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he meeting of future demand for
Tenergy without the combustion of

fossil fuels depends on the efficient
production of solar energy. The photolysis
of water using semiconductor materials has
been investigated as a clean process for
converting renewable energy by storing
solar energy in chemical bonds such as
those of hydrogen. Hydrogen that is formed
by the splitting of water using solar energy
is clearly attractive as a clean energy vector,
and various attempts have been made to
construct viable molecular and biomolecu-
lar devices for producing hydrogen.' > The
basis of photosynthesis, on which the ex-
istence of various life-forms on Earth de-
pend, is a remarkable chemical reaction, in
which solar energy converts water and car-
bon dioxide into chemical fuel and oxygen.
The development of an artificial mechanism
of photosynthesis, based on splitting water
into hydrogen and oxygen, to meet future
demand for energy, is greatly desired.®
Since Honda and Fujishima elucidated the
possibility of splitting water using titania,
various semiconductor materials have been
demonstrated to exhibit photoactive prop-
erties in the water-splitting reaction or half-
reaction.”” "2 The photochemical process of
splitting water involves the excitation of a
material such as oxide semiconductor with
photons of higher energy than the band-
gap, to generate electron—hole pairs, which
either recombine or react with an adsorbed
species. An effective photovoltaic device is
one that can use these electrons and holes
efficiently to generate hydrogen and/or
oxygen before recombination can occur.
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ABSTRACT  Artificial
photosynthesis using semi-
conductors has been investi-
gated for more than three
decades for the purpose of
transferring solar energy into
chemical fuels. Numerous

studies have revealed that

the introduction of plasmonic

Flasmion induced

materials into photochemical reaction can substantially enhance the photo response to the solar

splitting of water. Until recently, few systematic studies have provided clear evidence concerning

how plasmon excitation and which factor dominates the solar splitting of water in photovoltaic

devices. This work demonstrates the effects of plasmons upon an Au nanostructure—Zn0 nanorods

array as a photoanode. Several strategies have been successfully adopted to reveal the mutually

independent contributions of various plasmonic effects under solar irradiation. These have darified

that the coupling of hot electrons that are formed by plasmons and the electromagnetic field can

effectively increase the probability of a photochemical reaction in the splitting of water. These

findings support a new approach to investigating localized plasmon-induced effects and charge

separation in photoelectrochemical processes, and solar water splitting was used herein as platform

to explore mechanisms of enhancement of surface plasmon resonance.
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zinc oxide

Recently, the field of plasmonics has
expanded rapidly because of the easiy tai-
loring and shape-dependent optical prop-
erties of the plasmonics.’>~'® Many materi-
als and devices have been found to have
several plasmonic applications, such as plas-
monics lasers,? surface-plasmon-enhanced

! metamaterials, 2>

light-emitting diodes,?
plasmon focusing,®* plasmon waveguides,*®

and others.?®~3° Lately, some investigations
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have found that introducing plasmonic materials into
a photochemical reaction can markedly enhance the
photo response to the solar water splitting mechanism
of this enhancement, which has been proposed to
involve either charge transfer between metal and
oxide (by so-called “hot” electron—hole pairs) or plas-
mon-induced heating and establishment of an electro-
magnetic field3'3” Despite proposals of such
mechanisms, until recently, few systemic studies have
provided any evidence concerning them or informa-
tion concerning how plasmon excitation and which
domination factor in photovoltaic devices for solar
water splitting. Understanding the mechanism of plas-
monic enhancement is a crucial aspect and is useful for
future development of photovoltaic devices. However,
distinguishing among independent photoresponses to
solar radiation associated with various plasmonic ef-
fects is a key challenge.

