 thin
films is estimated from the optical absorption studies, using a UV-Vis spectrophotometer. Electrical
resistivity measurements are performed using a DC two-point probe method in the temperature
range 300–500 K. Electrochemical measurements are carried out in a standard three-electrode
cell on a CHI 660E, supplied by CH Instruments, USA, with Co3O4 as the working electrode, a
Platinum foil counter electrode, and an Ag/AgCl as a reference electrode with 2M aqueous KOH
as an electrolyte. Cyclic voltammetry study is performed in a potential range from −0.8 to
+0.1 V vs Ag/AgCl at different scan rates. The measurements of electrochemical impedance are
taken in the frequency range of 100 kHz –1 Hz.

3. Results and discussion

3.1. Film formation

Cobalt oxide thin films are deposited by varying the quantities of the spraying solution. As depos-
ited, cobalt oxide films appear blackish with uniform surface and strongly adherent to substrates.
The apparent reaction mechanism could be inscribed as follows:

3CoCl2 + 2H2O + O2 � Co3O4 � + 3Cl2 � + 2H2 � (1)
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A similar type of reaction mechanism was earlier reported by Shinde et al. [10] for Co3O4 thin films
deposited by the spray pyrolysis.

The gravimetric weight difference method is used to measure the film thickness. Figure 1 shows
the plot of film thickness vs the quantity of the spraying solution. The figure shows that, the film
thickness increases with the rise in the quantity of the spraying solution and then saturates. The
probable reason for such behaviour is the supply of extra ingredient ions with an increase in the
quantity of the spraying solution. Maximum film thickness (415 nm) is obtained for the film depos-
ited by spraying 30 cc of cobaltous chloride. Similar behaviour was earlier reported for the spray-
deposited fluorine-doped SnO2 thin films [23].

3.2. X-ray diffraction studies

Figure 2 shows the XRD patterns of the Co3O4 films. Considerable improvement in the film crystal-
linity is observed with an increase in the quantity of the spraying solution. All the diffraction peaks
can be indexed to the standard JCPDS data cards. Diffraction peaks are observed for 2θ = 19.30°,
31.54°, 37.18°, 45.09°, 59.72° and 65.31° which are indexed to (111), (220), (311), (400), (511)
and (440) reflections of Co3O4, which implies that films are polycrystalline. The entire diffraction
peaks match well with the cubic phase Co3O4 (JCPDS data card no. 76–1802). The calculated
average lattice parameter is a = b = c = 8.030 Å, which is slightly less than the standard value of
8.084 Å [24].

Crystalline size (D) is calculated using Scherrer equation [25],

D = kl
bcosu

(2)

where k is the constant, λ is the wavelength of incident radiation (λ = 1.5406 Å for Cu-Kα radiation)
and θ is the Braggs angle. Crystalline size calculated for (311) peak continuously increases from 26
to 32 nm with the increase of the quantity of the spraying solution (Table 1) due to the improved
nucleation centres [26]. A similar thickness-dependent behaviour of crystalline size was observed by
Giraldi and colleagues [27] for Sb-doped SnO2 thin films. The values of lattice parameters, miller
indices and crystalline size for Co3O4 thin films are presented in Table 1.

Figure 1. Variation of film thickness with quantity of the spraying solution for spray-deposited Co3O4 thin films.

PHASE TRANSITIONS 693



3.3. Surface morphology studies

The surface morphology of spray-deposited Co3O4 thin films is studied by scanning electron
microscopy. Figure 3 shows the SEM images of Co3O4 thin films prepared with various quantities
of the spraying solution. From SEM images it is perceived that the films present a uniform mor-
phology with small grains and has a heterogeneous surface with a mesoporous structure. No cracks
are observed on the film surface. The crystallinity of Co3O4 improves and the enhancement in grain
size was observed with increasing quantity of the spraying solution. The agglomeration of grains

Figure 2. X-ray diffraction patterns of Co3O4 films spray-deposited with various quantities of the spraying solution.

Table 1. XRD data for Co3O4 thin films spray deposited with various quantities of the spraying solution.

