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ABSTRACT

Herein, Au plasmons and their synergistic effects with ZnO nanorods (ZNs)

have been investigated for photoelectrochemical (PEC) water splitting applica-

tion. 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 (de-

position duration * 60 s) have a photo-current density of * 660 lA cm-2, at a

bias of 1.0 V/SCE. X-ray diffraction (XRD) and scanning electron microscopy

were used to study the structure and surface morphology of fabricated pho-

toanodes. In addition, UV–Visible absorption and Photoluminescence spec-

troscopy were used for optical characterization. We have recorded current–

voltage measurements and photo-conversion efficiency measurements to sub-

stantiate our observations of the synthesized photoanodes for future application

in PEC splitting of water. We have also carried out Mott-Schottky and electro-

chemical impedance spectroscopy analysis. The analysis reveals that Au-mod-

ified ZNs-based photoanodes are a better proposition than their bare

counterparts for PEC water splitting application.

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 compo-

nent. It should have sizeable visible spectrum

absorption, straddling band edges, large lifetime of

charge carriers, high carrier mobility, and must be

stable and economical [6, 7]. The essential kinetic and

thermodynamic conditions to realize a single

Address correspondence to E-mail: mohitprasad7@gmail.com; sandesh@physics.unipune.ac.in

https://doi.org/10.1007/s10854-021-06564-4

J Mater Sci: Mater Electron (2021) 32:20525–20538

http://orcid.org/0000-0002-0610-7242
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-021-06564-4&amp;domain=pdf
https://doi.org/10.1007/s10854-021-06564-4


semiconductor are 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 semi-

conductors satisfy a bunch of mandatory conditions,

but they are associated with high manufacturing

costs. However, for semiconductors, the long-term

device durability is compromised due to poor sta-

bility in PEC conditions. On the other hand, earth-

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

can be viable options for PEC cells [9]. These earth-

abundant metal oxides 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

researcher’s interest to plasmon-assisted photocatal-

ysis. Photon absorption promotes non-equilibrium

carrier distribution. High-energy carriers can tunnel

out of the metal into high-energy orbitals of the

molecules in the vicinity, thereby catalyzing 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 band gap material

for our experimental work. Au is an important plas-

monic material as it exhibits a hot electron phe-

nomenon 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

applications, 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.

However, 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].

The incorporation of Au/Ag in hierarchical ZnO

structures is also used to enhance the PEC activity.

For example, Liu et al. [34] used Au/ZnO nanorods

to enhance PEC water splitting efficiency. Ag/ZnO

micro/nanoflowers are also for enhanced photocat-

alytic performance and antibacterial activity [35]. Wei

and coworkers [36] reported the decoration of Au

nanoparticles on ZnO/CdS nanotube arrays for

plasmon-enhanced water splitting. Similarly, Wang

et al. [37] sensitized ZnO nanopencil arrays by Au

nanoparticles for PEC water splitting. Kumari and

others [38] reported enhancement in PEC water

splitting due to surface deposition of Au and Ag

nano-isles on ZnO thin films. With this motivation,

we have synthesized 1D ZnO nanorods (ZNs) thin

films by electrodeposition method, a straightforward

and versatile method for depositing thin films. Then

Au plasmons were incorporated on ZNs through

electrochemical deposition. For PEC splitting of

water, the present study investigates the effect of

electrodeposited Au plasmons on ZNs-based pho-

toanodes in distinct configurations. To evaluate the

structural and optical properties of Au plasmons on

ZNs-based photoanodes, x-ray diffraction (XRD),

scanning electron microscope (SEM), UV–Visible

absorption spectroscopy, and photoluminescence

(PL) analysis were carried out. In addition, current–

voltage (J-V) characteristics, electrochemical impe-

dance spectroscopy (EIS), Mott-Schottky (MS) analy-

sis, and photo-conversion efficiency (PCE)

measurements have been used to validate the

obtained PEC water splitting results. We found that

ZNs-Au photoanodes had enhanced photo-current

(* 0.66 mA/cm2) compared to pristine-ZNs pho-

toanodes (* 0.32 mA/cm2) at a bias of 1.0 V/RHE.

