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Abstract

Background: Cobalt oxide (CoO) thin films have attracted considerable interest for sensing and optoelectronic applications owing to their
favorable optical and electrical properties. This study investigates the effect of nickel (Ni) doping on the structural, morphological, optical,
wettability, and electrical properties of CoO thin films. Methods: Pure and Ni-doped CoO thin films (1, 2, and 3 wt% Ni) were prepared
by spray pyrolysis and deposited onto glass substrates at 440 °C, resulting in thin films with an average thickness of approximately 200
nm. The films were characterized using X-ray diffraction, morphological analysis, optical measurements, water contact angle analysis,
and electrical conductivity measurements. Results: X-ray diffraction and morphological analyses revealed irregular structures for both
pure and Ni-doped films, with grain size increasing as the Ni content increased. Water contact angle measurements indicated hydrophilic
behavior for all films. The optical transmittance reached approximately 85%, while the direct optical band gap varied from 1.98 to 1.90 eV.
The extinction coefficient ranged from 0.1 to 3.8 within the wavelength range of 300—1000 nm. Furthermore, the electrical conductivity
was strongly influenced by Ni doping. The pure CoO thin films exhibited the highest conductivity, while the Ni-doped films showed
lower conductivity values depending on the Ni concentration. Conclusions: Ni doping significantly influences the structural, optical,
and electrical properties of CoO thin films. The enhanced conductivity, high transparency, and tunable optical band gap demonstrate the
potential of Ni-doped CoO thin films for low-cost sensing and practical optoelectronic applications.
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1. Introduction ide compounds with modifiable physicochemical charac-
teristics has emerged as a field of study, where transition
metal doping enhances characteristics such as optical ab-
sorption and electrical behavior [10]. In particular, dop-
ing cobalt oxide (CoO) with nickel has demonstrated no-
table alterations in the material’s behavior. In addition to
the above, nickel-doped Co304 has been used in previous
research and has given effective results in electrochemical
performance [11]. Accordingly, we studied the effect of
nickel on cobalt oxide. In this work, we investigated the
structural, morphological, wettability, optical, and electri-
cal properties of undoped and nickel-doped CoO thin films
prepared by spray pyrolysis. The results showed that nickel
doping significantly affects all these properties. Most pre-
vious studies used nickel concentrations above 3% and did
not investigate the changes under lower doping levels. We
emphasize that these lower concentrations have not been
studied systematically enough, despite their significant im-
pact on some physical properties. We also refer to some
studies that used nickel [12,13].

Metal oxides, including copper, zinc, cobalt, and
nickel, are potential candidates for a number of signifi-
cant technical applications, such as solar energy conver-
sion, electronics, magnetic media storage, and catalysis [1].
These oxides have recently formed the basis for the devel-
opment of nanomaterials for a range of uses. Cobalt oxide
nanomaterials are one of these nanomaterials with a vari-
ety of shapes and benefits, including low cost, high stabil-
ity, broadband, and biological compatibility [2]. This ma-
terial has also been investigated in areas like electrochem-
ical sensors and supercapacitors because of its high selec-
tivity and repeatability [3,4,5]. It is well recognized that
the sizes and shapes of the particles play a major role in
the behavior of nanophase materials, making them essen-
tial components of their functionality and ultimate applica-
tions [6]. The regulated size of nanoparticles can provide
a variety of electrical, optical, magnetic, and mechanical
characteristics in nano-structured semiconductors. Among
other uses, porous materials are used as gas sensors and
catalysts [7,8]. Nickel and other transition metal oxides
with a range of oxidation states are excellent prospects for

2. Materials and Methods

the next generation’s high capacitance. Nickel-based ox-
ides exhibit high specific capacity and promising electro-
chemical performance, making them attractive materials for
energy-storage applications [9]. The creation of cobalt ox-

