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A B S T R A C T 

In this work, Zinc oxide (ZnO) nanostructures were electrodeposited onto ITO from chlo-
ride baths at different temperatures. The electrochemical study showed that the tempe-
rature had an important effect on the current density. From the Mott-Schottky measure-
ments, the flat-band potential and the donor density for the ZnO thin film are determined. 
Also, the Mott–Schottky measurements demonstrate an n-type semiconductor character 
for samples. Scanning electron microscopy (SEM) show arrays of vertically aligned ZnO 
nanorods (NRs) with good homogeneity. X-ray diffraction spectra demonstrate that films 
crystalline with the Würtzite structure with preferential (002) crystallographic orientation 
having c-axis perpendicular to the substrate. The high optical properties of the ZnO NRs 
with a low density of deep defects was checked by UV-Vis transmittance analyses.
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Introduction
 II-VI group inorganic nanoparticles such as ZnS, 
SnO

2
, TiO

2
, CdS, CdSe, ZnO, and ZnSe are well-known and 

have been intensively studied. ZnO is an interesting semi-
conductor with adirect wide bandgap (3.3 eV) and presents 
an excellent thermal stability, high transparency, pyroelectric 
and piezoelectric [1−7] properties. For these reasons, ZnO 
is considered as a good candidate for optical devices in the 
near UV region [8], and for the short wavelength-emitting de-
vices such as light emitting diodes [2]. ZnO can be prepared 
by various deposition techniques such as magnetron sputte-
ring [9], chemical vapour deposition [10], pulsed laser depo-
sition [11], spray pyrolysis [12] or thermal evaporation [13]. 
Among all approaches, electrodeposition technique has been 
emerging as a competitive technique for the fabrication of 
metallic oxide semiconductor nanostructures with different 
shape and sizes [14−17]. Electrodeposition method has seve-
ral advantages compared to other techniques: easy control 
of the morphology and thickness the of the film, simplicity, 
low equipment cost and possibility of making large-area thin 
films [18, 19]. For the electrodeposition of ZnO, the majority 
of the published works used nitrate ions or molecular oxygen 
[17−22] as precursors. However, few studies have been pres-
ented using hydrogen peroxide as a precursor [23]. 

In this work, we report on the influence of deposition tempe-
rature on the properties of ZnO nanostructures obtained with 
electrochemical deposition.

Experimental
 Zinc oxide thin films were prepared by electrochemi-
cal deposition (ECD) onto indium doped tin oxide (ITO, 25Ω/
sq) glass coated substrates. The ITO substrates were ultra-
sound cleaned sequentially with acetone, ethanol and distil-
led water. The electrochemical deposition of ZnO was carried 
out in a three-electrode cell that consists a pt electrode as 
counter-electrode, a saturated calomel electrode as reference 
(SCE).  The electrodeposition of ZnO nanostructures and 
cyclic voltammetry measurements were carried out using, a 
computer-controlled potentiostat/galvanostat (Autolab PGS-
TAT 302N) using the NOVA software. The initial solution is 
composed of 0.1 M KCl, 5 mM ZnCl

2
 and 5 mM H

2
O

2
 [14]. 

The pH of solution is fixed at 6.0. Electrodeposition was per-
formed, in a potentiostatic mode at -1.0 V vs. SCE for 40 min, 
at different temperatures (ranging from 40 to 70 °C).
The morphology of the product was examined by scanning 
electron microscopy (SEM) at medium and high magnifica-
tion, respectively. The crystal structure of the sample was 
characterized by X-ray diffraction (XRD) using the copper Kα 
line under an accelerating voltage of 40 kV. The UV-Vis trans-
mittance spectra were recorded with a Shimadzu UV-1800 
spectrophotometer. The ZnO film/electrolyte capacitance 
measurements were performed in the same electrochemical 
cell with the same device as used for ZnO electrodeposition. 
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Results and discussion
 Fig. 1 shows the cyclic voltammetric scans performed 
at different electrolytes (only KCl, KCl with H

2
O

2
 or ZnCl

2
, KCl 

with H
2
O

2
 and ZnCl

2
). The cyclic voltammetric measurements 

are performed to identify the oxidation-reduction processes 
potentially undergone by the system.
For the electrolyte without H

2
O

2
 (Fig. 1b) an oxidation peak 

appears when scanning back to 0.9 V vs SCE, which is due 
to the dissolution of zinc metal formed during forward scan. 

