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ABSTRACT 

In this paper, Au plasmons and their synergistic effects with ZnO nanorods (ZNs) have been investigated 

for photoelectrochemical (PEC) water splitting application. Au plasmons and ZNs are deposited 

electrochemically. Au modified nanostructures have absorption in the visible region as plasmons enhance 

charge transfer and inhibit charge recombination. ZNs modified with Au (deposition duration  60 s) has 

a photo-current density of  660 μA cm-2, at a bias of 1.0V/SCE. X-ray diffraction and scanning electron 

microscopy were used to study the structure and surface morphology of fabricated photoanodes. UV-

Visible absorption and Photoluminescence spectroscopy were used for optical characterization. We have 

recorded current-voltage measurements and photo-conversion efficiency measurements to substantiate 

our observations of the synthesized photoanodes for prospective application in PEC splitting of water. We 

have also carried out Mott-Schottky, and electrochemical impedance spectroscopy analysis. The analysis 

reveals that Au modified ZNs based photoanodes are a better proposition than their bare counterparts for 

PEC water splitting application.  
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1: INTRODUCTION 

Sustainable energy economy can be achieved by converting solar energy into chemical fuels, for which 

photoelectrochemical (PEC) water splitting is the most promising route. PEC splitting of water utilizes the 

sun’s astounding potential and readily available water to produce hydrogen [1-5]. In PEC cells, the 

semiconductor material is the most critical component. It should have sizeable visible spectrum absorption, 

straddling band edges, large lifetime of charge carriers, high carrier mobility, must be stable and 

economical [6, 7]. The essential kinetic and thermodynamic conditions to realize a single semiconductor 

is still elusive [8]. Photoanodes based on Si and III-V semiconductors have exhibited record STH efficiency 

value up to 19.3 %, but these materials suffer from poor stability [9]. These semiconductors satisfy a bunch 

of mandatory conditions, but they are associated with high manufacturing costs. 

Moreover, long-term device durability is compromised due to poor stability in PEC conditions. Earth-

abundant metal oxides, such as ZnO, TiO2, WO3, α-Fe2O3, and BiVO4, exhibit outstanding properties and 

can be viable options for PEC cells [9]. They have low processing cost, high stability, low minority carrier 

diffusion length, high recombination, and low light absorption. Plasmonics has emerged as a powerful tool 

to overcome the general drawbacks of metal oxides by integrating with photoanodes and enhancing PEC 

cell's performance. 

Plasmons have unusual optical properties. Their physical size is exceeded by absorption and scattering 

cross-section. A metal usually absorbs solar radiation and converts it into heat radiation, but plasmons 

have diverted researchers' interest to plasmon assisted photocatalysis. Photon absorption promotes non-

equilibrium carrier distribution so that high energy carriers can tunnel out of the metal into high energy 

orbitals of the molecules in the vicinity and thereby catalyze the reaction. This mechanism is known as the 

hot carrier mechanism. This mechanism retards the electron-hole recombination and improves the PEC 

efficiency by acting as electron trap centers [10-12]. Numerous researchers have probed the hot electron 

phenomena for PEC activity, and various configurations have been probed such as Ag/Au/TiO2 [13, 14], 

Ag/Au ZnO [15, 16], Au/Fe2O3 [17], Au/BiVO4 [18], Au/MOS2 [19], Au/ZnFe2O4 [20], Au/SrTiO3 [21] and 

Au/CuO [22]. In every case, hot electron phenomena have helped in improving the efficiency of the PEC 

process. So we were motivated to pick plasmonic material in conjunction with wide bandgap material for 

our experimental work. Au is one of the important plasmonic materials as It exhibits a hot electron 
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phenomenon and has a high Q factor. Q-factor is responsible for high plasmonic strength, and Au has an 

inherent high Q-factor [23]. Moreover, for PEC application, ZnO is the most studied material [23-27]. ZnO 

is a direct band gap material (3.2 eV) with high electron mobility and exciton binding energy. ZnO band 

edges straddle well with the redox potentials, and it is reasonably stable at pH 7.0. ZnO has poor 

absorption in the visible region, its prominent drawback [28, 29]. To increase absorption in the visible 

region in ZnO for PEC splitting, doping is an effective strategy, but it has its limitations [30-33]. 

