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Plasmon-mediated photocatalytic activity of wet-
chemically prepared ZnO nanowire arrays

Thang Duy Dao** ¥, Gui Han, Nono Arai’, Toshihide Nabatame", Yoshiki Wada 7,
Chung Vu Hoang’, Masakazu Aono*?, and Tadaaki Nagao*”*

We report on measurements and simulations of the efficient sunlight-driven and visible-active photocatalysts
composed of plasmonic metal nanoparticles and ZnO nanowire (NW) arrays fabricated via an all-wet-
chemical route. Because of the coupling between the ZnO dielectric response and the excitation of the Ag or
Au nanoparticles, efficient electronic excitation can be induced in the vicinity of the metal-ZnO interfaces
because optically-excited plasmonic particles can not only concentrate the electromagnetic field at the
ZnO/particle interface, but also act as efficient sources of plasmonic hot electrons to be injected into the
conduction band of the ZnO catalyst. The catalytic activities of the fabricated ZnO NWs are examined by
photodegradation of methylene blue and by photocurrent measurements in a photovoltaic configuration.
Numerical electromagnetic simulations were used to understand the behavior of the light on the nanometer-
scale to clarify the catalytic enhancement mechanisms in both the ultraviolet (UV) and visible (VIS) regions.
In addition, simulation result indicated that a near-surface normal but slightly tilted ZnO NW arrays geometry
would provide an increased optical path length and enhanced multiple scattering and absorption processes
arising from the localized surface plasmon resonances of the nanoparticles. The results obtained here clarify
the role of the plasmon resonance and provide us with useful knowledge for the development of metal-oxide
nano-hybrid materials for solar energy conversion.
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1. Introduction

Artificial photosynthesis and photocatalysis have become central
topics in energy and environmental research as two of the most
promising clean processes for conversion of solar energy into
chemical energy. Metal-oxide catalysts such as TiOz-based self-
cleaning house paint and window coatings have been studied
extensively. While remarkable successes have been reported in
the applications of these materials to date, most semiconductor
catalysts have optical bandgaps in the ultraviolet (UV) region,
such as TiO2 (3.2 eV)!, ZnO (3.37 eV)?, and SrTiOs3 (3.2 eV)?,
which are too high to allow efficient use of solar energy in the
visible (VIS) and infrared (IR) regions. Recent advances leading
to improvements in catalytic efficiency and development of VIS-
IR active catalysts have led to numerous challenges in the fields
of photocatalysis and nanophotonics.

Recently, plasmonic nanostructures have demonstrated great
potential for applications in optics, photonics and optoelectronics,
based on their extreme enhancement and nanoscale confinement
of electromagnetic fields in the vicinity of their surfaces. Similar
features have also been realized to enhance the efficiency of
catalytic materials*’ by near-field enhancement®!" where the
strong electric field is extremely amplified at metal-
semiconductor surface, resulting in efficient absorption of
photons. Especially, the excited plasmons can also provide
sufficient energy to inject hot electrons from metal nanostructures
into semiconductor!>!3 resulting in visible light photocatalysis
even with UV bandgap materials such as Au-TiOx»1¢20 Ag-
Ti02222 and Au- SrTiOs2.

Among the various available photocatalysts, zinc oxide (ZnO)
has been widely studied as a highly efficient material?*>3 because
of its natural abundance, inexpensive fabrication processes,
rendering, ZnO as an promising photocatalyst beside TiO2 and
SrTi0O;. In particular, ZnO nanowires (NWs) have been studied
extensively as excellent catalysts because of their high surface
area and increased optical path-length mediated by light
scattering and interference®33, However, because of its wide
bandgap, the photocatalytic activity of ZnO NWs is limited
mainly under UV light, making the challenger for the use of ZnO
in the solar-assisted photocatalysis application. To improve
photocatalytic activity of ZnO NWs, beside the bandgap
modification by doping of ZnO NWs with metal ions**34-36,
nanometals were also chosen as the co-catalysts materials for the
enhancement of the charge separation®*7-3 or as the plasmonic
materials for the near field enhancement and hot-electron
injection®?3%4%, The catalytic activity of plasmonic nanometals-
ZnO NWs heterostructures can be improved in both UV and VIS
regions, however, the enhancement factor as well as the
efficiency enhancement are dependent on the
morphology and electric field direction. Deeper understanding for
both UV and VIS catalytic enhancements of the AgNP-ZnO and
AuNP-ZnO NWs hybrids based on measurement and
electromagnetic field simulation are needed.

