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a b s t r a c t

In this study, zinc oxide (ZnO) thin films were deposited on Fluorine-doped tin oxide (FTO) sub-
strates by electrochemical deposition (ECD) technique. The ECD was carried out at a constant 
potential over a range of deposition times. The current-time response was recorded and discussed. 
The crystal structure and morphologies of the films were studied using X-ray diffraction (XRD)
and scanning electron microscopy (SEM), respectively. Furthermore, photocatalytic performance of 
methylene blue using ZnO was investigated at various quantity of ZnO and irradiation time. The 
photocatalysis results showed the dependence of photodegradation process on the quantity of cata-
lyst and irradiation time. Moreover, the degradation rate constant and adsorption equilibrium con-
stant were calculated. Our analyses indicate that quantity of catalyst affects the degradation rate 
constant and the efficiency, while the adsorption equilibrium constant does not. 
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1. Introduction 

Zinc oxide (ZnO) is an n-type semiconductor with broad 
and direct band gap of 3.37 eV at 300 K, and a large free exci-
tonic binding energy of 60 meV [1–4]. Due to its interesting 
physicochemical properties, ZnO is suitable for many tech-
nological applications such as photovoltaic, environmental 
remediation, nanoelectronic devices, clean energy produc-
tion, sensing, and solar cells among others [5,6].

ZnO thin films have been prepared via a number of 
methods such as sol-gel, radio frequency plasma, pulsed 
laser deposition, ion-assisted cyclic sputtering, thermal 
evaporation, electron beam evaporation, spray pyrolysis, 
chemical vapor deposition, electrochemical deposition 
(ECD) method, ionic layer adsorption and reaction, among 
others [1–17]. Of these methods, ECD route is desirable 
not only because of its simplicity and low cost of deposi-
tion equipment but also easier control of the film thickness 
and morphology. Also, ECD makes fabrication of large-area 

thin films possible. Generally, the physical and chemical 
properties of the prepared thin films depend on the fabri-
cating parameters (such as electrolyte type, concentration, 
pH, and temperature; deposition time; applied potential or 
current; substrate type, etc) and subsequent heat treatment. 

The fabrication and characterization of nanostructures 
and thin films of electrodeposited ZnO have been exten-
sively studied [1–4,13–22]. For instance, Tayet al. [19] used 
transmission X-ray microscopy to observe in situ nucleation 
and growth during electrochemical deposition of ZnO. Sim-
ilarly, Izaki et al. [3] prepared highly transparent (73%) ZnO 
films on a conductive substrate by electrochemical reaction 
method. Elsewhere [4], ZnO films of good quality have 
been cathodically deposited on NESA glasses from aqueous 
0.03 to 0.1 M zinc nitrate electrolyte at 335 K. While Peu-
lon et al. [14] showed that the deposition temperature sig-
nificantly affects the crystalline state of the prepared ZnO 
films, Yoshida et al. [15] reported that, in the presence of 
certain organic molecules, ECD of ZnO thin films results 
in self-assembly of various hybrid thin films with new 
properties [15]. Annealing temperatures also influence the 
crystal structure and hence the material properties such as 
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luminescence among others [16]. Wange et al. studied the 
effect of annealing temperature on the structural and opti-
cal properties of electrodeposited ZnO [18]. They found that 
annealing enhanced and sharpened the excitonic emission 
band and decreased the deep level emission. Moreover, the 
effect of the electrochemical technique on the crystallinity, 
morphological and photoelectrochemical properties of ZnO 
are well documented [20].

The photocatalytic process based semiconducting 
oxides have received significant attention as environmental 
friendly, low production cost, and sustainable technology 
for water purification and splitting [12,17,23]. Advanced 
oxidation technology has been widely established to remove 
persistent organic compounds and microorganisms in water 
[24]. Since reaction occurs at the surface of the photocatalytic 
layer, any increase in the active surface area or changes in 
the structural geometry, band gap, stability and reusability 
of the oxide would optimize the degradation performance. 
In a similar vein, ZnO has been extensively used as hetero-
geneous photocatalysts [25]. This could be attributed to its 
stability, biocompatibility, and ability to generate charge car-
riers when stimulated with the desired amount of energy. 
The photocatalytic process is usually obliged for the purifi-
cation of waste water, by eliminating harmful bacteria and 
other pollutants, as this can render water reusable.

