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Abstract: Herein we report on a simple method to grow ZnO nanorod/Graphene oxide (GO) array
without the initial seed layer on a printed circuit board (PCB) as the substrate based on Galvanic
effect. The hydrothermal growing conditions such as temperature and time were investigated by X-
ray diffractometry (XRD), Raman scattering, as well as Scanning Electron Microscopy (SEM). It is
shown that the as-prepared ZnO nanorod was grown well-vertically on the substrate. Furthermore,
we investigated the photocatalytic activity of synthesized samples, which showed the enhanced
photodegradation ability in the composite sample.
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1. Introduction

ZnO is one of the most studied oxide semiconductors because of its prominent characteristics such
as wide direct bandgap (~3.37 eV), large exciton binding energy (60 meV) at room temperature,
environmental friendliness, and low-cost [1-3]. Hence many works have focused on the fabrication with
various wet-chemical methods which mainly produced ZnO in the powder form. There were several
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works that tried to prepare it on substrates in order to have well-aligned ZnO nanorod array seeking
interesting applications in electronics and microdevices [4]. However growing ZnO on substrate, one
usually has to have a precious substrate with ZnO seed initially, which may drastically increase the
production cost. Furthermore, the low stability of the seed on the substrate due to different thermal
expansion and crystal lattice characteristics between ZnO and the substrate is the main reason for this
fabrication technique far from applicable [5-7].

Herein we proposed an ecofriendly hydrothermal technique to fabricate well-aligned ZnO array on
a printed circuit board (PCB) substrate thanks to Galvanic effect. We also prepared the composite of
ZnO and graphene oxide (GO) for further study of the photocatalytic activity in degradation of
methylene blue in solution. The crystal structure and morphological properties of synthesized samples
were characterized by X-ray diffractometry (XRD), Raman spectroscopy, and Scanning Electron
Microscopy (SEM).

2. Experimental
2.1. Chemicals and Synthesis of Materials

Based on Galvanic effect, ZnO nanorod array was grown on printed circuit board — PCB by a
hydrothermal method [8]. First, the PCB substrate was polished with SiC sandpaper. Then the PCB
substrate was ultrasonic cleaned with acetone, ethanol and bi-distilled water. In order to make the
structure of Galvanic cell, the edges of PCB substrate were covered by Sn metal. The uncoated area
would develop ZnO nanorods as schematically shown in Figure 1.
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Figure 1. Schematic illustration of Galvanic cell-based fabrication process of ZnO nanorod arrays. Sn was used
as the sacrificing anode and ZnO nanorod would grow on the cathode substrate.

To prepare ZnO array, the prepared Galvanic cell substrate was immersed in a mixture of 200 mM
zinc nitrate hydrate (Zn(NOs),.6H,0), hexamethylenetetramine (CsHi2N4); to prepare ZnO/GO
composite, modified Hummer’s method graphene oxide (GO) [9] was poured in the above solution.
Then, the resulted solution was magnetically stirred in 15 min and consequently placed in a Teflon
thermos flask covered by a stainless steel for the hydrothermal process at 90°C in 10 hours. After that,
substrate was rinsed with distilled water to remove residual salts from the surface. Finally, the sample
was air-dried naturally. The preparation process was schematically shown in Figure 2.

2.2. Characterization

The crystal structure of the ZnO nanorods was characterized by X-ray diffraction and Raman
spectroscopy. The morphology of the sample surface was examined by scanning electron microscopy
(SEM). While the absorbance spectra of the dye was analyzed at regular intervals of time by UV-Vis
spectrophotometer.
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Figure 2. Preparation process for ZnO and ZnO/GO nanorod arrays.

2.3. Photocatalytic Activity Measurement

The degradation of methylene blue dye in the solution under sunlight irradiation was used to evaluate
the photocatalytic activity of the synthesized samples. MB solution with C = 25x10° mol.L-1 and the
ZnO nanorod arrays were used in the measurement. The material was added to 150 ml of MB solution.
Then, we began measuring the photocatalytic ability of the material under direct sunlight irradiation.
The degradation of MB was measured after every 1 hr of sunlight irradiation for a total time of 10 hr by
using a UV-Vis system. The MB degradation efficiency can be calculated as [10]:

(%) = (1—%) %100% 1)

0

where Cy is the MB initial absorption value and C; is the MB absorption value at the time of irradiation t.