We have synthesized ZNs thin films by electrodeposition method, a straightforward and versatile method 

for depositing thin films. Moreover, one-dimensional nanostructures exhibit better charge transport 

properties compared to their mesoporous counterparts. In electrodeposition, experimental parameters can 

be tuned to control the size and density of ZNs on the surface of the substrates  [34]. Au plasmons were 

incorporated on ZNs through electrochemical deposition. The synthesized photoanodes ZNs-Au (  

0.66 mA/cm2), had enhanced photo-current compared to bare ZNs photoanodes (  0.32 mA/cm2) at a bias 

of 1.0 V/RHE. For PEC splitting of water, the present study investigates the effect of electrodeposited Au 

plasmons on ZNs-based photoanodes in distinct configurations. To evaluate different structural and optical 

properties of the fabricated photoanodes, x-ray diffraction (XRD), scanning electron microscope (SEM), 

energy-dispersive analysis (EDX), UV-Visible absorption spectroscopy, and Raman analysis were carried 

out. Current-voltage (J-V) characteristics, electrochemical impedance spectroscopy (EIS), Mott-Schottky 

(MS) analysis, and photo-conversion efficiency (PCE) measurements have been used to validate the 

obtained PEC water splitting results. 

2: MATERIALS AND METHODS 

2.1: Synthesis of Au sensitized ZNs based photoanodes 

Electrochemical deposition of Au plasmons dispersed ZNs array was carried out in a 3-electrode cell. For 

synthesizing photoanodes conducting glass substrate (FTO) was used. Pt mesh and Saturated calomel 

electrode (SCE) were used as a counter electrode and a reference electrode. Prior to deposition, FTO 

coated glass substrates were cleaned using standard procedure [31]. An aqueous solution comprising of 

5 mM Zn(NO3)2•6H2O, and 50 mM NaNO3 electrolyte bath sustained at a temperature of 85oC was used 

to synthesize ZNs. Step potentials of -1.3 and -1.0 V were applied for 15 and 2000 s, respectively. After 

deposition, thin films were cleaned using deionized water and then dried. To improve the crystallinity, ZNs 
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based photoanodes were annealed in air at 600 °C.  Further, Au plasmons were electrochemically loaded 

on ZNs photoanodes. After electrodeposition, all the fabricated thin films were dried at 100 °C for 1 hr in 

the oven. 

2.2: Characterization and Measurement Setup 

Low angle x-ray diffraction (XRD) was used to determine the crystal structure of the synthesized 

photoanodes. Bruker D8 Advance, Germany, x-ray diffractometer equipped with Cu-Kα irradiation (λ = 

1.54 Å), in the range of (20°-55°) was used to record the diffractograms. SEM was used to analyze the 

nanostructure of ZnO and also Au deposited on it. It was recorded using a scanning electron microscope 

(JEOL JSM630A). UV-Visible spectroscopy was used to determine the film's absorption spectra, which 

was used to calculate the Tauc plot and bandgap energy of the given materials. It was recorded by UV-

/Vis spectrophotometer (JASCO V-670). I-V characteristic was used to measure the photoconductivity of 

synthesized photoanodes with different concentrations of Au plasmons. It was recorded using the Autolab 

PGSTAT302N instrument under dark and illumination. MS and EIS were recorded to calculate 

concentration, flat band potential, and lifetime of charge carriers, respectively. PL spectroscopy was used 

to investigate the defects present in the synthesized photoanodes. It was recorded by (Horiba Fluorolog) 

spectrophotometer. The excitation wavelength was 350 nm.  

