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Abstract

Zinc oxide (ZnO) nanostructures were prepared by electrochemical deposition on a stainless steel mesh
substrate (SSM) at a potential difference of 4 volts. Oxidation temperatures of 300, 500, and 700°C for 1 hour were
used to modify the crystal structure and morphology of the ZnO films. The morphological and structural properties
of the ZnO films were analyzed with a field emission scanning electron microscope ( FE- SEM) and x- ray
diffractometer (XRD), respectively. The results indicated that the ZnO films exhibited the crystal structure of
hexagonal wurtzite. The crystallinity and crystalline size improved with increasing oxidation temperature. The
highest crystalline size of ZnO was about 29. 82 nm for an oxidation temperature of 700°C. The ZnO films showed
morphology of nanosheet structure with a hydrophobic surface of water contact angle about 148.2° £ 1.3°. All ZnO
films were tested for their photocatalytic properties with degradation of methylene blue (MB) solution for various
ultraviolet (UV) irradiation time. The results showed that oxidation temperature significantly affected both the crystal
structure and photocatalytic activity of ZnO films. The ZnO films prepared at a temperature of 700°C exhibited the
best degradation of MB solution of about 75.23%.

Keywords : ZnO, thermal oxidation, nanostructure, photocatalytic activity
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Introduction

Many materials such as titanium dioxide (TiO,), tungsten trioxide (WO,), and zinc oxide (ZnO) exhibit
dominant optoelectronic applications including photocatalytic activity, solar cell, or electrochromic device. Among
these materials. ZnO is the most widely used material and cheaper than both TiO, and WO,. ZnQO is an n-type
semiconductor material with a direct and wide bandgap of about 3.37 eV and with a large exciton binding energy
of 60 meV at room temperature (Tian et al., 2012). Most ZnO show a hexagonal crystal structure which can be used
in many applications, including as catalysts (Ong et al., 2018), gas sensors (Han et al., 2016), optoelectronic
devices (Xu et al., 2018), UV emitters (Kumari et al., 2018), photo-electrochemical device (Desai et al., 2019), and
solar cells (Ali et al., 2016). ZnO has been previously synthesized using various techniques to develop
nanostructures such as thermal evaporation (Jouya ef al., 2020), hydrothermal process (Basnet et al., 2020), RF
magnetron sputtering (Du et al., 2019), physical vapor deposition (Haq et al., 2020), and chemical vapor deposition
(Chen et al., 2010). These techniques require sophisticated equipment and prolonged processing time. The thermal
oxidation (TO) process has received great attention since it is an easy, fast, and simple method that does not
require complicated equipment or procedures (Ballesteros- Balbuena et al., 2020; Rojas- Chavez et al., 2020; Wu
et al., 2018). Moreover, TO can be used to modify the morphology of ZnO nanostructures by varying temperature
and oxygen exposure.

In recent years, ZnO has been synthesized by TO from zinc (Zn) powders for photocatalytic applications
(Ballesteros-Balbuena et al., 2020). The photocatalytic efficiency of ZnO strongly depends on structural properties
such as morphology, crystallinity, particle size, and chemical composition. Dikici et al. reported that Zn coated on
the steel substrate was modified to ZnO by TO with an oxidation temperature of 400 - 800°C and testing
photocatalytic activity in MB solution. They found that ZnO at 800°C exhibited nanostructures with the best
photocatalytic degradation of MB (Dikici et al., 2017). The TO process can be used to prepare nanostructured ZnO
film (Rojas-Chavez et al., 2020). However, these studies rarely discuss the relationship of oxidation temperature to
elemental composition and the relationship of nanostructures for their applications.

In this research, the influence of oxidation temperature on the morphological, structural properties and
elemental composition of ZnO films was investigated. Water contact angle (CA) was used to explain the different
properties of the prepared surface of nanostructured ZnO films on SSM. Moreover, ZnO films were achieved to test

the properties of photocatalytic activity reactions by degrading MB solutions under UV irradiation at different times.
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Methods

Zn0O films were deposited on a 3x2 cm’ SSM sheet which was cleaned with an ultrasonic cleaner using
deionized water, acetone, and 2-propanol for 15 minutes. The electrochemical method was used to prepare ZnO
with a solution of zinc sulfate heptahydrate (ZnSO,-7H,0) at a concentration of 0.05 M and a volume of 50 mL. The
SSM was the cathode (-) while the zinc plate was the anode (+). All electrodes were dipped in the ZnSO,-7H,0
solution and adjusted the applied voltage of 4.0 V for 5 minutes. All samples were washed with deionized water and
dried in the air. The preparation conditions of the ZnO films on SSM and TO process at various oxidation

temperatures are presented in Table 1.