In this work, we propose an effective metal-oxide hybrid nano-
architecture and a simple low-cost fabrication method for this
nano-architecture, together with experimental demonstration of
visible photocatalytic activity in this structure. It is also

structure

interesting to see the extent to which numerical analysis of the
electromagnetic field on the nanometer scale can explain the
improvement in the chemical properties of the proposed
nanostructures. The proposed nanomaterials here are metal
nanoparticles (NPs)-loaded ZnO nanowires, which exhibit greatly
improved catalytic activity in the visible region. The fabricated
catalyst consists of a nearly-vertical ZnO nanowire array that is
hydrothermally grown on transparent conductive oxides (TCOs),
e.g. on fluorine-doped tin oxide (FTO) or on indium tin oxide
(ITO)-coated glass substrates. The plasmonic Ag and Au NPs
were prepared separately and attached to the ZnO nanowires to
form AgNP-loaded ZnO or AuNP-loaded ZnO catalysts. The
photodegradation of methylene blue molecules under solar
illumination was examined. The catalytic activity of the metal-
NP-loaded-ZnO surfaces was found to be 2—3 times higher than
that of pure ZnO NWs. A photoelectrochemical (PEC) cell in
photovoltaic  configuration with NP-loaded ZnO NWs
photoanodes showed clear photocatalytic activity in the VIS
region, while negligible activity was observed in the case of a
pure ZnO NWs photoanode. In addition,
electromagnetic field simulations were used to investigate the
optical properties of these materials and to understand the
mechanism of catalytic activity enhancement by addition of
plasmonic metal particles to ZnO NWs. The numerical
electromagnetic simulations were performed to clarify the
absorption characteristics of the catalysts in the visible region that
were associated with plasmonic extinction of the AgNPs and
AuNPs. The simulated electric field distributions showed strong
electric field concentrations at the interfaces between the metal
NPs and ZnO under both UV (near the ZnO bandgap) and VIS (at
localized surface plasmon resonance) excitations. In particular, at
plasmon resonance in the VIS region in the AgNP-ZnO case (ca.
450 nm) and in the AuNP-ZnO case (ca. 560 nm), the electric
fields were found to be enhanced by 20 times, which increases
the probability of internal photoemission to generate hot electrons
that can overcome the Schottky barrier and be injected into the
ZnO conduction band to functionalize the material as a VIS-
active photocatalyst.

numerical

2. Experiments and simulation

2.1. Preparation and characterization of plasmonic
AuNPs- and AgNPs- ZnO NWs hybrids

ZnO NW arrays were synthesized on transparent conductive
oxide (FTO or ITO) substrates (1x2 cm) by the hydrothermal
method*!. The fabricated ZnO NW arrays were then washed in
de-ionized water and in ethanol, and were then annealed at 400°C
in ambient air for 1 h to enhance the crystallinity of the ZnO
crystals and the shallow donor concentrations***. A colloidal
suspension of AgNPs (average diameter of 10 nm) was
synthesized by adding sodium tetrahydroborate (NaBH4, Wako)
to reduce the ionic silver (AgNOs, Wako) and stabilize the silver
nanoparticles**. The aqueous solution of AuNPs (average
diameter of 13 nm) was synthesized by reducing ionic gold
(hydrogen tetrachloroaurate (III) tetrahydrate (HAuCls), Wako)
using anhydrous trisodium citrate (CsHsNa3O7, Wako)*. To
prepare AgNP-ZnO and AuNP-ZnO hybrids, 200 pl of aqueous
solutions of AuNPs and AgNPs with particle density of
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5x10'2.ml"! were entirely drop on to 1x2 cm ZnO NWs substrates.
The samples were then kept in a plastic box for 10 h. The
nanoparticles with negative surface charge could be adsorbed on
the ZnO NWs with positive surface charges*®*’ by electrostatic
force. The metal NPs-ZnO samples were then washed in de-
ionized water to remove the excess AgNPs and AuNPs and then
dried and thermally treated at 150°C in air (with low oxygen
content to prevent oxidation of the silver) for 1 h to stabilize the
metal-ZnO interfaces. The density of NPs adsorbed on ZnO NWs
was estimated by analyzing SEM images. As the results, the
coverage of NPs on ZnO (the ratio between projected areas of
NPs on the total surface area of ZnO NWs) was found to be
approximately 15%. It should be noted that the density of metal
NPs adsorbed on ZnO NWs can be controlled by changing the
adsorption time and the volume of the dropped NPs solutions.

