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The enhanced photocatalytic features of the synthesized materials indicates their potentiality in
wastewater treatment. In this work, vertically aligned silver (Ag) doped-ZnO nanorods (NRs) were
successfully synthesized on seed-layer-free PSi structures using an electrochemical technique and
FESEM results indicated that c-axis orientation was the preferential growth direction of the single-
crystalline Ag doped-ZnO NRs, consistent with XRD results. Electrochemical impedance spectroscopy
(EIS) was applied to analyze the interface properties and charge transfer efficiency of samples. The
removal of methylene blue as an organic compound in wastewater using the Ag doped-ZnO/PSi
photoanodes was studied by the photoelectrocatalytic technique. The EIS results showed that Ag
doped-ZnO/PSi nanostructures have higher free-electron carriers which accelerate charge transfer and
decrease the resistance. The enhanced photocatalytic activity of the Ag doped-ZnO/PSi can be
attributed to the enhancement of photogenerated electron-hole pairs as a result of varied potential
energy between ZnO and Ag.

Keywords: Ag doped-ZnO/PSi nanostructures; Electrochemical technique; Photoelectrocatalytic;
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1. INTRODUCTION

Recently, the development of innovative techniques for wastewater and water treatment and
management has attracted the attention of many scientific activities and research projects [1, 2].
Common methods used to treat wastewater frequently fail to completely degrade toxic compounds, or
yield large amounts of waste activated sludge, which can cause defecation problems [3]. An
environmental favorable alternative is offered by advanced oxidation procedures [4]. Among them,
semiconductor-based photocatalytic degradation, which uses metal oxide materials as a catalyst to act
as an oxidation medium, is widely used [5].
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Zinc oxide (ZnO) is eliciting research interest due to the large exciton binding energy of
60 meV, its wide band gap, and stable physical and chemical properties [6]. Accordingly, ZnO-based
nanostructures such as nanorods (NRs) or nanowires are considered as promising materials for various
wide-ranging applications such as in the field of photocatalysis and sensing. Porous Si (PSi) structures
are commonly have surfaces morphology that are rough which are the best templates for the growth of
align ZnO nanostructures with minimal stress and without metal catalysts [7].

ZnO nanostructures have been produced using a variety of methods [8]. Among them, the
electro-electrochemical technique is the most commonly used for its safety, simplicity, and low-
temperature deposition.

The localization and transport processes of charge mainly assess the functional properties of
film-based photoelectrodes [9]. The surface environmental composition is one of the important factors
in the fluctuation of electrical properties of the layers. Notably, metal oxides nanocomposites consist
of regions with distinct electrical properties [10]. The photocatalytic efficiency can be affected by a
disadvantage of ZnO, the rapid recombination of photoexcited hole and electron pairs. To overcome
this disadvantage, the recombination rate of the pair must be slowed down and the surface charge
transfer must be improved. A number of methods have been devised to alter these and one of them is
doping the ZnO photocatalysts with a transition metal, which can result in alteration of electrical,
magnetic and optic properties of ZnO [11]. It also results in a decrease of band gap energy, the
formation of electron traps to increase the charge separation and better photo catalysis activity of ZnO.
Doping of ZnO is widely done by using transition metals such as Ni, Mn, Fe, Cu, and Ag [12-14]. This
enables the formation of electron traps that decrease the pair recombination rate. It has been found that
doping is an effective process in the photocatalytic activities only when added in optimum
concentration.

Electrochemical impedance spectroscopy (EIS) is widely used to study various other
electrochemical systems such as corrosion, electrodeposition, batteries, and fuel cells. However,
impedance techniques have recently been used in the photocatalytic field.

In the present study, a new approach was established to investigate Ag doped-ZnO/PSi
photoelectrode through an EIS technique. The photocatalytic efficiency of the obtained Ag doped-ZnO
NRs were intensely considered for the possible approach in water treatment.