Zn  Zn+2 + 2e−                            (1)

However.  In the case of H
2
O

2
, during forward scan (Fig. 1c), 

a cathodic current observed relating to the following reaction 
[24]:

H
2
O

2
 + 2e−   2OH-                                                      (2)

In the presence of H
2
O

2
 with ZnCl

2
 (Fig. 1d), the voltammo-

grams shows no phenomenon other than the reduction of 
H

2
O

2
, where the amount of OH− generated makes reaction (2) 

predominant. Consequently, the Zn anodic oxidation peak 
doesn’t appear.   Then, the zinc ions react with the hydroxide 
groups on the substrate surface to form the zinc hydroxide. 
Finally, Zn(OH)2 dehydrates spontaneously following:

Zn2++ 2OH−   Zn(OH)
2
                                                     (3)

Zn(OH)
2
   ZnO + H

2
O                                              (4)

Fig. 1. Cyclic voltammetry curves recorded on ITO in aqueous solu-
tions containing different chemical species: (a) 0.1 M KCl, (b) 0.1 M 
KCl + 5 mM ZnCl

2
, (c) 0.1 M KCl + 5 mM H

2
O

2
 and (d) 0.1 M KCl + 

5 mM H
2
O

2 
+ 5 mM ZnCl

2
.

 In order to verify the influence of temperature on the 
electrochemical behavior of the electrodes in the electrode-
position bath, the cyclic voltammetry was performed. 

Fig. 2 shows the voltammograms obtained at different tempe-
ratures. It is clear that the intensity of the cathode current in-
creases with the temperature of the electrolytic bath. Indeed, 
in the range from 40 and 70°C, the intensity varies from −0.79 
to −1.87 mA/cm2, respectively. A change in the kinetics at the 
electrode can be accompanied by dehydration and depend on 
the deposition temperature.

Fig. 2.  Cathodic scan of 0.1 M KCl, 5mM H
2
O

2
 and 5mM and ZnCl

2
 

aqueous solution on a ITO electrode at different bath temperatures.

 Fig. 3a shows the current transient recorded at −1.0 
V vs. SCE upon ZnO deposition on ITO substrate at different 
temperatures. The curves confirm that the ECD ZnO are good 
electrical conductors, because the current density collected at 
the electrode is kept at about −1.4,−2.2,−2.5 and −2.9 mA.cm-2 
after 1500 s of growth for pure ZnO (40, 50, 60 and 70°C) 
baths, respectively. The curves confirm the improved electro-
catalytic properties of ZnO with the temperature. 
The formation of ZnO nuclei on ITO begins after a very sharp 
increase and decline of cathodic current density early on the 
current transient curves of Fig. 1b. Very high cathodic current 
is initially required to charge an electrical double layer prior 
to the cathodic reduction of ZnO species. Further nucleation 
of ZnO or the growth of existing ZnO nuclei continues inde-
pendently along with a moderate increase of cathodic current 
density until the highest value of cathodic current density, 
imax is reached except its initial surge for charging the electri-
cal double layer. Current density decreases gradually since and 
stabilizes following the Cottrell equation. Maximum current 
(i

max
) and time (t

max
) values are affected the bath temperature.

 Fig. 4 shows the X-ray diffraction spectra of ZnO 
nanostructured films grown at different bath temperatures. 
The films exhibit good crystallinity and all the peaks are in-
dexed to the Würtzite hexagonal ZnO lattice (JCPDS no. 36-
1451). The peaks marked with an asterisk (*) are assigned 
to ITO substrates, and no additional peaks corresponding to 
Zn or other impurities were present. The XRD patterns for all 
samples of ZnO show only one intense diffraction peak that 
located at ∼34.44° which can be attributed to (002) plan, sug-
gesting that ZnO crystallites are highly oriented with the c-
axis being perpendicular to the substrate. Also, these patterns 
showed that the structure of the deposits was sensitive to the 
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bath temperature. From the XRD patterns the crystallinity of 
ZnO was improved by increasing deposition temperature and 
as consequence intensities of (002) peak also increase. 