The nano-morphology of the catalysts was characterized using
a field emission scanning electron microscope (FE-SEM, Hitachi
SU8000, 10 kV operating voltage), an X-ray diffractometer
(XRD, Rigaku Rint 2000, Cu Kg4) and a transmission electron
microscope (TEM, JEOL JEM-2100F, 200 kV accelerating
voltage). The 26 scanning range of the XRD was from 30° to 50°
with a scanning speed of 0.2° min™!. The transmittance of each
sample was examined using a UV-VIS spectrometer (Jasco V-
570) at room temperature, and the photoluminescence was
measured using a fluorescence microscope (Horiba Jobin-Yvon)
with a 325 nm He-Cd excitation laser source. The investigation of
photodegradation in water was performed using NPs-ZnO NWs
photocatalysts, in which a 2 ml solution of MB molecules with a
concentration of 10 M in water was used. For the photoelectric
conversion measurements, a simple PEC cell was used, with
photoanodes made from AgNP-ZnO and AuNP-ZnO NWs
hybrids. These metal NPs-ZnO NW arrays were grown on ITO
substrates and were connected to high-purity copper wire using
silver paste, and an insulating epoxy was then used to cover all
excess ITO surfaces on the edge of the ITO glass to prevent
short-circuit currents. The PEC cell measurements were carried
out in a photovoltaic configuration with the catalyst photoanodes,
a Pt zigzag wire acting as the counter electrode, and NaxSO4
solutions (0.5 M) acting as the electrolyte. A standard AM 1.5 G
solar simulator (Jasco Otentosun - IV 5) with power density of
100 mW-cm 2 was used as the sunlight source for both the PEC
cell and photodegradation experiments. For measurements under
VIS irradiation, an additional optical filter was combined with the
solar simulator to eliminate the UV light.

2.2. Electromagnetic simulation of plasmonic AuNPs-
and AgNPs- ZnO NWs hybrids

The numerical electromagnetic simulations of the transmission
spectra for the AgNP- and AuNP-loaded-ZnO NW arrays were
performed systematically using the rigorous coupled-wave
analysis (RCWA) method (Diffractmod, Rsoft). The real-space
electric-field distributions on the nanostructures under external
excitation fields were calculated using the finite-difference time-
domain (FDTD) method (Fullwave, Rsoft). The geometries of the
nano-objects used for the simulations were hexagonal cylinder
shapes for the ZnO nanowires (50-100 nm in diameter) and
spherical shapes for the Ag and Au particles. The diameters of the
Au and Ag particles varied from 10 up to 20 nm, but no
significant difference was observed in the results for the proposed
systems. The simulation domain size and the grid size used to set
the material boundary conditions were chosen to guarantee
conversion of the simulated results. The dielectric functions of
Ag, Au, ZnO, and water were taken from the literature*®4%, A real
part of 1 and an imaginary part of 0 for the dielectric function of

air were used in the calculations.