3: RESULTS AND DISCUSSION 

XRD was used to study the crystal structures, atomic spacing, and phase orientation of the synthesized 

photoanodes. It is based on the constructive interference of monochromatic x-ray, which is diffracted from 

the crystalline sample. The recorded XRD pattern is shown in figure 1, which consists of the XRD pattern 

of FTO (substrate), ZNs, and Au plasmons. It was recorded in the fraction angle range of 20° to 55°. The 

peaks at 2θ  31.8°, 34.5°, 36.3°, 47.8° are assigned to (100), (002), (101), (102) reflection planes indicate 

ZNs wurtzite structure. The narrow and strong diffraction peaks indicate the crystalline nature since the 

crystallite size varies inversely with the crystallite size. All the diffraction peaks reveal hexagonal wurtzite 

structure having lattice constants of 3.28 and 5.25 Å for ZNs. The peaks at 2θ  38.3°, 44.5°are assigned 

to (111) and (200) reflection planes, which identify the Au plasmons and also indicate the crystal structure 

is face-centered cubic (FCC) with the lattice constant 4.2 Å. All the diffraction peaks for Au plasmons 

deposited on ZNs are present in all the photoanodes with different deposition times (30, 45, 60, 75 s). 
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Some prominent peaks of Au merge with the diffraction peaks of ZnO. The intensity of each peak related 

to Au plasmons increases with Au concentration on the ZNs layer. For instance, the peak of (111) at 2θ  

38.3° (for 75 s) has a considerable increment in intensity than 60 s, 45 s, and 30 s. It can be linked to the 

presence of high crystallinity of Au plasmons. These peaks prove that the ZNs with Au plasmons have 

been deposited successfully on the substrate. Furthermore, these results were substantiated by scanning 

electron microscopy micrographs. 

Figure 2 shows the synthesized photoanode’s SEM images, including ZNs and ZNs with Au plasmons 

(loaded for different time durations). The images indicate that the ZnO has taken nanorod form, and Au 

plasmons are present on their surface. Nanorods are the best among other nanostructures like nano-

tubes, nano-belts, nano-springs, nano-spiral, and nano-rings. Due to their one-dimensional structure, ZNs 

can facilitate more efficient carrier transports because of decreased grain boundaries, surface defects, 

disorders, and discontinuous interface. 

From figure 2 it is clear, well-aligned ZNs have grown on the FTO substrate. The length of ZNs is 1.5 μm, 

and the diameter is approximately in the range of 100-200 nm. It was calculated by Image J software which 

the average value is 150 nm. As we see from figure 2(b1), a salient change occurs in the growth 

morphology after incorporating Au plasmons. The figures of 2(b)-(e) illustrate that the Au plasmons are 

uniformly distributed over ZNs. ZNs maintain their vertically-oriented characteristics even after 

incorporating Au; although, time deposition durations were different, leading to variation in Au's distribution 

density and size over ZNs. 

The average diameter of Au plasmons obtained by image J software and is found  136 nm. However, 

the diameter of the Au plasmons is different for different photoanodes. Since they are distributed over the 

photoanodes surface, Au plasmons dispersion leads to a plasmon active surface. According to the given 

plots, the average diameter of ZNs is 100-200 nm. Similarly, the diameter of Au plasmons is estimated 

around 115, 129, 140, 171 nm for different photoanodes with 30, 45, 60, 75 s deposition time, respectively. 

The presence of plasmons is solely responsible for the thermal effects. There is a difference between the 

actual (TA) and the measured temperature (TM) of the synthesized photoanodes. The reaction rate, 

according to Arrhenius theory, is given as,  

 R     α    exp(-Ea/kBT)     (1) 
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where Ea is the activation energy and kB is the Boltzmann constant. If TM is less than the TA of the 

photoanode, it appears that the reaction rates overshoot the Arrhenius law [10]. A simple correlation 

between the photoanode temperature, TM, and the incident illumination intensity Iinc,  

TA = Tdark + a Iinc = TM + a Iinc    (2) 

Where Tdark is reactor temperature in the dark. 

