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Abstract. This communication presents the optical characterization of Co3 O4 films electroplated on Cu- and Ni-coated
Cu substrates. Co3 O4 films were successfully deposited by using the electrochemical deposition method with cobalt acetate
tetrahydrate as a cobalt precursor followed by annealing at 350◦ C. The as-prepared films were characterized using X-ray
diffraction, UV–visible spectroscopy, Fourier transform infrared spectroscopy, scanning electron microscopy and stagnation
temperature test. The characterization shows the presence of only the cubic spinal Co3 O4 phase in all films. The morphological
analysis revealed the generation of unique fish-shaped Co3 O4 particles with uniform size distribution for the films obtained
on the Ni-coated Cu substrate. The Cu substrate with and without nickel plating used for deposition has shown a profound
effect on the optical characteristics of films. The solar absorbance as high as 0.96 and thermal emittance as low as 0.02
were obtained for the films deposited on the Ni-coated Cu substrate. The highest value of the figure of merit (F1 ) of ∼0.34
and extrapolated stagnation temperature of ∼362◦ C were realized for films having better optical characteristics. The results
obtained indicate very good potential of the deposited films for solar thermal applications.
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1. Introduction
Concentrating solar thermal (CST) devices are receiving
increasing attention due to their ability to deliver thermal
energy at a higher temperature. CST systems have been used
to produce heat, electricity, refrigeration, etc. for industrial
applications. The energy extracted from these devices can be
increased by applying a selective coating on the surface of a
receiver. The selective coatings used in flat plate collectors
are not suitable for CST devices because these coatings get
deteriorated at higher temperatures [1]. The temperature of
the receiver in CST devices is more than 300◦ C [2] and hence
selective coatings, stable at higher temperatures, need to be
developed [3].
Cobalt oxide (Co3 O4 ) films have been prepared by using
various techniques such as RF sputtering, chemical vapour
deposition, electrochemical deposition, pulsed laser deposition, sol–gel process, spray pyrolysis and spin coating on
a variety of substrates [4–8]. However, the electrochemical
deposition technique is cost-effective, simple and suitable for
coating receivers with a large area.
The films of cobalt oxide are very important in various
applications such as rechargeable batteries, electrochemical
capacitors for high power devices in energy systems, electrochromic devices, sensing, protective layers or pigment for
glasses, ceramics, solar absorber coatings, etc. because of
their extremely interesting optical and electrical properties
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[5–12]. Most of the research work regarding the electrochemical deposition of cobalt oxide films is related to the deposition
of these films on various substrates, their physical characterization and study of optical properties of the films [4]. The
deposition time of Co3 O4 films plays an important role in
deciding the coating characteristics and optical properties of
the films.
In the literature, cobalt oxide is proposed as a feasible
and prospective coating material for solar selective surfaces
[4,12–19]. The optical properties reported in the literature
are absorptance (α) = 0.945; thermal emittance (ε) = 0.070
and absorptance (α) = 0.950; thermal emittance (ε) = 0.070
for Co3 O4 films prepared on stainless steel and copper substrates, respectively, by using CoCl2 as a cobalt precursor
[4]. Co3 O4 films were also deposited on nickel-coated glass
by using cobalt acetate as a precursor. The values of absorptance and thermal emittance, in this case, were reported to
be 0.93 and 0.09, respectively [14]. In another related work
[19], Co3 O4 films deposited on nickel-coated steel substrates
at 400◦ C exhibited high absorptance (0.86) and also high thermal emittance (0.43). A similar type of film on a steel substrate
without a nickel layer showed absorptance (α) = 0.77 and
thermal emittance (ε) = 0.20. The main aim of the present
work is to prepare high-quality Co3 O4 films on Cu substrates
by using a home-built electroplating deposition system with
better optical properties as compared to the data reported in
the literature [4,14,19].
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2.2 Deposition of Ni and cobalt oxide films
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Figure 1. Schematic cross-section of a semiconductor–metal tandem selective absorber.