The temperature at which cobalt oxide thin films were
formed was 440 °C in Borj Cedria, Tunisia. CoO acetate
dihydrate (Co (CH3COO0),*2H,0, Merck, Darmstadt, Ger-
many) was used to make the precursor solutions, along with
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nickel (Ni). First, a 0.1 M solution of cobalt acetate was
made by dissolving it in a mixture of deionized water and
isopropyl alcohol in a ratio of % to Y4. Acetic acid was added
to bring the pH down to 4.7. Ni doping concentrations of
1, 2, and 3 wt.% were achieved by adjusting the precur-
sor composition in the spray solution. After 30 minutes of
stirring at room temperature to make sure the resultant so-
lution was clear and uniform, it was sprayed onto a glass
substrate at 440 °C. The obtained CoO and Ni-doped CoO
thin films had an average thickness of approximately 200
nm.This temperature was chosen in light of earlier spray py-
rolysis deposition techniques that proved effective in terms
of the quality of thin film preparation. The crystalline prop-
erties of both concentrations (Ni) doped with CoO thin films
were investigated using an X-ray diffractometer (Phillips
(PW3719) X’pert materials research, Philips, Eindhoven,
Netherlands) with Cu Ka radiation, scanning from 20 an-
gles of 10° to 80° at the University of Mosul, Mosul,
Iraq. The absorption characteristics of the prepared sam-
ples were measured using a Perkin Elmer LAMBDA 1000
UV/Vis/NIR spectrometer (ultraviolet/visible/near-infrared
spectroscopy) (PerkinElmer Inc., Waltham, MA, USA) in
Baghdad, Iraq. Importantly, all samples were subjected to
the same deposition conditions. Then give it enough time
to cool the thin films to room temperature. In addition,
the samples were subjected to thermal treatment, and the
electrical alternating current (AC) conductivity was investi-
gated over the temperature range of 0-225 °C. The samples’
wettability was also determined by the water contact angle.
Data analysis was performed using OriginPro 2024 soft-
ware (OriginLab Corporation, Northampton, MA, USA).

3. Results
3.1 XRD Mechanism

Fig. | shows the X-ray diffraction (XRD) pattern of
pure cobalt oxide thin films doped with nickel at ratios of
1% Ni, 2% Ni, and 3% Ni. The absorption spectrum shows
a set of peaks at angles (20 = 36.5, 42.4, and 61.5°), which
are due to cobalt oxide nanoparticles and are consistent with
the standard angles for cobalt oxide. It is also worth men-
tioning that the X-ray spectrum showed the random struc-
ture of all the prepared films. As for the rest of the spectra
for the nickel doping cases, they included the appearance of
two phases that belong to pure cobalt oxide CoO and nickel
oxide NiO at angles (20 = 37.52, 43.16, 62.96, 75.92, and
79.68°). The diffraction angles of cobalt oxide and nickel
oxide are very close or may coincide in some cases due to
the blue shift or red shift (because of the small difference in
lattice parameters (4.261 A vs 4.177 A), very slight shifts
will appear in the diffraction angles (less than 0.2° at 20)).
It is also worth noting that the X-ray spectrum showed the
random structure of all the prepared films, Fig. 1 [14].

The scientific explanation for the unusual peak,
clearly visible in Fig. 1, could be the formation of a sec-
ondary phase containing nickel. This would result in a
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Fig. 1. XRD spectrum of CoO/Ni was deposited at a 440 °C
substrate temperature. XRD, X-ray diffraction; CoO, cobalt ox-
ide.

mixed phase such as Co—Ni—O, occurring when Ni is not
fully incorporated into the CoO lattice. Alternatively, it
could be due to lattice substitution, where the incorpora-
tion of Ni** into Co*" leads to weak additional reflections
or peak shifts.

The grain size of all pure doped cobalt oxides was also
calculated, and we found that the grain size of pure cobalt
was about 57.23 nm. We also found that the dimensions
of the nanoparticles increased with the increase in the per-
centage of nickel, as it was about 47.51 nm for the sam-
ples doped with a percentage of 1% Ni, and then the grain
dimensions increased to 55.43 nm for the samples doped
with a percentage of 3% Ni, as Table 1. These results were
consistent with the results of the field emission scanning
electron microscopy (FE-SEM) analysis (Fig. 2).

Table 1. XRD results for pure CoO/Ni NPs average grain size

(nm).
Materials Average grain size (nm)
CoO 57.23
CoO + 1% Ni 47.51
CoO + 2% Ni 52.28
CoO + 3% Ni 55.43

NPs, nanoparticles.

The lattice parameter a can be calculated using
Bragg’s Law [15].