To elucidate the plasmonic enhancement mecha-
nism, independent plasmon-induced photoresponses
must be distinguished from each other in the overall
photochemical signal of water splitting. This challenge
is overcome herein using three important strategies.
First, a photoelectrochemical cell (PEC) is used as a
platform rather than a photocatalyst in evaluating
photoactivity, since a PEC can directly extract an
electrical signal from photoactive materials upon irra-
diation without the need for measuring the production
of gas. The splitting of water into hydrogen and oxygen
directly by sunlight in a PEC is an ideal method
for producing hydrogen that integrates solar energy
collection with water electrolysis at a single photo-
electrode. Accordingly, a PEC enables independent
photoresponses to be associated with recognizable
plasmonic effects. Second, a plasmonic photoelec-
trode is measured with polarized illumination along
various axes because of the polarization-dependent
localized plasmon oscillation; these measurements can
be easily combined with a theoretical simulation to
evaluate a plasmon-induced effect. Third, since loca-
lized plasmonic oscillation generates an electromag-
netic field upon the surface of plasmon materials,
modifying the plasmon metal/semiconductor inter-
face, it may alter the electronic structure of the semi-
conductor and thereby generate a localized transition
state. X-ray absorption spectroscopy (XAS), which is
sensitive to the electronic structures and local struc-
tures of nanomaterials, has been applied to various
metal or oxide semiconductors.>®*~*' The use of mono-
chromatic radiation makes XAS element-selective and
therefore highly effective when used on samples that
contain more than one species of metal atom, or
substrate lattices, which interfere with diffraction mea-
surement. The in situ X-ray absorption spectroscopy
was carried out in fluorescence mode to determine the
evolution of the electronic structure that is caused by
localized plasmonic effects because of the sensitivity of
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Figure 1. SEM images of bare ZnO (a) and Au—ZnO photo-
electrodes with nanoparticles deposited for 12 h deposition (b).

the fluorescence signals to surface, This evolution can
be used to elucidate the electronic modification of ZnO
at the surface.**** Likewise, the X-ray absorption spec-
trum can be obtained in situ under monochromatic
illumination and an applied bias, and the transfer of
photogenerating electrons under irradiation by mono-
chromatic incident light can be elucidated.

In this work, a photoelectrode in the form of an array
of ZnO nanorods was prepared and decorated with
various amounts of plasmonic gold nanospheres, and
its photoelectrochemical activity was investigated.
Several strategies were utilized to elucidate the rela-
tionship between the photoresponse and underlying
plasmon-induced effects, such as hot-electron injec-
tion, the generation of an electromagnetic field, and
heating. In-situ X-ray absorption spectroscopy eluci-
dated the evolution of the electronic structure follow-
ing localized plasmonic effects, and theoretical simu-
lations based on the finite element method (FEM) also
elucidated plasmon-induced effects.

RESULTS AND DISCUSSION

In this study, an array of ZnO nanorods was prepared
with various amounts of plasmonic gold nanospheres
as a platform to examine the plasmon-induced effects
on a photoelectrode in the splitting of water. One-
dimensional nanorods have been demonstrated to be
efficient in photoelectrochemical (PEC) cell and photo-
voltaic cell applications because they can decouple
the direction of light absorption and charge carrier
collection.***® Nanorods have a small radius, and
minority carriers that are generated therein can diffuse
to their surfaces before they recombine. This effect
increases charge separation efficiency, especially when
the minority carrier diffusion length is comparable to
the radius of the nanorod. Additionally, the shape of a
plasmonic gold nanostructure has been demonstrated
to be easily controlled using numerous methods and
the also exhibit strongly shape-dependent optical
properties,’”'® meaning that present investigation
can considerably operate in other systems. An array
of ZnO nanorods was synthesized over the surface of
SnO,:F (FTO) glass substrate using the hydrothermal
method. Figure 1 characterizes the nanostructures of
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Figure 2. Absorption spectra of Au—ZnO photoelectrodes
with Au nanoparticles deposited over various periods.

an array of ZnO nanorods and an Au—ZnO electrode
with plasmonic gold nanoparticles that had been
deposited for 12 h. Scanning electron microscopic
(SEM) images present the growth of dense and verti-
cally aligned ZnO nanorods on the FTO substrate;
the typical length is ~5 um (Supporting Information,
Figure S1). As the duration of deposition increases to
24 h, the morphology of ZnO nanorods does not signif-
icantly change (Supporting Information, Figure S2).
Notably, the surface of ZnO that had been deposited
with Au nanoparticles for 24 h was slightly rough owing
to the formation of a thin layer of Au nanoparticles upon
it. Since the particles size were very small (less than 5 nm),
further structural characterization was conducted using a
transmission electron microscope (vide infra).