In this work, ZnO thin films were deposited on Fluo-
rine-doped tin oxide (FTO) substrate using ECD technique. 
The films were characterized with X-ray diffraction (XRD)
and scanning electron microscope (SEM). The effects of 
deposition time on the structure and morphology of the 
films are discussed. Furthermore, the effect of ZnO quan-
tity and irradiation time on the photocatalytic performance 
are examined.

2. Materials and methods

2.1. Materials

Zinc nitrate, Zn(NO3)2 and methylene blue (MB) dye, 
C16H18ClN3S, were purchased from Sigma-Aldrich Chem-
icals. They were used as received without further purifi-
cation. All aqueous solutions were prepared using double 
distilled water.

2.2. Preparation and structural analysis of ZnO

ZnO thin films were synthesized by the cathodic poten-
tiostatic  ECD method. The ECD process was performed 
using a three-electrode cell configuration consisting of a 
working electrode (WE), a reference electrode (RE) and a 
counter electrode (CE). In all our experiments, Ag/AgCl 
electrode in saturated KCl solution was used as RE and an 
inert platinum wire was used as CE. The FTO glass substrate 
with a rectangular area of 1.5 cm2 was used as WE. Zn(NO3)2 
with concentration 0.1 M was used for the ZnO deposition 
at 327 K for three different durations: 10, 30, and 60 min. 
Prior to the deposition, the FTO substrate was ultrasonically 
cleaned in ethanol and deionized water for 10 min and then 
dried in air. A constant potential, –1 V, was applied during 
the deposition. The potential was well controlled and the 
current responses were recorded via Autolab PGSTAT101 

using NOVA electrochemical software. Thereafter, the sam-
ples were rinsed carefully with deionized water and then 
dried in air. 

The phase and crystal structure of the ZnO films were 
investigated with Philips X-ray diffractometer (type-1710)
operated at 40 kV and 40 mA with monochromatic Cu kα 
radiation (λ = 1.5418 Å). The 2θ values of the diffracted 
beams were scanned in the range of 15o–90o at a scan rate 
of ~0.06 degree/s. The XRD patterns were fitted with Igor 
(version: 6.22A) from where the full-width-at-half-maxi-
mum (FWHM) values were obtained. The morphology of 
ZnO films was examined by using a SEM (Model JOEL-
JSM-5400LV) operated at 15 kV. A Java image processing 
software (ImageJ, Version 1.37) was used to determine the 
porosity of the film based on SEM images.

2.3. Photocatalytic activity measurement

In the photocatalytic experiment, different amounts 
of the as-prepared ZnO (without FTO substrate) samples, 
0, 0.5, 1 and 2 g/L were dispersed in 10–5 M MB dye. The 
experiments were carried out in a Pyrex reactor and an arti-
ficial Sunlight Simulator of 450 W/m2 (Model Oriel SO12A). 
Solar Simulator was associated with an ultraviolet filter. 
The degradation of organic dye was monitored by measur-
ing the changes in the UV-Vis absorption spectra as a func-
tion of irradiation time. The spectra were measured using 
Lambda 750 UV-Vis spectrophotometer with a scanning 
rate of 3 nm/s. The degradation process was examined for 
a period of 150 min.

The photocatalytic efficiency (η) or removal efficiency of 
MB was evaluated from Eq. (1) [27]:

η %( ) =
−

× =
−

×
C C

C
A A

A
t t0

0

0

0

100 100 � (1)

where C0 is the initial dye concentration and Ct the residual 
dye concentration after irradiation time (t). The absorbance 
A0 is corresponding to the concentration C0 of the solution 
and the absorbance At measured after variable periods of 
irradiation was taken as corresponding to the residual con-
centration Ct.

