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ABSTRACT

In this study, different structures of ZnO, such as nanorods (NR), nanosheets
(NS), nanowires (NW), and nanospheres (NSP), were synthesized and then sen-
sitized with Au plasmons for efficient photoelectrochemical splitting of water.
The electrodeposition method was used to realize different ZnO nanostructures
and decorate them with Au nanoparticles. X-ray diffraction (XRD) confirms the
hexagonal wurtzite structure of ZnO photoanodes, and the average crystal size
was ~ 30 nm. The morphology of ZnO nanostructures depends on the concentra-
tion of Zn(NQO;), .6H,0, and a variation in it leads to the evolution of nanorods,
nanosheets, nanowires, and nanospheres. UV-visible and photoluminescence
(PL) spectroscopy give the bandgap value (~ 3.1 eV) and good absorption in the
visible region on decoration with Au plasmons. The photoelectrochemical (PEC)
splitting of water experiment results indicate that the photoanode of ZnO-NS
(0.05 M) loaded with Au plasmons-based photoanode has better performance
with 0.38% efficiency and a photocurrent density of 0.68 mA/cm?. Different ZnO
photoanodes can be designed and constructed containing various types of ZnO
morphology for efficient PEC water splitting, as evident from the preliminary
results.
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sources, which causes global climate change due to
greenhouse gas emissions [2]. Metal oxide composites

1 Introduction

The rapid depletion of primary energy sources and
their environmental impact demand research for sus-
tainable, green, and clean energy sources [1]. Photo-
electrochemical (PEC) splitting of water is a promising
way for sustainable energy production. Hydrogen is
a clean and green gas, without any pollution or envi-
ronmental hazard compared to nonrenewable energy

with plasmons have attracted wide interest in pho-
toelectrochemical (PEC) splitting of water [3]. Many
metal oxides with Au and Ag plasmons have been
probed for this purpose [4]. The first metal oxide inves-
tigated for water splitting using PEC cells was TiO,,
carried out by Fujishima et al. [5]. The metal oxide can-
didates can provide enough energy (~1.23 eV) in the
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presence of light to drive the water-splitting reaction
[6, 7]. ZnO has similar properties to TiO, as band edge,
and bandgap positions are almost the same [8]. ZnO, a
direct bandgap material (~ 3.3 eV) with high electron
mobility, is a potential candidate for PEC applications
[9]. However, due to its large bandgap, the absorption
range of light is not in the visible region [10]. Plasmons
are remarkably utilized to shift the absorption range
into the visible region [11]. On the other hand, differ-
ent structures of the nanoparticles, such as nanorods,
nanospheres, nanoflowers, nanosheets, and nanow-
ires, of ZnO can exhibit different properties for effi-
cient harvesting of light.

The performance of the PEC cell is dependent on the
properties of the synthesized photoelectrodes. Hence,
various materials have been investigated to increase
PEC cell efficiency [12]. Metal oxide semiconductors
are under the scope of researchers due to their inex-
pensive and scalable nature for hydrogen production
[13]. It has been realized that metal oxide with plas-
mons is better for PEC activity as plasmons enhance
charge transfer and inhibit charge recombination [3].
Many researchers have worked on metal oxides with
noble metals for PEC water-splitting applications with
various configurations. Some recent studies which
have shown promising results are enlisted as follows.
The effect of plasmonic nanoparticles and surface pas-
sivation on ZnO nanostructures was studied by Liu
et al. [14], who reported 6.7 times higher efficiency
than pristine ZnO. Prasad et al. [15] have reported that
Z-NRs-Ag has better optical absorption than Ag-Z-
NRs. Hongxia Li et al. [16] reported that surface plas-
mon resonance enhances the PEC performance of the
TiO,-Au system. Mahala et al. [17] studied the near-
field—far-field effects of Au plasmons on ZnO nano-
structures, having a maximum efficiency of 0.514%
compared to bare ZnO. Zayed et al. [18] studied the
morphological effect of ZnO/Au nanostructures with
ABPE ~2.05%. Saboor et al. [19] reported that the ZnO-
NR modified with Au (deposition time 60 s) exhibited
a photocurrent density ~ 660 uA/cm? at a bias of 1.0 V/
SCE. Li et al. [20] reported that the ZnO@TiO, (15 nm)/
Au (8 nm) array shows the maximum photocurrent
density of 3.14 mA/cm? at 1.2 V vs. RHE.