2d sin(0) = n\ (1)

where n is the order of the reflection (n = 1), A is the wave-
length of the X-rays used (1.5406 A), d is the spacing be-
tween crystal planes, and 0 is the Bragg angle.
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Fig. 2. G.S. as a function of Ni doping ratios for (CoO) films.

G.S, grain size.

From the calculation and equation of the cubic system
shown below.

a

= mear @

By substituting Eqn. 2 into Eqn. 1, we obtain the val-
ues of the lattice parameter, as shown in Table 2.

Table 2. Estimation of lattice parameter.

Samples Lattice parameter (A)

NiO 4.14856
CoO 4.26035

And through the Fig. 3 shows the crystal structure of
CoO with the presence of nickel (Ni).

Energy dispersive X-ray spectroscopy (EDX) pro-
vides an overview of the sample’s composition, including
the basic components of the thin film, as well as some ele-
ments that appear as a side effect of the chemical reactions
involved in preparing the nanoparticles or are added to the
sample for the purpose of testing, such as gold [16], which
increases the sample’s conductivity. Fig. 4 shows the EDX
spectrum of the undoped sample, where we notice the pres-
ence of only the cobalt element, while the nickel element
appears in variable proportions, as we notice an increase
in the mass of nickel with an increase in the percentage of
nickel doping [17], as shown in Table 3.

3.2 Morphological Mechanism

CoO thin films was imaged by a field emission scan-
ning electron microscope before and after nickel doping
(Fig. 5). The grain size of pure and nickel-doped cobalt
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Fig. 3. Crystal structure of CoO/Ni. Ni, nickel.

Table 3. Showing the mass percentage of nickel and cobalt in
all samples.

Concentration Cobalt Ni

Pure 14.71 0

1% 10.70  0.19
2% 7.87 0.31
3% 13.81 0.33

oxide was calculated. The grain size of pure cobalt oxide
was 32.99 nm, while the grain size increased proportion-
ally with increasing nickel doping percentage, from 30.04
nm for 1% doped films to 32.23 nm for 3% doped films
(Table 4). In terms of variation in grain size, these results
were in good agreement with the XRD spectroscopy (Fig.
6). The CoO-Ni FE-SEM images also revealed the random
nature of the prepared films [18,19,20].

Table 4. G.S values of CoO thin films prepared by changing
the Ni doping ratios.

Materials Average grain size (nm)
CoO 32.99
CoO + 1% Ni 30.04
CoO + 2% Ni 34.34
CoO + 3% Ni 32.23

3.3 Hydrophilic Phenomenon

The wettability properties of pure and doped cobalt
oxide films were studied. As shown in Fig. 7a, the con-
tact angle for all samples was less than 90°, making them
hydrophilic. The contact angle depends on the smoothness
and roughness of the surface [21,22]. As shown in Fig. 7b,
the water contact angles of the thin films prepared on a glass
substrate were determined using the fixed droplet method.
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Fig. 4. EDX images of CoO/Ni thin films deposited at 440 °C. EDX, energy dispersive X-ray spectroscopy.

As observed, the pure cobalt oxide thin film exhibited a con-
tact angle of approximately 55.35°. In contrast, the contact
angle for the cobalt oxide + 1% nickel samples increased
to 59.07°. For the 2% nickel sample, the contact angle was
59.1°. The higher cobalt oxide + 3% Ni films showed an
even greater advantage, reaching 59.5°. Thus, the wetting
angle can be changed from hydrophilic to hydrophobic by
using two substances: ethanol and oleic acid.

3.4 Optical Properties

3.4.1 Fourier Transform Infrared Spectroscopy (FTIR)
Mechanism

FTIR measurements were performed on undoped and
nickel-doped cobalt oxide thin films prepared at 440 °C
with other deposition conditions held constant within a
measurement range of 400-4000 cm™!. The peaks at 2833.5
and 2889.5 cm™! in Fig. 8 are organic peaks of organic
residues bound to [CH or OH], while the value at 903 cm™!
represents the metal oxide peak, specifically cobalt oxide,
and may also be for oxides of impure elements. The appear-
ance of the peak at 1134 cm™! indicates an element-oxygen
bond, and in the case of doping, it indicates an element-
oxygen bond, i.e., the substitution of nickel by cobalt, or
the interference of nickel with cobalt in the crystal lattice,
forming an element-oxygen-element bond. An increase in
the position of this peak indicates better doping. The align-

ment of the peaks in the region from 500 to 1000 indicates
the success of the doping and their alignment in the crys-
tal lattice. This is evident from the shift in the peak at 500,
which confirms the peak at 1134 cm™' [23,24].

