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Abstract: A Co-doped ZnO layer was prepared by electrodeposition method on indium doped tin oxide
(ITO) substrate using a cathodic reduction from nitrate medium with different doping percentages of
cobalt. The bath temperature was controlled at 70 °C. The films were cathodically electrodeposited in
a bath containing 5 mM Zn(NOs).. 6H,0, while the source of Co is Co(NO3)2.6H,0O where 0.1M KNO3
was used as supporting electrolyte. The nucleation and growth mechanism of Co-doped ZnO nuclei
have been studied by cyclic voltammetry and chronoamperometry. The cyclic voltammetry shows that
the electrodeposition of ZnO and Co-doped ZnO at a negative potential around -1.0 V versus saturated
calomel electrode (SCE) is a quasi-reversible reaction controlled by the diffusion process. Comparing
current transients curves obtained by the chronoamperometric method with the theoretical curves of
current density j versus t %2 allows us to say that the nucleation is 3D instantaneous, as shown in SEM
analysis. The presence of Co does not modify the nucleation and growth mechanism. The XRD patterns
show that the substitution of zinc by cobalt does not change the wirtzite crystal structure, but the
crystallite size decreases with the cobalt percentage. The transmittance spectra indicate that the Co-
doped ZnO films are transparent in the visible range. The optical gap increases with the doping
percentage of cobalt.
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1. Introduction

The development in optoelectronics and spintronics has oriented scientific research
towards elaborating dilute magnetic semiconductor materials [1]. In recent years much work
has been in accordance with transparent and conductive oxides (TCO) such as ZnO because of
their interesting physical properties, which combine electrical conductivity and optical
transparency in the visible spectral range [2]. The substitution of Zn?* ions in the ZnO crystal
lattice by Co?* ions, a magnetic element, could improve ZnO's optical and magnetic properties
[3-5]. Some studies have shown that the Co-doped ZnO semiconductor is ferromagnetic at
room temperature [6-8], and the nucleation and growth mechanism could also influence its
properties. The electrodeposition technique of thin films is considered one of the promising
ways due to the ability to control the thickness by the transferred charge control, a large area
deposition, a simple process, good adhesion, and a low-cost fabrication process [1]. In this
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work, we studied the mechanism of nucleation and growth of the oxides ZnO and Co-doped
ZnO, the structural and optical properties of the thin films of these semiconductors. UV-visible
optical spectroscopy, scanning electron microscopy (SEM), and X-ray diffraction (XRD) were
used to study electrodeposited layers' optical properties, surface morphologies, and crystal
structure.

2. Materials and Methods

2.1. Electrodeposition.

The ZnO films were electrodeposited from an agueous solution containing 0.005M
Zn(NOs)2. 6H20, 0.1M KNOs prepared in distilled water. The same electrolytic solution to
which Co(NOs).. 6H20 has been added, for percentages of Co from 2% to 10%, is used to
study the co-deposition mechanism of Co-doped ZnO and the effect of cobalt on the properties
of ZnO. The deposition process was performed at 70 °C in a three-electrode cell with ITO (tin
(Sn) doped indium oxide (In20s)) substrate with a surface area of 1cm? used as a working
electrode, a disc-shaped Glassy carbon electrode (1.5 cm in diameter) used as a counter
electrode and saturated calomel electrode (SCE) as a reference electrode (all potentials were
given versus SCE). Before electrodeposition, the ITO substrate with an exposed area of 1 cm
x 1 cm was first cleaned in acetone and ethanol in an ultrasonic bath for 15 min. Lastly, well
rinsed with distilled water. The electrochemical depositions were performed using a VersaStat3
potentiostat/galvanostat assisted by a computer using the versa studio software. The
electrodeposition mechanisms were studied by cyclic voltammetry (CV) and
Chronoamperometry (CA).

2.2. Characterization.

The structure of deposited films was determined by analyzing the X-ray diffraction
spectra obtained using the Bruker D8 Advance diffractometer, equipped with a graphite
monochromator, a Lynx-Eye detector, and a parallel beam optics using Cu radiation Ka (A =
1.54184 A). In addition, the optical properties of the electrodeposited layers were investigated
using a Rayleigh UV-1800 UV/VIS spectrophotometer with a wide wavelength range, and the
morphology was carried out by a Philips XL 30FEG scanning electronic microscope (SEM).