Here ‘a’ is the photothermal conversion coefficient, which depends on several parameters such as material 

density number, illumination wavelength, size, and plasmonic material. The slow heating effect due to 

illumination can be easily incorporated by including a non-linear term Iinc, with temperature  [10]. To get 

the range of light absorption and Au plasmons' effect on the top of ZNs photoanodes, UV-Visible spectra 

were recorded. Figure 3 shows the absorption spectra and Tauc plot of all synthesized photoanodes. The 

absorption range of photoanodes changes with respect to Au plasmons' deposition duration [Figure 3(a)]. 

As the concentration of Au plasmons increases, the absorption ranges increase in the visible region. The 

interaction between light and Au plasmons is induced by hot electrons. The bare ZNs photoanode exhibits 

an absorption edge at  370 nm. The Tauc plot [Figure 3(b)] defines its band edge position as  3.2 eV. 

It means only the photons with energy greater than this value can be absorbed, corresponding to 

wavelengths less than 387 nm. As the Au plasmons contribute to the absorption of light, this rate varies 

remarkably. The ZNs photoanode with Au plasmons for 30 s deposition time exhibits an absorption range 

less than  390 nm, which corresponds to  3.12 eV. It indicates that the band edge position is decreased 

in Au-PNPs, resulting in an enhanced absorption range toward the visible region. Similarly, the band edge 

positions for ZNs-Au- 45, 60, 75 s are obtained at  3.152, 3.13, and 3.07 eV. 

The PL spectroscopy analysis further confirms results obtained from UV-Visible spectroscopy. By 

measuring the luminescence spectrum, it is possible to observe material imperfections and impurities. 

Figure 4 shows the PL spectrum of all synthesized photoanodes. The laser beam with a wavelength of 

350 nm was used as an excitation wavelength. Figure 4(a) shows the emission spectra of all synthesized 

photoanodes as a function of wavelength, whereas figure 4(b) shows emission spectra as a function of 

energy. For bare ZNs photoanodes, a strong emission characteristic of the excitonic band is observed in 

the UV region, and a small amount in the visible region, which are centered at 359 nm, 382 nm, 402 nm, 

and 538 nm correspond to energy 3.45 eV, 3.23 eV, 3.08 eV, and 2.31 eV respectively. The highest peak 
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is located at 3.23 eV, indicating strong emission in the UV region and describing the bandgap transition. 

As plasmonic Au is attributed to the ZNs, it causes enhancement of PL properties and large separation of 

excited electron-hole pairs upon visible light excitation. As we observe in figure 4(a), the synthesized 

photoanodes exhibit a broad emission band in the visible region. The largest emission is concentrated for 

ZNs-Au-30 s. It shows a good peak at 443 nm with high intensity and two peaks with low intensity 

comparably at 415 nm and 537 nm in the visible region. The peak at 537 nm still has high intensity than 

the peak at 537 nm of bare ZNs photoanode. On the other hand, the central emission peaks of ZNs-Au 

describes the emission of band gap transition and higher electron-hole recombination between the 

conduction band the sublevel, which is created in the bandgap due to Au plasmons. Consequently, the 

excitonic emission band is shifted in Au plasmons from the UV region to the visible region. 

J-V characteristics, EIS, and MS analysis were carried out to understand the PEC performance of the 

synthesized photoanodes. The PEC activity for all the synthesized photoanodes was recorded by linear 

sweep voltammetry (LSV) using three-electrode cells in the range 1.0 to 1.0 V versus SCE in the 0.5M 

N2SO4 electrolyte. The result is shown in figure 5(a). The current was recorded in the dark in the first step, 

but a small amount of current density was still observed. This current can be due to a non-faradic reaction. 

