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In this study, porous zinc oxide nano-flakes were successfully synthesized by anodization method on zinc 
substrate in a 0.025 M NaOH and 0.05 M NH4Cl solution with the voltage of 10 V at room temperature. 
The field emission scanning electron microscopy’s (FESEM) images show the structural evolution during 
90 min of the anodization process. They also demonstrate the dependency of growth of ZnO flakes on the 
grains of the zinc substrate. Regarding FESEM images and possible chemical reactions taking place during 
the anodization process, a growth mechanism and sequences for the formation of ZnO have proposed. The 
Pourbaix diagram also confirmed this possible mechanism. The elemental  and phase analysis conducted 
on films proved the formation of the ZnO after the anodization process. The cyclic voltammetry showed the 
oxidation of zinc into zinc oxide is related to the -1.28 V peak and the peak of zinc oxide reduction is situated 
at -1.48 V.  The band gap of anodized zinc foil was calculated to be 3.24 eV. The photocatalytic activity 
of synthesized thin films also was studied and the ImageJ software analysis showed a strong correlation 
between the photocatalytic activity and the portion of porosity in the synthesized films.

1. Introduction
Zinc oxide (ZnO) with a direct wide band gap 

of 3.37 eV and a large excitation binding energy 
of 60 meV at room temperature is a well-known 
semiconducting material. It offers a wide range of 
properties that make this material a top candidate 
for the use in a number of applications such as 
optoelectronics [1], solar cells [2], light-emitting 
diodes (LEDs) [1], photocatalysts [3, 4], and sensors 
for various applications like cancer detection [5]. 

Zinc oxide has been considered as a good 
substitute for TiO2 because of its optoelectronic, 
catalytic, and photochemical properties along with 

its considerably lower cost [6]. The oxidizing power 
of ZnO is strong enough to decompose many 
organic compounds [7]. This is due to its valance 
band position that produce photo-generated holes 
with oxidizing power. Thus, ZnO has the ability to 
decompose many dyes and pollutants [8-10] and 
often has higher efficiency than TiO2 [6] owing to its 
high ability of generation, mobility, and separation 
of photo-excited electrons and holes [11]. However, 
the photo-instability of ZnO due to the photo-
corrosion under radiation of UV and visible light 
and at extreme pH values is a major drawback for 
this compound which can significantly decrease 
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the photo-catalytic activity of ZnO [6,12].
Zinc oxide can be fabricated into several 

nanoscale forms like nanoparticles, thin films, and 
other micro/nanostructures [13-17]. Among them, 
thin films have the higher importance because 
of the numerous novel applications they can 
offer [18]. Different approaches such as physical/
chemical vapor deposition [19], radio frequency 
sputtering [20], sol-gel [21], cathodic deposition 
[22], and anodization [23] have been used to 
fabricate nanostructured ZnO thin films. Solution 
based electrochemical synthesis, in particular, has 
attracted the most attention in the past decades 
because of their flexibility and cost-efficiency even 
for large scale and industrial fabrication [13, 24, 
25]. 

Anodization process, as a facile method, has 
been widely used to produce uniform and highly 
adhesive oxide films with different structures 
or even wear/corrosion resistant films. This 
flexibility is only obtained by adjusting the process 
parameters which led to different structures and 
properties. This can be achieved even if many 
factors are identical except one or two which may 
just be slightly different. This remarkable flexibility 
led to introduction of facile methodology for 
fabrication of novel materials for a wide range 
of applications [5, 26-30]. Masuda and Fukuda 
[31] have reported on two-step anodization of 
aluminum which resulted in a porous alumina 
membrane. Since then, there has been an intensive 
research on aluminum anodization. Afterwards, the 
researchers attempted to use this method on other 
metals in the same way; such as, Ti [32]. However, 
the number of reports on zinc anodization is not 
very comprehensive. Moreover, with the large 
number of effective parameters in this technique, 
the demand for probing more into this field is 
undeniable. 