In most of the solar concentrators, the receiver is made of
Cu because of its high thermal conductivity. However, it has
low solar absorptance. Hence, the receivers are coated with a
selective coating having high solar absorptance and low thermal emittance. The major objective of this work is to develop a
selective coating on Cu substrates which has good selectivity
and stability at high temperatures. The literature review indicates that cobalt oxide is a suitable material for developing a
selective coating on Cu substrates [4,21]. Further, the optical
properties of the coating can be improved by depositing a Ni
layer on the Cu substrate before depositing a cobalt oxide film.
Semiconductor materials are generally transparent for frequencies below their electronic bandgaps but absorb strongly
under higher frequencies. When a semiconductor is placed
on a metal, short-wavelength solar radiation in the visible
region will be absorbed by the semiconductor layer while
long-wavelength radiation will pass through the semiconductor and get reflected by the metal layer as illustrated in figure 1.
Depending on the operating conditions, a wide variety of
semiconductors may be suitable for selective solar absorbers
[3,22,23].
In the present work, nickel has been deposited on Cu so as to
form semiconductor metal tandem which enhances the optical
properties of the cobalt oxide coating. The schematic crosssection of a semiconductor–metal tandem selective absorber
is shown in figure 1.
This study is focused on the development of selective coatings for CST receivers by using a simple and cost-effective
technique. The materials such as black nickel, black chrome,
etc. have good selectivity but poor stability at higher temperatures [3].

Ni films were deposited on thoroughly cleaned copper substrates by using the electrochemical deposition method.
The electrolyte solution prepared by using nickel sulphate
(NiSO4 · 6H2 O, 11.88 g), nickel chloride (NiCl2 · 6H2 O,
11.88 g) and boric acid (H3 BO3 , 3.09 g) in 500 ml of DDW
was used for deposition of Ni films. The cathode to anode distance was 3.0 cm and pH of the electrolyte was 3.5. The current
density was maintained at 5.0 mA cm−2 during the deposition.
In one of the experiments, the Co-based films were deposited
on copper substrates only. The electrolyte solution prepared
by using cobalt acetate (CH3 COO)2 Co · 5H2 O, 18.59 g) and
boric acid (H3 BO3 , 3.09 g) in 500 ml of DDW was used for
deposition of Co3 O4 films. The electrodeposition time varied
from 10 to 35 min with an increment of 5 min. The films
obtained were then annealed at 350◦ C for 45 min under an air
atmosphere to form cobalt oxide films. The films were identified as A1–A6, respectively. The electrolyte was maintained at
ambient temperature during deposition. The cathode–anode
distance was maintained at 3.5 cm; pH of the electrolyte was
3.5 and current density was 8 mA cm−2 for deposition of
Co3 O4 films.
In another experiment, the Ni-coated copper substrates
were used for the deposition of cobalt oxide films. The cobalt
oxide films were deposited on Ni-coated copper substrates
by using the following parameters: (i) cathode–anode distance = 3.5 cm, (ii) pH of the electrolyte = 3.5 (achieved by
adding HCl) and (iii) current density = 8 mA cm−2 . These
films were deposited at different deposition times i.e., 10, 15,
20, 25, 30 and 35 min and were identified as B1–B6, respectively. All as-deposited films were further annealed at 350◦ C
for 45 min under an air atmosphere to form cobalt oxide films
on Ni-coated copper substrates.

2. Experimental
2.1 Substrate cleaning
High purity (99.9%) copper sheets of size 50 × 50 mm2 , were
used as the substrates and were cleaned using a 2:5:10 ratio of
H2 SO4 , double-distilled water (DDW) and orthophosphoric
acid for 30 min at room temperature. The films were rinsed
using a solution of salt and lemon in DDW followed by dipping in a soap solution to remove fingerprints. Finally, the
films were dipped in acetone before the deposition of films.