In the second step, the photoelectrode was illuminated by light, and a large amount of current was 

observed. Upon illumination, the photoelectrodes exhibit a direct photoexcitation, which leads to the 

generation of electron-hole pairs. Electrons migrate toward Pt (counter electrode), where H2 would be 

produced by reducing protons. The holes react with water molecules to evolve O2. Photocurrent density 

for bare ZNs at 1.0 V/SCE under the illumination is around 324 μA/cm2 and for ZNs-Au-30s, ZNs-Au-45s, 

ZNs-Au-60s, ZNs-Au-75s are 420 μA/cm2, 540 μA/cm2, 660 μA/cm2, 581 μA/cm2 respectively. The 

synthesized photoanodes with Au plasmons exhibit more photo-current density than bare photoanode. 

The plasmonic layer of Au increases the photo-current density since the confined plasmonic effect of Au 

clusters present on the top of ZNs helps to enhance localized field strength, leading to an increase in the 

light absorption coefficient. According to the investigation, Au plasmons absorb light and evolve hot 

electrons. These hot electrons insert in the conduction band of ZnO, and further are drifted toward the 

cathode, leading to enhancement in the photo-current density. As the concentration of Au plasmons is 

increased up to a certain limit on the surface of ZNs, the photo-current density is increased. 
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Nevertheless, when it exceeds the limit, the photo-current density is decreased. For instance, the ZNs-Au-

75s exhibits less photo-current density than ZNs-Au-60s. The high photo-current density is obtained from 

ZNs-Au-60s, which is around 660 μA/cm2. PCE of photoanodes has been calculated using, PCE = JPh×(1.23−|VBias|)PLight        ….(1) 

Where JPh is the photo-current density at given VBias, VBias is applied voltage between photoanode and 

counter electrode, and PLight is the power density of incident light (100 mW/cm2). Figure 5(b) shows the 

photo-conversion efficiency of photoanodes for Au plasmons loaded for different time durations. The 

maximum PCE is obtained for ZNs-Au-60s, which is  0.38%, whereas for bare ZNs, the  PCE is  0.20%. 

The “hot electron mechanism” can be used to explain two important phenomena. Foremost, it explains the 

inherent capability of high-energy electrons tunneling to the adjacent semiconductor through the Schottky 

barrier. These electrons can be used for photodetection at frequencies lower than the bandgap of the 

semiconductor. Secondly, noble metals, which are normally considered as bad catalysts, contribute 

immensely to catalysis reactions when they are subjected to visible electromagnetic radiation. 

Plasmons provide energy pathways with low activation to electrons. The presence of hot electrons help in 

the reduction of activation energy and provide favorable reaction pathways as a function of number density. 

Loading of plasmons helps in circumventing the well-known limitation associated with photocatalysis 

occurring at high temperatures. EIS is an experimental technique that determines the dielectric properties 

of synthesized photoanodes and measures the impedance of them over a series of frequencies. The 

corresponding Nyquist and Bode plots are shown in figure 6. The arc diameters typically represent the 

effective dissociation of photo-generated electron-hole pairs and their prolonged lifetime. The smaller arc 

diameter of ZNs-Au photoanodes describes the prolonged lifetime of photo-generated charge carriers 

compared to the bare ZNs photoanodes [Figure 6(a)]. As the Au plasmons layer takes part in the operation, 

it promotes the transfer of electrons within the semiconductor and restrains the electron/hole 

recombination. The lifetime of charge carriers in the photoanodes has been estimated using the following 

relation, τ = 12πfmax       ….(2) 

Where fmax is the frequency at the maximum phase angle in the Bode plot [Figure 6(b)]. 
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The lifetimes of photoelectrons for the bare-ZNs and ZNs-Au-60s photoanodes are obtained 123 ms and 

170 ms, respectively. The most extended lifetime is predicted for ZNs-Au-60s photoanode. 