2. MATERIALS AND METHODS

The n-type PSi structure was made on Si (100) oriented wafer using a photoelectrochemical
wet etching process in a home-made Teflon cell. This cell contains a mixture of ethanol (96%) and
hydrofluoric acid (HCI) with a 4:1 volume ratio. Prior to etching, the samples were cleaned using the
standard RCA procedure and dried by blowing nitrogen. The platinum wire as a cathode and the Si
sample as an anode were connected to a direct external power supply. Etching time and current density
were 8 min and 20 mA/cm?, respectively which were utilized to prepare a PSi layer. Ag doped- ZnO
NRs were prepared by electrochemical technique on PSi substrates. A two-electrode setup was used to
deposit Ag doped-ZnO NRs on PSi substrates. 0.1M zinc nitrate hexahydrate (Zn(NOz3)..6H2>0) and
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0.05M silver nitrate (AgNO3) were added to DI water and subjected to 30 min vigorous stirring. 0.1M
hexamethylenetetramine (HMTA) was dissolved in 25 ml DI water and then was added to the previous
solution. After stirring and uniform mixing, a few drops of ammonium hydroxide (NHsOH) were
added to adjust the pH to 10. A homogenous mixture was made by stirring it for 20 min. The 25 mM
aqueous solution was put into a galvanic cell. The PSi and Pt electrodes were exposed to the solution
as the cathode and anode, respectively. Vertically aligned nano tapered ZnO structures were produced
with 1 mA/cm? current density, 60 min growth time and 80 °C growth temperature.

FEI/Nova NanoSEM 450 Field-emission scanning electron microscopy (FESEM) was used to
characterize structure, morphology and size of the Ag doped- ZnO NRs. X-ray diffraction (XRD;
PANalytical X’Pert PRO MRD PW3040) was employed to evaluate the crystallinity Ag doped- ZnO
NRs/PSi nanostructures.

Electrochemical impedance spectroscopy (EIS) was used to examine the charge transfer and
recombination processes with a 10 mV potential at frequencies range from 0.1 Hz to 0.1MHz. In
typical measurement, Ag-doped ZnO nanorods grown on PSi substrates were used as the working
electrode. An Ag/AgCl and Pt wire were utilized as the reference and counter electrodes, respectively.
0.1M sodium sulfate (Na2SO4) aqueous solution was used as the electrolyte in this experiment. The
photoelectrocatalytic of the Ag doped- ZnO NRs/PSi electrode was investigated by degradation of MB
dye under UV irradiation. The photoelectron-degradation tests were performed in an electrochemical
cell, including of three electrodes. Ag doped- ZnO NRs/Psi, Pt mesh electrode and Ag/AgCI/KCI, as
working, counter and reference electrodes, respectively. The cell was filled by 25 mg L™ of MB
aqueous solution in 400 mL Na>SOa. A positive potential of 0.6 V was used for a period of 2 hours.

Tap-water and wastewater were used as real samples in this study. Wastewater with COD
between 400 and 600 mg/L was obtained from a chemical products factory in Beijing, China. pH meter
(Sigma, P1367 MSDS) was applied for adjusting the pH of solutions. The real samples after separation were
analysed to determine the residual MB concentration by UV spectrophotometer at 665 nm. The extent
of dye removal expressed as percentage was calculated using the following equation:

Removal efficiency (%) = [(Co — Cr)/Co] x 100 (1)

where Co and C, is the initial and residual concentrations of MB in solution (mg/L),
respectively.

3. RESULTS AND DISCUSSION

The FESEM image in Figure 1la shows high-density Ag doped- ZnO NRs uniformly distributed
over the whole PSi substrate. Figure 1b demonstrates well-aligned and perpendicular Ag doped-ZnO
NRs on the naked PSi surface as approved by the (002) peaks discovered in the XRD patterns. The
figure indicates that a sponge-like structure was formed at the Si surface with a lot of pores. The pore
sizes were between 15 and 50 nm and are shown by black areas in the image. The average surface
roughness of the pores was 2.124 nm, whereas that of silicon wafer was 0.314 nm. The rough surface
of PSi provided suitable planes for the Ag doped-ZnO nanostructures. The heterogeneous surface
textures helped Ag doped-ZnO nanostructures to grow with minimal lattice mismatch and stress.
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Furthermore, the presence of a PSi layer prepared an alternative energy pathway and reduced the
activation energy for the growth and nucleation of Ag doped-ZnO nanostructures.

Figure 1. FESEM images of (a) surface, (b) cross-sectional Ag doped-ZnO/Psi synthesized at 1
mA/cm? current density, 60 min growth time and 80 °C growth temperature.
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Figure 2. (a) PL spectra of the bare PSi and Ag doped-ZnO/PSi nanostructures (b) XRD pattern of Ag
doped-ZnO/PSi nanostructures synthesized at 1 mA/cm? current density, 60 min growth time
and 80 °C growth temperature.
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Figure 2a exhibits the PL spectrum of PSi and Ag doped-ZnO NR arrays grown on PSi
substrate. PSi indicated a high intensity peak in 637.4 nm, representing the superior quality of PSi
substrate [15]. The strong and sharp luminescence peak at 379.82 nm corresponded to the excitonic
recombination related to the near-band edge emission [16].
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Figure 3. Nyquist diagrams of (a) Porous Si and (b) Ag doped-ZnO/Psi electrodes after exposure to
0.1M NazSOg4 solution with a potential of 10 mV.

