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In this study, zinc oxide (ZnO) nanostructures were successfully deposited Publipshed: 30-09-2025

on indium-doped tin oxide (ITO) using the electrochemical method. The
deposition was performed at a constant current density for various
deposition times. The potential-time response was recorded and analyzed.
X-ray diffraction (XRD) revealed that the ZnO nanostructures had a
wurtzite structure with preferential orientation along the (002) axis. The
morphology of the samples showed that surface evolution is influenced by
deposition time. Additionally, the photocatalytic activity of the ZnO
nanostructures was evaluated for the photodegradation of methylene blue,
achieving a maximum efficiency of 72.2%, demonstrating the photocatalytic
potential of ZnO grown by the galvanostatic method.
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1 Introduction

The advanced technology industry is now focused on developing new materials, particularly miniature
materials (nanomaterials) with uniform nanostructural properties, using cost-effective and efficient
techniques. Semiconductor nanomaterials represent one of the most diverse classes of nanomaterials.
In recent years, there has been growing scientific interest in zinc oxide (ZnO) due to its exceptional
properties. ZnO is an intrinsic semiconductor with a wide bandgap of 3.37 eV at room temperature
and a high exciton binding energy of 60 meV. It is also recognized for its high transparency, non-
toxicity, and thermal and chemical stability [1-3]. These properties have motivated many researchers
to explore ZnO for various applications [4-7]. Out of these applications, the photocatalytic application
of ZnO has been extensively utilized as a catalyst for water purification [8-10]. Significant effort has
been devoted to the fabrication of ZnO nanostructures with various dimensions [11].
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These nanostructures can be synthesized through physical methods such as physical vapor deposition
(PVD) [12], sputtering [13], and molecular beam epitaxy (MBE) [14], as well as chemical methods
like chemical vapor deposition (CVD) [15,16], hydrothermal [17,18] sol-gel [19] and
electrodeposition [20-22]. Among these techniques, the electrochemical method is the most
straightforward, due to its simple working conditions, such as low temperature, cost-effectiveness,
environmental friendliness, and suitability for large-scale deposition, which allows for excellent
control over the morphology of ZnO structures. This method is typically carried out either in
potentiostatic or galvanostatic mode, with the former being more widely studied [22,23]. Additionally,
most photocatalytic applications using ZnO as a catalyst have been synthesized via the potentiostatic
mode [24,25]

In this study, we will investigate the effect of galvanostatic deposition mode on the photocatalytic
application of zinc oxide (ZnO) nanostructures. The ZnO films will be grown at a constant current
density and used for the depollution of the aquatic environment, specifically targeting methylene blue
(MB) as the organic pollutant. We will vary the deposition time, using three different durations, to
observe its impact on the morphological, structural, and optical properties of the ZnO nanostructures.

2 Experimental

We used an experimental setup consisting of a classical three-electrode cell. Zinc oxide (ZnO) thin
films were electrodeposited onto a glass substrate coated with indium-doped tin oxide (ITO), which
has a sheet resistance of 30 Q /square and served as the working electrode. The active surface area of
the electrode was 1 cm2. Prior to deposition, the substrate was cleaned to remove surface impurities
by ultrasonic treatment: 10 minutes in acetone, followed by 10 minutes in ethanol, and finally in
diluted HNO3, with rinsing in deionized water between each cleaning step. A platinum wire was used
as the counter electrode, and a saturated calomel electrode (SCE) was employed as the reference
electrode.

To grow ZnO thin films, an aqueous solution containing 5 x 10-3M Zn(NO3)2, which serves as the
precursor for both Zn2+ and OHlJions, and 0.1 M KNO3 as a supporting electrolyte, was prepared.
The pH of the solution was adjusted to 5.5, and all solutions were prepared using double-distilled
water. Zinc oxide nanostructured films were electrodeposited at a constant current density (J = -0.16
mA/cm?2) for three different deposition times (Table 1). The bath temperature was maintained at 70°C.
Electrochemical measurements were performed using a potentiostat-galvanostat (PGSTAT204), and
the deposition process was conducted without stirring. Additionally, the samples were not subjected to
any annealing treatment. We evaluated the photocatalytic efficiency of the ZnO thin films using
methylene blue (MB) as the organic pollutant.