Quantity of the spraying solution (cc)
2θ
(°)

θ
(°)

d (Å)
calculated

d (Å)
standard (hkl) D (nm)

19.30 9.65 4.5973 4.6604 111
31.54 15.77 2.8353 2.8539 220

15 37.21 18.60 2.4156 2.4338 311 26
45.01 22.50 2.0136 2.0180 400
59.65 29.82 1.5496 1.5535 511
65.31 32.66 1.4282 1.4269 440
19.28 9.64 4.6022 4.6604 111
31.67 15.83 2.8247 2.8539 220

20 37.17 18.58 2.4182 2.4338 311 28
45.07 22.53 2.0110 2.0180 400
59.73 29.86 1.5477 1.5535 511
65.59 32.80 1.4227 1.4269 440
19.26 9.63 4.6070 4.6604 111
31.67 15.83 2.8247 2.8539 220

25 37.19 18.59 2.4169 2.4338 311 30
45.17 22.58 2.0067 2.0180 400
59.58 29.79 1.5511 1.5535 511
65.61 32.81 1.4223 1.4269 440
19.29 9.65 4.5999 4.6604 111
31.55 15.78 2.8345 2.8539 220

30 37.26 18.63 2.4125 2.4338 311 32
45.11 22.55 2.0093 2.0180 400
59.59 29.79 1.5510 1.5535 511
65.29 32.65 1.4286 1.4269 440

θ: Bragg diffraction angle; d: interplanar spacing; (hkl): miller indices; D: crystalline size.
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with smaller size is observed in all the samples and was found to increase with increasing quantity of
the spraying solution, with the larger size of grains due to closely packed arrangement of crystallites,
which supports XRD results (Figure 2). Increasing the quantity of the spraying solution results in
the closure bunching of particles which creates dense morphology, which is attributed to the num-
ber of Co3O4 molecules in the precursor solution. A similar morphology was also observed by
Louardi et al. [28]. The mesoporosity of Co3O4 is beneficial for supercapacitor applications.

3.4. Optical studies

The variation of UV-Visible absorption spectra with a wavelength for Co3O4 films spray deposited
with various quantities of the spraying solution is shown in Figure 4(a). It is observed that up to the
wavelength of 800 nm absorbance was high, which indicates a higher absorption in a particular vis-
ible spectral region. It gradually decreases in the longer wavelength region. Such behaviour can be
due to the internal stress formed by the defects in the structures. Figure 4(b) shows the plots of
(αhν)2 vs hν for Co3O4 thin films deposited with different quantities of the spraying solution.
From the figure, it is observed that there are two straight line portions in the plots, indicating
the existence of two direct allowed band gaps for Co3O4 thin films. Optical band gap energies
are calculated by the extrapolation of linear portions to the energy axis at α = 0. Band gap energy
values are in the range of 1.41–1.48 eV for the lower energy region and 1.84–2.02 eV for the higher
energy region. Similar results were also reported by Shinde et al. [10] and Patil et al. [29] for cobalt

Figure 3. SEM images of Co3O4 films spray-deposited with various quantities of the spraying solution (a) 15 cc, (b) 20 cc, (c) 25 cc,
and (d) 30 cc.
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oxide thin films. The band gap energy (Eg) varies slightly with the increase in the quantity of the
spraying solution. This little shift in band gap energy is attributed to the change in density with vari-
ation of quantity of the spraying solution. The shift in absorption edge with increasing quantity of
the spraying solution is mainly attributed to the Burstein–Moss effect [30,31]. It was already
demonstrated that in semiconductors the absorption edge shifts to smaller wavelength due to the
increase in the carrier concentration [32]. This broadening effect in band gap may also be referred
to the decrease in the band tail width.

3.5. Electrical resistivity studies

Figure 5 shows the variation of logρ with 1000/T for Co3O4 thin films deposited with different
quantities of the spraying solution. It is observed that the electrical resistivity decreases with the
increase in temperature, showing typical semiconducting behaviour. Room temperature electrical

0

(a)

Figure 4. (a) UV-Visible absorption spectra for Co3O4 films spray-deposited with various quantities of the spraying solution. (b)
Plots of (αhν)2 vs hν for Co3O4 films spray-deposited with various quantities of the spraying solution.
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resistivity of Co3O4 thin films is of the order of 103 Ω-cm. Electrical resistivity observed in the pre-
sent study is close to 1.5 × 103 Ω cm reported by Shinde et al. [10] for cobalt oxide thin films.
Decrease in film resistivity with the increase in the quantity of the spraying solution is due to
the change in grain size and thicker films providing more channels for electron transport.

Activation energy (Ea) is calculated by using the following Arrhenius relation:

r = r0exp
Ea
kT

[ ]
(3)

where ρ is the electrical resistivity at temperature T, ρ₀ is a constant, k is the Boltzmann constant and
T is the absolute temperature. Activation energies are in the order of 0.015–0.06 eV, which are close
to 0.06–0.08 eV, as observed by Patil et al. [29] for cobalt oxide thin films. Activation energy rep-
resents the average energy of the carriers with respect to the Fermi energy, if the carrier can only
move at the bottom or top of the well-defined band.