3. Results and discussion

3.1. Characterization of ZnO films

3.1.1. Current-time transient curves

Fig. 1 shows the current density-time (j-t) curve obtained 
during the ECD of ZnO at 327 K. The applied potential (–1 
V) was chosen to avoid the reduction of Zn+2 and the forma-
tion of metallic zinc phase [1]. The duration of deposition 
changed from 10 min as observed in Fig. 1a to 1 h in Fig. 1b 
in order to obtain different film thicknesses. The behavior of 
j-t curve can be divided into three stages. In the initial stage 
(stage-I), the current density drops from the highest value 
(–3.9 mA cm–2) to a minimum value (–2.59 mA cm–2) (Fig. 
1a). The observed drop in current density is attributed to the 
induction process (the charge-discharge process of double 
layer) at FTO/electrolyte interface. The approximated dura-
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tion for this stage is about 22 s. In the second stage (stage-II), 
the current density increases to a stable value, 3.87 mA cm–2, 
which corresponds to the increase of active surface area for 
the ECD process. This increase might be attributed to the 
instantaneous and three-dimensional growth of ZnO crys-
tal. The third stage (stage-III) is characterized by constant 
current density deposition due to the steady-state growth 
of the film.

The ECD process of ZnO thin films from nitrate solution 
can be described by the following Eqs. (2)–(5): 

Zn NO Zn NO3 2
2

32( ) ++ −


� (2)

NO H O e NO OH3 2 22 2− − −+ + + � (3)

Zn OH Zn OH2
2

2+ −+ ( ) � (4)

Zn OH ZnO H O( ) +
2 2 � (5)

The corresponding thickness, d, can be estimated using 
the well-known Faraday’s law:

d =
M

nFA
Q � (6)

where n is the number of transferred electrons which 
is considered to be 2, F is Faraday’s constant (9.6 × 104 
C/mol), Q is the consumed charge during the ECD pro-
cess, A is the exposed area for electrodeposition which is 
adjusted to be 1.5 cm2, and M is the molar mass of ZnO 
(81.408 g/mol). The values of charge consumed during 
deposition are 1.27, 6.93, and 13.7 C/cm2 for 10, 30 and 60 
min, respectively. The estimated thicknesses of ZnO are 
0.6, 3.3, and 6.5 μm, respectively. As expected, the thick-
ness of ZnO increased with deposition time. It should be 
noted that these calculations were utilized for the dense 
(nonporous) ZnO thin films. For both porous and nonpo-
rous thin films, an alternative method is discussed in the 
following section.

3.1.2. Crystal structure analysis

To identify the crystalline nature of the films, the XRD 
patterns of the FTO substrate was subtracted from those of 
the electrodeposited ZnO-on-FTO films for all the deposi-
tion periods (Fig. 2). The analysis of the XRD patterns for 
all ZnO samples reveal the coexistence of the hexagonal 
ZnO phase (ICDD database, File:00-050-0792). Miller indi-
ces at the planes (002), (101), (102), (110), (103) and (112), 
which correspond to the diffraction angle (2θ) of 34.7, 
36.58, 47.9, 56.9, 63.15 and 68.26°, show hcp structure. It 
can be seen that electrodeposited ZnO films show sharp 
peak at 2θ = 36.58°, suggesting that the growth is along a-, 
and c-axes. This is attributed to the growth at temperature 
lower than 343 K; however, the high-quality c-axis ori-
ented ZnO films can be prepared at 343 K [28]. Usually, the 
formation of ZnO by ECD is preferably at high tempera-
ture (≥343 K), however flower-like porous and nanosphere 
ZnO are prepared at lower temperatures (333 K and 313 
K). Unfortunately, the growth of ZnO at higher tempera-

    

Fig. 1. j-t curves obtained during the electrochemical deposition of ZnO from 0.1 M Zn(NO3)2  at –1 V and 327 K for (a) 10 min and 
(b) 60 min.
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Fig. 2. XRD patterns for FTO substrate and the electrodeposited 
ZnO films on FTO substrate prepared at a different deposition 
time of 10, 30 and 60 min.
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ture leads to faster diffusion with subsequent large crystal 
[29]. It can be seen that the intensity and the FWHM of 
the observed peaks are dependent on the deposition time. 
However, the growth prefers orientation remain normal to 
the FTO substrate. The average crystallite size Dhkl of the 
hexagonal ZnO phase for the as-prepared samples along 
a certain plane of crystalline material was calculated from 
the XRD patterns according to well-known Scherrer’s 
equation [26]:

D
k

hkl
hkl

= ( )
λ

β θcos
� (7)

where k is the Scherrer’s constant (generally taken as one), 
its value is related to the particle shape, θ is the Bragg angle, 
λ is the wavelength and βhkl is the FWHM of the powder 
reflection peak. The deduced values of Dhkl corresponding 
Miller indices and other structures parameters are listed in 
Table 1. It is evident that the average crystallite size of the 
films slightly increases from 16.77 nm to 19.18 nm as depo-
sition time increases from 30 min to 60 min. Also, the inten-
sity increases as the deposition time increases. Accordingly, 
it is, difficult to see any ZnO peak for the deposition time 
of 10 min which might be attributed to the small amount of 
ZnO being deposited. 

The inter-planar spacing, dhkl, and lattice constants a and 
c of hexagonal structure of ZnO were estimated by the fol-
lowing equations:

dhkl = ( )
λ

θ2sin
� (8)
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2

2 2
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The estimated values of the structural parameters are 
summarized in Table 1.

3.1.3. Microstructure of the prepared ZnO

The deposition time is one of the most important 
parameters that influence the surface morphology of mate-
rials. The top-view and cross-section SEM images of ZnO 
thin films (Fig. 3) reveal porous microstructure, the quan-
tity of which depends on the disposition time. For the ZnO 
film deposited after 10 min, small thickness and nanosheets  
shape are well observed (Fig. 3b). However, with increased 
deposition time, the thickness of these nanosheets/nano-
plates increases, and the nanosheets shape becomes more 
complicated (Fig. 3c). After 60 min, thicker ZnO film with 
nested stick shape was obtained (Fig. 3d). This implies 
the formation of the greater surface area that could help 
in absorption process during photocatalytic degradation. 
The nanosheet wall thickness increased from 80±10 nm to 
130±20 nm as the deposition time changes from 10 min to 
60 min, respectively. This is in agreement with calculated 
values based on Faraday’s law. While the increased depo-
sition time does not significantly affect the crystallinity, its 
effect on the film morphology is largely pronounced. These 
observations are in good agreement with several studies 
[19,21,22,30]. The exact thickness of porous ZnO samples 
was estimated using SEM images (Figs. 3e, f). The values 
are 7.04±0.5 and 20.5±3.9 µm for deposition time of 30 and 
60 min, respectively. The deviation between the theoretical 
(estimated from Faraday’s law) and experimental thickness 
(estimated from SEM images) values could be attributed to 
the high porosity of the prepared films. The density of ZnO 
changes from 5.6 g/cm3 to 2.62 and 1.77 g/cm3

,correspond-
ing to samples prepared for 30 min and 60 min, respectively. 
Thereafter, the porosity (P) of porous ZnO films was also 
calculated from the density of dense (ρd = 5.6 g/cm3) and 
porous (ρP) ZnO using Eq. (11):

P P

d

%( ) = −






×1 100
ρ
ρ

� (11)

The porosity of ZnO changes from 53 to 68.3 % as 
electro depositing time changes from 30 to 60 min, respec-
tively. The higher porosity is expected to play an import-

Table 1
Structural parameters of the prepared ZnO films

Duration 2θ 34.06 36.58 47.89 56.92 63.16 68.25 Average Crystallite 
size (nm)

30 min Plane (002) (101) (102) (110) (103) (112) 16.77

dhkl (nm) 0.263 0.245 0.190 0.161 0.147 0.137
a (nm) 0.430 0.384 0.401 0.305 0.411 0.343
c (nm) 0.990 0.653 0.799 0.430 0.875 0.633

Dhkl (nm) 19.05 16.31 14.20 16.73 15.01 19.35

60 min 2θ 34.06 36.64 47.89 56.94 63.16 68.26 19.18

Plane (002) (101) (102) (110) (103) (112)
dhkl (nm) 0.263 0.245 0.190 0.162 0.147 0.137
a (nm) 0.430 0.383 0.401 0.305 0.411 0.343
c (nm) 0.990 0.652 0.799 0.430 0.875 0.237

Dhkl (nm) – 17.44 18.56 19.30 18.83 21.93
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ant role in the applications which requires higher surface 
area such as water purification process and energy storage 
applications. 