Table 1. Electrodeposition parameters used for sample preparation

Sample -J (mA.cm?) Deposition time (second)
A 0.16 3600
B 0.16 5400
C 0.16 7200
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3 Characterization

The morphology and chemical composition of the prepared films were characterized using scanning
electron microscopy (TESCAN, VEGA3-SBH). The structural and crystallographic orientations of the
films were analyzed with an X-ray diffractometer (MiniFlex Benchtop) employing monochromatic Cu
Ko radiation (A = 1.54 A). Optical absorption measurements were performed using a UV-Vis
spectrometer (UV-2300).

4 Results and discussion

4.1 Electrochemical deposition

Figure 1 shows the potentiostatic curves (J = -0.16 mA/cm?) for ZnO deposition at different times and at a
fixed temperature of 70°C. A decrease in potential toward more negative values can be observed, which
is attributed to the initial stage of ZnO formation (generation of OH™ ions). These ions are produced by
the electroreduction of nitrate ions, which chemically react with Zny+ ions to form Zn(OH); on the
cathode substrate, as reflected by the increase in the potential curve. Finally, ZnO seeds are obtained
through the spontaneous dehydration of Zn(OH); at temperatures ranging from 60 to 90°C, as shown in

the following reaction [26]

Zn(NOs3), —> Zn"2+NO3 ..ot (1)
NO3; +H20+2es —> NO2 +20H .....ooiiviiininn, )
Zn2+20H" —> Zn(OH)2 .voivviiiiiiieieeie e (3)
Zn(OH)y, — ZnO + HO ..o (4)
'O.
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Figure. 1: Chronopotentiograms obtained during deposition of ZnO at different times
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(A): 3600(s), (B) :5400(s) , and (C) : 7200(s) from an electrolyte containing 5.10* M Zn(NO3), and 0.1
M KNO; at 70°C

For all three depositions, an initial significant increase in potential was observed during the first few
seconds, followed by a relatively steady decrease until stabilization. Similar behavior was reported by
Wadowska et al. [27] when using galvanostatic mode at room temperature.

4.2 Structural characterization (XRD)

Figure 2 shows the X-ray diffraction (XRD) patterns of ZnO films deposited at an applied current density
of —0.16 mA/cm? for various deposition times, recorded over a range of 10° to 90° with a scanning step
of 0.02°. As the deposition time increases, the samples exhibit similar peak orientations along the (002) c-
axis, but with varying intensities due to the continuous growth of ZnO perpendicular to the substrate and
the improvement in the films' crystallinity. No peaks corresponding to Zn or other impurities were
detected. The narrow and sharp peaks confirm the enhanced crystallinity of the films, and the data
indicate the wurtzite structure of ZnO, as referenced by JCPDS card No. 01-080-0075.

Table 2 summarizes the calculated values of crystallite size, dislocation density, and microstrain for the
samples. The particle size was calculated by applying the Debye-Scherrer equation [28] to the XRD
patterns:

Where K is the crystallite shape factor, often approximated as 0.9; A is the X-ray wavelength; [ is the full
width at half maximum (FWHM) of the X-ray diffraction peak in radians; and 6 is the Bragg's angle (in
degrees).

The dislocation density (5) and microstrain (g) were calculated using equation (6) and (7) respectively
[28] :

0 = D_; ....................... (6)
= e (7)

Table 2. Value of (FWHM,D,3, ) for ZnO samples (A),(B) and (C)

sapmle A B C
Position peak 26(°) 34.42301 34.42572 34.45276
FWHM (°) 0.22306 0.21466 0.2176
D (nm) 37.28467839 38.74397322 38.22329754
5% 10* (nm?) 7.1934826 6.6618015 6.84453105
ex 102 0.03014955 0.02901661 0.02943858

As shown in Table 2, the particle size of ZnO films increased from 37.28 nm to 38.22 nm as the
deposition time increased from 3600 to 7200 s. Similarly, the dislocation density () and lattice strain ()
of the ZnO thin films followed the same trend, decreasing from 7.19 x 10 to 6.84 x 10 nm™ and from
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0.03 x 10 to 0.02 x 102, respectively, with increasing deposition time. This reduction in dislocation
density and microstrain indicates fewer lattice defects and the formation of higher-quality films.
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Figure 2: DRX spectra of ZnO layers deposited at different times (A): 3600(s), (B):5400(s), and (C):
7200(s)

4.3 Morphological properties

The morphology of the samples (A), (B), and (C) was observed using scanning electron microscopy.
Figure 3.A, corresponding to a deposition time of 3600 s, shows small granules scattered across the
sample area, with an initial observation of granule coalescence. As the deposition time increased to 5400
s, the surface became more densely covered, and the number of combined granules also increased. At
7200 s, corresponding to sample (C), full surface coverage was observed. Energy dispersive X-ray (EDX)
analysis revealed only Zn*" and O ions present in the samples, indicating a pure zinc oxide composition.