3. Results and Discussion

3.1. Cyclic voltammetry

The electrochemical nucleation and growth processes involved in the initial stages of
ZnO and Co-doped ZnO electrodeposition on ITO substrate were investigated by cyclic
voltammetry and potentiostatic transient measurements. Firstly, cyclic voltammetry is used to
define the potential region for deposition and dissolution of ZnO and ZnO-Co on ITO substrate
as well as the reversibility of the system. The cyclic voltammograms in Figure 1, recorded
between 0 and -1.4 Vvs SCE for a scan rate of 50 mVs™ show the electrochemical behavior
during ZnO and ZnO-Co electrodeposition on ITO substrate in the nitrate solution at 70°C.
With these curves is associated a recorded voltammogram for the supporting electrolyte
(KNO3) alone constituting the blank.
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Figure 1. Voltammograms were obtained during the electrodeposition of: (a) KNOs blank solution; (b) Cobalt;

(c) ZnO alone; (d) ZnO-Co at 70 °C.

We note first that the blank voltammogram (curve a) shows the absence of side
reactions on the surface of the ITO substrate in nitrate medium, only a peak of reduction of
nitrate ions followed by the reduction of hydrogen ions. The curve (c) of ZnO, not doped,
shows two peaks of reduction around -0.85 V and -1.15 V/SCE. The first peak corresponds to
the reduction of Zn?* in metal Zn according to equation 1. The second peak could be attributed
to the reduction of nitrate ions according to equation 2. On the return scan, the absence of a Zn
oxidation peak can be explained by the formation of ZnO during the reduction of the nitrate
ion [9]. Some authors have assumed the production of a direct reaction between metallic zinc
and nitrate ions [10]. We can say that the deposition of ZnO occurs according to two parallel
mechanisms, the Zn?* ions are reduced in the first reduction zone and lead to a deposit of
metallic Zn (Eg. 1) which can react chemically with the nitrate ions to give the oxide ZnO (Eq.
6) [11] in the second reduction zone. The reduction of the negative ion NOs- into the NO2- ion
near the cathode is catalyzed by metallic Zn (Eq. 3). During this reduction, the OH" ions are
formed, which locally increases the pH value and leads to the formation of zinc hydroxide
Zn(OH)2, which then dehydrates to ZnO. The possible reactions, according to this mechanism,
for the formation of the ZnO film are as follows:

Zn?** +2e—Zn (1)
NO; + H,0 + 2e~ — NO; + 20H- (2)
Zn + NO3 + H,0 — NOj + 20H™ + Zn?* (3)
Zn?* + 20H™ - Zn(OH), (4)
Zn(OH), — ZnO + H,0 (5)

The overall mechanism of the reaction between metallic Zn and nitrate ions can be
summarized by the following reaction:

Zn+ NO3 — NO; + ZnO (6)

For more cathodic potentials close to -1.3 V/ SCE the reduction potential of nitrate ions
is reached. Therefore, the mechanism involved in this region corresponds to that widely
accepted in the literature involving the reduction of nitrate ions leading to the precipitation of
ZnO and could take place in parallel with the reaction (6) [12, 13]. In the curve (b) recorded

https://biointerfaceresearch.com/ 6778


https://doi.org/10.33263/BRIAC125.67766787
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC125.67766787

for a solution of Co?* alone, a cathodic peak close to that of Zn is also identified. This peak is
associated with the deposition of cobalt on ITO substrate, and its location thereof shows the
possibility of Co-ZnO codeposition. Then, the curve (d) of the mixture shows clearly that the
presence of cobalt influences the potential of ZnO and Co deposition and another drop in
current density is observed after the ZnO reduction peak.