The visible-range emission of Ag doped-ZnO NRs (500-700 nm) can be associated to radiative
recombination through intrinsic defects and structural in the ZnO lattice structure, such as zinc
vacancies, oxygen vacancies, zinc interstitials, oxygen interstitials, and antisite defects that formed
deep energy levels within the band gap of Ag doped-ZnO. The presence of a small emission peak at
762 nm may be attributed to the 2nd order diffraction spectrum of high-intensity UV light [17].

The XRD patterns of Ag doped-ZnO/PSi NR structures were evaluated to consider their
structural properties (Figure 2b). The XRD diffraction peaks suggested a polycrystalline nature. The
narrower and higher intensity of the (002) diffraction peak indicated the preferred ZnO NRs growth
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[18], which moved to the c-axis; this finding can be related to the low interfacial free energy of the
(002) lattice plane. Three additional peaks appeared at 38.1 and 44.2 which can be associated to (111)
and (200) planes of Ag corresponding to the Ag face-centered cubic (JCPDS file no. 04-0783). The
increase of Ag diffraction peaks in XRD pattern obviously confirmed the Ag doping in ZnO
nanostructures.

The interface properties and charge transfer efficiency of samples had been investigated by
electrochemical impedance measurement [19]. The Nyquist diagrams of PSi and Ag doped-ZnO/PSi
nanostructures for 10 min exposed time to 0.1 M NaxSOj electrolyte solution are revealed in Figure 3.
The changes in real impedance at high and low frequencies was investigated by the resistance of
polarization (Rp) with charge-transfer resistance in the low frequency and bulk resistance in the high
frequency [20]. PSi substrate showed variations in real impedance and imaginary values after exposure
to Na>SO4 solution. Once the PSi nanostructure surface was completely covered, chemical molecules
diffused among these pores and interacted by the Si surface. As shown in Figure 3a, the semicircle
diameter increased significantly in the presence of inhibitor in comparison to those with less exposure
time, demonstrating full coating of the film surface with the solution. Two semicircles created for 10
min with increased Ry value of PSi were attained with increased exposure time.

Figure 3b shows the complex Nyquist plot of the Ag doped-ZnO/PSi electrode. The semicircle
diameter increased with prolonged exposure time to Na2SO4 solution. A straight line could be observed
at low frequencies after 4 min for Ag doped-ZnO/PSi nanostructures. Resistance of diffused layer can
be recognized as a mechanism of ion diffusion [21]. It appeared after 4 min because Na,SOas solution
passed using the ZnO NRs and reached the PSi surface. Cai, Ret, and Warburg impedance were almost
constant after an 8 min exposure.
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Figure 4. Photocurrent measurements of PSi, ZnO/PSi and Ag doped-ZnO/PSi electrodes in 0.1M
Na2S04 solution
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As shown in Figure 3b, a noticeable reduction in the polarization resistance of Ag doped-
ZnO/PSi films was gained. The Nyquist diagram of the inhibited solution indicated that the semicircle
was not absolutely formed after exposure. The perfectly straight line appeared at exposure time more
than 8 min, showing that mass transport was limited by the accumulated species and surface inhibitor
film at an exposure time of 8 min. These findings demonstrate that Ag doped-ZnO nanostructures have
higher free-electron carriers which accelerate charge transfer and decrease the resistance, it is useful
for the enhancement of the ZnO photocatalytic activity.

In order to characterize the different samples’ ability of separating of photo-generated electrons
and producing charge carriers, the photocurrent measurements were used. As shown in Figure 4, Ag
doped-ZnO/PSi shows the strongest photocurrent intensity than PSi and ZnO/Psi electrodes. Therefore,
the results imply that Ag doped-ZnO/PSi has better structure and tends to easier produce charge
carriers and separated electrons. Because the presence of photo-generated electrons is the key factor in
actual photocatalytic performance, Ag doping in ZnO NRs can transfer more photo-generated electrons
to protons to improve hydrogen evolution reaction. Thus Ag doped ZnO NRs are expected to exhibit
enhanced photocatalytic activity.
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Figure 5. Photodegradation rate of MB dye under UV light irradiation in PSi, ZnO/PSi and Ag doped-
ZnO/PSi electrodes at a positive potential of 0.6 V for a period of 2 hours