3.2. Photocatalytic activity of porous ZnO films 

It should be noted that MB was used as an arbitrary 
dye in our present study. There are many conditions which 
could affect the photocatalytic degradation of MB using 
ZnO as a catalyst. Among them are the electrolyte pH, 
irradiation time, the amount of catalyst and initial dye 
concentration. These conditions were taken into account 
to achieve the integrated model for the photocatalytic deg-
radation of MB.

First, the Lambert-Beer correlation was plotted to 
determine the linear relation between absorbance and dye 
concentration. Second, photocatalytic performances of 

ZnO samples were recorded by measuring the absorbance 
for different durations of UV irradiation. The absorbance 
values (α) were converted to molarities (C), or vice versa, 
based on Eq. (12):

α = ebC � (12)

where e is the molar absorptivity with units of L/mol·cm, 
and b is the path length of the sample in centimeters. 
According to our estimations, this relation can be written as:

α = ×6 05 105. C � (13)

This function will be used for the molarity estimation of 
the degraded MB solutions. It is important to note that the 
measured maximum absorbance values at 664 nm wave-
length (absorbance peak) at different irradiation time from 

(c) (d) 

(e) (f) 

(a) (b) 

Fig. 3. SEM images show top-view of (a) FTO glass substrate before ECD of ZnO, ZnO/FTO after deposition of ZnO for (b) 10 min, 
(c) 30 min, and (d) 60 min, and cross-section images for ZnO prepared by ECD for (e) 30 min, and (f) 60 min.
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0 to 150 min were converted to molarities using Eq. (13). 
The values of absorbance and the corresponding residual 
concentration (Ct) are summarized in Table 2.

3.2.1. Effect of irradiation time

The effect of irradiation time on the photodegradation 
efficiency of MB was studied by measuring the absorbance 
at different period up to 150 min for the various quantity 
of ZnO catalyst 0.5, 1 and 2 g/L in MB at room tempera-
ture (303 K). In the absence of photocatalytic; the degrada-
tion of dye is too weak, and therefore can be neglected. For 
simplicity, samples were denoted as sample 1, 2 & 3 corre-
sponding to 0.5, 1 and 2 g/L, respectively. One can observe 
a maximum peak at 644 nm for these samples (Fig. 4). Fur-
thermore, the absorbance decreases with increased irra-
diation time, resulting in a reduction in the concentration 
of MB. The results in Table 2 indicate that the degradation 
efficiency increases with increased irradiation time. The 
observed decrease in MB absorbance of light and concentra-
tions can be attributed to the degradation process (Fig. 4). 
These results show that the photocatalytic activity increases 
with increased irradiation time. The results also confirmed 
that the relatively high activity of the prepared catalysts 
indicates that the catalysts have active reaction sites. The 
relative concentrations of MB (C/C0) decreased with the 
irradiation time (Fig. 5).

3.2.2. Effect of catalyst amount

The amount of ZnO, catalyst significantly affects the 
photodegradation efficiency of MB [27]. In our case, this 
effect was observed for the quality range of 0.5–2 g/L in 
50 ppm dye solution under visible light at room tempera-
ture for constant irradiation time (150 min). The results 
obtained (Table 2) revealed that as the quantity of cata-

lyst changed from 0.5 to 2 g/L, the photodegradation 
efficiency of MB increased from 38 to 60.4%. This could 
be attributed to the increased number of available active 
sites on the catalyst reaction surface, thereby increasing 
the number of holes and hydroxyl radicals. The values of 
absorbance, residual concentration, and photodegradation 
efficiency as a function of the amount of ZnO as a catalyst 
are listed in Table 2.