Localized surface plasmon resonances, which are
caused by the interaction of incident light with gold
nanoparticles, are well-known to be effective in for
biological sensors, surface-enhanced Raman spectros-
copy, and optical devices,**”° because the wavelength of
plasmon resonance depends strongly on the structure
and composition of the material, and the local dielectric
environment. Gold nanostructures serve as a platform in
this investigation, and are used to reveal plasmon-
induced effects on a semiconductor, because their
resonant wavelength is in the visible region rather
than in the ultraviolet, and so overlap with the wave-
lengths absorbed by of a wide bandgap semiconduc-
tor (Zn0). Optical spectra of Au—ZnO photoelectrodes
on which Au nanoparticles had been deposited for
various times exhibited a clear increase in absorbance
corresponding to the gold nanospheres in addition
to strong ultraviolet absorption of ZnO (Figure 2).
As deposition time increased, the absorbance that
originated in the surface plasmon resonance of gold
nanoparticles (at approximately 530 nm) considerably
increased, suggesting that the gold nanoparticle load-
ing could be effectively controlled by varying the
deposition duration and conditions, enabling the con-
ditions of the photoelectrochemical reaction to be
optimized. Compared to the absorption spectrum
of Au nanoparticles in aqueous solution (Supporting
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Information, Figure S3), the deposition Au nanoparti-
cles on the ZnO surfaces were accompanied by a red
shift in a surface plasmon peak continuously toward
the red region. The red shift from 522 to 529 nm is
attributed to the progressive deposition of Au particles
upon the ZnO. This peak shift may have been caused
by the dielectric variance of the surrounding environ-
ment and interparticle distance upon the gold nano-
particles.®’ Supporting Information, Table S1 shows the
elemental analysis of Au—ZnO photoelectrodes from
inductively coupled plasma atomic emission spectro-
meter, which reveals that chemical bath deposition can
modify the gold nanoparticles upon the surface of ZnO
and significantly control the loading amount of plas-
monic materials. The absorption spectra reveal that
gold nanoparticles were successfully attached to the
surface of the ZnO nanorods array during the chemical
bath deposition, but not by physical methods, since
the deposition of a monolayer can clearly reveal loca-
lized surface plasmon effects without causing any
undesired effects. Notably, the absorption spectrum
obtained at a deposition time of 24 h included a peak at
approximately 650 nm in addition to the major plas-
mon resonance peak. This phenomenon is attributable
to the formation of clusters aggregation that was
composed of gold nanoparticles.”’

Electrochemical measurements were made system-
atically to evaluate the photoelectrochemical proper-
ties of ZnO nanowires that were loaded with Au
nanoparticles. Figure 3a shows a set of linear sweep
voltammagrams of pristine ZnO nanorods and ZnO
nanorods that were loaded with Au nanoparticles
that had been deposited for various durations under
100 mW/cm? of illumination. A dark scan from —0.5 to
+1.1 Vrevealed a small current of around 10° A/cm?.
The photocurrent increased dramatically with deposi-
tion time to 12 h. ZnO nanorods with loading of 12 h
yielded a pronounced photocurrent under illumination
that started when —0.25 V was applied, and increased
to 1.3 mA/cm? when +1.0 V was applied. The photo-
current density in ZnO nanorods that were loaded
with Au nanoparticles (12 h) was about double that
of pristine ZnO nanowires with a similar thickness
(~0.7 mA/cm?) at 1.0 V, suggesting that decoration
by Au nanoparticles promoted the harvesting of solar
light. As the deposition time was further increased, an
important effect occurred. Most interestingly, the
photocurrent declined greatly as the deposition time
increased to 24 h. This result is particularly interesting.
This phenomenon indicates that several effects origi-
nated from either the localized surface plasmon or the
collection of sunlight, which was involved in the
photoelectrochemical reaction on the Au—ZnO photo-
electrode. Although the more loading amount of Au
nanoparticles can lead to an increase in hot electrons
injection and contribute a detectable photocurrent to
an entire device (as shown in Figure 3b), the Au—ZnO
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Figure 3. (a) Linear-sweep voltammograms of Au—ZnO photoelectrodes with nanoparticles deposited for various periods,
and a dark scan, performed in a 0.5 M aqueous Na,SO, with a pH of 6.8 under an AM 1.5 solar simulator. (b) Linear-sweep
voltammograms of Au—ZnO photoelectrodes with nanoparticles deposited for various periods, obtained under illumination

by visible light (>420 nm).