In the recent years, there have been several 
investigations on ZnO structures and properties 
fabricated by anodization method. Basu et al. [33] 
studied the morphology and optical properties 
of fabricated ZnO thin films by anodic oxidation 
method in an oxalic acid media. They showed the 
correlation between the porosity of films and their 
photo-luminescence spectra variation. Yamaguchi 
et al. [25] investigated the relation of formed 
ZnO crystallite size and the photo-degradation of 
acetaldehyde gas. He et al. [15] synthesized different 
structures of ZnO in the mixture of hydrofluoric 
acid and methanol media. They have also studied 

the wettability of ZnO films under effect of electrical 
field. Gilani et al. [34] synthesized ZnO thin films in 
NaOH and oxalic acid electrolyte and studied their 
antibacterial activity. Huang et al. [35] used same 
NaOH medium and evaluated the water splitting 
ability of synthesized films. On the other hand, Ni et 
al. [36] demonstrated that in NaOH medium with 
the presence of NH4F, zinc oxide forms in particles 
rather than films with high integrity demonstrating 
the amazing flexibility of anodization process 
for production of variety of materials. Among 
these studies, considering the numerous effective 
factors included in the anodization process like 
time, voltage, temperature, type of electrolyte 
and its concentration, a comprehensive study of 
microstructure and the photocatalytic behavior of 
ZnO thin films still is essential to be studied deeper. 
Especially, the effect of structure on photocatalytic 
degradation and the correlation between the 
porosity of film and their photocatalytic efficiency, 
which is certainly an important factor, should be 
more investigated.

In this study, we fabricated ZnO thin films 
using the facile and efficient anodization method 
in an alkaline NaOH media. Since, chlorine 
has been considered as an influential factor 
on electrochemical synthesis of ZnO [37], the 
NH4Cl also was added to the electrolyte. This 
study especially focuses on the formation of ZnO 
nanostructure in the alkaline sodium hydroxide 
medium, the way this formation affects the 
photocatalytic activity of thin films, and the role of 
porosity of films on this characteristic in particular. 

2. Experimental
2.1.  Materials and preparation

All chemical reagents were commercially 
available and supplied by Merck Co. (Germany) 
with analytical grade and were used, as received, 
without further purification. The zinc ingot with 
99.99 purity, produced by Khalessazan Industrial 
Group, was wire cut into rectangle slices with 2×4 
cm dimensions and the thickness of 0.5 mm. The 
zinc foils then mechanically polished to remove 
surface roughness and then degreased in ethanol 
for about 10 min in an ultrasonic bath (VGT-
1713QTD, Korea) and dried in the air. Afterwards, 
the electropolishing treatment was conducted on 
samples prior to the anodization process to insure 
the smooth and mirror-like surface of all the 
samples. The electropolishing process was carried 
out for 15 min on a magnetic stirrer (IKA RH Basic 
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2, Germany) for good mixing of the electrolyte 
which was the mixture of ethanol and phosphoric 
acid with the ratio of 7:3, at temperatures below 
5 °C to prevent etching of the zinc in the acidic 
solution. The voltage used was kept constant at 10 
V during the process and a stainless steel plate was 
used as the counter electrode. Then, samples were 
rinsed by deionized water and dried in air. In order 
to have similar conditions and identical current 
density, the samples were insulated by tape before 
the anodization process. Thus, each sample had the 
area of 3.5 cm2 in contact with the electrolyte.

2.2.  Anodization process
The anodization process took place in a basic 

electrolyte containing 0.025 M NaOH and 0.05 M 
NH4Cl as a complexing agent. The power supplier 
(IPC-SL20PRC, Iran) established the voltage of 10 V 
during the anodization process. The cell contained 
two electrodes at the distance of 10 cm from each 
other, electropolished zinc as the working electrode 
and the graphite as the counter electrode. The 
process initiation was at 25 °C which was increased 
later by only 1 °C after 90 min of anodization. In 
the end, the samples were thoroughly rinsed with 
deionized water and dried in air.