3. Results and discussion

3.1. Crystallinity and morphology of the fabricated
nanostructures
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Fig. 1 (a) Cross-sectional SEM image of a ZnO NW arrays and a high-

resolution TEM image (inset) of a single ZnO NW with [0001] growth

orientation. (b) Tilted-view SEM image of an AuNP-ZnO NW array. (c)

TEM image of an AuNP on the ZnO NW surface. (d) XRD patterns of an

AuNP-coated (blue curve) and non-coated (gray curve) ZnO NW arrays.

The inset in (d) shows an enlarged scale of XRD patterns from 43-49
degree.

Figure la presents a cross-sectional SEM image of a ZnO NW
arrays grown on an FTO-glass substrate with an average wire
length of 1 um, wire diameter of 50 nm, and wire density of
2x10'% cm™2. A high-resolution TEM image of a single ZnO NW
(the inset in Fig. la) shows very high crystalline quality with a
[0001] growth orientation. A tilted-view SEM image of the
AuNP-ZnO NW arrays (Fig. 1b) shows that the particles are
uniformly attached to the surfaces of the ZnO NWs. In addition, a
high-resolution TEM image of an NP-loaded NW (Fig. 1c) shows
good contact between the metal-NP and the ZnO semiconductor.
Figure 1d shows XRD patterns for the bare ZnO NWs on the
FTO substrate (gray curve) and the AuNP (blue curve); both
curves exhibit ZnO diffraction peaks that are in good agreement
with JCPDS card No 36-1451 for bulk ZnO with a hexagonal
wurtzite structure. In addition, a strong peak at 34.39° of the ZnO
(002) plane shows that the nanowires are well oriented and are of
high crystalline quality. Also, the XRD pattern for the AuNP-
ZnO NWs exhibits an additional diffraction peak (the inset in Fig.
1d), which is ascribed to the (200) plane of the AuNP. We also
characterized the AgNP-ZnO NW arrays using the same TEM
and XRD observations and confirmed that they exhibit similar
morphology and crystallinity to the AuNP-loaded ZnO NW
arrays.
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Fig. 2 (a) Simulation and (b) measurement results for the transmission
spectra of the bare ZnO NW arrays (black curve), the AgNP-loaded ZnO
NWs (blue curve), and AuNP-loaded ZnO NWs (red curve). The insets in
(a) show a unit cell simulation model, including NPs on the ZnO surface
with a tilt angle of 30° with respect to the incident light direction, and the
photoluminescence spectra of the ZnO nanowires before and after
annealing at 400°C. The inset in (b) shows the experimental transmission
spectra of the original AgNP and AuNP suspensions in water.

3.2. Optical properties

To clarify the optical properties of the metal NP-loaded-ZnO
catalyst, we first simulated the transmission spectra and then
compared the results obtained with the UV-VIS spectra of the
materials. Figure 2 presents the simulation (Fig. 2a) and
measurement (Fig. 2b) results for the transmission of the ZnO
NW arrays with and without the plasmonic metals, with air as the
surrounding medium. The model geometry is shown as an inset in
Fig. 2a. For this simulation, the illuminating light was at an angle
of incidence of 30° with respect to the nanowire axis, and this
will be discussed in greater detail later in the paper. The inset in
Fig. 2b shows the transmission spectra of the AgNP and AuNP
suspensions in water, which exhibit plasmon resonances at 390
nm and 523 nm, respectively. The agreement between the results
of the simulations and those of the experiments is very good. The
results indicate high transparency for wavelengths above 400 nm
in the case of bare ZnO NWs (black curve), while in the presence
of plasmonic NPs, an absorption feature around 415 nm for the
AgNP-ZnO case (red curve) and a wide absorption band from
450 nm to 630 nm for the AuNP-ZnO case (blue curve) are

observed. Because of the dielectric screening from the ZnO, the
plasmon resonances of the NPs are slightly red-shifted when the
NPs are attached to the ZnO NWs. In the presence of the
plasmonic metals, the optical densities of the NP-loaded-ZnO
NW arrays increased in the VIS region, which is the requirement
for a photocatalyst that operates under solar illumination.