sample with 24 h of deposition exhibited a great
decrease in its photocurrent. This may be attributed
to the blocking effect of gold nanoparticles upon the
ZnO nanorods, since the loading amount of the 24 h
sample was almost twice as much as that of the 12 h
depositon sample, indicating that Au nanoparticles
upon the ZnO would block two times the irradiation
from the solar simulator and suppress the photoexcita-
tion process on ZnO, which was a UV active semicon-
ductor. Therefore, metallic gold may also act as trap
centers for photoelectrons and collect some photo-
generating electrons from the ZnO nanorods; this
phenomenon results in a negative effect in photore-
sponse. As a result, the sample with 12 h of deposition
(~10% loading) was expected to be an optimum
condition for both hot electron injection and light
absorption of the semiconductor support.

To explore hot electron generation and plasmon
damping, a Au—ZnO photoelectrode was irradiated
with visible light (>420 nm) to eliminate the effects of
the photoexcitation of ZnO. ZnO nanorods with a large
bandgap of above 3 eV are a UV-photoactive material,
such that the measured photoresponse under illumi-
nation by visible light (>420 nm) is attributable largely
to plasmonic Au nanoparticles. Figure 3b presents a set
of linear sweep voltammagrams of pristine ZnO nano-
rods and ZnO nanorods that were loaded with Au
nanoparticles that had been deposited for various
durations under illumination by visible light (>420 nm)
with an intensity of 100 mW/cm?. Pristine ZnO nano-
rods generate no obvious photocurrent because ZnO is
inactive in the visible region. When a few Au nanopar-
ticles decorate the array, the photocurrent depends
substantially on the number of Au nanoparticles,
reaching a maximum of 0.3 mA/cm?. Further increasing
the number of Au nanoparticles cannot significantly
increase its photocurrent, suggesting that optimal
decoration had been achieved and that further increas-
ing the number of Au nanoparticles would not increase

CHEN ET AL.

the measured photoresponse of the PEC by contribut-
ing more photoelectrons. This result is consistent with
the /—V measurements under full-spectrum solar illu-
mination and reveals that excess Au nanoparticles
could not significantly contribute to the photore-
sponse but had a blocking effect that reduced the
absorption of light by the ZnO nanorods. The photo-
current density of an Au—ZnO photoelectrode (12 h)
increased with applied voltage, starting at —0.25 V
versus Ag/AgCl, and reaching 0.3 mA/cm? at 1.0 V. It
was similar to that of the Au—ZnO photoelectrode
under a full-spectrum solar simulator (Figure 3a). We
suggest that the hot electrons that are generated by
plasmon damping under visible illumination can be
injected into the ZnO over the Schottky barrier, yield-
ing a detectable photocurrent under visible illumina-
tion. Notably, plasmonic enhancement is attributable
to the injection of hot electrons from plasmonic ma-
terials into the conduction band of the semiconductor
(ZnO) rather than to the trapping of photogenerating
electrons from the conduction band of the semicon-
ductor and their transfer and subsequent reaction with
hydrogen ions. The transfer of photogenerated elec-
trons from the conduction band of the semiconductor
to the metal is energetically unfavorable because the
photoelectrons must overcome the Schottky barrier
even though this barrier is small.