The photoelectrocatalytic degradation of MB dye under UV-light irradiation was employed to
investigate the water treatment activities of PSi, ZnO/PSi and Ag doped-ZnO/PSi electrodes. The
photodegradation results of the samples are shown in Figure 5. About 41% of MB was removed in 120
min when the ZnO/PSi photoelectrode was applied for the photoelectrocatalytic process, while it
enhanced to 52% when using the Ag doped-ZnO/PSi electrode. Fragala et al. [22] prepared ZnO NRs
on Si substrate by chemical bath deposition and evaluated the photocatalytic efficiency of the
photoelectrode for the degradation of MB. The authors obtained 56% MB removal after 4 hours of
treatment. This work indicates that our findings are comparable with those results in the literature for
related morphology of ZnO nanomaterials.
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Table 1. Overview of the different transition metals-doped ZnO nanostructures with their synthesis
techniques and photocatalytic performances.

Doping Synthesis technique Pollutant Time (min) Deg. (%) Ref.
materials

Cu Co-precipitation MB 60 63 [23]

Cu Hydrothermal MB 120 65 [24]

Au Surfactant free phytochemical MB 180 76 [25]

reduction
Mn lon-exchange method MB 240 90 [26]
Ag Electrochemical method MB 120 52 This work

The photocatalytic activity of the ZnO may decrease due to higher surface doping, which
covers the surface of ZnO and prevents light and pollutant adsorption. Table 1 shows Ag, Cu, Au and
Mn transition metals effect on the photodegradation of MB dye. In comparison with previous reported
works containing transition elements doped ZnO photocatalysts, Ag-doped ZnO photocatalyst in this
study had a comparable photocatalytic activity under UV light. According to Table 1, Ag-doped ZnO
nanorods may be appropriate for wastewater treatment.

The degradation rates of MB dye was based on the Langmuir—Hinshelwood model. According
to this model, the rate constants for degradation (k) were determined by the linear fit taken from the -
InC/CO versus time data (Fig. 5). All samples were studied under the same conditions for 120 min. As
shown in Fig. 5, the magnitude of k exhibits the following ordering; Ag doped-ZnO/PSi > ZnO/PSi
>pure PSi. These results indicate that the Ag doping enhances the photocatalytic activity as seen from
the results. The improvement is due to the enhancement of photogenerated electron-hole pairs as a
result of varied potential energy between ZnO and Ag.

To test the effect of Ag-doped ZnO/PSi photocatalyst in MB removal from real water subjected
to MB contamination, tap-water and dye wastewater were used as the matrices of the adsorption
solution, and the results are indicated in Table 2. It was observed that the removal efficiency for MB in
wastewater was higher than that in tap-water when initial MB concentration is 200 mg/L. Mainly, in
wastewater with 200 mg/L MB, the removal efficiency of Ag-doped ZnO/PSi was 94.86%. This high
MB removal efficiency of Ag-doped ZnO/PSi in wastewater may result from a higher pH, and it
indicates the great application potential of Ag-doped ZnO/PSi in removing MB from wastewater.

Table 2. Efficiency of MB removal by Ag-doped ZnO/PSi from real water samples after 12 h contact
time in room temperature

Real samples  pH  Initial concentration of MB  Residual concentration of MB Removal efficiency (%0)
Tap-water 7.1 200 mg/L 14.34 mg/L 92.83

Wastewater 8.3 200 mg/L 10.28 mg/L 94.86
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4. CONCLUSION

Vertically aligned Ag doped-ZnO NRs were successfully synthesized on seed-layer-free PSi
structures using an electrochemical technique. FESEM results indicated that c-axis orientation was the
preferential growth direction of the single-crystalline Ag doped-ZnO NRs, consistent with XRD
results. The EIS was applied to analyze interface properties and charge transfer efficiency of samples.
The removal of methylene blue as an organic compound in wastewater using the Ag doped-ZnO/PSi
photoanodes was studied by the photoelectrocatalytic technique. The EIS results show that Ag doped-
ZnO/PSi nanostructures have higher free-electron carriers which accelerate charge transfer and
decrease the resistance. About 41% of MB was removed in 120 min when the ZnO/PSi photoelectrode
was applied for the photoelectrocatalytic process, while it enhanced to 52% when using the Ag doped-
ZnO/PSi electrode. The enhanced photocatalytic activity of the Ag doped-ZnO/PSi can be attributed to
the enhancement of photogenerated electron-hole pairs as a result of varied potential energy between
ZnO and Ag.
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