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Here, we report that thin films of ZnO, ZnO-Cu,0 and ZnO-CeO, nanocomposite oxides, can be
successfully synthetized by electrochemical deposition route. This path represents a simple, quick and
economical method for a controllable growth. Aqueous zinc nitrate for ZnO, copper or cerium nitrates
solutions for ZnO-Cu,0 and ZnO-CeO, were used. Structural and morphological properties of both
electrodeposited ZnO, ZnO-Cu,O and ZnO-CeO, were carried out using X-ray diffraction and
scanning electron microscopy (SEM). The morphology and size of the thin films can be tailored by
optimizing the synthetic parameters. The thin films obtained were tested as electrodes and their
electrocatalytic properties were compared.
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1. INTRODUCTION

Zinc oxide « ZnO » is a semiconductor with wide direct band gap (3.37 V) [1], which has
many interesting properties (chemical [2-4], photo-catalytic [5-9], piezoelectric and optical [10-14]). A
wide range of applications of ZnO oxide such as laser diodes [15] piezoelectric transducers [10],
transistors [16], phosphors [17], a transparent buffer layer in copper indium gallium solar (CIGS)
diselenide cell devices [18], makes it one of the most studied in the last decade, particularly in the field
of nanostructured materials. ZnO can be grown by different methods such as electrodeposition [19-21],
which has low equipment and production cost and is simple to operate. Electrodeposition also has the
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advantage of having low temperature processing, allows various substrate shapes and controllable film
thickness. Under normal laboratory conditions, this technique also avoids the use of vacuum systems,
which allows nanomaterials growth [22].

In this work, we investigated the electrochemical synthesis of thin films of pure ZnO, ZnO-
Cu,0 and ZnO-CeO, nanocomposite oxides on several substrates. Properties and electrochemical
deposition of these thin films will be compared in order to assess the quality of electrodeposited
nanocomposite oxides used later as material of electrode for the degradation of organic contaminants,
especially the dyes.

2. EXPERIMENTAL

For all the developed thin films, the deposition conditions are given below. Stainless steel,
aluminum and titanium substrates were used as working electrode. Prior to the deposition, substrates
were polished mechanically using a mechanical polishing machine on a paper of polishing SiC 800,
1200 and SiC 2000 for the completion. Then the substrates were washed thoroughly with distilled
water, rinsed with acetone, and cleaned with ethanol. Finally, they were dried with pulsed hot air
immediately before the deposition. XRD analysis was carried out using a BURKER SIEMENS D5000,
with Cu Kal source (A = 1.5406 A) at a glancing angle of 0.5°. To study the surface morphology of
obtained films, SEM observation was carried out using Philips XL 30 ESEM-Field-Emission Gun.

2.1. Electrodeposition of zinc oxide

ZnO thin films were electrodeposited potentiostatically using a conventional three electrode
system, with platinum sheet counter eclectrode and saturated calomel electrode « Hg/ HQ,Cly/
KCI »« +242 mV vs normal hydrogen electrode at room temperature » reference electrode.

PGP 201 Radiometer Copenhagen Voltalab.TM potentiostat/galvanostat was employed to
perform the potentiostatic deposition. The aqueous solution contained 0.5 M zinc nitrate, Zn
(NO3),+6H,0 dissolved in 200 ml bidistilled water. The temperature was maintained at 65°C (+ 2°C).
Samples with an effective surface area of 1.7cm? were grown at various cathodic intensities in front of
3 and 9mA/cm? vs SCE to study various properties. In this context, the same conditions to deposit
Zn0-Cu,0 and ZnO-CeO, nanocomposite oxides were adopted. The thickness of electrodeposited
ZnO onto stainless steel, aluminum and titanium substrates was controlled. Some electrodeposited
films of ZnO were annealed for 30 minutes at 450°C.

2.2. Electrodeposition of ZnO-CeO,

In this part, stainless steel substrate was used as working electrode. The following chemical
products used to prepare the thin films of ZnO-CeO, nanocomposite were: 0.5M zinc nitrate,
Zn(NO3),*6H,0, like zinc precursor, 0.05M cerium nitrate pentahydrated, Ce(NO3); ,6H,O (delivered
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by the company Alpha Aeosos) like cerium precursor, and 1M potassium nitrate « KNO3z » like
electrolyte support. The pH of the electrolytic bath was 4.6.

