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Ag-Zn0O nanostructures with a controllable morphology and optical band structure were prepared via a
hydrothermal process. The relationship among crystallite size, morphology and optical bandgap of the
synthesised Ag—ZnO nanostructures in Ag molar ratio functions was elucidated. A comparative
photoelectrochemical (PEC) analysis was performed using two types of photoanodes, namely, ZnO and
Ag-ZnO. After Ag loading, the thickness of ZnO nanorods decreased to 13.7 nm, indicating that the
growth of ZnO nanorods was disrupted by the presence of Ag. Accordingly, the optical bandgap of the
sample revealed that it underwent bathochromic change. PEC testing was performed in 0.5 M Na,S0,
electrolyte under 100 mW c¢m™2 xenon light irradiation. Results showed that the 0:1 Zn:Ag sample
generated a photocurrent density that was tenfold higher than that of pristine ZnO photoanode. The
enhancement in photocurrent density might be attributed to the low optical energy bandgap that
facilitated the charge transport process. This study presented a facile method for fabricating Ag—ZnO
photoanodes with an excellent photocurrent generation for robust PEC applications.
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1. INTRODUCTION

The utilisation of zinc (I1) oxide (ZnO) in photocatalysis applications has considerably expanded
owing to its remarkable physical and chemical stability, high oxidative capacity and high electron
mobility. Furthermore, ZnO is a widely available and nontoxic material that provides a large surface
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area in nanomaterials [1-4]. Although it is commonly used as an electron transport layer, ZnO has a low
absorption efficiency for visible light because of its large bandgap. Therefore, the surface of ZnO
nanostructures must be modified to enhance their light absorption and carrier generation abilities. To
date, several experiments to alter the surface properties of ZnO nanostructures have been conducted via
different physical and chemical approaches [4-6]. For instance, several studies incorporated quantum
dots into or doped ZnO nanostructures with noble metals [7-9]. The modification of semiconductors by
using different noble metals as dopants, especially in heterogeneous photocatalysis, has attracted
increased attention [10, 11]. Nevertheless, surface modification is not limited to surface modification of
materials for various applications but also can be extended as a functionalisation approach. The
morphology of several noble metals, such as gold (Au) [12], platinum (Pt) [13] and silver (Ag) [14], has
been extensively analysed owing to their excellent catalytic properties.

Among various noble metals that can be used as a dopant, Ag is considered the most promising
candidate because of its good carrier transport properties. Moreover, Ag is highly stable with a small
orbital energy and a large ionic size. Ag is reportedly a good charge collector in photovoltaic cells [10,
15]. Similarly, AgO and Ag.0O have a high degradation efficiency in organic pollutants under visible
light illumination because of their nontoxic nature and narrow range of direct energy bandgap that ranges
from 0.9 eV to 1.1 eV [16]. Ag nanoparticles (NPs) are considered excellent elements that can be utilised
in the development of electronic devices in the future [17].

The dynamics of Ag in the photoactivity of metal oxide-based catalysts under visible light are
being extensively investigated. Ag-modified ZnO reportedly exhibits enhanced photocatalytic activity
because of the high carrier density on the catalyst’s surface that arise from point defects. According to
the literature, the coexistence of metallic Ag in semiconductors results in excellent catalytic activity [18,
19]. Accordingly, the photocatalytic activity of ZnO/Ag semiconductors can be improved owing to their
heterojunction structure. In the present study, the physicochemical and photoelectrochemical (PEC)
properties of Ag incorporated as a dopant onto ZnO nanorods (NRs) at varying ratios were characterised
and analysed. Notably, Ag—ZnO photoanodes were fabricated via a green and non-energy-intensive
hydrothermal method.