To investigate the core mechanism involved in embedded plasmonic configuration and properties such as 

flat band potential (built-in potential), doping density, and Helmholtz capacitance MS was studied. Figure 

7 shows the MS plot from which capacitance was calculated and is used to estimate the density of charge 

carriers, 1C2 = ( 2eε0εrNDA2) (V − VFB − KTe )    …..(3) 

Where C is the capacitance of the space-charge region of the film at potential V, VFB is flat band potential, 

r is a dielectric constant which is  8 for bulk ZnO, ND free carrier concentration, Kis the Boltzmann 

constant, and T is the absolute temperature. The free charge carrier concentration can be given as, ND = 2eε0εrA2(Slope)      ....(4) 

All the synthesized photoanodes exhibited positive slopes, depicting the n-type nature of ZnO 

photoanodes. In the given plot, the slope is used to determine the doping density (Nd), and intercepts with 

the x-axis define the flat band potential (VFB). The flat band potential can be calculated from the intercept 

of the plot as, VFB = − [(Intercept)(Slope) + KTe ]     ....(5) 

Where kT/e is a correction factor  0.025 V that does not affect Vfb and intercept with slope can be defined 

from the plot after the linear fitting. The Nd for ZNs photoanode is around 2.0x1021/cm3, which has 

increased for ZNs with the incorporation of Au plasmons, as shown in Table1.  

Table 1: Flat band potential (Vfb), donor density (Nd), depletion layer width (W) of synthesized photoanodes at 1.0 V 

 

Samples Flat band potential (V vs. RHE) Donor density(cm-3) Depletion layer width (nm) 

ZNs-Bare -0.48 2.00x1021 0.80 

ZNs-Au-30 s -0.58 1.08x1022 0.36 

ZNs-Au-45 s -0.54 1.40x1022 0.31 

ZNs-Au-60 s -0.50 3.74x1022 0.18 

ZNs-Au-75 s -0.55 3.03x1022 0.21 
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The ZNs-Au photoanodes exhibit more donor density than ZNs. At an applied potential 1.0 V, the 

calculated space charge layers were 0.80 nm for ZNs-bare and 0.21 nm for ZNs-Au-75s.The efficient 

charge separation transport and enhancement of PEC performance can be interpreted by charge carrier 

density. The enhancement in the carrier density confirms the efficiency of these two factors. It should be 

noted that these carrier densities were obtained based on the surface area of photoanodes exposed to the 

electrolyte. A positive shift is observed in flat band potential, suggesting a decrease in the binding band 

edge. Hence, donor density and bulk charge transport properties were improved via Au plasmons 

incorporation in ZNs. 

CONCLUSIONS: 

We have successfully synthesized Au dispersed ZNs based photoanodes by the two-step PEC deposition 

method. The results indicate that the plasmonic layer of Au enhances the light absorption properties of 

synthesized photoanodes. All ZNs-Au photoanodes exhibited enhanced PEC response compared to bare  

ZNs. The ZNs-Au-60s had shown a higher photo-current density (  660 μA/cm2 at a bias of 1.0 V/SCE) 

than all synthesized photoanodes. The acquired PEC efficiency of ZNs-Au-60s photoanode under light 

illumination was 0.38 %, which is 1.9 times of PEC efficiency for ZNs. The increased absorption in the 

visible region due to the surface plasmon resonance effect and the decreased photo-generated electron-

hole recombination leads to a remarkably enhanced PEC performance. The UV-Visible proved that the 

ZNs-Au-60 s photoanode has a good absorption band in the visible region. The bandgap values shifted 

toward the visible region from 3.20 to 3.07 eV for ZNs and ZNs-Au-60s photoanodes. EIS described that 

photoelectron lifetime in the ZnO-Au-60s photoanode is remarkably more than bare ZNs and is 170 ms, 

while for bare ZNs, it is 123 ms. The research provides a straightforward and effective method for 

constructing and designing Au plasmons embedded ZNs-based photoanodes with high PEC performance.  
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FIGURE CAPTIONS 

Figure 01: XRD spectra: ZnO nanorods (ZNs), ZNs-Au for different Au deposition durations. 