2 Materials and methods

2.1 Synthesis of Au-sensitized ZNs-based
photoanodes

Electrochemical deposition of Au plasmons dis-

persed ZnO nanorods array was carried out in a
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3-electrode cell. For synthesizing photoanodes, con-

ducting 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 5 mM Zn(NO3)2•6H2O and a 50 mM

NaNO3 electrolyte bath sustained at 85 �C was used

to synthesize ZnO nanorods (ZNs). Step potentials of

- 1.3 and - 1.0 V were applied for 15 and 2000s,

respectively. After deposition, thin films were

cleaned using deionized water and then dried. To

improve the crystallinity, ZNs-based photoanodes

were annealed in air at 600 �C.
Further, Au plasmons were electrochemically loa-

ded on ZNs photoanodes. Au plasmons-loaded ZNs

thin films were prepared at 30 s, 45 s, 60 s, and 75 s

loading/deposition time of Au. These films are ZNs-

Au 30 s, ZNs-Au 45 s, ZNs-Au 60 s, and ZNs-Au

75 s, respectively, whereas the unloaded ZNs are

denoted as pristine-ZNs. After electrodeposition, all

the fabricated thin films were dried at 100 �C for 1 h

in the oven. Figure 1 shows the schematic for the

growth mechanism of ZnO nanorods and Au plas-

mons loaded on ZnO nanorods thin films for differ-

ent deposition durations.

2.2 Characterization and measurement
setup

Low-angle XRD was used to determine the crystal

structure of the synthesized photoanodes. Bruker D8

Advance, Germany, X-ray diffractometer equipped

with Cu-Ka irradiation (k = 1.54 Å), in the range of

(20–60�), 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 SEM

(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 syn-

thesized photoanodes with different concentrations

of Au plasmons 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.

Fig. 1 Schematic for the

growth mechanism of ZnO

nanorods and Au plasmons

loaded on ZnO nanorods thin

films by electrodeposition for

different deposition durations
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3 Results and discussion

3.1 Low-angle x-ray diffraction (XRD)
analysis

Low-angle XRD was used to study the crystal struc-

tures, atomic spacing, and phase orientation of the

synthesized photoanodes. It is based on the con-

structive interference of monochromatic X-ray, which

is diffracted from the crystalline sample. Figure 2

shows the XRD pattern of Au plasmons loaded on

ZNs for different deposition times on FTO substrate.

In addition, the XRD pattern of pristine-ZNs is also

shown in the XRD pattern for comparison. Hash (#)

indicates the peaks due to underlying FTO substrate.

As seen, the XRD pattern of pristine-ZNs and Au

plasmons loaded on ZNs for different deposition

times has diffraction peaks at 2h–31.8�, 34.4�, 36.3�,
and 47.5� corresponding to the crystal planes (100),

(002), (101), (102), and (110) of crystalline ZNS,

respectively. All diffraction peaks could be readily

indexed as hexagonal wurtzite structure for ZNs

having lattice constants of a = b = 3.28 Å and

c = 5.25 Å, which is in good agreement with JCPDS

data card # 01-36-1451. These identified crystal planes

of ZNs are consistent with the previously reported

results [39]. In addition, two diffraction peaks are also

observed at 2h–38.3� and 44.5� in the XRD pattern for

ZNs deposited for different deposition times. These

peaks are associated with Au plasmons deposited on

ZNs. They are assigned to (111) and (200) reflection

planes, respectively [40], and also indicate that the

crystal structure is face-centered cubic (FCC) with the

lattice constant 4.2 Å [JCPDS data card # 04-784].

Furthermore, the intensity of peaks related to Au

plasmons increases with an increase in deposition

time. For instance, the peak of (111) at 2h * 38.3� for
a deposition time of 75 s has a considerable incre-

ment in intensity than 60 s, 45 s, and 30 s. Thus, it can

be linked to the presence of high crystallinity of Au

plasmons. These results indicate the successful

loading of Au plasmons on ZNs by electrochemical

deposition.

3.2 Surface morphology analysis

Scanning electron microscopy (SEM) was used to

investigate the surface morphology of pristine-ZnO

and Au plasmons loaded on ZnO for different

deposition durations. Before imaging, the samples

were coated with platinum by the sputtering method.