Table1 Deposition and thermal oxidation conditions of ZnO films

Sample Voltage Deposition time Oxidation temperature Oxidation time
(V) (min) (°C) (hr)
1 4 5 - -
2 4 5 300 1
3 4 5 500 1
4 4 5 700 1

The crystal structure of the ZnO films was determined using the XRD (Bruker D2 Phaser) with Cu-Ka
radiation at wavelength of 1.5406 A (applied voltage of 30 kV, and applied current of 10 mA) which was recorded
at 20 from 20-80° with a step size of 2 °/min. FE-SEM (JEOL 6060) was conducted to study the morphology of the
ZnO film. The elemental composition of the sample was analyzed using energy dispersed X-ray spectroscopy
(EDX). The methylene blue (MB) solution was used to perform experiments at a concentration of 0.05 mM before
irradiation of UV-light to test the photocatalytic activity of the ZnO films. The MB solution was determined the relation
between the absorption of the solution and concentration according to Lambert's rules (Swinehart et al.,1962; Yu
et al., 2002). Absorption of MB was measured via using a spectrophotometer (GENESYS 10S, Thermo Scientific).
The distance between the UV light source and MB solution was 100 mm. The UV irradiation was used to test a
photocatalytic activity of the ZnO films at a time period in the range of 0 — 120 minutes. Finally, all films were studied
the CA by a contact angle goniometer (Rame-Hart Instrument Co. model no. 250-F1) with deionized water about

2ulL/drop.
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Results

The crystal structure and crystallinity of ZnO films affected the photocatalytic performance. Figure 1 shows
the XRD results of bare SSM and deposited ZnO films on SSM. It was found that bare SSM showed XRD peaks at
20 of 43.8°, 44.7°, 51.1°, and 74.9° corresponding with the (111), (110), (200), and (220) planes of stainless steel
with face center cubic structure. As-deposited films on SSM exhibited an XRD peak at 20 of 37.0° corresponding
to given index value (101) while at 20 of 39.3°, 43.5°, and 54.4° exhibited the Zn of the (100), (101), and (102)
planes (PDF number: 00-001-1244), respectively. The thermally oxidized ZnO films showed that XRD intensity
enhanced with increased oxidation temperatures from 300 to 700°C. This indicates that the hexagonal wurtzite
structure of the crystallinity of ZnO improved as 20 of 31. 9°, 34.6°, 36.4°, 47.8°, 56.9°, 63.2°, 66.7°, and 69.5°
corresponding with (100), (002), (101), (102), (110), (103), (200), and (201) planes (PDF number: 01-082-3143),
respectively. The crystallite size of ZnO at the highest intensity peak of (101) was 19.79, 14.71, and 29.82 nm at
oxidation temperature of 300, 500, and 700°C, respectively, which can be calculated by using the Scherrer equation

(Yuan et al., 2013) as shown in Equation (1).

D =0.9M/BcosB (1)

where D is the crystallite size, K = 0.9 (Scherrer constant), A = 0.15406 nm (wavelength of the x-ray sources), B is

the full width at half maximum (FWHM) of the diffraction peak, and 0 is the Bragg angle (radians).
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Figure 1 XRD patterns of the sample for SSM, as-deposited, and ZnO films at different oxidation temperatures.

Figure 2 shows FE-SEM image of a) bare SSM and b) - e) deposited ZnO on SSM. The surface of SSM
exhibited a rough and smooth grooved surface while the surface of as-deposited films showed the structure of 2
dimension (2D) nanosheet on micro-grain (Fig. 2 b) due to the reaction of ZnO,+7H,0 during the electrochemical
process (Dikici et al., 2017). Usually, ZnO occurs from Zn by TO at temperatures of 450-700°C (Zhao et al., 2013;
Khanlar et al., 2012; Altaweel et al., 2017; Arafat et al.,2020) which is associated with Zn liquids and vapor
phases. Since Zn has a melting point of 419.5°C (Yuan et al., 2013), the growth mechanism of ZnO nanostructures
is controlled by vapor-liquid-solid (VLS) catalysis (Khanlary et al., 2012). Figure 2 c)-e) shows the influence
of oxidation temperature on the morphology of ZnO nanostructures which changes from a dense nanosheet to
a porous nanosheet. The structural properties of ZnO depend on the TO and time were exhibited ( Ballesteros-
Balbuena et al., 2020; Rojas- Chavez et al., 2020; Wu et al., 2018) and that improved the quality of ZnO.
Figure 2 e) at an oxidation temperature of 700°C, the morphology of ZnO films was a porous nanosheet and the

same as the disordered nanotube structure. Therefore, the surface area of ZnO was enhanced with increasing

oxidation temperature.
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Figure 2 FE-SEM image of a) SSM, b) as-deposited, ZnO film at oxidation temperatures of ¢) 300, d) 500,
and e) 700°C.