The ZnO NW crystal quality was improved by an annealing
process and was evaluated by photoluminescence measurements,
as shown in the inset in Fig. 2a. As we can clearly see, broad VIS
emission (ca. 500-700 nm) was reduced by the annealing process,
which is attributed to an increase in the shallow donor levels®?,
and results in a high donor concentration and improved
crystallinity and conductivity for the ZnO catalyst.
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Fig. 3 Photodegradation of methylene blue (MB) molecules in water
under full-spectrum sunlight illumination. (a) Reductions in the MB
concentrations are shown without a catalyst (gray curve), and in the
presence of bare ZnO NW arrays (red curve), AuNP-ZnO NW arrays
(green curve) and AgNP-ZnO NW arrays (blue curve). Error bars
represent the standard deviation for three independent experiments. (b)
The MB photodegradation rate constants in the presence of the different
catalysts are shown. The inset shows a TEM image of a thin TiO, layer-
coated ZnO NW catalyst.

3.3. Photodegradation of MB in water

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 4

Page 4 of 9



Page 5 0of 9

Physical Chemistry Chemical Physics

144 o ZnO o Au-ZnO @ Ag-ZnO

1 llght m
p—

3
b—l
‘J

Curent density [pA/em™|

80 100 120 140 160 180

Time [s]

» ZnO o Au-ZnO o Ag-ZnO
0.6
E light
< (b off
2 0.4
>
Z 2 8
2 021 g [light :
= L4 on o .
€ 3\ 3
£ 0.0
=]
o ' ' . v v

80 100 120 140 160 180
Time [s]

Fig. 4 Photocurrent densities of ZnO NWs and NP-ZnO NW photoanodes
of the PEC cell in photovoltaic configuration, (a) under full-spectrum
sunlight illumination with power density of 100 mW-cm (standard AM
1.5G filter), and (b) under visible light illumination (wavelength in the
400-900 nm range with power density of 33 mW-cm2).

One possible use of the oxide photocatalyst is in the
decomposition of unwanted pollutant molecules and toxic
molecules in water under illumination by sunlight. The catalytic
activity of the plasmonic metal-loaded ZnO NW catalysts was
investigated via the photodegradation (reduction) of the
methylene blue (MB) molecule under full-spectrum sunlight
illumination (standard AM 1.5G solar simulator). The solution of
MB (deep blue) transforms into leucomethylene blue
(transparent) as the MB reduction occurs. Figure 3a shows the
photodegradation plot of the MB molecules in water determined
by monitoring the reduction of the MB concentration under solar
illumination®®. Initially, the degradation of the MB solution was
evaluated without any illumination to see the chemical process in
the dark and the instrument function of the measurement system
that constitutes the background spectrum. After illumination, the
MB concentration is slowly reduced by photoreaction without
any catalyst. In contrast, in the presence of the ZnO catalysts, the
molecules are dramatically reduced by the photocatalytic process.
In particular, by loading the plasmonic NPs onto the ZnO, the
catalytic activities of AuNP-ZnO and AgNP-ZnO NW hybrids
become much higher than that of the pristine ZnO NWs. For
further quantitative investigation using first-order Langmuir-
Hinshelwood kinetics®!, we evaluated the apparent MB reduction
rate in the presence of the catalysts, as shown in Fig. 3b. When
compared with the pristine-ZnO NW case with its rate constant of

22.5%1073 min"!, the photocatalytic activity of the NP-loaded
ZnO catalysts is enhanced remarkably by 2.4 and 3.2 times in the
AuNP-ZnO and AgNP-ZnO hybrids, respectively.