3. Results and Discussion

3.1. Structural Property

Figure 3 shows XRD patterns of ZnO and ZnO doped 0.5 ml GO samples. The 26-peaks of these
samples appear at 32.07°, 34.73° and 36,54° corresponding to planes of (100), (002), and (101),
respectively. These planes match with the characteristic hexagonal wurtzite crystal structure of ZnO
(JCPDS card No. 36-1451) [10]. Both the XRD patterns show no other peaks of impurity or any other
forms of ZnO such as Zn(OH); so ZnO and ZnO/GO samples that have a high purity.
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Figure 3. XRD patterns of ZnO and ZnO/GO nanocomposite.
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Due to the wurtize structure, the lattice constants of ZnO, a and c, could be calculated by the
following equations [11]:

1 4 h*+hk+k?, I?
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2d,,sind=n4;n=12,.. (3)

where a and c are lattice parameters of the hexagonal wurtzite structure.

The crystal size (D), according to the highest diffraction peak (101), is calculated by Scherrer
formula:

D 0.891
pcosé

)

where D is the particle size of the crystal, A (1.54060A) is the wavelength of the X-ray, and P is the
diffraction peak magnitude measured by half its maximum intensity in radians. Hence, Table 1 shows
the lattice parameters and average crystalline sizes of the synthesized samples.

Table 1. Crystal parameters calculated according to the XRD result.

ke o sample FWHM () a(om) ¢ (m) D (nm)
101 ZnO 0.15869 0.32191 0.51992 52.13
101 Zn0O/GO 0.15905 0.32221 0.51797 50.02

The average crystallite size of the ZnO nanorods in the composite was slightly smaller than in pure
ZnO nanorods; this can be explained by the effect of GO, which inhibits the complete development of
nanorods during coating. Therefore, the XRD analysis results demonstrated the formation of GO layers
on ZnO nanorods [12]. For further investigation of GO in the composite, Raman spectra were measured
and the results are shown in Figure 4.

3.2. Raman Spectra Analysis
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Figure 4. Raman spectra of ZnO and ZnO/GO.
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To study the binding medium and the defect-related disorder in the mixture of ZnO and GO-ZnO,
Raman analysis was performed. Raman spectra of ZnO and ZnO/GO are presented in Figure 6. The
spectrum of ZnO shows the peak at 332 cm™ corresponding to zone boundary phonons of hexagonal
ZnO. The peaks at 438 cm™ and 575 cm* which belong to characteristic E; mode (High) and A1 mode
(LO) of wurtzite type phase of ZnO [13], [14]. In addition to the two characteristic vertices of the
wurtzite hexagonal phase of ZnO, the Raman spectra of ZnO/GO show two major characteristic peaks
at ~ 1350 and 1580 cm* corresponding to D band and G band of GO, respectively [15, 16]. The D band
appears due to sp® disabilities while G band is due to in plane oscillation of sp? carbon atoms and a
doubly degenerated phonon mode [13], [17]. Due to GO doping, the intensity of the E; mode (high)
peak is slightly decreased.

3.3. Morphological Analysis

Figure 5 shows the SEM image of ZnO nanorod array being air-dried. It confirms the one-
dimensional hexagonal morphology of ZnO. High density ZnO nanorods, which grow upright and bond
well with the PCB substrate. That also means that the fabrication of ZnO nanorod arrays on the PCB
substrate by the seedless hydrothermal method has been successful.

Figure 6. SEM image of: (a) ZnO and (b) ZnO/GO nanorod arrays being dried at 100°C.