Figure 3 shows the SEM images of pristine-ZnO and

Au plasmons loaded on ZnO photoanodes for dif-

ferent deposition durations. The SEM micrograph of

pristine-ZnO (Fig. 3a) clearly shows randomly dis-

tributed nanorods perpendicular to the substrate

surface with different angles to each other and ample

space between them. The length of pristine-ZnO

nanorods (ZNs) is * 1.5 lm. The diameter of ZNs

was estimated by using Image J software. The

diameter is found approximately in the range of *
100–200 nm, with an average value of * 150 nm.

The SEM micrographs of Au plasmons loaded on

ZnO for different deposition durations (Fig. 3b–e)

show a salient change in the growth morphology

after incorporating Au plasmons. Figure 3b–e show

that the Au plasmons are uniformly distributed over

ZNs. Interestingly, the ZNs maintain their vertically

oriented characteristics even after incorporating Au,

although the time deposition durations were differ-

ent. It leads to variation in Au’s distribution density

and size over ZNs. The retention of nanorod mor-

phology of ZnO after the Au incorporation is bene-

ficial for water splitting application. Due to their one-

dimensional structure, ZNs can facilitate more effi-

cient carrier transports because of decreased grain

boundaries, surface defects, disorders, and discon-

tinuous interface.
Fig. 2 Low-angle XRD pattern of pristine-ZNs and Au plasmons

loaded on ZNs for different deposition durations
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The average diameter of Au plasmons obtained by

image J software was found * 136 nm. However, the

diameter of the Au plasmons is different for different

deposition durations. The diameter of Au plasmons

is estimated to be * 115 nm, 129 nm, 140 nm, and

171 nm for deposition times 30, 45, 60, and 75 s,

respectively. Since Au plasmons are distributed over

the photoanodes surface, Au plasmons dispersion

leads to a plasmon active surface. The presence of

plasmons is solely responsible for the thermal effects.

There is a difference between the actual temperature

(TA) and the measured temperature (TM) of the syn-

thesized ZnO nanorod photoanodes. The reaction

rate, according to Arrhenius theory, is given as,

R a exp �Ea=kBTð Þ ð1Þ

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 over-

shoot the Arrhenius law [10]. A simple correlation

between the photoanode temperature, TM, and the

incident illumination intensity Iinc, is given as

follows:

TA ¼ Tdark þ a Iinc ¼ TM þ a Iinc ð2Þ

where Tdark is reactor temperature in the dark and ‘a’

is the photothermal conversion coefficient, which

depends on several parameters such as material

density number, illumination wavelength, size, and

plasmonic material. Due to illumination, the slow

heating effect can be easily incorporated by including

a non-linear term Iinc with temperature [10].

3.3 UV–visible spectroscopy analysis

UV–Visible spectra were recorded to get the range of

light absorption and Au plasmon’s effect on the top

of ZNs photoanodes. Figure 4 shows the absorption

spectra and Tauc plots of all synthesized

photoanodes.

As seen, the absorption range of photoanodes

changes with respect to Au plasmon’s deposition

duration (Fig. 4a). As the deposition duration of Au

Fig. 3 SEM images of

a Pristine- ZNs, b ZNs-Au-

30 s, c ZNs-Au 45 s, d ZNs-

Au 60 s, and e ZNs-Au 75 s

photoanodes
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plasmons increases, the absorption ranges increase in

the visible region. The hot electrons induce the

interaction between light and Au plasmons. The

pristine-ZNs photoanode exhibits an absorption edge

at * 370 nm. The Tauc plot (Fig. 4b) 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. For example, the ZNs

photoanode with Au plasmons for 30 s deposition

time (ZRs-Au-30 s) exhibits an absorption range less

than * 390 nm, which corresponds to * 3.12 eV. It

indicates that the band edge position is decreased in

ZRs-Au photoanode, 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.

