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Synthesis of nanostructured ZnO/copper electrodes for nitrate electroreduction
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ABSTRACT

In this work, ZnO thin films were electrochemically precipitated on copper electrode in zinc nitrate
solution. The effects of the electrodeposition potential and time on the morphology, structure and
electrocatalytic properties of ZnO towards nitrate reduction were studied. Surface morphology and
structure were investigated by scanning electron microscopy (SEM) and X-ray diffraction (XRD)
techniques. Voltammetric results show that under optimized ZnO electrodeposition conditions, the
ZnO/Cu modified electrode exhibits interesting electrocatalytic performance towards nitrate reduc-
tion. A well-defined and reproducible peak with maximum current density was obtained for ZnO/
Cu electrode elaborated at -1 V for 20 min electrodeposition time. Kinetic study by chronoamperom-

etry is indicative of ammonia formation.
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1. Introduction

Nitrate reduction and determination is extremely
important for environment and public health issues. The
development of specific analytical methods for detection
and destruction of nitrate is of great importance to limit
pollution of the natural environment. Many methods are
used to remove NO,™ ions from contaminated water, such
as reverse osmosis, photocatalytic, biochemical, chem-
ical and electrochemical reduction [1-4]. Most of them
involving complicated and time-consuming procedures.
In contrast, electrochemical nitrate treatment can offer a
promising and attractive solution due to its advantages
regarding low cost effectiveness, convenience, ability to
treat highly concentrated nitrate effluents and environ-
mental friendliness [5,6].

As the products of nitrate electroreduction are criti-
cally dependent on the nature of the cathode material
[7,8], several simple metal electrodes (nickel, platinum,
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graphite, glassy carbon, copper, etc.) have been widely
used [9-14]. Compared to other materials, Cu metal has
shown good catalytic character for this reaction [15-17],
but required high potentials [18,19] and tend to be poi-
soned by the species formed during the electrochemical
process [20]. This considerable drawback limits their use
for large scale applications. To overcome these problems,
the use of modified electrodes has received considerable
attention in recent years. They offer many advantages,
such as wider operational potential window, easy man-
ufacture, low price, renewable surface and longer life
time [21-23]. In the other hand, ZnO are the object of
quickly growing in the last few years, due to its number
of exciting properties [24-26]. It is a wide band gap semi-
conductor material with Eg =3.3 eV and large excitonic
binding energy of ~60 meV [27]. It presents environmen-
tally friendly properties without toxic by products [28],
low price, high chemical and thermal stabilities. Due to
these excellent properties, ZnO nanomaterials have been
used as efficient electron mediators for the fabrication of
electrochemical sensors. The electrochemical reduction
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of nitrate ions has been investigated over a large num-
ber of modified electrodes, as metallic modified electrode
[29,30], conductive polymer modified electrode [31] or
hybrid material [32]. For example, Cu/nafion/carbon
nanofibers modified electrodes allowed high nitrate
reduction rates into nitrogen species. To our knowledge,
fewer research articles have been published on electro cat-
alytic activity of ZnO towards nitrate.

The main objective of the present study is to elabo-
rate ZnO copper modified electrode by electrodeposition
method for the selective reduction of NO,” under neutral
pH condition. The electrocatalytic activity of the as-pre-
pared ZnO/Cu electrode is thoroughly investigated by
cyclic voltammetry (CV) and chronoamperometry and
compared with that of a pure Cu surface. The influence of
ZnO electrochemical parameters (potential applied, time,
temperature) was study on the nitrate reduction reaction.
The morphology and structure of the ZnO films were also
determined.

2. Materials and methods
2.1. Reagents and solutions

All chemicals were of analytical-reagent grade from
Merck or Fluka and were used directly without further
purification. All aqueous solutions were prepared with
bi-distilled water (presenting high resistance ~18 MQ).
The supporting electrolyte used in all the experiments was
0.1 M KNO, or 0.1 M phosphate buffer solutions.

2.2. Apparatus

All the electrochemical experiments were carried out
using a potentiostat/galvanostat (Autolab PGSTAT30)
coupled with HP computer under “Voltamaster logitiel”.
The electrochemical cell was assembled with a conven-
tional three-electrode system: a bare Cu or ZnO/Cu were
employed as working electrodes. Platinum wire is used as
auxiliary electrode and a saturated calomel electrode (SCE)
as reference. All the potentials were expressed with respect
to this reference.