N. X. Sang et al. / VNU Journal of Science: Mathematics — Physics, Vol. 37, No. 3 (2021) 32-41 37

However, during the photocatalytic investigation, when immersed in the solution, the material is
unstable, and peeled off from the base. To enhance durability and reusability, the material is dried at
100°C and an SEM image is obtained as shown in Figure 6a. The morphology of the material has
changed significantly. The nanorods were morphologically uniform but in random directions. After
deposition of GO layer on the surface of ZnO nanorods, the hexagonal morphology is preserved.
However, the size of the nanorods in the case of ZnO/GO nanocomposites was slightly smaller than that
of ZnO nanorods (Table 1). The coating of GO on ZnO enables photo-electrons to easily transfer from
the ZnO surface to the GO layers, leading to separation of the photogenerated carriers and improving
the photocatalytic efficiency of the nanocomposite [12].

These observations demonstrate that ZnO nanorods can be grown directly on PCB substrates by
hydrothermal method based on Galvanic cell structure with high ZnO nanorod density without prepared
seed layers. Accordingly, precursor mixtures of Zn(NOs)..6H20 and CsH12N4 was the nuclei source for
the growth of ZnO, of which Zn(NOs). provided Zn?* and CsH12N4 hydrolyzed to produce formaldehyde
and ammonia. Ammonia reacts with water to form NH4OH, dissociates rapidly into OH  and NH.,*.
CsHi12Ns acts as a pH buffer to adjust the pH value of the solution and remains constant at 7.0. The OH"
ions react with Zn?* to form Zn (OH), compounds that then decompose to ZnO [8].

C.H,,N, +6H,0 — 4NH, + 6HCHO

NH,OH <> NH; +OH" 5)
Zn** +20H" <> Zn(OH),

Zn(OH), — Zn0+H,0

Galvanic effects are formed by exposing two different metals to each other. Here, the PCB substrate
already has a copper layer on the surface, so it is preferred to choose metals with stronger reducing
properties than Cu such as Al, Pb, Sn ... to cover the edges of the substrate. Because of the more negative
reduction potential of Sn in comparison with Cu, Sn loses electrons to form Sn#*, and the lost electrons
are transferred to the PCB substrate. Therefore, the Sn layer acted as the sacrificing anode and the PCB
substrate acted as the cathode. As a result, by coating the edges of the PCB substrate with the Sn
layer, the potential difference of the two electrodes is produced. The difference in potentials (potential
differences) promotes chemical reactions, so they induce growth of ZnO on the exposed substrate
area [18].

3.4. Photocatalytic Study

a) —0h —1n zno “lb) —oh —n Zn0IGO
S 3
S L
[0 [0
o o
= =
© ©
el el
2 2
<] <]
172 17
Q el
< <
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 7. UV-vis absorbance spectra of MB dye under sunlight after different time intervals using
() ZnO and (b) ZnO/GO nanocomposite as catalysts.
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The ZnO and ZnO/GO nanocomposites were used as photocatalyst for decolorization of MB dye
utilizing sunlight as an energy source. UV-vis absorbance spectrum of the dye solution gives
characteristic MB dye peaks with absorbance intensity directly proportional to its concentration
(according to Beer-Lambert law). Figures 7a and b show that the absorbance intensity of dye decreases
with respect to sunlight irradiation time using ZnO and ZnO/GO nanocomposites as catalyst. The
decoloration of MB dye is attributed to the oxidation of the dye in the presence of hydroxyl radicals.
After 10 hours of irradiation, the photocatalytic efficiency of the pure ZnO sample was about 54.65%
while GO doped ZnO sample was increased up to 58.53%. It was shown that GO doping into ZnO
nanorods increased the efficiency of the photocatalytic reaction to treat MB dyes in sunlight irradiation.