 2.3. Characterization
In order to study the morphology of synthesized 

films a field emission electron microscope (Σigma-
VP, Germany) was used. The elemental and phase 
analysis were conducted by energy dispersive 
x-ray spectroscopy (Σigma-Oxford Instrument, 
Germany) and Grazing incidence X-ray diffraction 
(GIXD) (PANalytical X’Pert Pro MPD) methods. 
The grazing angle was set to 5 degrees. The current 
magnitude versus time has been monitored during 
the process as well as the cyclic voltammetry 
diagram in the same electrolyte. In addition, the 
optical band gap was calculated by the diffusion 
reflectance spectroscope (DRS) (Avantes-
Avaspec-2048 TEC). Pore density was analyzed 
using the “ImageJ” software [38].

2.4.  Photocatalytic activity measurements
The photocatalytic activity of synthesized thin 

films was measured by monitoring the degradation 
of methyl orange at room temperature under 
radiation of UV light. For this purpose a 1×1 cm2 
piece of film was placed into 10 mL of methyl orange 
solution with the concentration of 10 ppm. A 400 
W Ultra-Violet lamp (Osram-Ultramed FDA400, 

Germany) was used for the process with the 25 
mm of distance from the surface of the solution. 
The duration of the process was 120 min from the 
time that the lamp was turned on. Samples were 
taken from the solution during this time in 30 min 
intervals. Moreover, before the process began, the 
solution with the film sample in it was placed in the 
darkness for 60 min in order to reach adsorption 
equilibrium. The methyl orange concentration was 
measured during the photocatalytic test by UV-Vis 
spectroscope (Shimadzu-UV3100, Japan).

3. Results and Discussion
Figure 1 shows the formation of zinc oxide on 

the surface of the electropolished zinc foil during 
the anodization process. Figure 1-a demonstrates 
that the substrate was prepared properly and no 
considerable roughness could be seen on the 
surface after the electropolishing process even in 
the microscopic scale. The anodization process was 
conducted in 0.025 M sodium hydroxide and 0.05 
M ammonium chloride aqueous solution using 10 V 
direct current. In the first stages of the anodization, 
it can be observed that small crevices are formed 
on the surface (Figure 1-b). With the continuation 
of the process, the depth of these crevices increased 
steadily and the ledges grew simultaneously to the 
point that new nuclei formed on the ledges (Figures 
1-c and 1-d). The nuclei eventually grew and zinc 
oxide flakes formed homogeneously all over the 
surface (Figure 1-e). The research of Hu et al. [13] 
on zinc anodization in sodium bicarbonate solution 
confirms this results.

It can be inferred that dissolving of zinc ions into 
the solution and presence of OH¯ in the solution as 
well as its production in the cathodic reaction plays 
the vital role in the formation of ZnO, as given in 
the following reactions [39]. 
O2 + 2H2O + 4e¯ ↔ 4OH¯                       (at the cathode)  (1) 

NaOH → Na+ + OH¯                                       (in the electrolyte) (2) 

Zn ↔Zn2+ + 2e¯                                      (at the anode) (3) 

Zn2+ + 2OH¯ → ZnO + H2O (4) 

Zn2+ + ½ O2 + 2e¯ ↔ ZnO                           (overall reaction) (5) 

 

 

𝐷𝐷 =  0.94𝜆𝜆/𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (6) 

 

𝐹𝐹(𝑅𝑅) =  (1 − 𝑅𝑅)2

2𝑅𝑅 =  𝐾𝐾
𝑆𝑆  (7) 

 

𝛼𝛼ℎ𝜐𝜐 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝐸𝐸)𝑛𝑛 (8) 

 

𝛼𝛼 = 𝐹𝐹(𝑅𝑅)
𝑡𝑡 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑡𝑡  (9) 

 

 (at the cathode)       (eq. 1)O2 + 2H2O + 4e¯ ↔ 4OH¯                       (at the cathode)  (1) 

NaOH → Na+ + OH¯                                       (in the electrolyte) (2) 

Zn ↔Zn2+ + 2e¯                                      (at the anode) (3) 

Zn2+ + 2OH¯ → ZnO + H2O (4) 