3.4.2 (R, T) Spectra

Studying the optical properties of thin films is ex-
tremely important, as it provides insight into their transmit-
tance and reflectivity properties. For nickel-doped cobalt
oxide thin films, we recorded the transmittance (T) and
reflectance (R) spectra using a spectrophotometer in the
wavelength range of 300 nm to 2000 nm. Fig. 9a,b dis-
plays the optical transmission T (A) and reflection R (L)
spectra for thin films, respectively. It is evident that all
transmittance and reflectance spectra lack the interference
fringe patterns. In the visible region (400-700 nm), the
transmittance varies approximately between 20% and 40%,
depending on the Ni content. The transmittance gradu-
ally increases at longer wavelengths, reaching higher val-
ues in the near-infrared region. The reflectivity does not
decrease monotonically with increasing Ni content, indicat-
ing a complex dependence on Ni doping level and thin film
[23].
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Fig. 5. Shows the FE-SEM images and the distribution of G.S. from CoO/Ni NPs, respectively. Scale bar = 200 nm. FE-SEM, field

emission scanning electron microscopy.
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Fig. 6. Grain size as a function of nickel doping ratio for CoO
thin films.

3.4.3 Energy Gap

Many factors, including the type of film material pre-
pared and the method of deposition, affect the energy gap.
It is also significantly affected by the doping and annealing
processes. In addition, the preparation conditions, the na-
ture of the structural composition of the prepared films, and
their crystalline regularity affect the energy gap. In general,
cobalt oxides exhibit several optical band gaps, which de-
pend on their composition and morphology. Regarding the
films studied in this work, the direct energy gap values (Eg)
were calculated for pure cobalt oxide films and those doped
with nickel at different concentrations. For the optical ab-
sorption of CoO/N!i thin films, the conventional relationship
in Eqn. 3 was used to analyze the optical absorption data:
The direct energy gap is related to the photon energy. The
straight line of the curve intersecting the photon energy axis
represents the forbidden energy gap value for the allowed
direct transition, as shown in Fig. 10. The direct optical
band gap values varied between 1.90 and 1.98 eV depend-
ing on the Ni concentration. The optical band gap showed a
non-monotonic variation with Ni concentration. From this
graph, direct optical band gaps of 1.98 ¢V, 1.90 eV, 1.98 eV,
and 1.93 eV were extracted for the cathodes of CoO, 1% Ni,
2% Ni, and 3% Ni, respectively. The extracted band gaps
are in good agreement with the reported optical band gap
of approximately 2.17 eV for Co304 [25,26,27,28,29]. Our
XRD analysis supports this result.

ahv = Ahv — Eg” 3)

where a is the absorption coefficient a = 1/d In 1/T, Av is the
photon energy, £, the band gap energy and 4 the edge pa-
rameter. The value of x is 2 for indirect allowed transitions
and ' for direct allowed transitions. After doping, direct-

gap semiconductor films often exhibit a decrease in the op-
tical band gap energy. In addition, it is known that with
increasing doping, the amorphous phase decreases due to
more energy being available for crystal formation, which
improves the crystallinity of CoO films. Therefore, the
band gap reduction of doped CoO films is believed to be
due to the increase in crystal size and the decrease in the
amorphous phase. The effect of doping on the optical prop-
erties of CoO/Ni films is demonstrated by the change in the
optical band gap energy [30,31].