The study of the process of doping GO into ZnO materials to increase the photocatalytic efficiency
stems from the following reasons. First, the surface area of graphene is high so the appearance of GO
can increase the absorption of the composite. On the other hand, the absorption of the photocatalytic
agent is further enhanced by n-n conjugation between the aromatic regions of GO and MB. Secondly,
under UV irradiation, electrons of the valence band (VB) are excited to jump onto the conduction band
of ZnO through the GO sheets and then captured by O- to generate and O,". At the same time, the emitted
electrons from the conduction band of ZnO can be switched to GO, which greatly contributes to the
resistance of charge recombination, helping to prolong the life of electrons and holes [19].
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Figure 8. a) Photocatalytic ability of synthesized samples for MB degradation,
b) The first-order kinetics for MB degradation with irradiation time.

For further understanding the photocatalytic process of GO doped ZnO sample, a rate kinetic study
was carried out by using two models: first-order and second-order models. The rate kinetics of the
photocatalytic process of the synthesized samples was suitable for the first-order model as shown in
Figure 8b, where their kinetic constants could be expressed as follows:

k:}m& (6)
t C,

where Co and C; are the initial concentration of MB and the concentration of MB at time t, the
iradiation time, respectively. The fitted k values and their correlation parameters shown in Table 2
indicate that the degradation rate constant for ZnO/GO is higher than that of the ZnO. It shows that
higher dye decolorization rate can be achieved by the addition of GO to ZnO nanomaterial.

Table 2. The first-order rate constants of synthesized samples.

Sample Reaction rate constant k (min?) R?
Zn0O 0.0012 0.95071
Zn0O/GO 0.0013 0.96513
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3.5. Photocatalytic Activity Mechanism

ZnO semiconductor has a rather large band gap (3.37 eV) while light has a long wavelength, so it is
difficult for electrons to transfer energy levels. To increase the photocatalytic capacity it is usually to
create defects by doping or fabrication. Graphene oxide has many advantages, which are very suitable
for ZnO doping selection. When the ZnO / GO nanocomposite is exposed to sunlight, the photo-
excitation of electrons (e-) on the surface of the ZnO takes place. When photons with energies greater
than the band gap energy of the photocatalyst are absorbed, electrons of the valence band (VB) are
excited to the conduction band (CB) of the ZnO via the GO sheet, leaving positive holes in VB. It
facilitates some photochemical reactions to take place. The GO lower work function allows for efficient
electronic interaction between GO and ZnO, so that electrons are easily transferred from the CB of ZnO
to GO. This helps prolong the recombination time of the electron-hole pair (e"— h* pair) . The electrons
in CB react with surface oxygen species and water molecules to produce reductive superoxide radicals
(o;) and oxidative hydroxyl radicals (-on/*00H ) while the positive holes in VB can oxidize organic

pollutants directly or produce highly reactive hydroxyl radicals (*OH ).These hydroxyl radicals (*OH )
are highly reactive oxidizing agents and rapidly decompose dyes into less detrimental products. The
possible reactions during dye decolorization MB are summarized in Egs. (6) - (14) and shown in a
schematic form in Figure 9 [13].

ZnO+hv — ZnO(e” +h") (7
GO+e - GO(e") (8)
OZ(adsorbed) + Go(ei) - O; + GO (9)
H,O< H"+0OH™ (10)
O, +H" - HO; (11)
HO; — H,0, +0, (12)
H,O0, +e- - OH" +0OH" (13)
OH +h" ->OH" (14)
OH* + MB/ Industrial dye — CO, + H,O + degraded product ~ (15)
h* +dye — dye* — Oxidation of the dye (16)
- 01
f\(‘oz'-x:%» *HO, =) H,0, ™) *OH
‘,// i\‘\ OE ' =i GO sheet
2,
7~ w ) ZnO nanorod
hv

*OH + MB = CO,+H,0 + Oxidation Products

Figure 9. Schematic show of the reduction mechanism of MB dye by using the ZnO/GO nanocomposite
as a photocatalyst under sunlight.
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4. Conclusion

This work reported on a facile seedless hydrothermal synthesis of ZnO nanorod array on PCB

substrate using Galvanic effect. It showed that ZnO array was grown vertically on the substrate.
Furthermore, ZnO/GO composite fabricated using this technique showed the enhancement of
photocatalytic activity. This method could be useful for cost-effective nanorod ZnO array fabrication.
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