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ABSTRACT 

In this work, ZnO nanostructures are electrodeposited on ITO conducting substrate prepared from chloride baths. 
The influence of concentration of Zn2+ on the electrochemical characteristics has been studied using cyclic voltammetry 
(CV) and chronoamperometry (CA) techniques. The Mott–Schottky measurements demonstrate an n-type semiconduc-
tor character for all samples with a carrier density varying between 1.47 × 1,018 cm−3 and 3.14 × 1,018 cm−3. Scanning 
electron microscopy (SEM) show arrays of vertically aligned ZnO nanorods (NRs) with good homogeneity. X-ray dif-
fraction 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, the band gap energy of films varies between 3.3 and 
3.4 eV with transparency around 80-90%. 
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1. Introduction 
Zinc oxide (ZnO) presents an optical band gap close to 3.37 eV[1] at room temperature, high transpar-

ency[2], excellent thermal stability[3], pyroelectric[4] and piezoelectric[5] properties. Aside from its interesting 
characteristics, it has a relatively low cost and low toxicity[3-7]. 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 devices such as 
light emitting diodes[2]. ZnO with different morphologies can be prepared by various deposition techniques 
such as magnetron sputtering[9], chemical vapour deposition[10], pulsed laser deposition[11], spray pyrolysis[12] 
or thermal evaporation[13] and so on. 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 several advantages[18,19] compared to other techniques: easy control of the 
thickness and the morphology of the film, simplicity, low equipment cost and possibility of making 
large-area thin films. For the electrodeposition of ZnO, the majority of the published works used nitrate 
ions[17,20] or molecular oxygen[21,22] as precursors. However, few studies have been presented using hydrogen 
peroxide as a precursor[23]. The aim of this work is to investigate the influence of ZnCl2 concentration on the 
electrodeposition process, optical and electrochemical properties of the oriented ZnO nanorods. 

2. Experimental 
Zinc oxide nanostructures were prepared by electrochemical deposition onto indium doped tin oxide  
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(ITO, 25Ω/sq) glass coated substrates. The ITO substrates were ultrasound cleaned sequentially with acetone, 
ethanol and distilled water. After the ultrasound cleaning process, the ITO glass was finally rinsed with dis-
tilled water and dried in air. The electrochemical deposition of ZnO was carried out in a three-electrode cell 
that consists a platinum electrode as counter-electrode, a saturated calomel electrode as reference (SCE). The 
electrodeposition of ZnO nanostructures and cyclic voltammetry (CV) measurements were carried out using, 
a computer-controlled potentiostat/galvanostat (Autolab PGSTAT 302N) using the NOVA software. The ini-
tial solution is composed of 0.1 M KCl, 5 mM H2O2

[14], and ZnCl2 with various concentrations (2, 5, 7 and 
10 mM). Electrodeposition was performed at about 70 °C in a potentiostatic mode at -1.0V vs. SCE for 40 
min. 

The ZnO film/electrolyte capacitance measurements were performed in the same electrochemical cell 
with the same device as used for ZnO electrodeposition. Surface morphology was studied by scanning elec-
tron microscopy (SEM) with JEOL JSM-7001F. Phases and crystal structures were characterized by X-ray 
diffraction (XRD) with a Bruker AXS D8 Advance with a Cu Kα1 radiation (1.5406 Å). The UV-Vis trans-
mittance spectra were recorded with a Shimadzu UV-1800 spectrophotometer.  

3. Results and discussion 
Figure 1 shows the cyclic voltammetric scans performed in 5 mM of H2O2 and 0.1 M of KCl and a var-

iable ZnCl2 concentration. The cyclic voltammetric measurements are performed to identify the oxida-
tion-reduction processes potentially undergone by the system.  During forward scan, a cathodic current ob-
served relating to the following reaction[24]: 

H2O2 + 2e-  2OH-                      (1) 

Then, the zinc ions react with the hydroxide groups on the substrate surface to form the zinc hydroxide. 
At 70 °C, Zn(OH)2 dehydrates spontaneously following: 

Zn2+ + 2OH-  Zn(OH)2                    (2) 

Zn(OH)2  ZnO + H2O                                         (3) 

It also shows an increase of the current density of reduction with the concentration of ZnCl2. The ZnO 
can be electrodeposited in the range leading to the H2O2 reduction process. The voltammograms shows no 
phenomenon other than the reduction of H2O2. 