Figure 2. Photograph of home-built setup for the stagnation temperature test.
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2.2a Characterization of as-annealed films: The resulting
films were characterized by different physical techniques. An
X-ray diffractometer (Bruker AXS, D8 Advanced) was used
for phase analysis of the as-annealed films. A scanning electron microscope (SEM) (Leica Stereo Scan 440) was used
for the study of morphological features such as particle size,
shape and particle distribution in the as-annealed films. The
optical properties, absorptance (α), optical bandgap (E g ) and
thermal emittance (ε) of the annealed films were obtained by
using a UV–visible–NIR spectrophotometer (JASCO Model
V-670) and Fourier transform infrared spectrophotometer
(JASCO Model FTIR 4000, 6000 series) respectively. FTIR
was also used for phase identification in these films.
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using a home-built setup as shown in figure 2. The as-annealed
film was kept in the stagnation temperature test setup under
clear sky conditions. The temperature of the film was recorded
at an interval of 5 min. The intensity of total solar radiation and
ambient temperature were also measured during the test. After
achieving the quasi-steady state of the temperature of the film,
the final steady-state temperature of the film was recorded.
A similar procedure is carried out to obtain the stagnation
temperature of all A1–A6 and B1–B6 films.

3. Results and discussion
3.1 X-ray diffraction studies

2.3 Stagnation temperature test
The stagnation temperature is the temperature of an absorber
when no heat is extracted from the absorber [24]. For the
as-annealed films, stagnation temperatures were measured by

Figure 3 shows the X-ray diffraction (XRD) patterns of Co3 O4
films A1–A6 (a) and B1–B6 (b). Cu-Kα radiation was used
as an X-ray source. The films show multiple diffraction peaks
at similar 2θ angles indicating their polycrystalline nature.

Figure 3. XRD patterns of Co3 O4 films electroplated for 10–35 min on Cu with and without Ni layer.

Figure 4. FTIR spectra of films (A) without Ni and (B) with Ni layer.
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Table 1.

Structural data for the (400) plane of films.

Sample

Deposition
time

hkl

d (Å)

a (Å)

TC

Dhkl (nm)

10

400

2.09

8.359

4.85

5.16

2.02
2.04
2.01
2.09
2.01

8.075
8.179
8.071
8.359
8.058

5.76
5.82
6.14
5.93
4.56

5.56
5.99
6.01
5.48
5.01

With Ni
layer

15
20
25
30
35

(2020) 43:154

Bold figures indicate optimized results.

The inter-planar spacings corresponding to the (400) diffraction planes were compared to the standard values of Co3 O4
[4,13,18]. The structure of the film was studied using XRD
patterns and JCPDS data (file no. 76-1802). In figure 4,
diffraction peaks match exactly with the data reported in the
JCPDS file for cobalt oxide indicating that only the Co3 O4
phase is present in the film. The lattice parameter was calculated using diffraction peaks and was found to be very close
to the reported value of 8.084 Å [4,14,19]. This indicates the
formation of the cubic spinel phase of the Co3 O4 structure.
Moreover, the presence of a strong (400) peak in the diffraction pattern indicates that the film has a preferred orientation
along the [400] direction. The preferred orientation of the
Co3 O4 thin films was evaluated by the texture coefficient (TC)
calculated from the X-ray data using the well-known formula:

TChkl =

Ihkl /I0hkl

(1/N ) Ihkl /I0hkl

(1)

where TChkl is the TC of the hkl planes, I is the normalized
intensity, I0 is the corresponding standard intensity given in
JCPDS data and N is the number of reflections. The lattice
parameter ‘a’ of the unit cell is calculated from the peak positions using the formula for the cubic system:
dhkl = √

a
h2 + k2 + l 2

.

(2)

The value is found to be 8.071 Å which is close to the value
given in the JCPDS 76-1802 file (a = 8.072 Å). The average
crystallite size of the Co3 O4 thin films was estimated from
the XRD patterns using the Scherrer formula:
Dhkl =

0.9λ
βhkl cos(θ hkl )

(3)

where λ is the wavelength of incident radiation
(λ = 1.544 Å), βhkl is the full-width at half-maximum of
the diffraction peak and θhkl is the Bragg angle. The calculated values are reported in table 1. As can be observed from

Figure 5. Scanning electron microphotographs of films (A) without Ni and (B) with Ni layer.

table 1, the crystallite size increases from 5.16 to 6.01 nm with
the increasing deposition time of cobalt oxide from 10 to 25
min and then decreases slightly for 30 and 35 min. This indicates that the crystallinity of the Co3 O4 thin films is improved
by increasing the deposition time of cobalt oxide as it is found
by XRD analysis.
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Figure 6. UV–visible spectra and Tauc plots of films without Ni (A) layer.