Because of shape/size-dependent nature for gold
nanostructure, Figure 4a displays the TEM image of as-
prepared Au nanoparticles, which are small, with a
mean diameter of 4.7 nm with a standard deviation of
0.7 nm. The TEM image (Figure 4b) of ZnO nanorods
that are decorated with an ensemble of Au nanopar-
ticles (12 h) reveals that these particles are uniformly
distributed upon the surface and uniform in diameter.
The distribution of Au nanoparticles on the surface of
the ZnO nanorod may be optimal because more Au
nanoparticles would have had a negative effect, block-
ing ZnO nanorods from absorbing solar illumination,
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Figure 4. (a) TEM micrographs and distribution of sizes of
as-prepared gold nanoparticles (12 h); (b) TEM micrographs
and (c) high-resolution image of Au—ZnO photoelectrodes;
(d) corresponding electron diffraction pattern of Au—ZnO
photoelectrode.

suppressing the photogeneration process of ZnO un-
der ultraviolet irradiation. A high-resolution TEM image
of the edge of a nanorod (Figure 4c) provides more
compelling evidence that Au nanoparticles are at-
tached to its surface. An abrupt transition is observed
between the lattice planes of the ZnO nanorod and the
(111) lattice planes of the Au nanoparticles. The lattice
spacing between the (111) planes, 0.235 nm, is also
consistent with that of the gold bulk crystal (JCPDS no.
89-3697). Most interestingly, the selected electron
diffraction pattern (Figure 4d) is characteristic of the
two-component crystalline nature. The set of spot
pattern can be indexed to the [2110] zone axis of the
ZnO wurtzite structure zone axis, which is a single
crystalline structure (indicated by the white circle).
The set of rings reveals a typical face-centered-cubic
polycrystalline structure that corresponds to bulk gold
and is probably associated with the large amount of Au
nanoparticles on the surface of the ZnO nanowires.
These results indicate that Au nanoparticles were
successfully attached to the surfaces of ZnO nanowires.
The following section will systematically address the
effects of localized surface plasmon upon the ZnO
nanorods and their relationship to the water splitting
reaction.

Plasmon-Induced Hot Electron—Hole Pairs. To clarify the
mechanism of localized plasmon-induced enhance-
ment, several competing processes for plasmon reso-
nance damping processes are considered. The first
important property of plasmon damping is the non-
radiative decay of plasmon owing to the generation of
electron—hole pairs by either intraband excitation
within the conduction band or interband transition
from a lower-lying d band to the sp conduction band.>>
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Figure 5. Absorption spectrum of Au nanospheres and
plots of photocurrent versus wavelength, fitted to Fowler's
law, indicating that photocurrent comprises mainly hot
electron flow, with additional contribution from hot elec-
trons that are injected from Au under plasmonic-induced
irradiation that is amplified by localized surface plasmon
resonance.

This process of “hot” electron generation has been
demonstrated and measured in solid-state devices,”*
but it has remained unexploited in photoelectrochem-
ical cells. To confirm the relationship between hot
electron flux and plasmon damping, the photocurrent
in the PEC was measured as a function of the wave-
length of light (Figure 5). The number of photoelec-
trons that had sufficient energy to overcome the
barrier is given by the Fowler theory:

(hv — ¢)"

ni = CF hv

where C; is the Fowler emission coefficient;>* n = 2 for
most metals, and ¢ is the Schottky barrier energy.
Figure 5 also plots the photocurrent fitted using
Fowler's law with parameters n = 2 and ¢ = 0.7 eV.
Since a bias of 0.5 V was applied to this system, the
Schottky barrier should be 1.2 eV with zero bias, which is
consistent with the value that was obtained by fitting.
This result demonstrates that photocurrent is mainly
associated with hot electron flow. Specifically, the
photocurrent diverges from Fowler's law, indicating a
significant contribution of the injection of hot elec-
trons associated with Au plasmonic resonance (as
indicated in Figure 5), revealing that localized surface
plasmon resonance can promote hot electron flow. To
verify the presence of a localized surface plasmon
effect, absorption spectra were obtained. The spec-
trum of the Au nanospheres includes a strong plasmon
resonance band in the visible region, as was identical
to that observed in Figure 5. Au nanoparticles con-
siderably increase the photocurrent in a PEC owing to
their surface plasmon band, which enables them to
generate hot electrons that contribute to the photo
response of photoelectrochemical cell beyond Fowler
emission. The Au—ZnO photoelectrode was further
tested under on—off cycle illumination conditions to
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Figure 6. Amperometric /-t curves of Au—ZnO photoelec-
trode (12 h) with on/off cycles under a solar simulator with
an intensity of 100 mW/cm?,