In this study, the PEC properties of different
structures (nanorods, nanosheets, nanowires, and
nanospheres) of ZnO loaded with Au plasmons are
compared with their bare counterparts. Au nanopar-
ticles (NPs) are used as the plasmonic layer because
of their wide range of light absorption, i. e., visible
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light absorption and UV light absorption (due to the
transition from 5d to 6sp electronic inter-band), and
they also prevent corrosion during the photoreaction
[21]. ZnO nanostructures are deposited on the FTO
substrate, and then the Au nanoparticles (NPs) i.e., Au
plasmons, are deposited on top of ZnO nanostructures
using the electrodeposition technique. This technique
is beneficial for depositing different nanostructures of
ZnO on FTO substrate at a low cost and maintains
purity in the synthesized samples [22, 23]. Herein, Au-
Zn0O nanostructures synthesized via the one-step elec-
trodeposition method are proposed as photoanodes,
which have a high surface area with enhanced pho-
tocurrent response compared to previously reported
data [24-28]. These findings reveal the significant
importance of the Au-ZnO-based nanosheets for appli-
cation in PEC cells and energy conversion devices.

2 Experimental
2.1 Materials and methods

The electrodeposition method was based on a typical
three-electrode system for depositing ZnO-nanostruc-
tured thin films with different morphologies, and Au
NPs were deposited on top of them. The substrate was
a conducting-coated glass substrate i.e., FTO substrate.
The utilized electrodes i.e., (reference electrode and
counter electrode) were saturated calomel electrode
(SCE) and Pt mesh, respectively. The immersed sub-
strate in the solution is the working electrode. Before
deposition, all the substrates were cleaned with three
different kinds of liquid (acetone, ethanol, and water)
sequentially for 5 min using the ultrasonication
method. To obtain ZnO nanostructures, i.e., nanorods
(NR), nanowires (NW), nanosheets (NS), and nano-
spheres (NSP) morphologies, aqueous solutions of Zn
(NOs),.6H,O with different concentrations of 0.001 M,
0.01 M, 0.05 M, and 0.1 M were used. The concentra-
tion of KCl was kept at 100 mM. The bath contain-
ing this solution was held at 85 °C, and the applied
step potentials were -1.1 for 3600 (nanosheets and
nanospheres) and 7200 s (nanorods and nanowires),
respectively. The pH value of the precursor solution
was around ~ 8 during the preparation of all the sam-
ples. After the deposition process, the synthesized
thin films were cleaned with distilled water and sub-
sequently dried at room temperature. These thin films
were further annealed at 400 °C in a muffle furnace.
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To deposit Au nanoparticles on the top of ZnO syn-
thesized films, a solution of HAuCl, with 0.6 mM con-
centration and 50 mM NaNO; was used for a 100 s
duration with an applied potential of — 0.4 V/SCE. The
synthesized thin films were rinsed with distilled water
and then dried for 1 h in the oven at 100 °C.

2.2 Characterizations and apparatus

XRD patterns were recorded in the range of 20-80°
using Bruker D8 to recognize the crystal structure
of the synthesized thin films. Further, SEM was car-
ried out using JEOL JSM630A to visualize the surface
morphologies and to determine the mean size of par-
ticles. UV-Visible absorption spectra were recorded
to determine photoanode bandgaps using a JASCO
V-670 spectrophotometer and PL using a Horiba
Fluorolog spectrometer to indicate the absorption
bands associated with each morphology with Au and
without Au NPs. PEC properties of the synthesized
photoanodes were investigated using photocur-
rent (J-V), electrochemical impedance spectroscopy
(EIS), and Mott-Schottky (MS) analysis. MS and EIS
were recorded using the same potentiostat to obtain
the flat band potentials, charge carrier densities, and
the lifetime of photogenerated charge carriers. |-V
characteristics were recorded using a potentiostat
(Metrohm Autolab PGSTAT302N) and a 150 W Xenon
Lamp (PEC-L01) with a light intensity of 100 mW/cm?
(AM 1.5). Three electrode glass reactor was utilized to
investigate the photoelectrochemical behavior of the
synthesized photoanodes. In the cell, three electrodes
were used: a saturated calomel electrode, a platinum
foil counter electrode, and a ZnO-based photoanode
as the reference electrode (SCE), counter electrode
(CE), and working electrode (WE), respectively. 0.5 M
Na,SO, solution was used as an electrolyte. The size of
the working electrode was ~ 1 cm?, and the sheet resist-
ance of FTO was ~ 7 /. The experimental work was
done with AR-grade chemicals and double-distilled
deionized water.