Fig. 4 a UV–Visible

absorption spectra for pristine-

ZNs, ZNs-Au-30 s, ZNs-Au-

45 s, ZNs-Au-60 s, and ZNs-

Au-75 s and b Tauc plot used

to estimate the band gap
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3.4 Photoluminescence spectroscopy
analysis

The photoluminescence (PL) spectroscopy analysis

further confirms results obtained from UV–Visible

spectroscopy. By measuring the luminescence spec-

trum, it is possible to observe material imperfections

and impurities. Figure 5 shows the PL spectrum of all

synthesized photoanodes. The laser beam with a

wavelength of 350 nm was used as an excitation

wavelength. Figure 5a shows the emission spectra of

all synthesized photoanodes as a function of wave-

length. Figure 5b shows emission spectra as a func-

tion of energy, and the inset shows the schematic

defect band diagram for the ZNs-Au system. For

pristine-ZNs photoanode, a strong emission charac-

teristic 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 corresponding to energy 3.45 eV, 3.23 eV,

3.08 eV, and 2.31 eV, respectively. The highest peak

Fig. 5 PL spectra for pristine-

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. Inset

shows the schematic of defect

band diagram for the ZNs-Au

system
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is located at 3.23 eV, indicating strong emission in the

UV region and describing the band gap 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 excita-

tion. As we observe in Fig. 5a, the synthesized pho-

toanodes 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 compa-

rably 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 pristine-ZNs photoanode. On the other

hand, the central emission peaks of ZNs-Au describes

the emission of band gap transition and higher elec-

tron–hole recombination between the conduction

band and the sublevel, which is created in the band

gap due to Au plasmons. Consequently, the excitonic

emission band is shifted in Au plasmons from the UV

region to the visible region.

The visible emission intensity of ZNs-Au was

drastically decreased compared to pristine-ZNs

implying that the incorporation of plasmonic Au onto

ZNs probably quenches the defect-related emission

effect of ZnO nanorods in the visible range. We think

that the incorporation of plasmonic Au in ZNs may

inject hot electrons into the conduction band of ZNs,

which result in quenching of visible emission.

Recently Nguyen et al. [41] and Do et al. [42] have

observed quenching of visible emission Au-deco-

rated ZnO structures for photocatalytic and gas

sensing devices.

3.5 Photoelectrochemical (PEC) properties

J-V characteristics, EIS, and MS analysis were carried

out to understand the PEC performance of the syn-

thesized 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 0.5 M

N2SO4 electrolyte. The result is shown in Fig. 6a. The

current was recorded in the dark in the first step, but

a small current density was still observed. This cur-

rent can be due to a non-faradic reaction. In the sec-

ond 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 mole-

cules to evolve O2.

Photo-current density for pristine-ZNs at 1.0 V/

SCE under the illumination is around 324 lA/cm2

and for ZNs-Au-30 s, ZNs-Au-45 s, ZNs-Au-60 s,

ZNs-Au-75 s are 420 lA/cm2, 540 lA/cm2, 660 lA/

cm2, and 581 lA/cm2 respectively. The synthesized

photoanodes with Au plasmons exhibit more photo-

current density than the pristine 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 drift toward the cathode, leading to

enhancement in the photo-current density (see sche-

matic in Fig. 5b inset). As the concentration of Au

plasmons is increased to a specific limit on ZNs

surface, the photo-current density is increased. Nev-

ertheless, when it exceeds the limit, the photo-current

density is decreased. For instance, the ZNs-Au-75 s

exhibits less photo-current density than ZNs-Au-60 s.

The high photo-current density is obtained from

ZNs-Au-60 s, which is around 660 lA/cm2. PCE of

photoanodes has been calculated using [43],

PCE ¼ JPh � 1:23� VBiasj jð Þ
PLight

ð3Þ

where JPh is the photo-current density, VBias is

applied voltage between photoanode and counter

electrode, and PLight is the power density of incident

light (100 mW/cm2). Figure 6b shows the photo-

conversion efficiency of photoanodes for Au plas-

mons loaded for different time durations. The maxi-

mum PCE is obtained for ZNs-Au-60 s (0.38%),

whereas for pristine-ZNs, the PCE is * 0.20%.

The hot electron mechanism can be used to explain

two critical phenomena. Foremost, it explains the

inherent capability of high-energy electrons tunnel-

ing to the adjacent semiconductor through the

Schottky barrier. These electrons can be used for

photodetection at frequencies lower than the band-

gap of the semiconductor. Secondly, noble metals,

which are generally considered bad catalysts, con-

tribute immensely to catalysis reactions when sub-

jected to visible electromagnetic radiation. Plasmons
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provide energy pathways with low activation to

electrons. The presence of hot electrons helps to reduce

activation energy and provides 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 synthe-

sized photoanodes and measures their impedance

over a series of frequencies. The corresponding

Nyquist and Bode plots are shown in Fig. 7. The arc

diameters typically represent the effective dissocia-

tion 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 (Fig. 7a). The inset of Fig. 7a

shows the equivalent circuit model used to measure

the electrical parameters such as solution resistance

(Rs), charge transfer resistance (Rct), and capacitance

(Cp).