determine whether the measured photocurrent was
associated with the absorption of light. Figure 6 plots
the photocurrent that is generated by the injection of
hot electrons for an Au—ZnO photoelectrode under
visible light. Upon illumination, a spike in the photo-
response (~0.3 mA/cm?) was observed owing to the
transient effect during excitation, and the photocur-
rent rapidly returned thereafter to a steady state.*’**
This result further verifies that photogenerated elec-
trons are rapidly transported from Au nanoparticles to
ZnO nanowires.

Plasmon-Induced Electromagnetic Field. Another possi-
ble cause of the enhancement of photocurrent is the
plasmon-induced electromagnetic field. Although an
earlier study proposed that an electromagnetic field
may contribute to photoactivity,®® the effects of the
plasmon-induced electromagnetic field have not been
experimentally elucidated. Since the photochemical
property of the water splitting reaction is greatly
dependent on the band structure of the semiconduc-
tor, we suggest that the plasmon-induced electromag-
netic field may modify the valence/conduction bands
of ZnO and determine its photoactivity. Therefore, XAS
was utilized to provide valuable evidence of the struc-
tural parameter and electronic structure of Zn atoms,*®*!
and in situ measurements were made simultaneously
to collect the spectra with/without illumination at the
desired wavelength. Further monochromatic incident
light was applied to induce localized plasmonic effects
upon the Au nanostructures, which were involved in
the chemical reaction, and facilitated an exploration of
the metal/semiconductor interface, and the interaction
of all of these with chemical reactants. To provide
further insight into the interface between ZnO and
the gold nanostructures and to elucidate the influence
of a plasmon-induced electromagnetic field upon the
surfaces of ZnO, the densities of states (DOS) of the
ZnO was calculated using density function theory
(DFT). The ultimate goal was to elucidate the evolution
of the electronic structure.> As displayed in Figure 7a,
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the conduction band comprises mainly the Znus+ Zngy,
states and the valence band is composed of the O,,
state. The X-ray absorption near edge structure
(XANES) of the Zn K-edge is used to elucidate the
structure of the conduction band of ZnO since the
K-edge absorption involves the transition from the 1s
to 4p states, such that a higher XANES intensity
indicates the presence of more vacant 4p states and
more vacancies in the conduction band of ZnO. The
region that is affected by the plasmon-induced field
can be easily determined to be smaller than several
tens of nanometers. Importantly, the XAS of Zn K-edge
is obtained via the fluorescence emission, since sam-
pling deep of fluorescence emission is below 100 nm,
which means we can conduct the local modification
near the surface of ZnO to attain the extract evolution
from plasmon-induced effects. The difference between
the XANES of bare ZnO nanorods and that of the
Au—ZnO photoelectrode yielded the relative vacancy
(AA/A) on the conduction band (as shown in Figure 7).
Compare to ZnO (dark condition), the amount of
relative vacancy observably decreased as ZnO nano-
rods absorbed UV irradiation. This phenomenon is
attributed to generation of photoelectrons in the con-
duction band and the occupancy of the 4p state in Zn
when ZnO was irradiated by UV. It reduced the number
of vacancies and revealed the photogeneration pro-
cess of ZnO under a UV irradiation (380 nm). When ZnO
nanorods were decorated with gold nanoparticles
(without illumination), the relative vacancy slightly
exceeded that of pristine ZnO nanorods owing to the
realignment of the Fermi levels between the gold
nanoparticle/ZnO nanorod interface. The large in-
crease vacancies under plasmon-induced illumination
(530 nm) demonstrated that localized surface plasmon
resonance significantly modified the electronic struc-
ture of ZnO and generated more vacancies in the con-
duction band. Notably, irradiation at 530 nm (2.33 eV)
provided sufficient energy to generate hot electrons
that flowed from gold to the conduction band of ZnO
through the Schottky barrier (~1.2 eV), as elucidated
above. However, plasmon resonance still has the posi-
tive effect of generating more vacancies in CB despite a
flow of hot electrons into the conduction band of ZnO.
Localized surface plasmon resonance can generate a
strong electromagnetic field close to the surfaces of gold
nanoparticles when plasmon-induced illumination is
applied to the photoelectrode. This field modifies the
band structure at the Au/ZnO interface, resulting in rapid
transportation of photogenerated electron—hole pairs.
Plasmon-Induced Heating. The third plasmonic effect,
heat generation, under illumination at plasmonic res-
onance should be considered.*® The finite-difference
time-domain (FDTD) program, MEEP, has also been
used to calculate induced heat from gold nano-
particles.>® The energy that flows out through the
boundary surfaces of volume V per unit time plus the
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Figure 7. (a) Density of states for ZnO calculated by density function theory; (b) relative vacancies for ZnO rods (dark
condition), ZnO rods (@ UV illumination), Au—ZnO (dark condition), Au—ZnO (@ 530 nm illumination).