3 Results and discussion
3.1 X-ray diffraction (XRD) analysis
XRD analysis was carried out to obtain the crystal-

lographic information [29]. Figure 1 shows the XRD
pattern of all the synthesized photoanodes in the
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Fig. 1 XRD pattern for ZnO-nanospheres, nanosheets, nanow-
ires, and nanorods with and without loaded Au plasmons on th
top

range of 20°-80° for 20. The diffraction peaks of the
FTO were marked with an asterisk (*), and the gold
with its chemical symbol. The multiple peaks at
260 ~31.7°, 34.4°, 36.4°, and 47.5° can be well indexed
to (100), (002), (101), and (102) lattice planes of ZnO
hexagonal wurtzite structure having lattice constants
a=b=3.28 A and c=5.25 A (JCPDS, file no 36-1451)
[30, 31]. It indicates that the ZnO nanostructures had
grown on the FTO substrate successfully. The sharp
and intense ZnO peaks illustrate the sample high crys-
tallinity. The observed peaks at 38.3° and 44.4° can be
assigned to the (111) and (200) planes of Au, indicating
face-centered cubic (FCC) bravis lattice type with lat-
tice constant 4.2 A (JCPDS, file no 04-784), confirming
the presence of Au plasmons on the top of ZnO. The
plane (002) shows the highest intensity for ZnO-Au
nanorods establishing their preferred direction along
the c-axis. The nanosheets are randomly oriented, thus
showing 2D planar orientation with the plane present
(101). The structural parameters of all the concentra-
tions varied, and plasmons decorated ZnO films were
calculated by the Williamson—Hall method.

The crystallite size (D) was estimated by
Debye—Scherrer’s equation [32],

K2
" Bcosh’ )

where D is the average crystallite size, A is the x-ray
wavelength (Cu-Ka, A =1.54056 A), 6 is the Bragg
angle in radians, and K is the Scherrer constant
(0.94). K depends on the crystallite shape and the size
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distribution, indices of the diffraction line [33]. § is the
full width at half maximum (FWHM) in radians cor-
rection of instrumental broadening effect. The broad-
ening of the diffraction peak is due to defects present
in the material and instrumental errors, which become
additive [34]. The residual strain in the crystallite dis-
turbs the crystal lattice, which causes the diffraction
peaks to broaden. In such circumstances, Williamson
Hall’s analysis [35] should be applied using Eq. (1) by
the following equation.

pcosd = % + 4esinf (2)

It represents a linear equation with KA/D as the
intercept. By plotting a graph of § cos0 vs. 4 sin0, one
can find the slope and also the microstrain. The slope
is inversely proportional to the crystal size (D), and the
intercept is termed microstrain. These plots are known
as Williamson-Hall (W-H) plots. Figure 2 represents
the W-H plots for each concentration variation for
pristine ZnO nanostructures and Au-decorated ZnO-
nanostructured film.

Estimated values of crystal size (D) and microstrain
(&) of all the variations are listed in Table 1.

Au plasmons are deposited on the ZnO film, which
might change the interfacial interaction, potentially
leading to crystal size and microstrain modifications.
Also, Au sensitization could induce stress in the ZnO
film due to lattice mismatch between Au and ZnO
followed by strain relaxation in ZnO to adjust the
accommodated Au plasmons. The atomic radius of Au
is larger than Zn; thus, some structural changes may
occur after Au sensitization [36]. The strain in the films
is compressive (e <0) at the initial stage of the ZnO
film formation and tends to be tensile (¢ >0) after Au
plasmon incorporation [37].