The surface morphology of the modified electrode
was investigated by a scanning electron microscope (SEM)
(Hitachi, 5-570). X-ray diffraction (XRD) analyses were per-
formed on a Siemens D5000 diffractometer using filtered
CuKo (A = 0.15406 nm) radiation for 20 angles between
30°and 40°. The diffractometer was operated at 40 kV, room
temperature, with a scanning rate of 10°/min.

2.3. Preparation of the synthesized ZnO/Cu electrode

A wet electrochemical method was employed for the
synthesis of ZnO thin films. They were elaborated from an
electrolyte containing 5 10°M Zn (NO,),, 6H,0O and 0.1 M
KNO, at 70°C using various potentials (0.6, 0.8, -1 and
-1.2V/SCE) and different deposition times (5, 10, 15, 20, 25
and 30 min). The pH was fixed at 6.8.

Before the electrodeposition process, the massive
Cu electrode was polished using 1200 grit emery paper,
degreased with acetone, cleaned with twice distilled water
and dried with a soft tissue paper. This Cu electrode was

then used as the working electrode for the ZnO electrode-
position process.

3. Results and discussion
3.1. Electrochemical study of ZnO deposition

Prior to the development of ZnO by chronoamper-
ometry, we found it useful to consider the voltammetric
behavior of ZnO deposit. The cyclic voltammetry study
was performed in a potential range of -0.5 to -1.6 V/SCE
onto the copper substrate. The potential scan was initiated
in the negative direction from the open circuit potential
(OCP) at a scan rate of 8 mV s (Fig. 1). We can see in Fig.
1 that the cathodic current begins to increase for a potential
close to 0.4 V followed by a peak around —0.7 V and then
reached a quasi-plateau in current until -1 V. This potential
area corresponds to the reduction of nitrate ions into nitrite
[16] (standard potential: -0.248 V/SCE). The last increase in
current for potential more cathodic than —1 V corresponds
to the water reduction reaction. No anodic peak appears in
the return sweep, indicating that no metallic zinc deposit
is formed. While Cu substrate presents a low over poten-
tial for nitrate reduction, the followed well-known mech-
anism [25] can be proposed: nitrate reduction producing
hydroxide ions, induced precipitation of zinc hydroxide at
electrode surface that is followed by its conversion in zinc
oxide due to the temperature. The following reactions sum-
marized this ZnO deposition process:

NO,; +H,0+2e — NO, +2OH" (1)
Zn** +2 OH™ — Zn (OH), 2
Zn (OH), - ZnO + H,O 3)

Accordingly to elaborate the ZnO films, the potential win-
dow chosen was from —0.6 to —1.2 V, a more cathodic poten-
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Fig. 1. Cyclic voltammogram of 5 mM Zn (NO,), + 0.1 M KNO,

solution recorded using Cu electrode, pH = 6.8, T = 70°C, scan

rate =8 mV/s.
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tial promoting higher deposition rates. The obtained current
transients are illustrated in Fig. 2. After an initial sharp peak,
the current decreases rapidly in the first few seconds due to
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Fig. 2. Chronoamperometric response of Cu electrode in solu-
tion containing: [Zn (NO,),] =5 mM and [KNO,] = 0.1 M at dif-
ferent potentials (a) —0.6; (b) —0.8; (c) -1 and (d) -1.2 V/SCE. pH
=6.8, T =70°C, scan rate = 8 mV/s.
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the charge of the double layer which can be accompanied
by the adsorption of ZnO at the interface. Then, the current
stabilizes to form a plateau corresponding to the stability of
Zn0. The more cathodic applied potential; the higher are the
current plateau values leading to an increase in zinc oxide
deposition with a probable water reduction at-1.2 V.