2.3. Electrodeposition of ZnO-Cu,0O

Zn0-Cu,0 was electrodeposited onto stainless steel substrate using the following chemical
products: 0.5 M zinc nitrate, Zn(NO3),*6H,0, like zinc precursor, 0.05 M copper nitrate,
Cu(NOs3), ,3H,0 (delivered by the company Alpha Aeosos) like copper precursor, and 1 M potassium
nitrate « KNOg3 » like electrolyte support. The pH of the solution was adjusted with KOH.

2.4. Electrocatalytic activity experiment and conditions

The Electrochemical analysis was performed using the same Potentiostat/ Galvanostat used for
the electrodeposition. A conventional three electrodes cell (100 cm®) thermoregulated glass cell was
used. The anode was the as-prepared thin films such (ZnO-CeQO,)/Ti, (ZnO-Cu,0)/Ti, and ZnO/Ti,
whereas the cathode was a platinum electrode and the gap between electrodes was 1cm. A saturated
calomel electrode (SCE) was used as a reference.

Thereafter, a comparative study was executed using these anodes. Seventhly milliliters of
synthetic wastewater containing 20 mg/L MB and 2% NaCl were charged in the electrolysis cell. The
NaCl was added as a supporting electrolyte. The cell was connected to a water bath in order to control
and keep the temperature constant at 30°C. It was set on a magnetic stirrer for continuous mixing. The
operating current density during degradation of MB was 9mAcm 2. The degradation took 90 minutes.

The UV adsorbency spectrogram at wavelengh range 400-800 nm was recorded using a
TU1800-UV-vis spectrometer. LOVIBOND Checkit COD VARIO device was used for all mesures of
COD. The samples were taken during electrolysis with various time intervals. The rate of
mineralization was expressed as a percentage of COD. This rate was given for various reaction times
by this relation:

%COD= [(CODi — CODt)/ CODi]* 100
With:
e CODi : value of COD (mg/L of O,) at initial moment
e CODt : value of COD (mg/L of O,) at t moment

3. RESULTS

3.1. Structural characterization and grain sizes

The XRD studies had been carried out on ZnO, annealed ZnO and two types of nanocomposite
zinc oxides in order to determine phase and crystallographic analysis. All XRD patterns obtained were
analyzed using the X'Pert HighScore software. Typical X-ray diffractograms of electrodeposited ZnO
onto stainless steel substrate before and after heat treatment are shown in fig 1a and 1b, respectively.
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The diffractograms show the material to be polycrystalline with hexagonal wurtzite phase. A strongest
peak is along the (101) plane. The peaks of annealed ZnO are intense.
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Figure 1. X-ray diffractograms of (a) electrodeposited ZnO and (b) annealed ZnO at 450°C for 30 mn.

To study the effect of changing the current density and the concentration of zinc nitrate we had
electrodeposited ZnO onto titanium and aluminum substrates respectively. In this way, we also study
the effect of changing the substrate. The results are shown in fig 2 and fig 3.
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Figure 2. XRD spectra of (a) electrodeposited ZnO « Zn** = 0.1M » and (b) « Zn** = 0.5M » onto Ti
substrate at j= -3mA/cm?.
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In the XRD spectra « fig 2a » the characteristic peaks of Ti substrate are absent. These spectra
show the material to be polycrystalline and a strongest peak corresponding to the (002) plane appeared.
These results are completely the opposite of those given in fig 2b. The effect of changing the
concentration of zinc nitrate clearly appears. Generally, ZnO keep its hexagonal wurtzite phase. Fig.3
shows the XRD spectra of electrodeposited ZnO onto aluminum substrate.
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Figure 3. XRD spectra of electrodeposited ZnO (a) j= -3 mA/cm?and (b) j= -9 mA/cm? on Al
substrate.

The used concentration of zinc nitrate was 0.5 M. From Fig 3a, the peaks located at 26 = 31.7°,
34.4°, 36.2°, 47.4°, 56.5°, 62.7°, 66.2°, 67.8°, 68.9°, 72.5°and 76.8° could be related to the (100),
(002),(101), (102), (110), (103), (200), (112), (201), (004) and (202) reflections of the zinc oxide
species, respectively. These peaks are generally intense. Two peaks related to aluminum substrate
appeared in both spectra.