3.2 Scanning electron microscopy (SEM)
analysis

SEM analysis was carried out to reveal the surface
morphology of the samples. Figure 3 depicts the top-
view SEM images of the ZnO nanostructures. The
basic parameters of the various structures of ZnO
thin films were calculated using Image j software. The
average diameter and the length of vertically aligned
ZnO nanorods on the FTO substrate were ~ 380 nm
and ~ 1391 nm, respectively (Fig. 3al). The diameter
of nanowires and the width of nanosheets were esti-
mated and were ~ 102 nm and ~ 426 nm, respectively

@ Springer

] Mater Sci: Mater Electron (2023) 34:2300

(Fig. 3b1). As the Zn(NO;),.6H,O concentration
changes, the morphology shifts from nanospheres to
nanorods. It indicates the direct dependence of mor-
phology on Zn(NO;),.6H,O concentration. It can be
seen that the different concentration of precursor has
led to different morphologies of the ZnO nanostruc-
tures formation on the FTO substrate. Nanospheres,
nanosheets, nanowires, and nanorods were formed
from the 0.1 M (Fig. 3al), 0.05 M (Fig. 3b1), 0.01 M
(Fig. 3c1), and 0.001 M (Fig. 3d1) concentrations of
Zn(NO;),.6H,0, respectively. Moreover, the average
size of Au NPs is a few nm and uniformly dispersed all
over the film (Fig. 3a2-d2). In our study, we observed
that the average size of Au NPs in our case is bigger
than previously reported results [18]. As reported
earlier, the light scattering phenomenon dominates
in larger-size nanoparticles as optimum scattering
occurs. In addition, surface plasmons resonance can
also occur by far-field scattering, i.e., (radiative pro-
cess) for large-size nanoparticles [17].

3.3 Photoluminescence (PL) analysis

PL analysis was further used to determine the band-
gap type, estimate the recombination rate, and calcu-
late the material’s charge transfer and defect density.
The laser beam with a wavelength of 350 nm was used
as the excitation wavelength in this process. Figure 4
shows the PL emission spectrum of the synthesized
photoanodes in the visible region.

The obtained spectrum indicates that the bandgap
of the material is direct. Indirect bandgap materials
do not possess luminescence but thermally lose their
energy by phonon emission. All the synthesized sam-
ples had almost the same peak at 388 nm with differ-
ent intensities, attributed to the radiative recombina-
tion of charge carriers. Figure 4 shows an additional
emission band in the visible region related to the
recombination of photoexcited holes and electrons of
oxygen vacancies and the defect state on the surface
of ZnO [38]. It corresponds to the bandgap of ZnO
thin films. The emission intensities are improved for
all ZnO-nanostructured films loaded with Au. The
improvement in the intensities of Au-decorated ZnO
can be due to the emission of hot electrons from the
Au NPs. The weakened intensity of pristine ZnO is
due to oxygen vacancies, which decrease deep-level
emission [39]. The highest intensity peak is observed
for the nanosheet structure. The defects present in the
materials act as non-radiative recombination sites. The
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Fig. 2 W-H plots for bare ZnO-nanospheres, nanosheets, nanorods, and nanowires and with Au plasmons loaded on top
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Table 1 Values of crystal size (D) and microstrain (¢) for each

concentration
Concentration Crystal size (D)nm  Micro
strain
(e)x 107
0.1 M ZnO 26 -4.37
0.1 M ZnO-Au 22 0.88
0.05M ZnO 14 -3.30
0.05 M ZnO-Au 41 2.00
0.01 M ZnO 26 -0.75
0.01 M ZnO-Au 21 0.84
0.001 M ZnO 25 -1.20
0.001 M ZnO-Au 41 1.70

irregularity in grain size is responsible for the change
in emission intensity. It indicates the low defect den-
sity of synthesized material.

3.4 UV-Visible spectroscopy

UV-Visible spectroscopy was carried out to determine
the optical properties of the synthesized films [40]. Fig-
ure 5a shows the corresponding recorded absorption
spectra. The optical band gap is calculated from the
Tauc plot equation as,

@By =By (E-Ey ), 3)

where « is the absorption coefficient, E indicates the
incident photon energy, B indicates the optical density
of states, E, is the optical band gap, and n takes dif-
ferent values corresponding to different transitions.
It takes values such as 1/2, 3/2, 2, and 3 for direct
allowed, direct forbidden, indirect allowed, and indi-
rect forbidden energy states, respectively. An optical
band gap is obtained by extrapolating the tangential
line to the photon energy in (¢E)"? as a function of the
E plot (Tauc plot). The pristine ZnO-nanostructured
thin films exhibited sharp absorption bands at around
384 nm for all different structures, indicating a band-
gap of 3.23 eV [41]. The obtained bandgap is slightly
lower than the previously reported value (3.4 eV),
giving intense absorption in the visible region. How-
ever, the absorption may be controlled by intermedi-
ate defect states. Despite the same absorption point,
the intensity of absorptions is different for different
structures. It shows the dependence of the trapping of
light on the type of morphology. Figure 5b illustrates
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the band edge positions and direct bandgap nature
of ZnO. ZnO-nanostructured films with Au plas-
mons exhibited sharp absorption bands for the 0.1 M,
0.05 M, 0.01 M, and 0.001 M concentrations, showing
bandgaps 3.16 eV, 3.15€V, 3.14 eV, and 3.18 eV, respec-
tively (Fig. 5b).