3.2. Morphological and structural properties of the synthesized
ZnO thin films

SEM micrographs and XRD spectra for a selected ZnO/
Cu electrodes synthesized at 20 min electrodeposition time
are shown in Fig. 3 and Fig. 4 respectively. It can be noted
that, the morphology of the deposit obtained at -0.6 V (Fig.
3a) presents a grain structure, with an inhomogeneous dis-
tribution. Increasing the potential at -0.8 V (Fig. 3b), the
deposit becomes more compact and homogeneous, with a
surface made of hexagonal shapes stems. For more cathodic
potentials (Fig. 3c and d), the morphology changes to an
oriented flower shape and each flower consists of petals.
ZnO nanoflowers offer a large surface area that expects
to enhance electrocatlytic activity. The layer appears more
compact and more homogeneous at —1 V in comparison
to —1.2 V where some lacks and heterogeneities can be
attributed to the side reaction of water reduction.
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Fig. 3. SEM images of ZnO thin films obtained at different voltages: (a): 0.6 V, (b): -0.8 V, (c): -1 V and (d): -1.2 V, in 5 mM Zn

(NO,), + 0.1 M KNO, solution, pH = 6.8, T = 70°C, on Cu electrode.
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Fig. 4. XRD patterns of ZnO thin films obtained at different
voltages: (a): 0.6 V, (b): =0.8 V, (c): -1 V and (d): -1.2 V, in 5
mM Zn(NO,), + 0.1 M KNO, solution, pH = 6.8, T = 70°C, on Cu
electrode.

The XRD measurements confirm the formation of
ZnO thin films on Cu substrate (Fig. 4). Three pronounced
peaks for the respective 26 values of 31.7, 34.4 and 36.3°
are observed in the as-prepared samples. According to the
36-1451 JCPDS standard, they can be respectively indexed
to the (100), (002), and (101) diffractions of the wurtzite-type
ZnO crystal. No other diffraction peaks were detected. The
sample electrodeposited at -1 V presents a significantly
higher intensity of the (002) diffraction peak indicating
that the ZnO flowers were preferentially oriented along the
c-axis crystallographic direction.

3.3. Electrochemical behavior of nitrate ions on bare Cu and
ZnO/Cu modified electrode

In order to evaluate the electrocatalytic behavior of the
Zn0O/Cu modified electrode towards nitrate reduction, we
performed voltammograms in absence of NO,™ ions on Cu
electrode (Fig. 5a), in 0.01M KNO, electrolyte on bare Cu
(Fig. 5b) and on ZnO/Cu modified electrodes (Fig.5.c). For
the modified electrodes, ZnO deposits on Cu were obtained
in 5 10°M Zn (NO,),, 6H,0 + 0.1 M KNO, at 70°C, by
chronoamperometry at -1 V for 20 min.

In NO," solution (Figs. 5b and c), very broad reductive
waves were observed from -0.4 V on the voltammograms
recorded on both electrodes. They are followed by a new
increase in current around —0.9 V due to the water reduc-
tion reaction. This wave was not performed from nitrate
free electrolyte (Fig. 5a), thus can be attributed to the nitrate
reduction, in good agreement with literature [16]. More-
over, this reaction is under mass transfer control of nitrate
from the bulk solution to the electrode/solution interface,
as indicated by the peak formation. This wave is more
intense on the modified electrode in comparison to the Cu
one. That can be explained by an increase of the electronic
transfer due to the enhancement in the surface area or to
an electrocatalytic activity between ZnO and nitrate. Com-
pared to the bare Cu electrode, the ZnO/Cu modified elec-
trode promoted then nitrates reduction.
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Fig. 5. Cyclic voltammograms obtained (a) on bare Cu electrode
in [KCI] = 0.1 M; (b) on bare Cu electrode in ([KNO,] = 0.01 M;
(c) on ZnO/Cu modified electrode in [KNO,] = 0.01 M, pH = 6.9.
Scan rate = 8 mV/s.

3.4. Electrocatalytic reduction of nitrate onto ZnO/Cu modified
electrode

It has already shown that the operating conditions
have a direct effect on the morphology and properties of
the deposits [13,24]. Thus, in the following parts the effects
of electrodeposition time, bath temperature and deposi-
tion potential on the morphology and structure of the ZnO
deposits were study as their possible influence on the elec-
trocatalytic activity towards the nitrate reduction.

3.4.1. Effects on NO,™ reduction of potentials and deposition
times used for ZnO formation on Cu

ZnO deposits were obtained on Cu in 5 10° M Zn(NO,),
+ 0.1 M KNO, for different ZnO deposition times (5, 10, 15,
20, 25 and 30 min) at potential values of -0.6 V to -1.2 V.
Figs. 6a, b, c and d show the curves performed in 0.01 M
KNO, on these different ZnO/Cu modified electrodes. The
cathodic reduction waves increased in the CVs with increas-
ing electrodeposition time, suggesting that the morphology
and the structure of the deposits have a great influence on
the electrocatalytic activity of ZnO/Cu modified electrodes
towards nitrate reduction. It can be observed whatever the
potential used to form the ZnO deposits, that a 20 min ZnO
electrodeposition time leads to sharper reduction peaks and
higher current intensities for the nitrate reduction.