3.6. Electrochemical studies

Previously we studied the influence of substrate temperature on the electrochemical properties of
Co3O4 thin films [33]. Co3O4 nanostructures exhibited good electrochemical performance with
excellent cycle stability and high specific capacitance of 425 Fg−1 at a scan rate of 5 mVs−1. The elec-
trochemical impedance spectroscopy study indicated that Co3O4 nanostructures deposited at 350°C
substrate temperature and 15 cc quantity of the spraying solution had better electrochemical prop-
erties. To improve the electrochemical performance Co3O4 thin films are deposited with different
(20, 25 and 30 cc) quantities of the spraying solution.

3.6.1. Cyclic voltammetry
Cyclic voltammetry (CV) curves for Co3O4 thin films are measured in 2M aqueous KOH electrolyte
in the potential range −0.8 V to +0.1 V. Figure 6(a–d) shows the CV curves at different scan rates. It
is observed that as the scan rate raises from 5 to 100 mVs−1, the area under the curve enhances. All
curves have a similar nature with pseudo-capacitive behaviour. Analogous results were observed by
Kandalkar et al. for electrodeposited Co3O4 thin films [34]. Specific capacitance decreases with the
rise in scan rate. At lower scan rates, more time is available for diffusion of ions from electrolyte. At

Figure 5. Plots of logρ vs 1000/T for Co3O4 films spray-deposited with various quantities of the spraying solution.
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higher scan rates, the diffusion effect limits the migration of ions causing some active surface areas
to become inaccessible for charge storage [35]. Figure 7(a) shows cyclic voltammograms of Co3O4

electrodes in 2M aqueous KOH electrolyte at a scan rate of 10 mVs−1. Specific capacitance (Cs) is
calculated by using the following equation [36,37]:

Cs = 1
mv(Vc − Va)

Vc

Va

I(V)dV (4)

where Cs is the specific capacitance (Fg−1), v is the potential scan rate (mVs−1), I is the current
response (mA) of the Co3O4 electrode for unit area (1 cm2) and m is the deposited mass of
Co3O4 on 1 cm2 surface of FTO-coated glass substrate. Figure 7(b) shows the variation of specific
capacitance with a scan rate in 2M aqueous KOH electrolyte for Co3O4 thin film electrodes. From
the figure, it is observed that the specific capacitance of 425 Fg−1 at 5 mVs−1 observed for 15 cc
quantity of the spraying solution increases with an increase in the quantity of the spraying solution
and reaches maximum 565 Fg−1 at 5 mVs−1 for Co3O4 thin film electrodes deposited with 30cc of
quantity of the spraying solution. The Co3O4 thin film electrode thickness directly relates to volu-
metric capacitance. The highest specific capacitance is 565 Fg−1 at 5 mVs−1. This value of specific
capacitance is better than the values reported in the literature. Kandalkar et al. [34] have reported a

Figure 6. Cyclic voltammograms at different scan rates for Co3O4 electrodes spray-deposited with (a) 15 cc, (b) 20 cc, (c) 25 cc and
(d) 30 cc of the spraying solution.
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specific capacitance of 165 Fg−1 in 1M KOH. Amabre et al. [38] have reported a specific capacitance
of 93.1 Fg−1 at 1 mVs−1 in 1M KOH electrolyte. Wei Du and coworkers have obtained a specific
capacitance of 278 Fg−1 for hollow Co3O4 boxes [39]. The values of specific capacitance for
Co3O4 films obtained with various quantities of the spraying solution are given in Table 2.

3.6.2. Galvanostatic charge/discharge
Galvanostatic charge/discharge experiment was done at a current density of 1 Ag−1 for Co3O4 thin
film electrode supercapacitors spray deposited with different quantities of the spraying solution in a
stable potential window −0.8 to +0.1 V and the results are shown in Figure 8(a). Specific capaci-
tance (Csp, Fg

−1), specific power (SP, kWkg−1), specific energy (SE, Whkg−1), and coulomb
efficiency (η, %) are calculated by using relations given elsewhere [6,40]. Figure 8(b) shows the gal-
vanostatic charge/discharge curves for Co3O4 thin film electrode (spray-deposited with 30cc

Figure 7. (a) Cyclic voltammograms of Co3O4 electrodes in 2M KOH electrolyte at a scan rate of 10 mVs−1 spray-deposited with
various quantities of the spraying solution. (b) Variation of specific capacitance in 2M KOH electrolyte with a scan rate for Co3O4

thin film electrodes spray-deposited with various quantities of the spraying solution.
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quantity of the spraying solution) supercapacitors at different current densities. Specific capacitance
was 544 Fg−1 at a current density of 1 Ag−1, which decreased to 511 Fg−1, even at the high current
density of 4 Ag−1. This value is higher than the value of 304 Fg−1 at 0.5 Ag−1 recently reported for
Co3O4 nanoparticle-based electrode [41]. The small initial voltage loss observed from the discharge
curves, even at higher current density, demonstrates a fast I-V response and low internal resistance

Table 2. Optical, electrical, electrochemical (cyclic voltammetry) data and Rs and Rct values obtained from Nyquist plot for spray-
deposited Co3O4 thin films with various quantities of the spraying solution.