2. MATERIALS AND METHODS

Ag-ZnO samples were prepared via a hydrothermal process by using different Ag molar ratios.
Fluorine-doped tin oxide (FTO) substrates were separately sonicated in methanol and acetone for 10
min. Subsequently, the substrates were rinsed with deionised (DI) water and dried with nitrogen (N2)
gas. A ZnO thin film was deposited on the substrates via radio frequency (RF) magnetron sputtering
(Kurt J. Lesker PVD-75). A Zn metal target with a purity of >99.99% (PO 1210097/KS, Aci Alloys Inc.)
was used. During deposition, the sputter power was fixed at 150 W, and the deposition was conducted
for 30 min at ambient temperature. During sputtering, oxygen (O2) gas was purged into the system to
produce translucent ZnO thin films. The film-coated FTO substrates were then subjected to heat
treatment at 350 °C for 2 h in the air to produce a 200 nm-thick seed layer. A precursor solution for
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fabricating pristine ZnO NRs was prepared by dissolving 40 mM of zinc nitrate hexahydrate
(Zn(NO3)..6H20, Sigma-Aldrich) and hexamethylenetetramine (HMT) ((CH2)s.N4, Sigma-Aldrich) in
100 mL of DI water. The solution was continuously stirred for 50 min at room temperature and then
transferred to a Teflon-lined autoclave. The seed layer-coated FTO substrate was inserted in the sealed
autoclave and heated at 95 °C for 5 h in a laboratory oven. Afterward, the obtained samples were rinsed
with DI water several times and dried at 100 °C for 30 min. Finally, all samples were annealed in an N»-
purged tube furnace (OTF-1200X) at 500 °C for 2 h. The samples were fabricated with five different
molar ratios of Znto Ag, i.e., 1:0, 3:1, 1:1, 1:3 and 0:1. The precursor solution was prepared by dissolving
zinc acetate (Zn(CH3C0OO0)2.2H,0, Sigma Aldrich), HMT ((CH2)s-Na4, Sigma-Aldrich) and silver nitrate
(AgNOs, Sigma-Aldrich) in 100 mL DI water and stirred for 45 min. The same step for annealing pristine
ZnO NRs was applied for Ag—ZnO samples.

2.1. Characterisation of ZnO NRs and Ag—ZnO nanostructures

The crystalline structures of the fabricated ZnO NRs and Ag-ZnO nanostructures were
determined via X-ray diffraction (XRD, Brucker D8). The test was conducted under CuKa irradiation
with a wavelength A of 0.154 nm. The surface morphology of the samples was examined via field-
emission scanning electron microscopy (FESEM, Zeiss Merlin Compact) at an accelerating voltage of 3
keV. The presence and distribution of elements on the surface of the samples were identified via electron-
dispersive X-ray spectroscopy (EDX, Zeiss Merlin Compact). The optical transmission spectra of all
samples were measured via UV-Vis—NIR spectroscopy with wavelengths ranging from 100 nm to 1,000
nm.

2.2. PEC activity measurements

The photoresponse of the samples was measured using a three-electrode system enclosed in a
custom-made photocell. The nanostructured samples were used as a working electrode with an exposed
area of 1 cm?. A platinum wire and Ag/AgCl saturated in 3 M KCI were employed as a counter and a
reference electrode, respectively. These electrodes were immersed in 0.5 M Na>SOs electrolyte. The
PEC activity of the samples was measured via linear scan voltammetry (Ametek VersaSTAT 4) with a
scan rate of 0.05 Vs~ ! under 100 mW cm™ xenon light irradiation. Prior to testing, the electrolyte was
purged with N gas for 30 min.

3. RESULTS AND DISCUSSION

3.1. Characterisation of the physicochemical properties of Ag-ZnO nanostructures

The structural properties of the prepared samples and the presence of various compounds were
investigated via XRD. The diffraction pattern of Ag—ZnO samples is given in Figure 1.
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Figure 1. XRD diffraction spectra for ZnO nanorod and Zn: Ag sample.

The ZnO NRs seed layer sample had five diffraction patterns at 260 = 31.83°, 34.49°, 36.34°,
47.63° and 56.69°, which were indexed to the (100), (002), (101), (102) and (110) planes, respectively,
of ZnO hexagonal wurtzite (JCPDS Card No. 01-076-0704). Upon the growth of Ag-ZnO on the seed
layer, the seed layer peaks have disappeared as the X-ray beam was not able to penetrate through the
thick layer of Ag-ZnO to the seed layer. When Ag was growth onto the ZnO NR seed layer (0:1 Zn:Ag),
four main diffraction patterns were detected at 260 = 26.3°, 38°, 44.2° and 51.5°, which were indexed to
the (210), (111), (200) and (220) planes, respectively, of cubic Ag.O (JCPDs Card No.11-164). Two
main observations were obtained when the Zn:Ag ratio increased from 3:1 to 0:1. Firstly, the
characteristic peaks of cubic Ag-O has increased in intensity, with the crystal phase of ZnO at 34.49°,
36.34° and 47.63° resemble the seed layer diffraction patterns gradually diminished. Secondly, there
observed with a single peak in the 3:1 and 1:1 samples at approximately 37.5°; with further increase in
the Ag composition in the alloy to 1:3 and 0:1, the co-existence of a new peak at 38° is observed. The
presence of different peaks with the change in the alloy composition has indicated a crystal phase change
has occurred, which is in good agreement with the FESEM results obtained in Figure 2 which shows the
different morphology between the two aforementioned sets of samples. For the 3:1 and 1:1 samples, the
nanorod structure is clearly observed due to the dominance of ZnO in the alloy; meanwhile, at lower
ZnO composition at 1:3 and 0:1, the irregular microsphere structure of Ag as the dominant compound is