Fig. 6e was performed in nitrate solution, on the film
obtained after 20 min at different potentials. The nitrate
reduction wave increase with the potential until -1 V, and
is quite stable between -1 and 1.2 V. This increase in elec-
trocatalytic activity is probably due to the specific morphol-
ogy shown by SEM analysis. At —1 V, the ZnO deposits are
composed by dense flowers that covered the Cu substrate
leading to the increase in the surface area. On the contrary,
the electrocatalytic nitrate reduction decreases on the film
at —1.2 V probably due to the poor morphology of ZnO
because of water competing reaction.

Thus, ZnO optimum values towards nitrate reduction
were determined to be 20 min and -1 V.
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Fig. 6. Cyclic voltammograms in 0.01 M KNO, (pH = 6.9) on ZnO/Cu modified electrodes. Scan rate = 8 mV/s. ZnO deposits
were obtained in 5 10-3 M Zn(NO,), + 0.1 M KNO, for different ZnO deposition times (5, 10, 15, 20, 25 and 30 min) at potential
values of 0.6 V (a), —0.8 V (b), -1 V (c), 1.2 V (d). For (e): ZnO deposits were obtained for 20 min at different potentials (E =
-0.6,-0.8,-1,-1.2 V).
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3.4.2. Effects on NO,~ reduction of temperatures used for
ZnO formation on Cu

Fig. 7 shows the cyclic voltammetry performed in
0.01 M KNO, on different ZnO/Cu modified electrodes
obtained in 5 10°M Zn (NO,), + 0.1 M KNO, at -1 V
for 20 min and different temperatures. As can be seen from
Fig. 7, an increase in temperature of the bath used to get the
ZnO films results in an increase in the intensity of the peak
of nitrate reduction. This result can be explained by a more
efficient conversion of Zn (OH), to ZnO during the ultimate
step of the process (see reaction 3 in section 3.1).

ZnO deposits were elaborated on Cu electrode for the
best electrochemical parameters determined previously: 5
10°M Zn (NO,), + 0.1 M KNO, at 70°C, -1 V for 20 min.

3.4.3. Electrochemical behavior of ZnO/Cu modified electrode
in nitrate solution for different nitrate concentrations

The electroactivity towards nitrate reduction on the best
ZnO/Cu modified electrode was then studied for different
nitrate concentrations from 0.03 to 10 mM of KNO, (Fig. 8).

The cathodic peak current observed increases with
increasing NO,” concentration in the solution. This catalytic
peak current has a linear relationship with the concentration
of NO,™ in the range 0.03-10 mm with a correlation coeffi-
cient of 0.999 (see inset in Fig. 8). Electroreduction of NO,
onto this modified electrode can then be used as sensor for
the determination of nitrate concentration in solution.

3.4.4. Chronoamperometric measurement on ZnO/Cu
modified electrode in nitrate solution

Fig. 9a illustrates the current versus time transients for
the best ZnO/Cu modified electrode in 10 mM KNO, at
a cathodic potential of —-0.68 V/SCE. This potential is set
at the maximum of the peak current for nitrate reduction
determined previously (Fig. 6e). The shape of this tran-
sient corresponds to a deposit formation involving a direct
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Fig. 7. Cyclic voltammograms on ZnO/Cu modified electrodes
in 0.01 M KNO,, (pH = 6.9). Scan rate = 8 mV/s. ZnO deposits
were obtained in 510 M Zn (NO,), + 0.1 M KNO, at -1 V for 20
min at different temperatures.
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Fig. 8. Cyclic voltammograms on ZnO/Cu modified electrode
for various [KNO,] = 0.03 to 10 mM, (pH = 6.9). Scan rate = 8
mV/s. ZnO deposit was obtained in 5 10° M Zn(NO,), + 0.1 M
KNO, at 70°C, -1 V for 20 min.
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Fig. 9. (a) Chronoamperometric response on ZnO/Cu modified
electrode in solution in 0.01 M KNO,, (pH = 6.9) at E = -0.68 V/
SCE. (b) Dependence of the current with t /%

reduction under diffusional control characterized by a slow
decrease in current. Moreover, the current variation versus
t/2being linear with a correlation coefficient of 0.9984 (Fig.
9b), the nitrate reduction effectively is under mass transfer
controlled as presumed from Fig. 5. From the slope of this
line, we can then estimate the total number of electrons
transferred during the reaction of nitrate reduction using
the Cottrell equation:

-1 -1

2

1
i=n-F-A-D?-Cypy— 1 -t 4)

where C is the bulk concentration (mol-cm), F the Faraday
constant, A the electrode area, D the diffusion coefficient of
nitrate in solution, n the number of electron transferred, i
the current.

For C,, ~=0.01 M and D =2.10° cm*s™' [5], we can then
determine i equal to 7.901 (1 = 8). In accordance with the
number of electrons involved, it appears that on the ZnO/
Cu modified electrode, nitrates are reduced in ammonia
(reaction 4) rather than nitrogen (reaction 5) as mentioned
on other electrode [32].

NO, + 6 H,0 +8 e — NH, + 9 OH- 5)



162 N. Ait Ahmed et al. / Desalination and Water Treatment 94 (2017) 156-163

2 4 & 8 1 12 14 16

n 12
v 2 (mvis)

0.4

-1.0

0.8 0.6 -0.2

E (V/SCE)
Fig. 10 (a). Cyclic voltammetry sweep curves on ZnO/Cu mod-
ified electrode in 0.01 M KNO, (pH = 6.9) at various scan rates

from 8 to 200 mV/s and (b) the insert figure is the plot between
the cathodic current versus the square root of the scan rate.

NO, +6 HO+10e —2N,+12 OH" (6)

The one step reduction reaction was indicative of rapid
NO; reduction process. Moreover, the ZnO/Cu modified
electrode might be used for ammonia synthesis, a useful
product from the industrial point of view.

There are a number of reports in the literature of elec-
trochemical reduction of nitrate containing solutions to
ammonia. De et al. [33] have used cyclic voltammetric and
Tafel slope determination to study the nitrate and nitrite ion
reduction at the surface of an iridium-modified carbon fibre
electrode in aqueous sodium perchlorate solutions at pH
7. They demonstrated a two-step nitrate reduction mecha-
nism in which nitrate is first reduced to nitrite and then fur-
ther reduced to ammonia. Scharifker et al. [34] have shown
that nitrate reduction can be catalyzed during an electro-
deposition process, specifically during electrodeposition of
thallium from TI** solutions.

Cattarin [35] has investigated the reduction of nitrate
and nitrite ions in 1 M sodium hydroxide (NaOH) sup-
porting electrolyte, with both copper and silver electrodes.
Electrolysis was performed at —1.4 V/SCE. At this potential
nitrate is predominantly reduced to nitrite on silver elec-
trodes, while ammonia is the predominant product for cop-
per electrodes.

3.4.5. Effect of sweep rate on NO,~ reduction

Fig. 10a shows the CV responses on ZnO/Cu electrode
in 10 mM KNO, at different scan rates (8, 20, 40, 60, 100 and
200 mV/s). The nitrate reduction current increases with the
increase of sweep rate and was proportional to the square
root sweep rate (Fig. 10b), implying that the reduction pro-
cess is effectively under diffusion controlled.

4. Conclusion

The development of specific analytical methods for the
detection and destruction of nitrate is of great importance to
limit pollution of the natural environment.

In this study, the reduction of nitrate ions in neutral
conditions on copper electrodes modified by ZnO elec-
trodeposited thin films was investigated. ZnO electrode-
position parameters such as potential and time have a
great influence on the structure and morphology of the
deposit.

ZnO/Cu modified electrodes has obviously electro-
catalytic activity towards nitrate reduction. The best ZnO
electrodeposition parameters for nitrate reduction were
determine: at -1 V for 20 min and 70°C ZnO deposit pres-
ents an oriented polycrystalline structure with a flower
morphology. The results are reproducible over a large
nitrate concentration range from 0.03 to 10 mm. The deter-
mination of the quantity of electrons exchanged during
nitrate reduction reaction proves ammonia formation that is
a useful product from an industrial point of view. ZnO/Cu
modified electrode might be used for ammonia synthesis as
well as NO,™ detection.
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