The difference between fig 3a and 3b was due to the current density used. This density had a
significant effect on crystallite size. In both cases the diffractogram shows the material to be
polycrystalline with hexagonal wurtzite phase and a strongest peak is along the (101) plane. Table.1.
shows the calculated average size of the crystallites of electrodeposited ZnO onto stainless
steel « SS », aluminum « Al » and titanium « Ti » substrates. The grain sizes estimated from the X-ray
diffraction peak width, using Scherrer’s formula [23] were between 22 and 50 nm. This result confirms
the good crystallinity of the samples and the nanometric size of crystallites.
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Table 1. Average size of crystallites of pure ZnO

SS 0.5M 3 mA/cm (101) 40.06
Ss/ 0.5 M 3 mA/cm* (101) 28.06
Annealed ZnO

Al 0.5 M 3 mA/cm* (101) 50.8
Al 0.5 M 9 mA/cm* (101) 22.6
Ti 0.5 M 3 mA/cm® (101) 46

Ti 0.1 M 3 mA/cm? (002) 41.1

Fig.4 shows the XRD spectra of the ZnO-CeO, deposited onto stainless steel substrate.
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Figure 4. X-ray diffractogram of electrodeposited nanocomposite ZnO-CeO, oxides onto stainless
steel substrate.

From Fig.4, ZnO has a hexagonal wurtzite phase. A strongest peak is along the (101) plane.
The main diffraction peaks of the stainless steel and its appeared oxides « FeO, ZnFeQ, » are located
at 20 =9.13°, 12.75°, 18.31°, 44.56°, 50.76°and 74.64°. For ceria « CeO, », three peaks located at 20
= 28.58°, 32.95° and 47.52° are investigated. Generally, ZnO phase was the major compound
diffracting from the deposit, and no diffraction line associated with Ce (I11) hydroxide was present.
The XRD spectrum of electrochemical deposition of ZnO-Cu,O nanocomposite oxides onto stainless
steel substrate is shown in fig.5. The peaks of stainless steel substrate are intense. The peaks located at
20 = 31.8°, 34.5°, and 36.4° could be related to (100), (002), (101) reflections respectively of ZnO
species which are generally less intense. ZnO has a hexagonal wurtzite phase and a strongest peak is
along the (101) plane. Three other peaks related to copper (1) oxide Cu,O are observed.
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Figure 5.Typical XRD spectra of electrodeposited ZnO-Cu,0

Crystallites size of electrodeposited ZnO-Cu,O and ZnO-CeO, nanocomposite oxides on
stainless steel substrate were calculated using a Scherrer equation [23]. Table.2 shows the results
obtained. The computed value of crystallites size of these samples is between 32 and 111 nm. Thus,
compared with the results of pure ZnO « Table.l. », grain sizes of ZnO show an increase after
introducing cerium and copper.

Table 2. Crystallites size of thin films of ZnO-CeO, and ZnO-Cu,0O

Zn0-Ce0O, Zn0O 51.4
CeO, 32.2

Zn0O-Cu,0 Zn0O 78.9
Cu,O 111.4

3.2. Surface morphology

SEM observation was used to investigate the surface morphology. Fig.6 illustrates the
appearance of the electrodeposited ZnO onto stainless steel substrate showing homogeneous and void-
free surface.
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Figure 6. SEM micrograph of electrodeposited ZnO
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Figure 7. Typical SEM images of thin films grown on SS substrate at different magnifications
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Fig.7 shows the SEM images of the ZnO deposit obtained using different magnification.
Generally, the products were observed as nanostructures with diameters of a few tens of nanometers on
the substrate. The length of nanostructures is up to a few micrometers. The films are compact, have a
dense structure, and the grains are larger or at least thicker « Fig.7.a and Fig.7.b ».
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The enlargement of an area allows us to view that the layers obtained had a specific
morphology made up of micrometric agglomeration of grains with a different homogeneous sizes
« Fig.7.c ». In Figure 7.d. the surface of this layer presents the asperities of very small size. They make
the appearance of the layer very rough coating.

SEM provides information not only on morphology, the distribution and the size of the grains
or the agglomerates, but also on the local chemical composition when it is coupled with EDS X-Ray
spectrometer. Fig.8 shows the results got by EDS X-Ray analysis on thin films of pure zinc oxide.
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Figure 8. EDS spectrum (left) related to the deposit of the pure zinc oxide. The SEM image (right)
indicates the zone where the spectrum is acquired.
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Figure 9. SEM images of deposits made on Al substrate with a fixed intensity - 3mA/cm? (a) and -
9mA/cm? (b).
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The oxygen and zinc elements are well present. The semi-quantitative EDS analysis shows that
the ratio [Zn] / [O] is slightly lower than 1. This indicated that the deposit had slightly excess of
oxygen. However, the percentage of zinc and oxygen are close to the nominal composition.

Fig.9 shows the deposits of ZnO on Al substrate. The texture evolution of deposits and grain
size as a function of current density used is in good agreement with the predictions of XRD analysis. It
IS important to note that deposits made on various metal surfaces have quite different microstructures
depending on the nature of the substrate used. Fig.10. illustrates the results obtained.