3.4.4 UV—Vis Absorption

Absorbance measurements were carried out within the
wavelength range of (350 to 1000) nanometers for all un-
doped and nickel-doped cobalt oxide films with different
doping ratios (1%, 2%, 3%). Fig. 11 shows the change
in the absorbance spectrum as a function of wavelength, as
the absorbance of all films is greatest at short wavelengths.
We note that they fall within the visible region and then de-
crease in a wave-like manner with increasing wavelength.
This means physically that the incident photon could not ex-
cite the electron and transfer it from the valence band to the
conduction band because the energy of the incident photon
is less than the energy gap value of the semiconductor, and
the absorbance does not show a monotonic decrease with
increasing Ni content. The 1% and 2% Ni-doped films ex-
hibit higher absorbance than the undoped CoO film over
most of the investigated wavelength range, whereas the 3%
Ni-doped film shows relatively lower absorbance values. It
is also noted that the absorbance decreases as the percent-
age of Ni doping with CoO increases compared to undoped
films [32].

3.4.5 The Extinction Coefficient

The extinction coefficient represents the amount of at-
tenuation in the intensity of electromagnetic radiation re-
sulting from the interaction of electromagnetic radiation
and the particles of the film material, i.e., in other terms, it
represents the amount of energy absorbed in the thin film.
This parameter, noted as “K” can be calculated using the
following relationship (Eqn. 4) :

a\

K= 4)
where A represent wavelength measured in (cm), o absorp-
tion coefficient measured (cm™).

Fig. 12 shows the change in the extinction coefficient
as a function of the wavelength of incident photons for pure
and Ni-doped cobalt oxide films. The extinction coefficient
values ranged from approximately 0.1 to 3.8 over the inves-
tigated wavelength range. From the curve, we observe that
the extinction coefficient fluctuates with increasing wave-
length in the range (300—1000 nm). The extinction coeffi-
cient values are high at short wavelengths due to the loss of

&% IMR Press


https://www.imrpress.com

59.5

Contact angle average (°)

T
Co0 1% Ni 2% Ni 3% Ni
Concentration (%)

Fig. 7. Hydrophilicity and wettability behavior of CoO thin films as a function of Ni doping concentration. (a) Water contact angle
images. (b) Variation of the water contact angle (WCA) with Ni concentration (%).

3
° — —
0
g
= 0 3 «
= o0 <
@ & e 0 o
c N A 0 <
© 3
oy N~
= - o]
CoO nano particles S
CoO +1% Ni
CoO +2% Ni

T T 1 T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 8. FTIR spectra of Ni-doped CoO thin films. FTIR, fourier

transform infrared spectroscopy.

incident wave energy due to the initial absorption process.
The low (K) values at long wavelengths can be attributed to
the increased transmittance in that region. The average ex-
tinction coefficient values were determined at wavelengths
of 550 and 750 nm. The extinction coefficient does not
increase monotonically with increasing Ni concentration.
The 2% Ni-doped film exhibits the highest extinction co-
efficient values over most of the investigated wavelength
range, while the 1% and 3% Ni-doped films show inter-
mediate values compared with the undoped CoO film. We
also observe that the extinction coefficient values fluctuate
in all samples. This indicates that the surface of the sam-

&% IMR Press

ples is heterogeneous and suffers from a large absorption
of photon energy, which is in complete agreement with the
results of X-ray diffraction [14].

3.5 Electrical AC Conductivity Properties

Fig. 13 below shows the changes in electrical AC con-
ductivity values according to different temperature changes
for both pure and nickel-doped cobalt oxide. Using math-
ematical Eqn. 5, the electrical AC conductivity was calcu-
lated using the formula:

6= -
p )

where represents AC conductivity, which is the thin film’s
resistance at a specific temperature. The graph shows that
the AC electrical conductivity increases with increasing
temperature for all samples. However, the conductivity
does not increase monotonically with Ni doping, and the
pure CoO thin film exhibits higher conductivity than the
Ni-doped films. Since the presence of intrinsic and extrin-
sic conductors in doped samples increases their excitabil-
ity with temperature, the AC electrical conductivity of the
doped materials increases with increasing temperature. The
highest AC electrical conductivity was recorded for the pure
CoO sample, reaching approximately 6 x 10~6 S/m at 225
°C [33].

4. Discussion

Nickel incorporation into CoO thin films played an
important role in modifying the physical properties of the
prepared samples. The observed structural changes after


https://www.imrpress.com

60

--- CoO nano particles|
E| --- CoO +1% Ni
EL - CoO +2% Ni
40
g
” 30
20
10
0 T T T T L]
400 800 1200 1600 2000

Wavelength (nm)

80
60
§ 40
'_
20 --- CoO nano particles
--- CoO + 1% Ni
--- CoO + 2% Ni
0

T T T T T T
1000 1200 1400 1600 1800 2000
Wavelength (nm)

T T T
400 600 800

Fig. 9. Optical reflectance and transmittance behavior of pure and Ni-doped CoO thin films over the investigated wavelength

range. (a) reflectance (R%) and (b) transmittance (T%).

