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Nickel-doped Co;0; films were prepared using fluorine doped tin oxide (FTO) substrates at various nickel concentrations (x = 0.025,
0.05, 0.075 and 0.1) using a spray pyrolyzed process at 300 °C. Experimental techniques were used to characterize the materials by XRD,
SEM, EDAX, UV-Vis, FTIR spectroscopy, magnetic susceptibility and cyclic voltammetry. When nickel is present in any concentration
of Co;0,, the structural analysis using XRD confirms the spinel cubic structure of the material. By using a scanning electron microscope,

demonstrated the ideal structure, good morphological analysis and energy bandgap. Based on the results, the prepared films were effectively

used in the electrochemical performance.

INTRODUCTION

Cobalt oxide is one of the transition metal oxides, which
made a promising one for different fields such as smart optical
windows, display devices, pigments for glass and ceramics, gas
sensors, efc. [1-5]. Among these various oxidation states of
cobalt, the Co30, is the most stable compound. Co30, is widely
documented in the literature with desirable electrochemical
characteristics [6-8] and spinel crystal structure in the energy
storage field [9]. The performance of Co;O4 depends upon the
microstructure, such as grain size, porosity and crystallinity.
Hence, the preparation method is a sensitive one for the overall
performance of the compound.

Several synthetic methods are applied for the preparation
of Co30; thin films, e.g. chemical method, physical vapour
method, chemical vapour deposition, hydrothermal and simple
combustion methods [10-16]. Co3O, belongs to a p-type semi-
conductor and its properties can be changed by doping with an
external agents or impurities called dopants [17]. Hence, the
selection of a dopant is a vital part of semiconductor doping.
It has been challenging to select dopants with a narrow band
gap. In present work, nickel is selected as co-dopant, since it

porous morphological studies are conducted. EDAX examines the chemical composition of the prepared thin films. A 0.050 M concentrations |
Keywords: Ni-doped Co3;0;, Thin film, Cyclic voltammetry, Electrochemical studies. |

acts as the external donar, enhancing the electrical properties
[18-21].

EXPERIMENTAL

In this work, precursor materials cobalt(Il) nitrate hexa-
hydrate and nickel(II) nitrate hexahydrate, glass and fluorine-
doped tin oxide (FTO) substrates were procured from the comm-
ercial sources and used as such.

Cleaning of fluorine-doped tin oxide (FTO) substrate:
Before usage, the substrates were cleaned using soap and water
and then washed thoroughly with acetaldehyde and acetone,
then dried overnight at 60 °C. Following thorough cleaning
with soap solution and immersion in chromic acid, the glass
substrates were sonicated and then dried in the open air.

Preparation of Ni-doped Co030,: Pure and nickel doped
cobalt oxide thin films were prepared by simple spray pyrolysis
on substrates such as glass and FTO. Dissolved Co(NO;),-6H,O
in water with ethanol at 1:1 ratio. Then different concentrations
of Ni(NOs3),-6H,0O (x = 0.025, 0.05, 0.075, 0.1) was added to
the former solution and then stirred well for 30 min at room
temperature. The mixture solution was sprayed onto the subs-
trate and sintered at 300 °C.
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Characterization: PANanalytical Xpert Pro model XRD
(CuKo radiation (A = 1.54060 @), Perkin-Elmer model FTIR
spectrometer (4000 to 400 cm™), JEOL 6390LA/OXFORD
XMX N model SEM/EDAX, Perkin-Elmer lambda 950 model
UV-VIS-NIR UV-VIS-NIR spectrophotometers were used to
characterize the films. The CH Instrument, model CHI604D
electrochemical workstation was used to examine the electro-
chemical performance of the prepared films using 0.5 M of
NaOH electrolyte solution.

RESULTS AND DISCUSSION

XRD studies: The X-ray diffraction patterns of Ni-doped
(x=0.025, 0.05, 0.075 and 0.1) Co;30, thin films are shown in
Fig. 1. The temperature used for all thin film depositions was
300 °C. Multiple diffraction peaks have been found in all films.
Strong peaks that were identified include (111), (220), (311),
(222), (400), (422), (511), (440), (531), (620) and (533) (622).
The preferred peak among these is the peak (311). The appear-
ance of the spinel cubic structure (Fd3m space group) in nickel-
doped and undoped Co;O, was in good accordance with the
JCPDS card no. 078-1969. At various nickel concentrations,
itis revealed that no nickel cluster parasitic phases are present.
This indicates that Ni-doping on Co;0, did not alter its cryst-
alline structure and displays the maximum purity of the prepared
films. When nickel was added at various concentrations, the

minimal displacement of the diffraction peak was observed.
Table-1 shows the structural characteristics of the prepared
films at various nickel concentrations. Using Bragg’s law, the
peak positions can be theoretically calculated using eqn. 1 [22]:

a

Vh?+ K+ M

where ‘d’” ‘h’, ‘’k’ and ‘I’ refers to interplanar spacing and the
Miller indices respectively [23]. For determining accurate unit-
cell dimensions from XRD, the systematic errors usually occur
due to the X-ray absorption by the specimen and the rotation
axis displacement. So some uncertainty exists about the best
functions of 0 to obtain a linear extrapolation. The lattice para-
meter value of zero for these extrapolation functions (6 = 90°)
gives the actual value of the lattice parameter. Current practice
is to plot ‘a’ against cos’0 to extrapolate linearly to cos’0 = 0

d=

1cos’® cos’O

#0) 2 sin® 0 @
for obtaining fewer errors in the result. From Table-1, the results
demonstrated that the structural characteristics for Ni-doped
Co;0; at a concentration of 0.050 are in good agreement with
those for pure CosOs. This implies that nickel atoms are comp-
lately accompanied in the Co3;O; lattice space. Moreover, the

diffraction peak intensity at the concentration of 0.050, the
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Fig. 1. Co;0; thin films and Ni-doped Co;0; thin films (a) X-ray diffraction patterns and (b) NR plot
TABLE-1
CALCULATED STRUCTURAL PARAMETERS OF Ni-Co;0, THIN FILMS
Ni concentration Lattice parameter (a) (A) Unit cell volume (V) (A)? Density (p) (gm/cm?3)
(x) Cal. N-R Plot Std. Cal. Std. Cal. Std.
0.000 8.045 8.111 8.085 518.21 528.49 6.19 6.05
0.025 7.999 8.134 511.9 6.24
0.050 8.009 8.088 513.9 6.22
0.075 8.090 8.087 530.28 6.05
0.100 7.997 8.083 511.62 6.25
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intensity of nickel increased as compared to the other diffraction
peaks. Due to the diffraction intensity, the prepared film has a
crystalline structure of a higher order than in its natural form.
The average crystalline size of the synthesized films was calcu-
lated from the Debye-Scherrer’s formula [24,25], known as
the width increases, crystalline size decreases.

KA

" BcosH 3)
where ‘K’ is 0.94, ‘A’ is 1.5406 E, ‘0’ is the diffraction angle
and, ‘B’ is the FWHM of the peak. Microstrain (€), dislocation
density and stress was calculated using eqns. 4-6:

1
D

(5]
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where ‘€’ is Young’s modulus (219 MPa), ‘v’ is the Poisson’s
ratio (0.308), ‘d’and ‘d,’ are d spacing values from the obtained
and JCPDS data, respectively. Table-2 shows the calculated
values of crystallite size, microstrain, dislocation density and
stress of Co30, thin film samples deposited at various temper-
atures. The crystalline size of Co;O4 film was 22.5 nm, which
increased to 46.1 nm, when the nickel concentration increased
to 0.05. Further addition of nickel in Co3O, results in a decrease
in crystalline size as well as in the microstrain value. Among
these, 0.05 doped concentration of nickel in Co;O4 shows the
most negligible value of microstrain. The reduction in micro-
strain is due to the displacement of atoms from their ideal
positions, making the crystal less imperfect by obtaining the
most negligible value in dislocation density. The dislocation
density corresponds to the crystal imperfections related to the
defective index of the lattice. Moreover, at 0.05 concentration
of nickel doped Co;0, shows the minimum stress [26]. The
lowest stress value predicts the thin film where molecules are
ideally occupied in the crystal phase. It was exceptionally free
from the pressure exerted by the external doped nickel atoms.

Morphological studies: The SEM/EDAX images of pure
and Ni,Cos.,04 (x = 0.025, 0.050, 0.075 and 0.100) films at
300 °C are shown in Fig. 2a-e. The SEM images of the prepared
Ni-doped Co;0 films contain fabricated microspheres. Among
these, the surface became more porous as the concentration of
0.05. As aresult, the optimized sample that has the most consistent

4 5)

size and structure, which helps to increase the surface area
ocobalt oxide. The elemental spectrum analysis confirmed the
presence of elements such as Co, Ni, O in the prepared films.
As expected, the doping concentration in Co3;O4 was found to
increase in tandem with the composition of nickel.

FTIR studies: FTIR spectra of Co;O4 and various Ni-
doped Co;0; films are shown in Fig. 3. Two prominent peaks
have been identified in the FTIR spectrum of pure cobalt oxide
at 895 and 753 cm™ due to vibration of alcohols or phenols in
the Co;0, causing the prominent peak to appear at 753 cm’
while the peak at 895 cm™ due to bending vibration of C-O in
C030.. Two other small peaks can be seen at 1368 cm™ and
1742 cm’', owing to vibrations of amide and carbonyl groups,
respectively. The Ni-O-H stretching bond in the prepared Ni-
doped Co30; films is attributed to the absorption band at 619
cm’'. This out-come demonstrates that nickel was successfully
added to the Co3;O4 matrices. Furthermore, similar peaks like
1748, 1353, 876, 761 and 605 cm™ imply the composite’s
respective peaks of Co;O, molecules.