Their deposition potentials are approximated to about 200 mV by the shift of the Co
deposition peak to the left, which may indicate the formation of a Co-ZnO deposition [14]. The
presence of the crossover between the scanning of the potentials towards the cathodic potentials
and return towards the anodic potentials give rise to what has been called the "nucleation loop"
which indicated the formation of ZnO and Co-doped ZnO nucleation on ITO substrate [15]. To
deepen this study, different percentages of Co?* ions were used, as shown in Figure 2, grouping
the voltammograms with and without the addition of cobalt.

j/ mA em™

T " T v T v T T T T T " T T T
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
E vs SCE/V

Figure 2. Cyclic voltammograms of different doping Cobalt percentages (0, 2, 5, and 8%) with a scan rate of 50
mVs?at 70 °C, obtained during the electrodeposition of ZnO-Co on ITO substrate.

Figure 2 shows the series of cyclic voltammograms for ZnO-Co electrodeposition on
ITO substrate at different doping percentages. During the cathodic scan, the voltammograms
show the increase of the intensity of the C;and C; peaks and its displacement towards the less
cathodic potentials with the increase of Co?* concentration. It is then concluded that other
reduction reactions are added to those produced for ZnO alone. For example, in the first peak,
the Zn?* reduction was accompanied Co?* reduction (Eq. 7).

Co?t + 2e~ - Co (7)

According to the same mechanism proposed above for Zn (Egs. 2, 3, and 4), under the
influence of nitrate ions, the formation of Co(OH). and Zn (OH)2 leads to the co-deposition of
Co-doped ZnO.

By a reaction similar to that of Zn (Eg. 3), the influence of nitrate and the increase in
the pH of the medium leads to the formation of Co(OH).. Then the co-precipitation of Zn(OH).
and Co(OH), form Zn;—CoxO following the chemical reaction (Eqg. 8) [16].

xCo(OH); + (1 —x)Zn(0H); - Zng_Co,0 + H,0 (8)

During the return sweep, the shape of the voltammograms compared to that of ZnO

alone is in good agreement with the co-electrodeposition of Co-ZnO [16].
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3.2. Chronoamperometry.

Chronoamperometry is an important electrochemical technique as it provides the
current transients, used by Scharifker and Hills, to describe the nucleation process:
instantaneous and progressive [17]. The first nucleation type corresponds to the low growth of
nuclei on the smaller number of active sites, and all activated simultaneously. The second one
corresponds to the fast growth of nuclei on many active sites, all activated during the first stage
of electrodeposition. Therefore, the mechanism of nucleation and growth can be determined by
analyzing transients current from chronoamperometry measurements [18]. The series of current
transient densities for ZnO and Co-ZnO electrodeposition on ITO substrate at different doping
percentages (0, 2, 5, and 8% Co) are shown in Figure 3.
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Figure 3. Transients current density for ZnO and ZnO-Co electrodeposition on ITO substrate at different doping
percentages, at potential -1 V/SCE and T=70 °C.

Figure 3 shows that the current density-time transients obtained have the typical shape
of a three-dimensional 3D germination mechanism for ZnO and Co-ZnO electrodeposition on
ITO substrate at different doping percentages [19]. We can clearly distinguish three distinct
zones (1, I, and 111) in these transients for all the percentages in Co.

In the first part (I), we observed that after an initial surge, the current decays abruptly
to reach a minimum intensity jmin around t = 5s. The value of this minimum current density
increases with the percentage of Co, which the nucleation can explain in the first reduction
steps of cations in the close vicinity of the electrode. Then, in a second step (I1), an increase in
current is attributed to the growth of germs and the increase in the number of nuclei formed.
As the cationic species diffuse towards the substrate, the current gradually increases and
reaches the maximum jmax. The current finally stabilizes around a current diffusion jdif in the
last part of the transients (I11), and the introduction of cobalt ions has the effect of increasing
the diffusion current, which is in agreement with the Co-ZnO codeposition. This behavior
shows that a diffusion process controls the Co-ZnO electrodeposition, and the weak oscillation
observed in the current diffusion jmax may indicate that the co-deposition mechanism of ZnO-
Co is multilayered [20]. These features are qualitatively consistent with the model of 3D islands
growth under diffusion-limited control.
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3.2.1. Exploitation of the last part (I11).