3.2.3. Photocatalytic kinetics

The photodegradation of MB (C0 = 10 µM) can be con-
sidered as a pseudo-first-order kinetic reaction. Therefore, 
photocatalytic kinetics parameters such as the adsorption 
equilibrium constant (K) and degradation rate constant (k) 
are determined according to Eq. (14) [24,31]:

ln
C
C

kKt KC
C
C0

0
0

1






= − + −




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� (14)

For example, for sample 1 (m = 0.5 g/L), for different 
irradiation times Eq. (14) can be written as:
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
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

−kK K.
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The average values of K and k, calculated by solving 
Eq. (15), are listed in Table 2. This procedure is repeated for 

Table 2
Photocatalytic parameters of ZnO for different conditions

Photocatalytic parameter

ZnO amount 
(g/L)

Irradiation time (min)

20 40 60 90 120 150

Absorbance

0.5 

0.511 0.482 0.46 0.43 0.411 0.378

Residual concentration Ct (M) 8.4×10–6 7.9×10–7 7.6×10–6 7.1×10–6 6.8×10–6 6.25×10–6

Efficiency (%) 16 20.5 24.1 29 32.2 38
Degradation rate constant k (M/min ) 1.1×10–8

Adsorption equilibrium constant K (/M ) –1.1×105

Absorbance

1 

0.404 0.40 0.39 0.37 0.35 0.33
Residual concentration Ct (M) 6.67×10–6 6.6×10–6 6.4×10–6 6.1×10–6 5.8×10–6 5.5×10–6

Efficiency (%) 33.3 34 35.6 38.9 42.2 45.5
Degradation rate constant k (M/min ) 1.3×10–8

Adsorption equilibrium constant K (/M ) –1.3×105

Absorbance

2 

0.33 0.329 0.31 0.288 0.26 0.24
Residual concentration Ct (M) 5.45×10–6 5.44×10–6 5.12×10–6 4.75×10–6 4.3×10–6 3.97×10–6

Efficiency (%) 45.5 45.7 48.8 52.4 57 60.4
Degradation rate constant k (M/min ) 1.6×10–8

Adsorption equilibrium constant K (/M ) –1.9×105
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other samples. Table 2 shows that the efficiency increases 
with increased irradiation time as well the quantity of cat-
alyst. Both the adsorption equilibrium constant and deg-
radation rate constant were not affected by the increased 
irradiation time.

Generally, the degradation mechanism has been 
explored and reported [32]. The exposure of ZnO to UV 
radiation leads to a generation of electron-hole pairs, which 
can react with water to produce hydroxyl and superoxide 
radicals. Then the radicals initiate a series of chemical 
reactions and act as a strong oxidizing agent to mineralize 
the pollutants such as MB. Then, the higher surface area 
of ZnO nanostructures results in higher adsorption of MB 
at the same amount of catalyst and irradiation time. The 
great surface area and adsorption ability of the hybrid film 
not only support the interactions between the catalyst and 
dye but also supply more active sites which are suitable 
for the generation of hydroxyl radicals. This implies that 
MB is capable of filling the self-tailored space subtly and 
exclusively. The photodegradation efficiency is drastically 
enhanced with increased irradiation time and amount of 
ZnO in wastewater.
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Fig. 4. The main photocatalytic peak for ZnO sample in MB using different amounts of ZnO in MB (a) 0.5 g/L, (b) 1 g/L, (c) 2 g/L.
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curve represent the MB solution without catalysts under the 
light irradiation.
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4. Conclusions

We studied the structural and morphology properties 
of ZnO film prepared by ECD technique and investigated 
the photocatalytic activity of the product. Characterization 
of ZnO nanostructures was realized using XRD and SEM. 
The XRD results showed that the nanocrystalline ZnO 
with a hexagonal structure and small crystallite size can be 
prepared by ECD method at 327 K. In addition, the SEM 
images revealed that the surface morphology of ZnO films 
depends greatly on the deposition time. Similarly, photo-
catalytic performance of MB showed that higher quantity 
of ZnO enhances photodegradation process. Thus, the ZnO 
nanostructured semiconductor prepared by ECD can play a 
major role in photocatalytic applications and could be used 
as alternative low cost and environmentally friendly solu-
tion for water purification.
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