3.2 Scanning electron microscopy studies
The surface morphology of cobalt oxide films was studied at
20 kV by using SEM images. Figure 5 shows the SEM images
of A1–A6 and B1–B6 films. The morphological features of
A and B type films are different. In the cases of A1, A2 and
A4 films, large spherical agglomerates are observed. These
agglomerates are due to nano-flakes of length around 500 nm.
In the case of A3 film, the self-assembled rods of a diameter
of around 200 nm are observed at the surface. Furthermore,
the hard agglomerates of varied shapes and sizes are observed
at the surface of A5 and A6 films. However, the morphology
of B-type films is quite different. The morphology of B1–B6
is almost the same. In the cases of B1–B6 films, a fish-shaped
morphology is observed in all films. The particle size and
shape distribution are found to be almost uniform. However,
from B1 to B6 films, the average particle size is found to be
increasing. This might be due to the increasing deposition time
from 10 to 35 min. Further, the evolution of the fish-shaped
morphology in the case of B type films might be due to the
deposition of these films on Ni-coated copper substrates as
compared to the A type films deposited on copper substrates
only. The width of the fish-shaped particle is in the range of
100–500 nm. Further, the length of the fish-shaped particle is
in the range of 0.5–5.0 µm.

3.3 UV–visible–NIR spectroscopy studies
Figure 6a and b shows UV–visible spectra and Tauc plots
i.e., variation of (αhν)2 with photon energy (hν) for A1–
A6 films and figure 7a and b shows UV–visible spectra and
Tauc plots for B1–B6 films. Equation (4) is used to analyse
optical data presented in figures 6a, b and 7a, b for Co3 O4
films coated on the copper substrate and Ni-coated copper

substrates, respectively:
α=

n
α0 
hν − E g
hν

(4)

where α0 = constant and n = 1/2 or 2 for the direct and indirect transitions, respectively. The values of bandgap energies
are obtained from equation (4) for different films. The value
of bandgap energy (E g ) for a given film is obtained by extrapolation of the straight line of the corresponding Tauc plot to
zero absorption coefficients. The insets show the extrapolation of the straight line of the corresponding Tauc plots for
A6 to A1 and B6 to B1 films. The bandgap energy values
are found to be in the ranges of 1.0–1.6 and 1.7–2 for A1–
A6 and B1–B6 films, respectively, as illustrated in table 2.
These values of bandgap energies are found to match with the
reported data. The optical data presented in figures 6 and 7 are
used to obtain the solar thermal absorptance (α) for A1–A6
and B1–B6 films. The absorptivity, α(λ) being a ratio of the
energy absorbed by the film to the energy incident on it for
given solar radiation wavelength, is proportional to I (λ, T ).
The absorptance α(T ) is calculated by using the below
relation:
 λmax
α(T ) =

λmin

[1−r (λ, T )]I (λ, T )dλ

I (λ, T )dλ

(5)

where λ is the wavelength of solar radiation, R is the
reflectance for wavelength λ, I (λ, T ) is the intensity of solar
radiation at wavelength λ and T is the temperature (=100◦ C).
3.4 Fourier transform infrared spectroscopy studies
Figure 4 shows the FTIR spectra for the A1–A6 and B1–B6
films prepared at different deposition times on copper and
Ni-coated copper substrates, respectively. The FTIR spectra
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Figure 7. UV–visible spectra and Tauc plots of films with Ni (B) layer.

Table 2. Energy gap calculation from UV–
visible–NIR spectra for all with and without
Ni-coated samples.
E g (eV)
Sample without Ni: A