For further investigation, the ZnO NW surfaces were also
capped by ultra-thin oxide layers (thickness of 4 nm) of A1>Os or
anatase TiO2 to determine the effects of the oxide surfaces. The
oxide layers were deposited by atomic layer deposition. As
shown in Fig. 3b, the Al2Os-coated ZnO NW arrays show little
catalytic activity, as expected from the bulk properties of the
material and its wide bandgap energy (8 eV). In contrast, the
anatase TiOz-coated ZnO NW arrays show improved catalytic
activity in comparison to that of pure-ZnO NWs, which is due to
improvement in the charge transport caused by removal of the
ZnO trap states’? during formation of the TiOz shell layer, along
with the inherent catalytic activity of TiO>. However, the
catalytic activity of TiO2-coated ZnO NWs is still far smaller than
that of the NP-loaded ZnO NWs, thus highlighting the dramatic
enhancement of the catalytic activity produced by the plasmonic
NPs. The above results can be summarized as follows. The
catalytic activity is associated with the ZnO surface chemistry,
which is higher than that of A2O3 and lower than that of TiOz,
and the activity can be improved dramatically to a level that
surpasses by far the activity of the TiO: surface alone by a factor
of two to three by decoration with metal NPs. It is also notable
that these NPs-ZnO NWs photocatalysts can be reused many
times with high stability. For example, after the catalysts were
used, they were rinsed several times with pure water and dried in
ambient air. This simple cleaning method allows us to use them
more than ten more times with stable catalytic activity.

3.4. PEC measurements

To further understand the role of the metal NPs in the
photocatalytic activity, we have measured the photocurrents using
the PEC cell under illumination by the solar simulator. We
investigated the photocatalytic activity of the plasmonic NP-
loaded-ZnO NW arrays by using them as the photoanodes in our
PEC cell, together with a cathode made from Pt zigzag wire. A
0.5 M sodium nitrate solution (pH~7) was used as the electrolyte.
The photovoltaic configuration for the PEC cell was used,
meaning that no bias voltage was applied during the photocurrent
measurements. Figure 4 presents the photocurrent density of the
PEC with and without illumination. Under standard 100
mW-cm2 solar light, as shown in Fig. 4a, the average
photocurrents were 8.5 and 11 pA-cm™2 for the two photoanodes
made from AuNP- and AgNP-loaded ZnO NWs hybrids,
respectively, while it is only 3.2 pA-cm? in the pure ZnO NW
photoanode case. The results clearly show that by using NP-
loaded ZnO NW catalysts, the photocatalytic activity was
enhanced by 2.5-3.5 times. To investigate the activity
enhancement mechanism, we measured the photocurrent of the
PEC cell under pure VIS-IR irradiation (400-900 nm) while
using an optical filter to cut all UV light (Fig. 4b). Under VIS
light illumination, little photocurrent was generated in case of the
pure ZnO NWs, while the photocurrents in cases of the AgNP-
and AuNP-loaded ZnO NWs rise steeply to more than 0.6
pA-cm 2. It should be emphasized here that even under VIS light
irradiation, the photoelectric conversion process is operative in
the presence of the plasmonic-metal NPs loaded on the ZnO NW
catalysts.
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Fig. S Simulated transmittance (red curves) of (a) AgNP-ZnO NW catalysts and (d) AuNP-ZnO NW catalysts in the realistic working medium of water.
The simulated electric field distribution around the plasmonic metal-semiconductor catalyst shows that strong E-field enhancement and hot spots located
at the metal-semiconductor interface would provide smart potential for hot electrons: These distributions are shown for AgNP-ZnO NWs in (b) under UV
excitation at 365 nm with E-field enhancement of 4, and in (c) under visible excitation of plasmon resonance at 450 nm with strong E-field enhancement
of 20; and for AuNP-ZnO NWs in (e) under UV excitation at 365 nm with E-field enhancement of 3, and in (f) under visible excitation of plasmon

resonance at 560 nm with strong E-field enhancement of 18.

3.5. Electric field enhancement and discussion

To determine both the optical properties and the enhancement
mechanism of these plasmonic metal-loaded ZnO catalysts, the
electric field (E-field) distributions around the nano-objects were
calculated using FDTD simulations. These simulations were
performed using water as the surrounding medium, which
reproduces the experimental conditions of the catalyst. First,
under UV excitation at the optical band-gap energy of 360 nm
ZnO NWs, the E-field enhancement near the Au-ZnO and Ag-
ZnO interfaces were found to be three and four times larger,

respectively, when compared with the E-field of the incident light.