The reduction in the bandgap of ZnO nanostruc-
tures loaded with Au plasmons could be due to metal
interaction with incident light, followed by intense
absorption in the visible range. As Au plasmons are
incorporated for light absorption, the absorption edge
is red-shifted toward the visible region, improving the
absorption rate [20]. The shift in the absorption band
from pristine ZnO is attributed to the decoration of
Au plasmons that alters the band positions. The high-
est absorption was observed for 0.1 M pristine ZnO,
followed by 0.05 M ZnO-Au in the visible region. The
absorption spectra plot indicates that adding Au NPs
causes a red shift for all combinations. It is caused by
the surface plasmon resonance effect, which stimu-
lates light and gold nanoparticle interaction [42]. The
excited surface plasmons produced by the Au nano-
particles vibrate the matrix surrounding them, increas-
ing the near-field amplitude and improving visible
light absorption. The band gap of Au-ZnO decreases
to 3.1 eV upon loading of Au NPs. The simultaneous
effect of surface plasmon resonance and the size of
nanosheets in the ZnO-Au system led to increased vis-
ible light absorption. Thus, the morphology of nano-
structures is in proper agreement with the absorption
spectra [17].

3.5 Photoelectrochemical performance

The linear sweep voltammetry (LSV) method was used
to determine the PEC water splitting properties of the
photoanodes using three electrodes at-1.0 to 1.0 V vs.
SCE with the scan rate of 20 mV/s in 0.5 M Na,SO,
electrolyte.

3.5.1 Photocurrent measurement

The J-V characteristics were measured under light illu-
mination in the visible region (Fig. 6). A small dark
current for all photoanodes, including pristine and Au-
loaded ZnOs, was observed, indicating a non-faradic
reaction [19].

After illumination, a sharp rise in photocur-
rent was observed. As the photons are incident, the
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Fig. 3 Top view of the SEM images of different structures of pristine ZnO and ZnO coated with Au plasmons

electron-hole pairs are generated, and these elec-  molecules) to evolve O, The measured photocurrents
tron-hole pairs separate, and the electrons travel to at 1V applied potential are listed in Table 2.
the counter electrode, where the reduction of protons The largest photocurrent was observed for the

produces H,, and the holes react with H,O (water 0.05 M ZnO-Au and the smallest for the 0.001 M
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Fig. 4 Photoluminescence (PL) spectrum of pristine ZnO thin
films and Au-loaded ZnO thin films
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Fig. 6 The J-V characteristics of all synthesized photoanodes
Table 2 Photocurrent densities at 1 V applied potential and

maximum photon-to-hydrogen efficiency (n,,,,) for all configured
photoanodes

Photoanode Photocurrent density at (ABPE) (%)
1 V(A/em?)
0.1 M ZnO 3.61x107* 0.17
0.1 M ZnO-Au 448x107 0.20
0.05 M ZnO 3.98x 107 0.21
0.05 M ZnO-Au 6.87x 107 0.38
0.01 M ZnO 2.75% 107 0.14
0.01 M ZnO-Au 439x10™ 0.17
0.001 M ZnO 2.14%x 107 0.11
0.001 M ZnO-Au 4.82x107 0.16

b)

0.1 M2ZnO
0.1 MZnO-Au
0.05 MZnO
0.05 M ZnO-Au
0.01 MZnO
0.01 M ZnO-Au
0.001 M ZnO
0.001 M ZnO-Au

2.0 2.4 2.8 3.2 3.6 4.0
Wavelength (nm)

Fig. 5 The UV-Visible spectra of ZnO nanostructures and ZnO/
Au nanostructures. a Absorption spectra, b Tauc plot