Sample with Ni: B

A1
A2
A3
A4
A5
A6

B1
B2
B3
B4
B5
B6

1.03
1.30
1.00
1.60
1.72
1.18

1.70
1.82
1.85
1.9
1.9
1.8

for all films were recorded in the range of 500–2000 cm−1
because in the cases of the oxide materials almost all bands
are concentrated in the lower wavenumber range [15]. From
all spectra, similar observations are noted for A1–A6 and B1–
B6 films. The characteristic bands centred around 507 and
584 cm−1 corresponding to the face-centred cubic CoO and
hexagonal CoO(OH), respectively [2], are not observed in all
spectra. These bands are likely to be associated with the cobalt
ion in octahedral holes in an oxygen octahedral environment
[16]. It indicates the absence of impurities corresponding to
face-centred cubic CoO and hexagonal CoO(OH) in the asprepared films. The strong peak centred around 577 cm−1 and
broad peaks centred around 665 cm−1 which are characteristic
of cubic spinel Co3 O4 are observed in all the spectra indicating thereby the formation of the Co3 O4 phase only [17,18].
These two distinct bands in all IR spectra originate from the
stretching vibrations of the metal–oxygen bonds [24]. The
first band at 577 cm−1 is associated with the OB3 vibration
in the spinel lattice, where B denotes Co3+ in an octahedral
hole. The second band at 665 cm−1 is attributed to the ABO3
vibration, where A denotes Co2+ in a tetrahedral hole. This

indicates the formation of a single cubic spinel phase Co3 O4
in all A and B type films. The FTIR spectra of all A and B
type films presented in figure 4 are used to obtain the solar
thermal emittance (ε) values [3] of different films. The emissivity ε(T ) of the films i.e., the ratio of emitted energy to
the amount of energy that would be radiated if the film is a
perfectly black body, is obtained by using the below relation:
 λmax
ε(T ) =

λmin

[1 − r (λ, T )] I (λ, T )dλ
σT4

(6)



where I (λ, T ) = c1 /λ5 ec2 /λT −1 , σ = 5.6696
× 10−8 W m−2 K−4 , c1 = 3.7405 × 108 W µm4 m−2 and
c2 = 1.4388 × 104 µm K.
Figure 8 shows the variation of absorptance for A1–A6
and B1–B6 films deposited on copper and Ni-coated copper
substrates, respectively. It is observed from figure 8 that the
solar absorptance (α) increases with the increasing deposition
time of cobalt oxide films up to 25 min and then decreases
slightly for 30 and 35 min. In the case of B type films, however,
the variation of the absorptance (α) with the deposition time
is not uniform. The highest values of solar absorptance (α)
are found to be 0.84 and 0.96 for A6 and B4 films, respectively. The average increase in absorptance is found to be
19.55% in the case of cobalt oxide films deposited on Nicoated copper substrates as compared to the films obtained
on copper substrates only. These values of absorptance (α)
are higher than the data reported (α = 0.92–0.93) in the literature [4,12,17]. Moreover, the films deposited with time
<10 min showed poor adhesion to the substrate. For efficient
photothermal conversion, surface of the solar absorber must
have high solar absorptance (α) and low thermal emittance
(ε) at the operational temperature. A low reflectance (r ∼ 0)
at wavelengths λ ≤ 2.5 µm and high reflectance (r ∼ 1) at
λ ≥ 2.5 µm characterize spectrally selective surfaces [3]. It is
noted that the cut-off wavelength shifts to the higher side for
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Figure 8. Variation of absorptance (α) and thermal emittance (ε) with deposition time for films (A) without
Ni and (B) with Ni layer.
Table 3.

Data obtained from the stagnation temperature test.

Sample
Without Ni layer

With Ni layer

Time period
of deposition

Average
solar
radiation, Im
(W m−2 )

Ambient
temperature,
tam (◦ C)

Stagnation
temperature,
tsm (◦ C)

Figure of
merit, F1

Extrapolated
stagnation
temperature, tstg
(◦ C) (at Is =
1000 W m−2 ,
tas = 25◦ C)

10
15
20
25
30
35
10
15
20
25
30
35

580.54
562.71
587.19
700.52
564.29
573.06
685.6
722.4
736.4
529.8
752.5
726.1

26.9
27.1
27.3
28.5
28.1
26.9
27.2
28.1
27.8
27.1
29.3
28.8

186
191
196
213
197
165
199
209
206
206
220
206

0.274
0.291
0.287
0.263
0.299
0.241
0.251
0.250
0.242
0.338
0.253
0.244

299.1
316.3
312.3
288.4
324.3
266.0
275.6
275.4
267.0
362.7
278.4
269.0

Bold figures indicate optimized results.