Zn2+ + ½ O2 + 2e¯ ↔ ZnO                           (overall reaction) (5) 

 

 

𝐷𝐷 =  0.94𝜆𝜆/𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (6) 

 

𝐹𝐹(𝑅𝑅) =  (1 − 𝑅𝑅)2

2𝑅𝑅 =  𝐾𝐾
𝑆𝑆  (7) 

 

𝛼𝛼ℎ𝜐𝜐 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝐸𝐸)𝑛𝑛 (8) 

 

𝛼𝛼 = 𝐹𝐹(𝑅𝑅)
𝑡𝑡 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑡𝑡  (9) 

 

   (in the electrolyte)       (eq. 2)

O2 + 2H2O + 4e¯ ↔ 4OH¯                       (at the cathode)  (1) 

NaOH → Na+ + OH¯                                       (in the electrolyte) (2) 

Zn ↔Zn2+ + 2e¯                                      (at the anode) (3) 

Zn2+ + 2OH¯ → ZnO + H2O (4) 

Zn2+ + ½ O2 + 2e¯ ↔ ZnO                           (overall reaction) (5) 

 

 

𝐷𝐷 =  0.94𝜆𝜆/𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (6) 

 

𝐹𝐹(𝑅𝑅) =  (1 − 𝑅𝑅)2

2𝑅𝑅 =  𝐾𝐾
𝑆𝑆  (7) 

 

𝛼𝛼ℎ𝜐𝜐 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝐸𝐸)𝑛𝑛 (8) 

 

𝛼𝛼 = 𝐹𝐹(𝑅𝑅)
𝑡𝑡 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑡𝑡  (9) 

 

            (at the anode)        (eq. 3)       

O2 + 2H2O + 4e¯ ↔ 4OH¯                       (at the cathode)  (1) 

NaOH → Na+ + OH¯                                       (in the electrolyte) (2) 

Zn ↔Zn2+ + 2e¯                                      (at the anode) (3) 

Zn2+ + 2OH¯ → ZnO + H2O (4) 

Zn2+ + ½ O2 + 2e¯ ↔ ZnO                           (overall reaction) (5) 

 

 

𝐷𝐷 =  0.94𝜆𝜆/𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (6) 

 

𝐹𝐹(𝑅𝑅) =  (1 − 𝑅𝑅)2

2𝑅𝑅 =  𝐾𝐾
𝑆𝑆  (7) 

 

𝛼𝛼ℎ𝜐𝜐 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝐸𝐸)𝑛𝑛 (8) 

 

𝛼𝛼 = 𝐹𝐹(𝑅𝑅)
𝑡𝑡 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑡𝑡  (9) 

 

                          (eq. 4)

O2 + 2H2O + 4e¯ ↔ 4OH¯                       (at the cathode)  (1) 

NaOH → Na+ + OH¯                                       (in the electrolyte) (2) 

Zn ↔Zn2+ + 2e¯                                      (at the anode) (3) 

Zn2+ + 2OH¯ → ZnO + H2O (4) 

Zn2+ + ½ O2 + 2e¯ ↔ ZnO                           (overall reaction) (5) 

 

 

𝐷𝐷 =  0.94𝜆𝜆/𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (6) 

 

𝐹𝐹(𝑅𝑅) =  (1 − 𝑅𝑅)2

2𝑅𝑅 =  𝐾𝐾
𝑆𝑆  (7) 

 

𝛼𝛼ℎ𝜐𝜐 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝐸𝐸)𝑛𝑛 (8) 

 

𝛼𝛼 = 𝐹𝐹(𝑅𝑅)
𝑡𝑡 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑡𝑡  (9) 

 

 (overall reaction)   (eq. 5)

This perfectly matches with the morphology 
variation during the process in Figure 1. Dissolving 
of zinc ions along with the formation of ZnO on the 
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substrate will eventually lead to the formation of 
crevices on the surface. Afterwards, as the process 
continues, these crevices grow in depth. Thus, the 
ledges has thinner electrical double layer and the 
OH¯ ions are more likely to reach the ledges by 
diffusion through the double layer. Therefore, the 
nucleation and growth process occur more easily 

on the ledges than other parts (Figure 1-d). The 2D 
growth of zinc oxide depends on the properties of 
the substrate. Figure 2 shows the orientation of the 
zinc substrate’s grains that control the growth of 
oxide flakes.