ZnO configured photoanodes. The nanospheres
(0.1 M ZnO) and the nanosheets (0.05 M ZnO) are
two morphologies with better photocurrent density
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performance. The Au plasmonic layer boosts pho-
tocurrent density because the confined plasmonic
effect of Au clusters on the top of Au-ZnO enhances
localized field strength, increasing the light absorp-
tion coefficient. The study shows that light is
absorbed by Au plasmons, which then produce hot
electrons. The photocurrent density increases due to
the hot electrons insertion into the ZnO conduction
band and subsequent drift toward the cathode [43,
44]. Au nanoparticles can capture the photoinduced
electrons of ZnO-NRs because their Fermi levels
are lower than the CB of ZnO-NRs, which prevents
charge recombination. The photoanodes absorb pho-
tons and produce e- h + pairs when illuminated with
UV-Visible light. In contrast to the photogenerated
h +, which will remain on the VB of ZnO-NRs, the
e- on the VB of ZnO-NRs will be stimulated to the CB
of ZnO-NRs. The excited e- produced in ZnO-NRs
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is transferred to Au NPs, resulting in the effective
separation of charge carriers produced by light. The
direct transfer of photogenerated charges from ZnO-
NRs to Au NPs is made possible by the close contact
of Au nanoparticles with the ZnO-NRs. Addition-
ally, this mechanism is expected to prevent charge
recombination between the e- in the semiconductor
material and the h +in the gold nanoparticles. The
metal-semiconductor interface is where the Schottky
barrier displays the same behavior. The method
described here emphasizes the importance of Au NPs
in boosting ZnO-NRs PEC characteristics. Compared
to other Au-ZnO nanostructures, Au-sensitized ZnO
nanosheets had higher photocurrent densities. It is
because of the larger surface area, which allows for
more light absorption in a wider wavelength range.
Therefore, compared to bare ZnO-NRs samples and
other Au-ZnO nanostructures synthesized photo-
anodes, the Au-ZnO nanosheets-based photoan-
ode exhibits synergism of the utmost importance,
resulting in an improved PEC activity. In this way,
Au NPs affect photocurrent density promotion. An
increase in photocurrent is there because more light
is captivated by the material, which causes a sharp
rise in the absorption. The results obtained are in
good agreement with the optical characteristics. The
applied bias to-photon-conversion efficiency (ABPE)
of the configured photoanodes was estimated using
the following equation [15, 45],

Jpn(1.23 = [Vias|)
Pight

ABPE(%) = )

where Jp, is the photocurrent density in mA/cm?, Vi,
is the applied external bias in Volt, and P, is the
power density of incident light irradiance in mW/cm?,
which was around 100 mW/cm?.

Figure 7 shows the n plot of all the photoanodes
in the 0-1.0 V applied potential range. The maxi-
mum efficiencies were obtained for the 0.1 M ZnO
modified with Au plasmons. The values are listed
in Table 2.

As the Au NPs are incorporated, the photocurrent
density and efficiency values vary considerably. For
instance, n, (max) is 0.21% for the pristine ZnO with
0.05 M concentration, whereas it increases to 0.38%
for the modified 0.05 M ZnO with Au. The conversion
efficiency is a function of the concentration of synthe-
sized material on the FTO substrate, and the type of
structure evolved.
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Fig. 8 Mott—Schottky plot of all synthesized photoanodes

3.5.2 Mott-Schottky analysis

Mott-Schottky was used to deduce the fundamen-
tal properties of the synthesized photoanodes, such
as flat band potential (Vgg), donor density (Ny),
and depletion layer width (w). Figure 8 shows the
Mott-Schottky plot of all configured photoanodes.
The capacitance was calculated based on electro-
chemical impedance spectroscopy (EIS) data associ-
ated with different potentials in the dark at 500 Hz
frequency. The parameters were obtained using the
Mott-Schottky equation, which is given by,

1 2 KT
&= (o) (V7= ) ®

where C is the capacitance of the depletion region at
applied potential V, e is the fundamental charge, ¢,

@ Springer



2300 Page 10 of 14

is the permittivity of the vacuum, ¢ is the dielectric
constant of the material, which is 8.5 for ZnO [46, 47],
Ny is the donor density, Vg is flat band potential,
and KT/e is a temperature-dependent correction term
which is around 0.025 V.