cobalt oxide films deposited on Ni-coated Cu substrates (B
type films). This improves the optical properties of the selective coating. B type films have cobalt oxide as its outer layer
while nickel at the inner layer. It is observed that the outer
layer of the film has high solar absorptance and the layer is
transparent for longer or thermal wavelengths while the inner
layer of the films has poor thermal emittance. Because of the
formation of Ni–Co3 O4 tandem, the film shows better optical
properties than properties reported in the literature [4,12,17].
Figure 8 shows the variation of the emittance (ε) for A and
B type films corresponding to various deposition times. In
general, in both cases, ‘ε’ is found to be decreasing with the
increasing deposition time up to 25 min and then it is noted
to be increasing. The values of ‘ε’ are found to be in the
ranges of 0.085–0.12 and 0.02–0.05 for A1–A6 and B1–B6
films, respectively. The minimum values of ‘ε’ are found to

be 0.085 and 0.02 for A6 and B4 films, respectively. These
values of ‘ε’ are found to be smaller than the data reported in
the literature [4,12,17].
3.5 Stagnation temperature studies
The stagnation temperatures for A1–A6 and B1–B6 films
were obtained by using the home-built setup. The stagnation
temperatures obtained were extrapolated for a solar irradiance
of 1000 W m−2 at an ambient temperature of 25◦ C [24] by
using the below relation:
tstg = tas +

Is
(tsm − tam )
Im

(7)

where tstg is the stagnation temperature at Is = 1000 W m−2 ,
tas = 25◦ C, and tas is the ambient temperature under standard
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test conditions (i.e., 25◦ C), Is is the solar irradiance under
standard test conditions (i.e., 1000 W m−2 ), Im is the average
solar irradiance measured during the test, tsm is the stagnation temperature and tam is the ambient temperature measured
during the test. The first figure of merit (F1 ) being a ratio of
optical efficiency to the heat loss coefficient is determined by
using the below relation:
F1 =

(tsm − tam )
.
Im

(8)

The data obtained from the stagnation temperature test are
presented in table 3. From table 3, it is clear that the figure of merit and hence extrapolated stagnation temperatures
are found to be varying with the deposition time of cobalt
oxide films. The variations in the figure of merit and stagnation temperatures match with the variation in absorptance
of the films (figure 8a). The highest values of the figure of
merit and extrapolated stagnation temperature are found to
be 0.299 and 324.3◦ C, respectively, for A5 film obtained at
a deposition time of 30 min. Similarly, the highest values of
the figure of merit and extrapolated stagnation temperature
are found to be 0.338 and 362.7◦ C, respectively, for B4 film
obtained at a deposition time of 25 min. A5 and B4 films
possess the highest values of absorbance. The data for the
figure of merit and stagnation temperature match with the
data for absorptance. The values obtained for absorptance
and stagnation temperature for A5 and B4 films are found to
be higher than the data reported in the literature. Further, the
use of Ni coating as under layer for cobalt oxide films has
also increased the absorptance and figure of merit and hence
stagnation temperature of films. From this, it is clear that, in
the present research work, cobalt oxide films prepared at optimized deposition times with Ni coating as under layer have
potential use as selective coatings for high-temperature solar
thermal applications.

4. Conclusions
The electrochemical method to deposit cobalt oxide films
on copper substrates and nickel-coated copper substrates is
found to be most suitable and cost-effective. The optical
properties of the cobalt oxide films are found to be drastically improved when Ni is deposited on the Cu substrate.
By depositing the cobalt oxide films on the nickel-coated
copper substrate using the electrochemical method, the solar
absorbance as high as 0.96 and thermal emittance as low as
0.02 are obtained. The highest values of the figure of merit
and extrapolated stagnation temperature are found to be 0.338
and 362.7◦ C, respectively. In the present work, the cobalt
oxide films deposited on the nickel-coated copper substrate
have potential as selective coatings for high-temperature solar
thermal applications. Further, the electrochemical method

(2020) 43:154

is suitable for depositing cobalt oxide selective coatings on
receivers of different shapes with a large area.
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