Figure 3 shows the Pourbaix diagrams of 
solutions containing 0.025 M NaOH, 0.05 M 

Fig. 1- Formation of zinc oxide during the anodization process on the surface of electropolished zinc substrate in a 0.025 M NaOH 
and 0.05 M NH4Cl solution with the voltage of 10 V after (b) 5 min, (c) 15 min, (d) 30 min (e) 60 min, and (f) 90 min of the anodization 
process.

Fig. 2- ZnO nanoflakes orientation dependency on zinc substrate grains in different magnifications of (a) 3000X and (b) 300X.
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NH4Cl and different zinc concentrations. The 
figure shows that in the bulk solution, which has 
no initial zinc ions, the zinc hydroxide is the stable 
phase. However, in the vicinity of the anode, where 
the zinc ions enter the solution, higher zinc ion 
concentration leads to stability of ZnO phase.

Figure 4 shows the current density (I) vs. 
time (t) diagram for anodized sample in 0.025 M 
NaOH, 0.05 M NH4Cl solution and 10 V potential. 
The current magnitude decreased severely in the 
initial period of the anodization process and as the 
process continued the rate of current reduction 
declined steadily. The formation of oxide layer on 
the surface is responsible for this current drop. 
In other words, in the beginning of the process 
the oxide layer forms rapidly and the thicker this 
layer becomes, the higher resistance it causes and it 
would enforce the current to drop. Eventually, the 
rate of oxide layer formation decreases. 

The cyclic voltammetry of zinc foil in 0.025 M 
NaOH and 0.05 M NH4Cl solution is shown in 
Figure 5. The oxidation of zinc into zinc oxide is 
related to the -1.28 V peak and the peak of zinc 
oxide reduction is situated at -1.48 V. These results 
are consistent with the results of other investigations 
on cyclic voltammetry of zinc [40, 41].

Phase and elemental analysis also were done 
on sample anodized in 0.025 M NaOH, 0.05 M 
NH4Cl solution for 90 min and 10 V potential. The 
EDS analysis which is shown in Table 1 confirms 
the presence of Zn, O, and Cl on the surface of 
the sample. The chlorine ions may be remained 
from solution. As it can be seen from Table 1, as 
the process continues, the portion of Zn decreases, 
at the same time that of O increases. Thus, the 
ratio of O/Zn goes up. Although the portion of 
oxygen and zinc seems to be identical to form 
ZnO compound, the phase analysis was needed in 

13 
 

Table 1 – The EDS analysis of samples after different stages of the anodization process. 
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Time 
(min) 

Zn 
(at%) 

O 
(at%) 

Cl 
(at%) 

O/Zn 
Ratio 

5 78.65 23.13 1.78 0.29 

15 67.12 35.44 2.56 0.53 

30 61.29 41.79 3.08 0.68 

60 57.34 46.27 3.61 0.81 

90 55.69 48.16 3.85 0.86 
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Figure 4 – The current density vs time plot of the anodization process in a 0.025 M NaOH and 0.05 M NH4Cl 

and the voltage of 10 V. 
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Fig. 3- Pourbaix diagram of 0.025 M NaOH and 0.05 M NH4Cl containing (a) 0.1 µM, (b) 10 µM, (c) 100 µM and (d) 1000 µM zinc at 
room temperature.