This enhancement in the UV range in particular, corresponding to
the optical band-gap of ZnO, can contribute remarkably to the
efficiency of the photocatalysts. In addition, the excitation energy
in the UV range is larger than the thresholds of the interband
transitions of both Ag and Au, which can lead to excitation of
electrons far below the Fermi level, e.g., the interband transition
from the d-band to the sp-band in gold. In this case, the
photogenerated holes in the d-band may act as hot holes and
contribute to the injection current®>. However, under VIS
excitation at the plasmon resonances at 450 nm for Ag-ZnO (in
water) and 560 nm for Au-ZnO (in water), the E-field
enhancement factors were found to be as high as 18 and 20 times
for Au-ZnO and Ag-ZnO, respectively. These concentrated E-
fields are mostly located at the interfaces between the metal NPs
and ZnO, and also penetrate slightly into the ZnO subsurface,
indicating the concentration of the photon energy into a tiny
space at the NP/ZnO interface. With a Schottky barrier at the
heterojunction between a metal with a work function that is
smaller or larger than the vacuum electron affinity of a p-type or
n-type semiconductor, respectively, the quantum transition
probability of the electrons with sufficient energy to overcome
the barrier is given by:!>%*

2
o (hv—ad)
F )
hv
where Cg is the device-specific Fowler emission coefficient,

=

O¢k is the Schottky barrier energy and hv is the photon energy.

Here, in the case of junctions between Ag with work function of
4.26-4.74 €V or Au with work function of 5.1-5.47 eV>® and
native n-type ZnO NWs* with vacuum electron affinity of 4.19—
4.5 eV¥7,, the Schottky barriers were estimated to be in the ranges
from 0.1-0.5 eV for the Ag-ZnO junction and 0.5-1.3 eV for the
Au-ZnO junction, which are far smaller than the plasmon energy
of Ag-ZnO/water (at 450 nm, or 2.76 eV) and Au-ZnO/water (at
560 nm, or 2.21 eV), respectively. The concentrated plasmonic E-
field at the metal-semiconductor interface assists the transfer of
the plasmon energy through the metal interband transition (single
particle excitation) that enables excited electrons to readily
overcome the Schottky barrier between the plasmonic metal and
the semiconductor catalyst. This leads to hot electron injection
from the plasmonic metal into the conduction band of the ZnO
catalyst via plasmon excitation and decay.

In our work, the ZnO NWs were annealed to improve their
donor concentrations* and reduce the Schottky barrier height of
the ZnO-metal contacts, which resulted in high hot electron
injection efficiency. This mechanism is illustrated in Fig. 7. The
generated hot electrons then drift into the external circuit via the
TCO contact, resulting in photocurrent generation under VIS
light illumination, as shown in Fig. 4b. The minute current that
was observed in the case of the pure-ZnO NW photoanode under
VIS illumination (Fig. 4b) is possibly due to the marginal defect
absorption of ZnO NWs by the deep donor level, as reported in
the literature3*314!, which may be also combined with the VIS E-
field enhancement that enhances the observed response.
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Fig. 6 Schematic illustration of mechanism for VIS photocatalytic activity
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of plasmonic metal-ZnO N'Ws caused by plasmon-induced hot electron.

The geometrical effects on plasmon-induced hot carrier
injection from metal to semiconductor must be considered to
achieve high quantum efficiency for the photoelectric transfer.
These geometrical effects depend not only on the Schottky barrier
height and the plasmon energy, but also on the momentum and
the energy distributions of the generated hot carriers. One
preferred geometry requires the hot carriers’ momentum to
contain a sufficiently large component in the direction
perpendicular to the metal-semiconductor interface, as well as the
E-field component of the incident light'>1434%° However, the
quantum confinement is also expected to provide a sufficiently
broad momentum distribution for electronic excitation to make
the hot electron generation process remarkably efficient for nano-
sized metal clusters®®. For our plasmonic metal-loaded ZnO
catalysts, the small sized (~13 nm) AgNPs and AuNPs can
provide high quantum efficiency via plasmon-induced hot carrier
injection because of the broad momentum distribution associated
with light excitation. As shown in Fig. 5, with E-field excitation

ZnO absorption

'"cidom

perpendicular to the NP-ZnO interface, the free electrons are
excited and move in parallel with the E-field vector, resulting in
the highest possible electron density at the metal-semiconductor
interfaces and the highest possible E-field for the plasmon at the
same position, which represents ideal conditions to induce hot
electron injection. When the E-field is exactly parallel to the NP-
ZnO interface, the electrons are oscillated away from the ZnO
surface and the induced E-field magnitude is weak (see e.g., the
top and bottom NPs in Fig. 5b, c, e, and f); this can result in a
weak electron injection probability under this condition.