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210848

vividly observed. This observation is a typical phenomenon of doping effect in ZnO which has been
reported by many [20-23].

The average crystallite size (D) of the samples was calculated using the Debye—Scherrer equation

as expressed in equation (1):
0.92

~ Baricost’ (1)

where A is the wavelength of incident X-ray beam (1.541° A), 6 is Bragg’s diffraction angle and
[ 1s the full width at half-maximum of the dominant peaks. When the molar ratio of Ag was increased,
the crystalline size of the Ag—ZnO samples considerably decreased from 33.41 nm to 19.96 nm.

FESEM micrographs of the top and cross-sectional views of the ZnO NRs and Ag-ZnO
nanostructures grown on the FTO substrate are provided in Figure 2. The samples with mole ratios of
Zn:Ag = 1:0, 3:1 and 1:1 showed a high density of vertically aligned ZnO NRs coated with Ag NPs.
When the molar ratio of Ag was increased, an irregular microsphere nanostructure grew on the FTO
surface. The Ag NPs likely started to agglomerate on the surface. For the 1:3 Zn:Ag sample, a
combination of ZnO NRs and microspheres was found on the surface. For the 0:1 Zn:Ag sample, an
irregular microsphere was distributed on the FTO surface. The thickness of the samples was also
analysed using Image J software. After Ag incorporation, the thickness of the NRs decreased from 29.73
nm to 13.7 nm. This observation could be attributed to the decrease in growth rate of the ZnO NRs
induced by Ag NPs [24].
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Figure 2. FESEM top view and cross sectional view of ZnO Nanorod and Ag-ZnO sample

The elements existing in the Ag—ZnO nanostructures were identified and measured via EDX.
The EDX spectra are summarised in Figure 3. Three elements, namely, Ag, Zn and O, were detected in
the samples, suggesting that the prepared samples were of high purity. The weight (%) of Ag increased
from 11wt.% to 52.0wt.% with the concentration of Ag dopants compared with that of the 0:1 Zn:Ag
sample (84.4wt.%). The detailed weights (%) of the samples are given in Table 1. Elemental distribution
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was determined via EDX mapping. The areas marked in yellow, red and green represent Zn, O and Ag,
respectively. Zn, O and Ag were found to be evenly distributed on the surface of FTO. Zn was clearly
the dominant element (Figures 3a and 3b); hence, the weight of Ag did not exceed 12%. However, Ag
had the highest ratio (Figures 3c and 3d). The results confirmed that the microspheres basically formed
from Ag, whereas the NRs originated from Zn and O elements. This result further confirmed that of
XRD analysis.
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Figure 3. The EDX spectra for Ag-ZnO sample

Table 1. Elemental analysis of Ag—ZnO nanostructures prepared from different molar ratios of Zn:Ag.

Sample Zn (wt.%) Ag (wt.%) O (wt.%)
Pure ZnO NRs 60.03 0 30.97
3:1 Zn:Ag mole ratio 73.1 11 15.8
1:1 Zn:Ag mole ratio 71.5 12 16.4
1:3 Zn:Ag mole ratio 33.3 52.1 14.6