After analyzing to identify the elemental composition with the EDX technique as shown in Figure 3, we
found that the SSM comprised three major Fe, Cr, and Ni elements while deposited ZnO on SSM showed major Zn
and O elements. Figure 3 (b) shows the relationship of the elemental composition of as-deposited ZnO and thermally
oxidized ZnO at oxidation temperatures of 300, 500, and 700°C. The as-deposited ZnO without TO was found to
exhibit Zn of 64.81 at% and O of 29.66 at%. The O in the films increased after the TO and turned to that decrease
of Zn proportion with the rearrangement of the atom. It was found that Zn and O were in the range of 50-65% and
29-45%, respectively. Almost 50% of the O content was obtained which corresponded with the findings of (Jouya

et al., 2020).
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Before testing the photocatalytic properties, a linear equation between the concentration of MB solution
and absorbance must be created with the optimum absorbance at a wavelength of 664 nm. The absorbance values
of 0.3370, 0.6775, 1.0413, 1.4699, and 1.6352 corresponded with MB concentrations of 0.01, 0.02, 0.03, 0.04, and
0.05 mM, respectively. The linear relationship between absorbance and MB concentration according to Lambert-
Beer rules (Yu et al., 2002) provide a linear equationy = 0.03411X and R? = 0.99019, where x, y, and R? are MB
concentrations, absorbance at wavelength of 664 nm, and the square of the correlation coefficient, respectively, as

shown in Figure 4.

1.6 4 B Experimental Data n

Linear Fit L]

0.8 4

Absorbance

0.6 4
0.4 4

0.2 4

0.0 H

T T T T T T T T T T T
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Figure 4 Standard curves between absorbance and concentrations of MB solution at 0.01, 0.02, 0.03, 0.04,

and 0.05 mM.

The photocatalytic degradation process is due to the action of hydroxyl radicals formed during the reaction.
The mechanism of degradation occurred when the ZnO nanosheet was irradiated with UV (photon energy (hv),
electrons (e") excited from the valence band to the conduction band. The hydroxyl group on the surface of the ZnO
nanosheet reacts with the holes (h") to form hydroxyl radicals (OH"). Additionally, dissolved oxygen reacts with
electrons to form peroxides (O, ). This peroxide takes one and two protons to form superoxide (O,) and hydrogen
peroxide (H,0,), respectively (see Equations 2 - 7). These reactive radicals react with MB and degrade them into

non-toxic organic compounds (Ridhuan et al., 2012).
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ZnO+hv —» ZnO +e +h’ (2)
OH+h" —» OH (3)
O,y —» O, (4)
0, +H" — HO, (5)
2HO, =¥ H,0,+ O, (6)
H,0,+e —» OH +OH 7)

Figure 5 shows photocatalytic decolorization of MB with and without ZnO films under UV irradiation. The
photocatalytic activity can be expressed as C/C;, where C, is the initial concentration of MB and C is the MB
concentration after UV-light irradiation. The degradation of MB for samples in the dark (without UV irradiation and
Zn0) and MB under UV irradiation (without ZnO) showed a slow decrease of C/C, while the samples with ZnO
under UV irradiation exhibited a rapid decrease as oxidation temperature increased. Therefore, TO plays an
important role in the degradation of MB in photocatalytic of ZnO films. Enhanced degradation of MB is due to the
higher surface area and greater crystallinity of the films. These reasons were described with the thermodynamic
model to improve the properties of films (Leitner et al., 2018; Sahu et al., 2009; Fan et al., 2011). In this study, the
best sample of degradation of MB was ZnO films at thermal oxidation of 700°C which can be formed on SSM
substrate with a porous nanosheet structure. The surface defects prevented electron and hole aggregation and