XPS studies: The XPS spectrum of Ni-doped Co30; is
shown in Fig. 4a. Individual elements such as Co, O, and Ni
are present alongside their chemical states. The Ols peak is
seen in two spectral lines at 529.9 eV and 531.5 eV (Fig. 4b);
which are identified as lattice O and chemisorbed O, respec-
tively. Fig. 4c shows the Co2p spectrum that has peaks at 780.1
eV, 796.3 eV and 787.1 eV, 803.1 eV. The Co** ions in CoO
species are typically found with the observed satellite lines
linked to Co2ps, and Co2p.,. The Ni2p core level spectrum in
Fig. 4d has at 854.1 eV and 871.3 eV. In contrast, Ni 2p,,, has
a binding energy of 871.3 eV, while the Ni2ps, has binding
energy of 854.1 eV.

Optical studies: The UV-vis spectra of the prepared films
(200 and 2000 nm) are shown in Fig. 5a-b. It is observed that
two absorption edges are seen in the visible region due to the
charge transfer of (0> —Co?") and (O —Co*") in Co0;0,. The
Tauc plots of the prepared thin films at different Ni concen-
trations is shown in Fig. 6. Two energy band gaps are present
in the film [27]; the higher band gap is found to be 1.47 eV due
to O*—Co®* charge transfer and the lower band 1.99 eV asso-
ciated with the O*—Co*" charge transfer [28-30]. The degene-
racy of the valence band causes the existence of the two-band
gap [31]. By comparing the band gap values, Ni-doped Co30,
is found to be lower at 1.36 eV and 1.76 eV (for 0.050 Ni concen-
tration) which are shifted to pure Co3;Os. Due to the distortion
occurred by the addition of nickel to Cos;Oj structure, the band
gap energy get decreased. As a result, within band gap, impurity
levels known as acceptor levels, will arise. Nickel contributes

TABLE-2
THICKNESS, CRYSTALLITE SIZE, MICRO STRAIN, DISLOCATION
DENSITY AND STRESS OF Ni DOPED Co;0, THIN FILMS

Debye-Scherrer

Dislocation density

Ni concentration (x)  Thickness (R,) (um) Crystallite size (D) (nm) ~ Microstrain (€) x 10° 8 (x 10" lines/m’) Stress  (MPa)
0.000 9.62 22.5 1.62 1.99 2.19
0.025 6.00 22.5 1.62 1.97 4.96
0.050 6.92 46.1 0.81 0.47 3.49
0.075 5.68 38.0 0.97 0.69 3.58
0.100 4.77 22.5 1.62 1.97 4.29
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Scanning electron microscope (SEM) images and elemental analysis spectra of pure and Ni doped Co30; thin films
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Fig. 3. Fourier transform infrared spectra of pure and Ni doped Cos0O; thin
films

to the generation of holes (p-type), which would boost the
conductivity by acting as charge carriers.
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Cyclic voltammetric studies: Fig. 7a shows the cyclic
voltammograms (CV) for thin films of Co;04 and Ni-doped
Co;0,4 with potential linear sweeps between -0.1 V and +1.0V
at 100 mV/s scan speeds. Two distinct redox peaks were seen
at the first anodic potential (0.02 V) and the first cathodic
potential (-0.59 V) (dark grey) (Fig. 7a) [32]. Another set of
peaks, the second anodic potential (0.38 V) and the second
cathodic potential (0.45 V) were observed due to the conversion
between Co;0, and CoOOH [33,34]. Similarly, the CV area of
voltammograms has increased, indicating that Ni has interacted
with Cos;04 and directly delivered a higher degree of stored
charge and enhanced electrochemical behaviour compared to
Co30, film. The doped films had much higher current densities
than pure Cos;O, owing to H" ion intercalation/de-intercalation
into Ni-Co3;04 molecules that occurred quickly. This implies
that a modest amount of Ni doping in Co3;O,4 matrix provides a
simple method for ions diffusion and charge transfer.
Moreover, the anodic peak current and cathodic peak current
shifted towards positive and negative potential side respec-
tively, as the scan rates increased. A linear increase in CV area
and shifting of peak delivers the process is based purely on
diffusion-controlled reaction [35], with a significant H* ion
intercalation and de-intercalation process than Cos;Oy film.
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Fig. 4. (a) XPS spectra of pure and Ni doped Co30, thin films and (b-d) correspond high resolution spectra
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Fig. 6. Tauc plot of Co;04 and Ni doped Co;0; thin films

VSM studies: Fig. 8 shows the vibrating sample magneto-
meter curve for the prepared films under the magnetic field of
—1.5Tto+1.5T. Pure Co;0. indicates ferromagnetic behaviour
and the magnitude of magnetization linearly increases with
increasing the applied magnetic field and observed to be 0.004
emu/g. While Ni doping at the Co site diminishes the ferromag-
netic nature and leads to super paramagnetic (SPM) behaviour
attributed to the double exchange interaction between the nickel
ion and structural defects [36,37].

Conclusion

The XRD structural analysis showed that the spinel cubic
structure in Co;0, became distorted when nickel was added

as a dopant at any point. SEM results revealed that the prepared
films have enough porosity structure, which is necessary for
the electrochemical applications. The purity of each synthetic
film examined by EDAX can be deduced from the elemental
data of the film. The successful bandgap reduction was obtained
by doping nickel into Co;0, at a concentration of 0.050, as
validated by measurements of the UV-visible spectra.
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