Fig. 4- The current density vs time plot of the anodization pro-
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order to assure the formation of ZnO. Hence, the 
GIXD pattern acquired which is shown in Figure 
6. The pattern illustrates the presence of zinc oxide 
and zinc metal itself. It is apparent that zinc oxide 
layer is formed and the oxygen detected in the 
EDS analysis is in the form of ZnO compound as 
wurtzite. Since the GIXD pattern shows a complex 
set of peaks, we can conclude that the formed ZnO 
layer is polycrystalline [35, 42]. In addition, the 
zinc metal in the pattern was detected from the 
zinc foil substrate. The full width of half maximum 
(FWHM) of the diffraction peak can be used to 
calculate the crystallite size (D) of ZnO film by the 
Scherrer’s formula:

O2 + 2H2O + 4e¯ ↔ 4OH¯                       (at the cathode)  (1) 

NaOH → Na+ + OH¯                                       (in the electrolyte) (2) 

Zn ↔Zn2+ + 2e¯                                      (at the anode) (3) 

Zn2+ + 2OH¯ → ZnO + H2O (4) 

Zn2+ + ½ O2 + 2e¯ ↔ ZnO                           (overall reaction) (5) 

 

 

𝐷𝐷 =  0.94𝜆𝜆/𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (6) 

 

𝐹𝐹(𝑅𝑅) =  (1 − 𝑅𝑅)2

2𝑅𝑅 =  𝐾𝐾
𝑆𝑆  (7) 

 

𝛼𝛼ℎ𝜐𝜐 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝐸𝐸)𝑛𝑛 (8) 

 

𝛼𝛼 = 𝐹𝐹(𝑅𝑅)
𝑡𝑡 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑡𝑡  (9) 

 

                                 (eq. 6)

The (0 0 2) peak was used to estimate the 
crystallite size, which was calculated to be 15 nm, 
that is in conformity with results of Ismail and 
Abdullah [42].

The optical properties of synthesized thin 
films were also studied by the DRS method. The 
reflectance spectra of anodized film in 0.025 M 
NaOH, 0.05 M NH4Cl solution and 10 V voltage 
for 90 min is shown in Figure 7. The drop in 
reflectance around wavelength of 400 nm is related 
to optical transitions taking place in the band gap 
[43]. Therefore, in order to obtain the band gap, the 
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Figure 5 – The cyclic voltammetry of anodized zinc foil in a 0.025 M NaOH and 0.05 M NH4Cl and the voltage 

of 10 V showing the oxidation (O) and the reduction (R) points of zinc and zinc oxide relatively. 
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Figure 6 – The GIXD pattern of anodized zinc foil in a 0.025 M NaOH and 0.05 M NH4Cl and the voltage of 

10 V for 90 min. 
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reflectance spectra is transformed into absorbance 
spectra by the Kubleka-Munk [44] transformation 
which can be expressed as follows:

O2 + 2H2O + 4e¯ ↔ 4OH¯                       (at the cathode)  (1) 

NaOH → Na+ + OH¯                                       (in the electrolyte) (2) 

Zn ↔Zn2+ + 2e¯                                      (at the anode) (3) 

Zn2+ + 2OH¯ → ZnO + H2O (4) 

Zn2+ + ½ O2 + 2e¯ ↔ ZnO                           (overall reaction) (5) 

 

 

𝐷𝐷 =  0.94𝜆𝜆/𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (6) 

 

𝐹𝐹(𝑅𝑅) =  (1 − 𝑅𝑅)2

2𝑅𝑅 =  𝐾𝐾
𝑆𝑆  (7) 

 

𝛼𝛼ℎ𝜐𝜐 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝐸𝐸)𝑛𝑛 (8) 

 

𝛼𝛼 = 𝐹𝐹(𝑅𝑅)
𝑡𝑡 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑡𝑡  (9) 

 

                                   (eq. 7)

Where F(R) is the Kubelka-Munk function that 
is related to the amount of absorbance, R is the 
reflectance, K is the absorption coefficient, and S 
is the scattering coefficient. In semiconductors the 
optical transitions may be either direct or indirect. 
The equation for absorbance coefficient of direct 
semiconductors which zinc oxide is among them 
is [45]:

O2 + 2H2O + 4e¯ ↔ 4OH¯                       (at the cathode)  (1) 

NaOH → Na+ + OH¯                                       (in the electrolyte) (2) 

Zn ↔Zn2+ + 2e¯                                      (at the anode) (3) 