Morphology of the obtained films at different Zn2+ concentrations is presented in inset of Figure 1. 
Homogeneous ZnO nanorods 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 nano-
rods of ZnO films are hexagonal in shape with a smooth top surface, 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.  

Figure 2 shows the X-ray diffraction spectra of ZnO nanostructured films grown at different H2O2 con-
centrations. The films exhibit good crystallinity and all the peaks are indexed 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, 
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suggesting that ZnO crystallites are highly oriented with the c-axis being perpendicular to the substrate. 

 
Figure 1. Voltammograms on ITO substrate from aqueous solution containing 5 mM H2O2 and 0.1 M KCl at various ZnCl2 concen-
trations. T = 70 °C and potential scan rate is 10 mV/s. Inset: The morphology obtained films. 

 
Figure 2. XRD patterns of films deposited at different ZnCl2 concentrations: (a) 2, (b) 5, (c) 7 and (d) 10 mM. * Fo ITO diffraction 
peaks. 

Mott–Schottky measurements were used to determine both doping density and flat band potential at 
semiconductor/liquid contacts. Mott–Schottky plot of the space charge capacitance is presented for ZnO lay-
ers obtained at different ZnCl2 concentrations according to the following relationship[27]: 
1
𝐶𝐶𝑆𝑆𝑆𝑆
2 = � 2
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In this equation, 𝐶𝐶𝑆𝑆𝐶𝐶 represents the space charge capacitance, 𝜀𝜀 is the dielectric constant of ZnO, 𝜀𝜀0 
is the permittivity of free space, 𝑁𝑁𝐷𝐷 is the carrier concentration, 𝐸𝐸𝑓𝑓𝑓𝑓 is the flat band potential, 𝑘𝑘 is Boltz-
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mann’s constant, 𝑇𝑇 is the absolute temperature and 𝑞𝑞 is the elementary electron charge. 
According to the Mott–Schottky plot (Figure 3), a linear relationship of 𝐶𝐶𝑆𝑆𝐶𝐶−2 vs. 𝐸𝐸 was observed. The 

potential at which the line intersects the potential axis gives the flat band potential (𝐸𝐸𝑓𝑓𝑓𝑓) and the slope 
yields the carrier concentration (𝑁𝑁𝐷𝐷) of the sample. The positive slopes of the straight lines indicate the 
n-type conductivity of the ZnO thin films. Thus from Figure 3, a 𝐸𝐸𝑓𝑓𝑓𝑓 = 0.12 ± 0.04 V was obtained for all 
samples. The carrier density fluctuates from 1.47 × 1018 to 3.14 × 1018 and the increase with ZnCl2 con-
centration. These values are typically those of no doping nanostructured ZnO[28]. 

 
Figure 3. Mott-Schottky plots of the ZnO layers deposited at different ZnCl2 concentrations recorded at 0.2 kHz. 

The optical transmission spectra recorded in the range of 300 to 750 nm of the ZnO nanostructures de-
posited at different concentrations of ZnCl2 are shown in Figure 4. We observe that the transmittance is high, 
around 80-100% with increasing ZnCl2 concentrations. The energy band gap (Eg) for ZnO was evaluated by 
using the Tauc plot[29]. The values of the energy band gap of ZnO layers (Figure 5) are determined from the 
intercept of the straight-line portion at the horizontal axis when 𝛼𝛼ℎ𝜐𝜐 = 0, these values of Eg vary between 
3.3 and 3.4 eV. The optical band gap decreases with increasing the concentration of ZnCl2.  

4. Conclusion 
ZnO nanorods array films with good transparency, and homogeneity were successfully electrodeposited 

onto ITO coated glass substrates using an aqueous chloride zinc solution and H2O2 as OH- precursors. The 
optimal ZnCl2 concentration 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 for the 5 mM concentration of ZnCl2. The SEM micro-
graphs 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 ob-
tained ZnO were found to change between 3.3 and 3.4 eV when the ZnCl2 concentration varied between 2 
and 10 mM. 
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Figure 4. Transmittance spectra of a ZnO layers on ITO-coated conducting glass surfaces obtained at different H2O2 concentrations. 

 
Figure 5. (αhυ)2 vs. energy dependence for the determination of the optical band gap energy. 
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