(©)

Figure 3: images of scanning electron microscopy for ZnO samples (A),(B) and(C)
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Figure 4: EDX for ZnO thin films: sample (C)
4.4 Optical Properties (UV-VIS)

The UV-Vis absorption spectra of the samples were recorded in the wavelength range of 300-800 nm, as
shown in Fig. 5. The visible absorption of the thin films decreased with increasing deposition time.
Furthermore, a redshift in the absorption edge was observed for ZnO films (B) and (C) compared to ZnO
film (A). This shift can be attributed to changes in morphology and particle size. The optical band gap of
the samples was estimated using the Tauc formula (Eq. 8)=
ohv=A (hv-Eg)" ... (8)

a is the absorption coefficient, hv is the photon energy, A is a constant, Eg is the energy of the optical
band gap, and n is the power factor of the transition mode, which is equal to 2 for direct allowed
transitions. By plotting (chv)? versus hv, we estimated the band gap (Eg) by extrapolating the linear
portion of the plot to (chv)® = 0. The results shown in Fig. 3 were 3.08 eV, 3.27 eV, and 3.34 eV for
samples (A), (B), and (C), respectively. This decrease in the ZnO optical band gap is consistent with the
corresponding redshift observed in the absorption edge mentioned above.

sample A
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sample B —_
sample C —sample C |

absorbance %
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Figure 5: Optical absorption spectra (inset) and bandgap of the prepared ZnO (A: 3600 s), (B: 5400 s)
and (C: 7200 s)
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4.5 Photocatalytic activity

The photocatalytic activity of ZnO thin films was evaluated by studying the photodegradation of
methylene blue (MB) as a model pollutant with an initial concentration of 4 ppm. The photocatalytic
reactions were conducted under a UV lamp emitting at 365 nm. The progress of the reaction was
monitored using a UV-Vis spectrophotometer, with periodic recordings of the absorption spectra to track
changes in the concentration of the organic dye over time. The residual dye content was determined using
a degradation rate defined as follows (Eq. 9):

X=( %) £ 100% +oeereeeeeeeeee, 9)

Where Ao and A represent the initial absorbance and the absorbance measured at the maximum
wavelength of the dye, respectively. The results are presented in Figures 6 and 7 (a, b), showing that the
absorption peak for MB gradually decreases in intensity with increasing exposure time to UV radiation.
The degradation rate increased from 19% to 72.2% over an irradiation time of 4 hours. Additionally, the
effectiveness of photocatalysis was enhanced by the presence of ZnO nanostructures compared to
degradation performed without them, with degradation efficiencies of 72.2% and 49%, respectively, after
240 minutes of UV irradiation. Thus, we conclude that our synthesized films are promising candidates for
the degradation of methylene blue.
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Figure 6: Evolution of degradation rate of MB solution with various irradiation times.
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Figure 7: Absorbance spectra of methylene blue versus irradiation time for: left (a) in presence of ZnO
and right (b) in the absence of ZnO.

A simplified mechanism for the photocatalytic process of a semiconductor is illustrated in Figure 8, using
ZnO nanostructures as the photocatalyst.

—

Figure 8: Principle of photocatalysis based on ZnO nanostructures: the electronic process.
5 Conclusion

Zinc oxide nanostructures were deposited onto a glass substrate using the electrochemical method. The
photocatalytic activities, as well as the structural, morphological, and optical properties of the synthesized
films, were investigated. X-ray diffraction confirmed the presence of a polycrystalline ZnO phase with a
hexagonal structure. Morphological analysis indicated that varying the deposition time significantly
impacts the physical parameters of the grown structures. Zinc oxide nanostructures were found to be
effective catalysts for the photodegradation of methylene blue in water under UV irradiation, achieving a
high photocatalytic activity of 72.2% over a duration of 4 hours.
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