Fig. 6 PEC characteristics of

synthesized photoanodes: a J-

V characteristics and b Photo-

conversion efficiency
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As the Au plasmons layer takes part in the opera-

tion, 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 [44],

s ¼ 1

2pfmax

ð4Þ

where fmax is the frequency at the maximum phase

angle in the Bode plot (Fig. 7b).

The lifetimes of photoelectrons for the bare-ZNs

and ZNs-Au-60 s photoanodes are obtained 123 ms

and 170 ms, respectively. Therefore, the most

extended lifetime is predicted for ZNs-Au-60 s pho-

toanode. 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 8 shows the MS plot from which capacitance

was calculated and is used to estimate the density of

charge carriers using [45],

1

C2
¼ 2

ee0erNDA2

� �
V � VFB �

KT

e

� �
ð5Þ

where C is the capacitance of the space charge region

of the film at potential V, VFB is flat band potential, er

Fig. 7 a Nyquist plot for

pristine-ZNs and ZNs-Au-60 s

photoanodes at 0.5 V under

illumination in 0.5 M Na2SO4,

b Bode plot of pristine-ZNs

and ZNs-Au-60 s at a bias

potential of 0.5 V in light
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is a dielectric constant which is * 8 for bulk ZnO, ND

is free carrier concentration, K is the Boltzmann

constant, and T is the absolute temperature.

The free charge carrier concentration can be given

as follows[46]:

ND ¼ 2

ee0erA2 Slope
� � ð6Þ

All the synthesized photoanodes exhibited positive

slopes, depicting the n-type nature of ZnO photoan-

odes. 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 [46],

VFB ¼ �
Intercept
� �

Slope
� � þ KT

e

" #
ð7Þ

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 2.0 9 1021/cm3, which has

increased for ZNs with the incorporation of Au

plasmons, as shown in Table 1. The ZNs-Au

photoanodes exhibit more donor density than the

pristine-ZNs. At an applied potential 1.0 V, the cal-

culated space charge layers were 0.80 nm for pristine-

ZNs and 0.21 nm for ZNs-Au-75 s.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.

4 Conclusion

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 pris-

tine-ZNs. The ZNs-Au-60 s had shown the highest

photo-current density (* 660 lA/cm2 at a bias of

1.0 V/SCE) than all synthesized photoanodes. The

acquired PEC efficiency of ZNs-Au-60 s photoanode

under light illumination was 0.38%, which is 1.9

times PEC efficiency for pristine-ZNs. We believe that

the increased absorption in the visible region due to

the surface plasmon resonance effect and the

decreased photo-generated electron–hole recombi-

nation lead to a remarkably enhanced PEC perfor-

mance. The UV–Visible spectroscopy analysis

revealed that the ZNs-Au-60 s photoanode has a

good absorption band in the visible region. The band

gap values shifted toward the visible region from 3.20

to 3.07 eV for pristine-ZNs and ZNs-Au-60 s

Fig. 8 Mott-Schottky plots for ZNs-bare, ZNs-Au-30 s, ZNs-Au-

45 s, ZNs-Au-60 s, and ZNs-Au-75 s photoanodes

Table 1 Flat band potential (Vfb), donor density (Nd), and 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-Pristine - 0.48 2.00 9 1021 0.80

ZNs-Au-30 s - 0.58 1.08 9 1022 0.36

ZNs-Au-45 s - 0.54 1.40 9 1022 0.31

ZNs-Au-60 s - 0.50 3.74 9 1022 0.18

ZNs-Au-75 s - 0.55 3.03 9 1022 0.21
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photoanodes. EIS described that photoelectron life-

time in the ZNs-Au-60 s photoanode (170 ms) is

remarkably more than pristine-ZNs (123 ms). The

obtained results provide a straightforward and

effective method for constructing and designing Au

plasmons-embedded ZNs-based photoanodes with

high PEC performance.
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