The flat band potential (Vzz) was obtained by
extrapolating the linear portion of the Mott-Schottky
plots to the x-axis intercepts. The obtained results are
shown in Table 3. For any photoanode, the absolute
value of flat band potential for the ZnO modified
with Au is greater than its pristine form. The values
range from -0.43 V to -0.47 V. The free charge carrier
concentration N, was calculated from the slope value
of the linear portion of the plots using the modified
Mott-Schottky equation [48],

2
17 eegeA? (slope) ©)

A? has already been added to the slope dimension.
All the pristine samples indicate that the donor density
is of the order of ~ 10?! cm™, whereas it was ~ 10?2 cm™
for the samples modified with Au. The most significant
donor densities were obtained for the pristine 0.05 M
Zn0O, and the sample was modified with Au plasmons
(Table 3).

The width of depletion layers was calculated by
considering 1 V applied potential to the working elec-
trode, and the values for the Vg and Ny are obtained
using the following equation [49],

o <2eog(v—vFB))5 -

eoNy

The smallest space charge layer was found for the
pristine 0.05 M ZnO and its modified form with Au,
as it has an inverse relation with donor density Ny
(Table 3).
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3.5.3 Electrochemical impedance spectroscopy (EIS)

EIS was carried out to calculate the lifetime of the
photogenerated electron-hole pairs, interfacial charge
migration, and interfacial resistance. The resistance
while transporting the electron for smaller semicircle
is low. It highlights the charge carrier separation rate
[50]. Figure 9 illustrates the result of the EIS measure-
ments for the synthesized photoanodes.

The smaller arc diameter expresses the forceful
dissociation of the photogenerated electron-hole
pairs and the expeditious interfacial charge-shifting
operation [15]. The larger arc diameter indicates a
shorter lifetime than the smaller arc diameters, which
can be assigned to a prolonged lifetime [14, 19]. The
0.05 M ZnO-Au photoanode exhibited a smaller arc
diameter, and 0.01 M ZnO had a larger arc diameter
than all the synthesized photoanodes, which can be
assigned as the best and proper photoanodes for
effective charge dissociation. For any morphology, an

3500
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Fig. 9 Nyquist plots of the photoelectrochemical impedance
spectra of the synthesized photoanodes

Table 3 Donor density, flat

band potential, and depletion Photoanode Donor density (cm™) Flat band potential Depletif)n
layer width estimated at 1V (ol l(i}:]; width
applied potential for the
synthesized photoanodes 0.1 M ZnO 7.72x10%! - 043 0.26
0.1 M ZnO-Au 1.49x10% —0.45 0.19
0.05 M ZnO 8.85% 10%! - 045 0.24
0.05 M ZnO-Au 3.27x10% —0.48 0.12
0.01 M ZnO 2.86x 107! —-0.40 0.44
0.01 M ZnO-Au 9.65x10%! -0.44 0.23
0.001 M ZnO 1.23%x 107! —-043 0.66
0.001 M Z-O-Au 1.22x10%! - 043 0.66
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Au-loaded sample shows a smaller arc diameter, inter-
preting the role of Au plasmons in preventing charge
recombination.

4 Conclusions

ZnO thin films with different structures and Au-
loaded plasmons on these structures were success-
fully synthesized on FTO substrate by electrochemical
method. The structural parameters from XRD support
the morphological analysis obtained from SEM. The
ZnO photoanodes have a hexagonal wurtzite struc-
ture with a crystal size of ~30 nm. The surface area
plays a crucial role in the water-splitting mechanism.
The deduced results from UV-Visible spectra indicate
that the absorption edge has been shifted from the UV
region toward the visible region after incorporating
Au plasmons, thereby exhibiting a high rate of light
captivation in the visible region by Au plasmons. The
band gap values are ~3.15 eV for all the concentra-
tions. A similar result was observed from PL measure-
ment. The intensity of the emission spectra has been
enhanced for 0.05 M ZnO-Au photoanode, showing
lower defect states present due to sheet morphology.
However, the pristine 0.1 M ZnO photoanode exhib-
ited better optical properties than the 0.05 M ZnO-Au
photoanode. The obtained results from the utilized
characterizations indicate that the 0.05 M ZnO-Au
photoanode is a better candidate for the PEC splitting
of water, exhibiting maximum photocurrent conver-
sion efficiency (0.38%) and the highest photocurrent
density (0.69 mA/cm?) among synthesized photoan-
odes. The active surface area changes depending on
the morphology; thus, a higher surface area gives bet-
ter water-splitting results. ZnO nanostructures-based
photoanodes modified with plasmons can be a pro-
spective candidate for efficient PEC cells.
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