Zn2+ + 2OH¯ → ZnO + H2O (4) 

Zn2+ + ½ O2 + 2e¯ ↔ ZnO                           (overall reaction) (5) 

 

 

𝐷𝐷 =  0.94𝜆𝜆/𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (6) 

 

𝐹𝐹(𝑅𝑅) =  (1 − 𝑅𝑅)2

2𝑅𝑅 =  𝐾𝐾
𝑆𝑆  (7) 

 

𝛼𝛼ℎ𝜐𝜐 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝐸𝐸)𝑛𝑛 (8) 

 

𝛼𝛼 = 𝐹𝐹(𝑅𝑅)
𝑡𝑡 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑡𝑡  (9) 

 

                                         (eq. 8)

where α is linear absorption coefficient of 
material, A is energy-independent constant, Eg is 

optical band gap, and n is a constant that indicates 
the type of optical transition, which is equal to 0.5 
for direct transition [45]. In order to calculate F(R), 
equation (6) should be considered and since the 
Kubelka-Munk function is directly proportional 
to absorbance, F(R) values were converted into 
linear absorption coefficient through equation (8) 
as follows:

O2 + 2H2O + 4e¯ ↔ 4OH¯                       (at the cathode)  (1) 

NaOH → Na+ + OH¯                                       (in the electrolyte) (2) 

Zn ↔Zn2+ + 2e¯                                      (at the anode) (3) 

Zn2+ + 2OH¯ → ZnO + H2O (4) 

Zn2+ + ½ O2 + 2e¯ ↔ ZnO                           (overall reaction) (5) 

 

 

𝐷𝐷 =  0.94𝜆𝜆/𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (6) 

 

𝐹𝐹(𝑅𝑅) =  (1 − 𝑅𝑅)2

2𝑅𝑅 =  𝐾𝐾
𝑆𝑆  (7) 

 

𝛼𝛼ℎ𝜐𝜐 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝐸𝐸)𝑛𝑛 (8) 

 

𝛼𝛼 = 𝐹𝐹(𝑅𝑅)
𝑡𝑡 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑡𝑡  (9) 

 

                                (eq. 9)

Where t is the film thickness which is assumed 
to be a unit in this study. Hence, by plotting (αhν)2 
against hν and extrapolation, shown in Figure 8, 
the value of optical band gap of synthesized zinc 
oxide thin film was calculated to be 3.24 eV. This 
band gap value is in the range of reported band gap 
values for the zinc oxide [45]. However, the small 
difference between the calculated and theoretical 
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Figure 7 – The reflectance spectra of synthesized ZnO thin film. 
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Figure 8 – The plot of (αhν)2 vs. hν for the anodized thin film. 
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Fig. 7- The reflectance spectra of synthesized ZnO thin film.

Fig. 8- The plot of (αhν)2 vs. hν for the anodized thin film.
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band gap can be due to: 1) different synthesis 
approaches [43], 2) different microstructure and 
morphology of synthesized thin films which is 
related to absorption and scattering coefficient of 
the films [44], 3) Quantum confinement of the 
structure [46].

The photocatalytic behavior of anodized zinc 
foil has also been investigated in this study. Figure 
9 illustrates the absorbance spectra of methylene 
orange (MO) in solution after 0, 30, 60, 90, and 
120 minutes under radiation of UV light in the 
presence of synthesized thin film anodized in 0.025 
M NaOH, 0.05 M NH4Cl solution and 10 V voltage 
for 90 min. The ratio of peaks indicates the change 

in concentration of MO in the solution. Thus, the 
change in the concentration of MO during the 
photocatalysis test can be seen in Figure 10. It can 
be concluded from this diagram that the rate of 
MO degrading is relatively high during the first 
30 minutes of the process. After this period, the 
rate decreased and then increased again. Since the 
oxygen plays a vital role in photocatalytic activity 
of semiconductors [47], the initial high rate of 
decomposition may be due to the presence of oxygen 
in the solution. As the MO decomposes, the oxygen 
content reduces to the extent that its concentration 
in the solution reaches a steady state. At this point 
the initial high rate of decomposition declines. 
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Figure 9 – UV-Vis absorbance spectra of methylene orange in different radiation intervals. 
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Figure 10 – Methylene orange concentration change during 120 min of UV light radiation for the sample 

anodized for 90 min. 
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Fig. 9- UV-Vis absorbance spectra of methylene orange in different radiation intervals.