To determine suitable geometrical conditions for efficient
excitation of the NP plasmons (thus yielding higher
photocurrents), we performed electromagnetic simulations while
varying the geometry and polarization of the incident light. We
performed RCWA simulations to simulate the absorption when
varying the direction of incidence and polarization of the light
with respect to the NP-loaded ZnO NW arrays. Examples of these
simulations are shown in Fig. 7, from which we could understand
the optimal tilting angles of the NW arrays with respect to the
substrate that would provide the highest optical density. With
metal NP-loaded ZnO NWs, the plasmon absorption intensity
strongly depends on the angle of incidence with a maximum at
approximately 50 to 70° (corresponding to the nanowire tilt angle
of approximately 20 to 30°). The band-edge absorption of ZnO
also has a slight dependence on the angle of incidence, exhibiting
a similar maximum in the 50 to 70° range. As a whole, this
structure shows optimized absorption for both UV (ZnO band-
edge absorption) and VIS (plasmon absorption) light at around 50
to 70°. This angle corresponds nicely with the average tilt angle
of our ZnO nanowires, which were readily grown on the TCOs
with the wet chemical synthesis method presented here.

1.0

45
le .
angle ("fdeg).-

uondiosqy pozIjeuLION

Fig. 7 Electromagnetic simulations of the incident angle-dependent absorption of plasmonic metal-ZnO NWs show the efficient absorption of the
nanowire morphology with tilt angle: (a) AgNP-ZnO NW, and (b) AuNP-ZnO NW.

4. Conclusions

We have fabricated ZnO nanowire arrays loaded with noble metal
nanoparticles by all-wet-chemical synthesis processes. These
materials showed improved photocatalytic activity that was 2.4 to
3.2 times higher than that of a pristine ZnO NW arrays, which we
clarified by degradation of MB molecules under sunlight
illumination. The arrays showed promising performances in
photoanode applications in a PEC cell, and we confirmed that
they produced substantial photocurrents in both the UV region
and the VIS region. The electromagnetic field calculations
clarified the origin of the high optical density in the VIS region
and provided optimal geometrical conditions that were suitable
for high absorption of light in the UV to VIS region. The strong

near-field enhancement at the NP-ZnO interface was also
confirmed, showing in detail the microscopic mechanism
responsible for the efficient hot carrier injection from metal to
ZnO under VIS light illumination.

Combined plasmonic NP-semiconductor NW arrays such as
those studied here have a wide variety of potential applications,
ranging from solar-assisted photodegradation for environmental
remediation to solar-assisted water splitting for hydrogen
generation. We expect that the activity of this class of materials
can be further improved by appropriate design of the
electromagnetic near-field at the metal-oxide interface through
electromagnetic simulations, along with careful selection of the
constituent materials (oxides such as SrTiOs, TiO2, Fe20s, and
WOs, combined with metals such as Pt, Ru, and Ni) via
semiconductor band engineering. By combining this work with

This journal is © The Royal Society of Chemistry [year]
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nanophotonic design, band engineering, and control of the nano-
architecture, e.g., by further adapting the core-shell oxide
heterojunction to efficiently promote carrier separation and
reduce the carrier diffusion length*, we will be able to further
improve the photocatalytic performance of the proposed
nanomaterials.
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Relation among 1) photocatalytic activity 2) nano-scale electromagnetic field distribution
TOC T.D.DAO etal. and 3) hot electron injection of metal loaded ZnO wires was elucidated.
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