resulted in increased radicals (Demirci et al., 2015).
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Figure 5 Photocatalytic of the ZnO films for the degradation of MB solution at different UV irradiation durations.
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The change in In(C/C) with the time under irradiation is shown in Figure 6 for oxidation temperatures of
300, 500, and 700°C. The graph of In (C,/C) with the irradiation period showed a straight line as Eq. (8) with the
decomposition rate constant where k is the slope and optical decolorization kinetics are consistent with a first-order

kinetic reaction.
In(C,/C) = kt (8)
Samples of ZnO nanosheet with an oxidation temperature at 700°C, as- deposited, and MB in the dark

exhibited the value of k at 0.0163, 0.0056, and 0.0008 min™", respectively, in which the ZnO nanosheet was faster
than as-deposited and MB stored in the dark by 2.91 and 20.38 times, respectively.

Dark
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A 6 <« > o

Ln(C/ CO)
o
©
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0.4
0.2
0.0 - - . . . .
0 20 40 60 80 100 120
Time (min.)

Figure 6 Kinetic reaction of all samples.

Figure 7 shows the degradation of MB as calculated from Eq. (9) for all conditions. Oxidation temperatures
of 300, 500, and 700°C exhibited degradation of 58.47, 66. 34, and 75.23%, respectively. The results show
significant effects of the MB degradation under UV irradiation with using ZnO nanosheet. The relationships of
surface morphology, crystallinity, and oxygen content with oxidation temperature agree well with optimizing the

photocatalytic activity of ZnO films.
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Figure 7 Photocatalytic degradation of MB solution for all conditions.

Finally, the study of polar properties using CA when water droplets are on the surface of films and without
the spread of water droplets remains shaped and angled to surfaces. These are described by surface tension
between the liquid-solid, liquid-air, and solid-air so that a balanced CA measures the ability of liquids to wet solids.
The associated surface tension can be explained by Young's equation (Li et al., 2018). Two characteristics of water
droplets on solid surfaces are hydrophilic surfaces (0°< 8 <90°) and hydrophobic surfaces (90°< 8 <180°) where
0 is CA (Pereira et al., 2015). Figure 8. shows water droplets on the surface of SSM and ZnO films. The result

confirms that the nanosheet structure of ZnO films enhanced the CA as the oxidation temperature increased.
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Figure 8 Water contact angle of SSM and different ZnO films.

Discussion

The nanostructured ZnO films were prepared by electrodeposition on SSM and modified structure with TO
at oxidation temperatures of 300, 500, and 700°C for 1 hour. The ZnO films exhibited a nanosheet structure with the
highest crystallite size of approximately 29.82 nm when oxidation temperature increased to 700°C. TO enhanced
the crystallinity of ZnO films and improved the oxygen contentin ZnO films. Nanostructured ZnO films were modified
from dense nanosheet to porous nanosheet. In addition, the photocatalytic reaction of ZnO films showed the best
sample when oxidation temperatures increased to 700°C with degradation of the MB solution at 75.23%. The
reasons for the high degradation of MB were increasing crystallinity and an enhanced active surface area of ZnO
films (see Figures 1 and 2). Furthermore, the ZnO films were tested for CA which obtained hydrophobic CA at about
148.2° £ 1.3°. The geometrical structure of the surface and the surface energy are two main factors that affect the
wetting properties directly (Kobina Sam et al., 2019) . Beside, creating hierarchical dual-scale structures has an
essential role in obtaining the special wettability relating to the Cassie- Baxter state (Velayi et al., 2017). These
results are due to the modified structure which mentions by the mechanism of the growth of ZnO nanostructures
with vapor-liquid-solid (VLS) catalysis (Khanlary et al., 2012) at high oxidation. However, this research has a

percentage of degradation of less than 90% when compared to other studies that the same conditions showed a
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better percentage of degradation (Dikici et al., 2017) and a higher CA according to the oxidation temperature from

the above conditions.

Conclusions

Nanostructured ZnO films were deposited with an electrodeposited on SSM substrate which modified the
structure via TO at various oxidation temperatures of 300, 500, and 700°C for 1 hour. The results indicate that
increased oxidation temperature improved the crystal structure with high crystallinity and large crystallite size. ZnO
films exhibited the morphology of a nanosheet which modified from a dense nanosheet to a porous nanosheet by
TO. Moreover, we found that the photocatalytic activity of ZnO films increased with oxidation temperature. AN
oxidation temperature of 700°C indicated the highest degradation of the MB solution and CA of water at 75.23%

and 148.2° £1.3°, respectively.
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