The curve giving the transient current density j as a function of ™2 for (0, 2, 5, and 8%
Co) has been plotted as shown in Figure 4. This curve represented a good linear relationship
between (j) and t*2 which is a typical tree-dimensional (3D) multiple nucleations with
diffusion-controlled growth according to Cottrell equation (Eq. 9).

D 1/2
j©=nrc|—|  ©

where nF is the molar charge transferred during electrodeposition (F = 96500 C.mol™), C is the
bulk concentration of the electroactive species (mol. L), D is the diffusion coefficient (cm?. s
1, and t is time (s).
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Figure 4. Transients current density (j) versus t/2 of the last part for different doping rates.

Table 1 shows the diffusion coefficient calculated using the Cottrell equation (Eg. 8)
for different doping percentages (0, 2, 5, and 8% Co) at potential E= -1.0 V/SCE. A slight
increase in the diffusion coefficient was observed as the concentration of Co increased. The D
average value is about 1.35x10° cm?/s’, as reported in the literature [21].

Table 1. Diffusion parameter D of ZnO and ZnO-Co electrodeposition on ITO substrate at different doping

rates.
Doping percentage of Co (%) D (x10% cm2sY)
0 1.11
2 1.23
5 1.49
8 1.58

3.2.2. Exploitation of the ascending part.

Scharifker and Hills have developed theoretical models describing the 3D nucleation
mechanism for instantaneous and progressive 3D nucleation/growth; the variation of the
current density in the second part on the current transients can be described by the following
Egs. 10 and 11 [22]:

3 1 1
For instantaneous 3D nucleation: j(t) = nFz(2DC)2 (M / p)2 Nyt2 (10)

3 1 3
For progressive 3D nucleation: j) = %npﬂ(ch)i (M7 p)2 NgAyt? (11)
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(b) where, j(t) is the current density (A. cm™), C is the concentration of the electroactive ions
(mol. cm), D is the diffusion coefficient (cm2.s), F is the faraday constant (96500 C. mol™),
n is the number of electrons transferred in the electrodeposition process, M is the molar mass
of the deposit (g.mol™), p is the density of the deposit (g.cm), A is the nucleation rate constant
(sh), N is the number density of nuclei (cm?).
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Figure 5. (a) Transients current density (j) versus t¥2 of the second part; (b) transients current density (j) versus
t12 of the first part for different doping percentages.

According to equations 10 and 11, for all the transients were presented in Figure 3, the
experimental current density of the second part was plotted versus t¥2and t¥?in Figure 5 (a and
b). As shown in Figure 5, the plots (j) versus t*? (Figure 5a) display a good linear relationship
for all applied potential with high correlation factors compared to the plots (j) versus t*2 (Figure
5b). This implies that the electrochemical deposition of ZnO and ZnO doped Co exhibits
probably instantaneous 3D nucleation [22, 23].

4. Characterization

4.1. Crystal structure determination.

The X-ray diffraction patterns of the elaborated sample with electrodeposition method
on ITO substrate realized at E= -1.0 V/SCE are shown in Figure 6.
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Figure 6. XRD of films deposited on ITO substrate by chronoamperometry: ZnO and ZnO doped Co at (2% Co,
5% Co and 8% Co).
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From the patterns, it is clear that the deposited ZnO and Co-doped ZnO thin film is of
wirtzite type. Figure 6 shows that all peaks from the diffraction patterns at 26 = 30.5°, 34.5°,
35.5°, and 47.5° which correspond respectively to planes (100), (002), (101), and (102), are
characteristic of ZnO.

In Figure 6, The XRD spectra indicate that the cobalt doping does not change the
wurtzite structure of ZnO and the diffraction peak intensity (002) decreases with the initial Co
concentration. Then, the single-phase nature (wurtzite structure) of the XRD patterns of all the
doped samples indicates that the Co ion must be successfully incorporated into the ZnO lattice
as a substitutional atom. Moreover, neither peaks corresponding to CoO and Co304 appear on
the spectra indicated, nor moreover secondary crystalline cobalt phase was formed during the
electroplating process. The diffraction peaks (002) move to larger diffraction angles as the
doping rate increases. This shift is in accordance with the fact that the radius of Co?* ion
(RCo?*= 0.58 A) is slightly smaller than that of Zn?* cation (RZn*= 0.60 A) in tetrahedral
configuration and indicates a decrease in the lattice parameters without any change in the
wurtzite structure as long as the cobalt Co?* replaces Zn?* ion in ZnO crystal lattice [24, 25].