1SkV X1,480

Figure 10. SEM micrographics of the electrodeposited pure ZnO thin film on (a) SS (b) Ti and (c) Al
substrates.

The surface of electrodeposited ZnO thin films on SS substrate (Figure.10.a) presents asperities
of very small size, the deposits formed onto Ti substrate (Figure.10.b) have a surface composed of
elongated grains shapes while the deposits made on the Al substrate (Figure.10.c) have a surface
consisting of platelet shape grains.

Fig.11. shows the SEM surface morphology of ZnO-CeO, nanocomposite oxides deposited at
-3 mA/cm? current density onto SS substrate.

Figure 11. SEM micrographics for the deposits of ZnO-CeO, (left) and a zoom of boxed area (right)
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The thin films obtained have a specific morphology made up of « nano-micrometric »
heterogeneous grains of different sizes. The enlargement of boxed area « Fig.11.b » makes it possible
to view a cluster of grains of micrometric size. However, an important network of cracks appears in
the deposit. As discussed in the literature [24,25], generally, these cracks usually appear during the
electrodeposition of ceria.
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Figure 12. EDS Spectrum (bottom) of ZnO-CeO; in the boxed area (top) of SEM image (fig.11.a)

Fig.12 shows the results got by EDS analysis that confirms the presence of oxygen, zinc and
ceria elements in the deposit.

Fig.13. shows the SEM images of surface morphology of electrodeposited ZnO-Cu,O
nanocomposite oxides onto SS substrate. Fig.13.a presents an image of large area of the surface of the
deposit that shows a homogenous morphology without cracks. From Fig.13.b and Fig.13.e, the
increase of magnification allows visualizing of a cluster of small grains of nanometric size and show
that the morphology of cuprite « Cu,O » is similar to a cauliflower shape. In addition, the film is
compact and have a dense structure.
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Figure 13. SEM micrographs for electrodeposited ZnO-Cu,O nanocomposite oxides at different
magnification

Fig.14 presents the results got by EDS analysis concerning the thin films of ZnO-Cu,O
nanocomposite oxides. These results show that the agglomerates of grains in the film contain zinc,
copper and oxygen. The low percentage of the compounds of the steel observed in the spectra
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corresponds to the contribution of the substrate excited by incident electrons after crossing the film.
The total analysis confirms the nominal composition.
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Figure 14. EDS spectra of ZnO-Cu,0O nanocomposite (bottom) and the SEM images of their emission
area (top)

3.3. Test of electrocatalytic activity of ZnO and its nanocomposites thin films elaborated on stainless
steel substrate

The electrocatalytic studies have been carried out to determine the electrolytic efficiency of
electrodeposited ZnO-CeO, and ZnO-Cu,0O nanocomposite oxides.

From the physicochemical characteristics of methylene blue « MB » used as a reference in the
field of dye degradation, this study meets the following selection criterions: its high solubility in water,
its pressure, and its easy analysis by UV / vis. Fig 12 shows the spectrum of methylene blue obtained
at natural pH (5.9) and diluted in medium «10° M ».
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Figure 15. Spectrum UV-Vis of methylene blue

The electrocatalytic degradation activity of the electrodeposited ZnO-CeO, and ZnO-Cu,0O
electrodes was examined. Generally, in the direct electrocatalytic degradation of organic pollutants, the
organic molecules are oxidized on the electrode surface by the adsorbed +OH radicals electrogenerated
from the water discharge.

The solution contained 20 mg/L MB + 2% NaCl « as electrolyte support » aqueous solution.
The same electrochemical setup described previously was used, where ZnO and its nanocomposites
thin films were used as anode electrode.
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Figure 16. UV spectra of the electrolyte at some given electrolysis time
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Fig.13 showed the UV-Vis absorption spectrum of an aqueous solution containing MB, and
NaCl after different electrocatalytic durations.

As shown in the figure, the MB concentration decreases with the reaction time, and no new
absorption bands appear in the visible region, indicating the destruction of the conjugated and
chromophoric groups. Over 78% of MB was degraded within 90 min, suggesting a good catalytic
property of the ZnO-Cu,O nanocomposite film.

The periodic analysis of the chemical oxygen demand “COD” were carried out during
electrolysis to determine the kinetics of degradation of MB on the three above-mentioned electrodes.

Table.3 showed the evolution of the percentage of COD according to the time of electrolysis.

Table 3. Variation of % COD during the degradation of MB.