[l

--- CoO nano particles
--- CoO +1% Ni
--- CoO +2% Ni

(ohv)? (cm™.eV)?

1 2 3
Energy (eV)

22
2.1 El
2.0 4
Q Q
<
2194 o
()]
W
Con (%) Eg (eV)
1.8 4 CoO 1.98
% NG 79
2% NI 798
1.7 %N 793
1.6 T T T T
Co0 1%Ni 2%Ni 3%Ni

Concentration (%)

Fig. 10. Optical band gap determination and its dependence on Ni concentration in CoO thin films. (a) Tauc plots of (ahv)?

versus photon energy (hv) for pure and Ni-doped CoO samples. (b) Variation of the optical band gap energy (Eg) as a function of Ni

concentration (%).

doping suggest that Ni?>* ions were successfully incorpo-
rated into the CoO lattice, leading to modifications in crys-
tallinity and grain growth behavior. These changes are
consistent with previous reports on transition-metal-doped
cobalt oxide systems. The reduction in the optical band gap
after nickel doping may be associated with the formation of
localized energy states and improved crystallinity, which
facilitate electronic transitions within the material. In addi-
tion, the enhanced optical response and extinction behavior
indicate stronger interaction between incident photons and
the doped film structure. The gradual increase in contact an-
gle values after doping can be attributed to changes in sur-
face morphology and roughness, which directly influence
the wettability behavior of thin films. Although the films
remained hydrophilic, nickel doping slightly altered the sur-

face interaction with water droplets. The AC electrical con-
ductivity results indicate that Ni doping does not lead to a
monotonic increase in conductivity. The pure CoO film ex-
hibits the highest conductivity, whereas the Ni-doped films
show comparatively lower values. This behavior may be
related to changes in charge transport pathways, defect dis-
tribution, and carrier scattering introduced by Ni incorpora-
tion into the CoO lattice. explained by the increased charge
carrier concentration and enhanced electron hopping mech-
anisms inside the CoO matrix. These findings indicate that
low-level nickel doping can effectively improve the electri-
cal and optical performance of CoO thin films, which may
support their potential use in optoelectronic and sensor ap-
plications.
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Limitations

This study was limited to low nickel doping concen-
trations (1-3 wt%) and a single deposition temperature of
440 °C. In addition, long-term stability, magnetic behavior,
and advanced electrochemical performance measurements
were not investigated. Future studies may focus on wider
doping ranges, different preparation conditions, and addi-
tional functional characterizations to further optimize the
material properties.

5. Conclusions

The structural, morphological, wettability, optical,
and electrical properties of undoped and nickel-doped CoO
thin films, prepared by spray pyrolysis on glass substrates
at 440 °C, were studied. Nickel doping played a significant
role in improving the properties. XRD revealed a random
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Fig. 13. Electrical AC conductivity of CoO/Ni NPs as a func-

tion of different temperatures.

structure for both pure and doped cobalt oxide films. The
average crystallite sizes of the CoO thin films were found
to be between 57.23 and 47.51 nm. FE-SEM revealed the
random nature of the pure and doped films. Furthermore,
increasing the nickel doping concentration results in finer
microstructures and improves the surface density and flat-
ness of the CoO thin films. Regarding the wettability prop-
erty, it was found that the water contact angle with the film
was at the highest concentration of 59.5, which indicates
that the film is hydrophilic and provides an idea for fu-
ture researchers to improve this property by changing the
doping element. The optical transmittance was found to
be very high, reaching 20% and 40% in the visible region
of the spectrum. The band gap energy of the (CoO) films
decreased from 1.98 to 1.90 with doped nickel content in
the structure, and the absorbance was very high. As for the
electrical property, which included electrical conductivity,
nickel showed a preference at a concentration of 3% Ni,
which explores the role of nickel doping in improving the
quality and optical-electrical properties of the films.
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