Figure 02: SEM images of synthesized photoanodes.  a1) Bare ZNs, b1) ZNs-30 s, c1) ZNs-Au 45 s, d1) 

ZNs-Au 60 s, e1) ZNs-Au 75 s at low magnification (LM),  a2) Bare ZNs, b2) ZNs-30 s, c2) Z-Ns-Au 45 s, 

d2) ZNs-Au 60 s, e2) ZNs-Au 75 s at high magnification (HM). 

Figure 03: UV-Visible absorption spectra: for bare ZNs, ZNs-Au-30 s, ZNs-Au-45 s, ZNs-Au-60 s, and 

ZNs-Au-75 s. Inset shows the Tauc plot used to estimate the bandgap. 

Figure 04: PL spectra: for bare ZNs, ZNs-Au-30 s, ZNs-Au-45 s, ZNs-Au-60 s, and ZNs-Au-75 s a) 

Emission spectra as a function of wavelength b) Emission spectra as a function of energy. 

Figure 05: PEC characteristics of synthesized photoanodes a) J-V characteristics, b) photo-conversion 

efficiency. 

Figure 06: a) Nyquist plot for bare ZNs and ZNs-Au-60 s photoanodes at 0.5 V under illumination in 0.5 

M Na2SO4, b) Bode plot of bare ZNs and ZNs-Au-60 s at a bias potential of 0.5 V in light. 

Figure 07: Mott-Schottky plots for ZNs-bare, ZNs-Au-30 s, ZNs-Au-45 s, ZNs-Au-60 s and ZNs-Au-75 s 

photoanodes. 
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FIGURE 02 
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(b2) Au- Z-NRs-30 s 

(c2) Au- Z-NRs-45 s 

(d2) Au- Z-NRs-60 s 

(e2) Au- Z-NRs-75 s 
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FIGURE 06 
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FIGURE 07 

 

 

 
 
 

 

 



Figures

Figure 1

XRD spectra: ZnO nanorods (ZNs), ZNs-Au for different Au deposition durations.



Figure 2

SEM images of synthesized photoanodes. a1) Bare ZNs, b1) ZNs-30 s, c1) ZNs-Au 45 s, d1) ZNs-Au 60 s,
e1) ZNs-Au 75 s at low magni�cation (LM), a2) Bare ZNs, b2) ZNs-30 s, c2) Z-Ns-Au 45 s, d2) ZNs-Au 60
s, e2) ZNs-Au 75 s at high magni�cation (HM).



Figure 3

UV-Visible absorption spectra: for bare ZNs, ZNs-Au-30 s, ZNs-Au-45 s, ZNs-Au-60 s, and ZNs-Au-75 s.
Inset shows the Tauc plot used to estimate the bandgap.



Figure 4

PL spectra: for bare ZNs, ZNs-Au-30 s, ZNs-Au-45 s, ZNs-Au-60 s, and ZNs-Au-75 s a) Emission spectra as
a function of wavelength b) Emission spectra as a function of energy.



Figure 5

PEC characteristics of synthesized photoanodes a) J-V characteristics, b) photo-conversion e�ciency.



Figure 6

a) Nyquist plot for bare ZNs and ZNs-Au-60 s photoanodes at 0.5 V under illumination in 0.5 M Na2SO4,
b) Bode plot of bare ZNs and ZNs-Au-60 s at a bias potential of 0.5 V in light.



Figure 7

Mott-Schottky plots for ZNs-bare, ZNs-Au-30 s, ZNs-Au-45 s, ZNs-Au-60 s and ZNs-Au-75 s photoanodes.