Q
(cc)

Eg1
(eV)

Eg2
(eV)

Ea
(eV)
L.T. H.T.

Cs
(Fg−1)

Rs
(Ω)

Rct
(Ω cm2)

15 2.02 1.41 0.015 0.060 425 0.05 12.35
20 1.98 1.43 0.032 0.059 450 0.05 08.56
25 1.96 1.45 0.035 0.052 506 0.04 05.98
30 1.84 1.48 0.036 0.057 565 0.03 04.66

Q: quantity of the spraying solution; Eg: bandgap energy; Ea: activation energy; L.T.: low temperature; H.T.: high temperature; Cs:
specific capacitance; Rs: solution resistance; Rct: charge transfer resistance.

Figure 8. (a) Galvanostatic charge/discharge curves at a current density of 1 Ag−1for Co3O4 thin film supercapacitors spray-
deposited with various quantities of the spraying solution. (b) Galvanostatic charge/discharge curves for Co3O4 thin film electrode
(spray-deposited with 30 cc quantity of the spraying solution) supercapacitors at different current densities. (c) Long-term cycling
performance of the Co3O4 film electrode (spray deposited with 30 cc quantity of the spraying solution) at the current density of
1Ag−1. The inset shows the charge–discharge curves of the first 10 cycles of the Co3O4 thin film electrode.
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of the supercapacitor [42]. Table 3 shows the values of specific capacitance, specific energy, specific
power and coulomb efficiency, respectively obtained from galvanostatic charge/discharge
measurements.

Figure 8(c) shows the long-term cycling performance of the Co3O4 thin film electrode spray
deposited with 30 cc quantity of the spraying solution at the current density of 1 Ag−1 for 1000
cycles. Inset displays the charge–discharge curves of the first 10 cycles of the Co3O4 thin film
electrode. Specific capacitance of the Co3O4 electrode maintains 93.65% of its initial value,
showing a worthy cycling stability. The 6.35% capacitance loss after 1000 cycles is much
better than the 13.5% capacitance loss for as-prepared Co(OH)2 electrodes reported in the
literature [43].

3.6.3. Electrochemical impedance spectroscopy
Nyquist plots for Co3O4 deposited with various quantities of the spraying solution in 2M aqu-
eous KOH electrolyte are displayed in Figure 9. Intercept of the semicircle to real axis in a
high-frequency region contributes to the value of electrolyte resistance (Rs) and the diameter
provides the values of charge transfer resistance (Rct) at the interface between electrode and
electrolyte [16]. The linear nature of impedance in the low-frequency region represents the
diffusion behaviour of ions in the electrode pores. From Figure 9, it is seen that the values
of electrolyte resistance (Rs) are around 0.05 Ω and the values of charge transfer resistance
(Rct) are given in Table 2.

Table 3. Various parameters for obtaining specific capacitance, specific energy and specific power from galvanostatic charge/
discharge measurements for Co3O4 thin films spray-deposited with 30 cc quantity of the spraying solution.

Current density
(Ag−1)

tdis
(s)

Csp
Fg−1

SE
(Whkg−1)

SP
(Wkg−1)

η
(%)

1 490 544 61.25 450 96.08
2 238 529 59.50 900 97.14
3 155 517 58.13 1350 89.60
4 115 511 57.50 1800 89.15

tdis;:discharge time; SE: specific energy; SP: specific power; η: coulomb efficiency.

Figure 9. Nyquist plot for Co3O4 electrode in 2M KOH electrolyte spray-deposited with various quantities of the spraying solution.
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4. Conclusions

Co3O4 thin films are successfully deposited by the spray pyrolysis technique with different quan-
tities of the spraying solution. Film thickness increases with an increase in the quantity of the spray-
ing solution. Co3O4 has a cubic crystal structure with lattice parameter a = b = c = 8.030 Å. A
mesoporous structure is observed in the SEM analysis. Electrical resistivity decreases as quantities
of the spraying solution increase. Optical band gap values are 1.41–1.48 eV in the lower energy
region and 1.84–2.02 eV for the higher energy region. Specific capacitance of 565 Fg−1 is calculated
from cyclic voltammetry. Specific capacitance of the Co3O4 electrode retains 93.65% of its initial
value after 1000 cycles, showing a worthy cycling stability. Also, the electrochemical impedance
spectroscopy showed that mesoporous electrodes lower the charge transfer resistance up to 4.66
Ω-cm2. The remarkable mesoporous structure and electrical resistivity enable Co3O4 electrodes
to be the promising electrode materials for the next-generation high-performance supercapacitors.
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