Fig. 3. Growth curves at constant applied potential of −1.0 V vs. 
SCE for ZnO on ITO at different bath temperatures.

 Mott–Schottky measurements were used to deter-
mine both doping density and flat band potential at semi-
conductor/liquid contacts. Mott–Schottky plot of the space 
charge capacitance is presented for ZnO layers obtained at 
70°C according to the following relationship [27]:

In this equation, C-2
SC

 represents the space charge capaci-
tance, ε is the dielectric constant of ZnO, ε

0
 is the permittivity 

of free space, N
D
 is the carrier concentration, E

fb
 is the flat 

band potential, k is Boltzmann’s constant, T is the absolute 
temperature and q is the elementary electron charge.
According to the Mott–Schottky plot (Fig. 3b), a linear rela-
tionship of C-2

SC
 vs. E was observed. The potential at which 

the line intersects the potential axis gives the flat band poten-
tial (E

fb
) and the slope yields the carrier concentration (N

D
) of 

the sample. The positive slopes of the straight line indicate 
the n-type conductivity of the ZnO thin film. Thus from Fig. 
5a, a E

fb
 = 0.12 V was obtained and N

D
  = 1.5 × 1018 cm-3. 

These values are typically those of no doping nanostructured 
ZnO [28].

Fig. 4.  XRD patterns of ZnO nanostructures deposited at 
various temperature : (a) 40, (b) 50, (c) 60 and (d) 70°C. 

XRD peaks of ITO substrate are marked by *.

 Morphology of the obtained films at 70°C concentra-
tions is presented in inset of Fig. 5b. Homogeneous ZnO nano-
rods have been obtained over the entire ITO substrate, which 
is very interesting for the realization of dye-sensitized solar 
cell (DSSC) [25, 26]. The nanorods act as a direct pathway for 
the electron transfer from the excited dye to the front contact, 
which favours the charge collection in the cell. The nanorods 
of ZnO films are hexagonal in shape with a smooth top sur-
face, that a diameter varying in the range 115−185 nm. 
The crystallites present both a lateral and a vertical growth. If 
the hydroxides ions generated at the electrode surface are in 
excess in the solution, the zinc ions present in the vicinity of 
the electrode are consumed rapidly and the local pH increases 
progressively. In first time the crystallites grow in the lateral 
and the vertical directions. Then, the lateral growth is then 
completely quenched. However, the rod growth is not fully 
stopped and the crystallites continue to growth but only in the 
c-direction (see Fig.6).

Fig. 5. a) Mott-Schottky plots recorded at 0.2 kHz, b) EDS microa-
nalysis and SEM image, c) Transmittance spectra and d)  (αhυ)2  vs. 

energy dependence of a ZnO layer deposited on ITO at 70°C.
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 The optical transmission spectra recorded in the 
range of 300 to 750 nm of the ZnO nanostructures deposited 
at 70°C are shown in Fig. 5c. We observe that the transmit-
tance is high (∼90 %). The energy band gap (E

g
) for ZnO was 

evaluated by using the Tauc plot [29]. The value of the energy 
band gap of ZnO layers (Fig. 5d) is determined from the inter-
cept of the straight-line portion at the horizontal axis when 
αhυ = 0, these value of E

g
 is 3.3 eV. 

Conclusion
 We have studied the effects of bath temperature on 
the electrodeposition of nanostructures from aqueous chlo-
ride medium. ZnO nanorods array films with good transpa-
rency, and homogeneity were successfully electrodeposited 
onto ITO. The optimal temperature for the growth of ZnO 
nanorods was established. XRD characterizations show that 
the films are crystallized in the Würtzite hexagonal structure 
with a very high crystallite orientation along the c-axis; a 
(002) orientation was obtained at 70°C. The SEM microgra-
phs confirms this result, where nanorods hexagonal shapes 
perpendicular to the substrate surface were obtained under 
these conditions. The Mott-Schottky plot shows that the films 
are n-type semiconductors. A high apparent donor density 
was calculated for samples elaborated. The band gap energy 
values of the obtained ZnO is 3.3 eV.
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