Fig. 10- Methylene orange concentration change during 120 min of UV light radiation for the sample anodized for 90 min.
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Thus, if we neglect the first 30 min interval, it can 
be assumed that as the time passes the rate of MO 
degrading increases. In other words, there is a delay 
in the degrading of MO, after the moment radiation 
of UV light started. This behavior is identical for 
photocatalytic behavior of semiconductors without 
using an oxidizing agent in the solution [14]. 

The final percentage of MO degradation was 
specified as a measure for photocatalytic activity 
of samples. Thus, the amount of degradation 
of anodized samples after 120 min of UV light 
radiation is shown in Figure 11. The diagram 
shows that as the anodization time passes, larger 
portion of MO has decomposed during the 
photocatalytic activity. The interesting point is that 
during the initial stages of the anodization process 
photocatalytic activity of thin films increased 
dramatically; because even a small amount of oxide 
phase on the surface would enhance this quality 

significantly. After formation of the oxide phase, 
the extension of this growth would eventually lead 
to creation of a porous structure, as can be seen 
in Figure 1. The development of this porous layer 
does not only affect the absorption properties of 
thin films, but also it can expand the area of thin 
films which is in contact with the liquid. Both these 
factors made the escalating trend in degradation 
percentage after 15 min of anodization process in 
Figure 11.

Based on the analysis carried out by the ImageJ 
software which is shown in Figure 12, there is a 
strong correlation between the amount of porosity 
and the photocatalytic activity of synthesized films. 
It is clear that as the anodization process continues, 
the amount of porosity increases, as well as the 
photocatalytic activity. This is evident regarding 
Figures 11 and 12.
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Figure 11 – Percentage of degradation by samples anodized for different periods of time. 
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Figure 12- The calculated porosity for samples anodized for different periods of time. 
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Fig. 12- The calculated porosity for samples anodized for different periods of time.

Fig. 11- Percentage of degradation by samples anodized for different periods of time.
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4. Conclusions
•	 Porous nano-flake zinc oxide thin film 

successfully synthesized in a 0.025 M NaOH and 
0.05 M NH4Cl solution with the voltage of 10 V at 
room temperature of 25 °C. The FESEM images 
show the structural evolution during 90 min of the 
anodization process. They also demonstrate the 
dependency of growth of ZnO flakes on the grains 
of the zinc substrate. 

•	 The cyclic voltammetry show the 
oxidation of zinc into zinc oxide is related to the 
-1.28 V peak and the peak of zinc oxide reduction 
is situated at -1.48 V. 

•	 A growth mechanism for formation of 
ZnO nanoflakes is proposed regarding FESEM 
images and possible chemical reactions during 
the anodization process in alkaline NaOH media. 
The mechanism is also confirmed by the calculated 
Pourbaix diagrams.

•	 The elemental (EDS) and phase analysis 
(GIXD) of synthesized films prove the formation of 
the ZnO after the anodization process. 

•	 The bandgap of anodized zinc foil is 
calculated by the means of DRS and Kubleka-Munk 
transformation to be 3.24 eV. 

•	 The photocatalytic activity of synthesized 
thin films also studied using methyl orange. 
During the initial stages of the anodization process 
photocatalytic activity of thin films increases 
dramatically. After formation of oxide phase, the 
extension of this growth would eventually lead to 
creation of a porous structure. The development of 
this porous layer does not only affect the absorption 
properties of thin films, but also it can expand the 
area of thin films which is in contact with the liquid.

•	 The ImageJ software analysis shows a 
strong correlation between the photocatalytic 
activity and the portion of porosity. As the 
anodization process goes on, the amount of porosity 
increases as well as the photocatalytic activity.
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