0:1 Zn:Ag mole ratio 15 84.4 14.1
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The absorption spectra of the ZnO NRs and Ag-ZnO nanostructures are plotted in Figure 4.
Compared with that of the ZnO NRs, the absorption ability for visible light of the Ag-ZnO
nanostructures was substantially enhanced. When the dopant ratio of Ag was increased, the absorption
intensity of the Ag—ZnO nanostructures also increased because the density of the Ag NPs increased.
Therefore, the enhancement in visible light absorption of the sample was likely due to the energy gap
structures that formed in the Ag—ZnO electrode and promoted the transfer of electrons in the visible
region. Furthermore, the band gap in the Ag-ZnO nanostructures was analysed using a Tauc relation.
Notably, Ag had a high absorption ability toward visible light because of localised surface plasmon
resonance. As seen in Figure 4, the band gap energy of Ag—ZnO decreased to 2.2 eV when the
concentration of Ag increased (Zn:Ag = 0:1).
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Figure 4. UV-Vis absorption spectra and Tauc plot for ZnO NR and Ag-ZnO nanostructure prepared
from different molar ratio

The photocurrent density curves of pristine ZnO NRs and Ag—ZnO nanostructures prepared at
various mole ratios of Zn:Ag are plotted in Figure 5. The 3:1 Zn:Ag sample had the lowest photocurrent
density probably because of the high ohmic interface between the electrode and the active layer. The 0:1
Zn:Ag sample produced the highest photocurrent density can be correlated with the lowest band gap
energy of 2.2 eV among all samples which has sufficiently enhanced the light absorption [25-26], in
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addition, the enhancement of contact between the electrode and the active layer through the
hydrothermal process is also believed to have contributed in reducing the charge recombination [27].
Moreover, the abundant amounts of Ag NPs deposited onto the surface of ZnO NRs yielded an excellent
visible-light absorption, leading to an efficient electron transfer and thus a high photocurrent generation.
The photocurrent values presented in Table 2 were compared with the values reported by previous
studies listed in Table 3. Notably, the 1:3 Zn:Ag and 0:1 Zn:Ag samples provided approximately 5-fold
and 10-fold higher photocurrent densities than the pristine ZnO NR electrode, respectively. The
improvement in photocurrent generation was attributed to the plasmon resonance effect of the Ag
nanoparticles. Notably, the deposition of the 0:1 Zn:Ag sample produced the highest photocurrent
density of 16.2 mA cm™2 at 1.0 V versus Ag/AgCl. Furthermore, the photocurrent generated herein was
remarkably higher than that reported in previous studies [1, 28].
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Figure 5. Photocurrent density of Zn:Ag samples synthesised at different ratios

Table 2. Photocurrent density of Zn:Ag samples synthesised at different ratios

Zn:Ag Photocurrent density
mole ratios (mAcmat 1.0 V vs. Ag/AgCl)
1 (Zn): 0 (AQ) 0.7
3(Zn): 1 (Ag) 1.7
1(zn): 1 (Ag) 2.1
1 (zn): 3 (Ag) 45

0 (Zn): 1 (Ag) 16.2
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Table 3. Photocurrent density of various electrodes involving Zn:Ag doping.

Synthesised Samples Synthesis Photocurrent Voltage Ref.
method density
(V vs. Ag/AgCl)
(mA cm™)
Zn0/Ag—a-Fe,03 Wet chemical 1.40 1.0 [29]
heterostructure procedures
Ag-implanted ZnO Hydrothermal 0.08 0.4 [30]
hierarchical route
nanoflowers
ZnO/AgNW RF magnetron 0.46 1.0 [31]
heterostructures sputtering,
polyol
methods
Ag—Zn0O RF magnetron 16.2 1.0 Present
nanostructures sputtering, study
Hydrothermal
route

4. CONCLUSION

In summary, Ag-ZnO nanostructures were prepared via a hydrothermal route. The Ag—ZnO
nanostructures displayed favourable properties that make them a promising prospect as a photoanode
capable of efficiently harvesting visible light. The Ag—ZnO nanostructures showed a pronounced light
absorption in the visible light region. In a 0.5 M Na2SO4 electrolyte, the Ag—ZnO nanostructures with a
molar ratio of 0:1 exhibited an excellent photocurrent density of 16.2 mA cm™2at 1 V versus Ag/AgCl,
which corresponded to 10-fold enhancement than that of pristine ZnO NRs under 100 mW cm
illumination. The facile, green and non-energy-intensive method presented in this study can produce
highly active photoanodes. Photoactive Ag—ZnO can be used in any photocatalytic application, such as
dye-sensitised solar cells, photodegradation, PEC hydrogen production and CO> photoreduction.
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