Time (min) % COD % COD « ZnO- % COD « ZnO-
« ZnO/Ti » CeO,/Ti » Cu,O/Ti »

0 0 0 0

15 0.55 17.82 27.05

30 6.27 21.11 40.56

60 14.85 33.04 53.65

90 21.32 52.17 78.11

In the case of ZnO-Cu,O electrode, we had an important percentage of degradation in the first
time of electrolysis. However, % COD remained very weak for duration of 15 minutes of electrolysis
for the two other electrodes especially on ZnO electrode. For higher periods of degradation, the %
COD of MB on ZnO-Cu,0 increased quickly. At the end of 90 minutes, we had the values of 21.32,
52.17 and 78.11 respectively for ZnO, Zn0O-CeO, and ZnO-Cu,0 electrodes.

4. DISCUSSION

Electrodeposition of thin films of ZnO has been extensively studied in recent years include for
example the work of Peulon and Lincot [27]. In general, it consists to hydroxide precursor ions
electroreduction like the nitrate ions [28-35]. Therefore, for electrodeposited ZnO thin films, nitrate
ions were used as precursor [36]. The choice of this precursor is simple and interesting as it avoids the
use of a gas. The electrochemical mechanism of deposition includes two steps. The first one
corresponds to the cathodic generation of hydroxyl OH" ions by the reduction of NOj':

NOs; + HZO + 2e — 20H + NO;

The second, which should be the reaction of the Zn?** with the hydroxide ions to form the ZnO

film on the substrate surface, is:
Zn** + 20H — ZnO + HO
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In this work, we are mainly interested to the electrochemical growth of zinc oxide. Unlike other
materials, the electrolytic growth of this material often involves significant problems [26]. The major
diffraction peaks correspond to a hexagonal ZnO structure (wurtzite) for almost all samples.

Diffraction peaks due to the substrates also appear, unless the concentration of Zn®* precursor
is reduced to values as 0.1M. This indicates that the microstructure and morphological characteristics
of growth of ZnO depends on several parameters. Generally, the study shows that the type of the
substrate, applied current density and the concentration of zinc nitrate had a significant impact on
morphology, the size of the crystallites and the direction of film growth, respectively. This result is in
agreement with some previous works [26, 30, 37]. However, the control over morphology and size of
ZnO presents a great challenge in realizing the design of novel functional devices such as anode
electrode. This was our reason to use the nanocomposite materials, especially as the content in ZnO
thin films decreased the room temperature resistivity of the deposited films [38], but in some cases the
resistivity tend to increase for highly nanocomposites/doped films [39]. The cathodic electrodeposition
of ZnO-CeO; used as anode electrode for the degradation of dye was confirmed by all analysis. ZnO
always kept its hexagonal form and the films were textured and grow along the (010) plane. The
surface of deposit presents an important network of cracks, which are characteristic of ceria. These
cracks are associated with either the formation of gas bubbles, to the dehydration process itself or from
the shearing stress between the substrate and the deposit. The second proposal remains most probable.

Ceria played an important role in the system ZnO-CeO,. It had high activity, good stability and
find application in the catalysis field. It had a fluorite structure whose cations can switch between +3
and +4 oxidation states and it had the ability to act as an oxygen buffer to adjust oxygen concentration
at the catalyst surface under reaction condition [40]. The catalytic activity of composite electrode using
MB « methylene blue » electro-oxidation as a test reaction was investigated. The second system
synthesized was ZnO-Cu,O nanocomposite. ZnO conserved its wurtzite crystallographic form.
Homogeneous, dense and smooth films were obtained. The growth of ZnO were oriented toward the ¢
axis « (010) plane ». Generally, this synthesis also gave satisfactory results. The system ZnO-Cu,0O
used as anode electrode has been tested for the potentiometric degradation of MB in the order to test its
catalytic efficiency towards the degradation of the dye.

5. CONCLUSIONS

In the present work, the adequate parameters for the cathodic electrodepotion of ZnO are
studied. The current density and the concentration of bath played a significant role in the formation of
the deposit. Its growth rate seems to evolve quickly to forming a film leading to the stabilization of the
potential. Also, the cathodic deposition, on the stainless steel substrate, of the thin films of ZnO-CeO,
and ZnO-Cu,O was carried out. We showed that the form and the thickness of deposit increased with
the density of current applied. The electrocatalytic propreties of deposits towards the degradation of
MB were also studied. While, by coupling the COD measurement with UV-Vis analysis, we showed
that the elaborated anodes especially ZnO-Cu,0 electrode « 78% of % COD » had an electrocatalytic
capacity to mineralize organic pollutants.
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