Table 2 provides the positions and the width at mid-height (FWHM) of the peak (002)
for different percentages of Co. In addition to the crystallite size calculated from Scherer's
formula. The lowest FWHM value corresponds to the films with the lowest cobalt
concentration (2%), and as the number of cobalt increases, the FWHM of the peak (002)
increases, indicating that the crystallinity of the films gradually deteriorates with the cobalt
concentration.

Table 2. Peak position (002), FWHM, and crystallite sizes for different percentages of Co.

Percentage of Peak position Peak FWHM Cristallite size
Co (%) (002) (°) (002) (°) (nm)
0 34.45 0.18 53.0
2 34.48 0.21 49.1
5 34.51 0.25 39.5
8 34.53 0.29 334

4.2. Optical properties.

The optical characterization of ZnO and ZnO-Co thin films that we realized of a
potential E = -1.0 V/SCE for 30 min was realized by UV-Visible spectroscopy.
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Figure 7. Transmission spectra of ZnO and Co-doped ZnO films deposited on ITO substrate by
chronoamperometry.
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Figure 7 shows the normalized transmission in the wavelength range between 350-800
nm for ZnO and ZnO-Co films elaborated at different percentages in Co. All samples show
high transmission in the visible range.

In order to estimate the energy of the gap Eg of ZnO and Co-doped ZnO films, the
characteristic curves (ohv)? as a function of hv, according to Tauc equation(Eq.12), for ZnO
and the ZnO-Co with different doping rates, have been plotted in Figure 8.

(ahv)? = B(hv - EQ) (12)

The curves clearly show an increase in gap energy from 3.36 to 3.51 eV as the Co
percentage increases from 2 to 8. The blue shift of Eg has already been observed and explained
as being due both to the sp-d exchange interactions between ZnO sp-band electrons and
localized Co?" d-band electrons and to the affectation of the ZnO band electron structure when
the Co?* ions move to the Zn?* substitution position [26-34]. These figures show a large blue
shift of the bandgap corresponding to the samples of undoped and 2% cobalt-doped ZnO
nanorods. It is evident from the graphs that the direct bandgap increases by 2% - 8% cobalt
doping. This is consistent with the quantum confinement effects of nanoparticles.
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Figure 8. Plot of (athv)? versus (hv).
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Figure 9. SEM image ZnO and ZnO doped Co electrodeposited on ITO substrate at potential -1.0 V/SCE.
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4.3. Scanning electronic microscope (SEM).

Figure 9 shows SEM image of ZnO and Co-doped ZnO electrodeposited on ITO
substrate by establishing a potential of E= -1.0 V/SCE during 30min. In Figure 9 (a, b, c and
d), we notice that the deposit completely covers the surface of ITO substrate. Nanoparticles
can be seen in ZnO and Co-doped ZnO samples, and the deposit presents in the form of
homogeneous nanorods, which are densely oriented in different directions. The SEM analysis
shows an increase in nanorods formation with an increase in cobalt doping percentage.

5. Conclusions

In the present study, ZnO doped Co thin films were deposited by the electrodeposition
method on the ITO substrate. The electrochemical study of ZnO doped Co shows that whatever
the percentage of Co, the nucleation mechanism is always 3D instantaneous and under
diffusion control as the microscopy scanning (MEB) allows us to confirm that. The
diffractograms show that the co-deposition keeps the same Wirtzite structure as ZnO. The
transmittance curves as a function of wavelength show that the co-deposit is transparent in the
range and that the gap increases with the percentage of Co from 3.36 eV for the percentage of
cobalt from 2% to 3.51 eV for the percentage of 8% cobalt.
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