rate of energy loss by absorptive dissipation in the
volume equals the negative rate of change in electro-
magnetic energy within the volume.>” When the med-
ium is not magnetically dispersive, the time-averaged
dissipative energy density can be reduced as>®

1
qg= Qe = Esow Ime((u)\E|2

Accordingly, the energy of the absorbed light in the
system herein that is converted to heat (Q) is

Q = /qu
v

This equation is used to calculate the heat gener-
ated by a single gold sphere with a diameter of 5 nm
(Qsphere), Which is 6.97 x 1072 J. On the basis of the
elemental analysis and an operated systematic calcula-
tion (in the Supporting Information), itis estimated that
Au nanoparticles of approximately 9.8 x 1072 mg are
present on the photoelectrode and the total heat
generation from the Au nanoparticles is about 9.72 x
107 J, which indicates rhat the heat generation cannot
significantly influence the system temperature or the
water splitting reaction herein (Figure 8a Supporting
Information, Tables S1 and S2), and all measurements

CHEN ET AL.

were made at a controlled temperature of 25 °C. To
explain this effect further, the relative vacancies of ZnO
nanorods at various temperatures are determined to
elucidate the evolution of the electronic structure in
Zn. As presented in Figure 8b, the relative vacancy
desired temperature was similar to that even above
100 °C, indicating that heating could not strongly affect
the electronic properties of ZnO nanorods. As a result,
any contribution from plasmon-induced heat can be
ruled out.

The time course of Au—ZnO photoelectrode (12 h,
9.8% Au) for overall water splitting is presented in
Figure 9. About 11.2 and 4.4 umol h™' of H, and O,
molecules were generated by the Au—ZnO photoelec-
trodes under irradiation by AM 1.5 illumination, in
which the Faraday efficiencies were 86% and 69%,
respectively. Notably, the Faraday efficiency of Au—
ZnO photoelectrode for hydrogen evolution is greater
than that of oxygen evolution, this phenomenon can
be attributed to surface catalytic effect.>® The platinum
foil was applied as a counter-electrode that has been
demonstrated to significantly catalyze the hydrogen
evolution in an electrochemical cell. Compared to a
bare ZnO nanorod photoanode, a Au—ZnO photo-
anode has revealed that plasmon induced effects can
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Figure 9. Time courses of H, and O, evolution using Au—ZnO and ZnO photoelectrodes under AM 1.5G solar simulator in

0.5 M Na,SO,4 aqueous solution.

Figure 10. Schematic illustration of the plasmon-induced
effects on Au—ZnO photoelectrode.

significantly enhance the overall water splitting. This
successful realization of a plasmonic induced mechan-
ism under the irradiation of sunlight led to exceptional
performance in the photocatalytic evolution of hydro-
gen and oxygen.

Figure 10 presents a model mechanism of the
enhancement by localized surface plasmon reso-
nance on an Au nanostructure. When the photoanode
(Au—ZnO photoelectrode) captured solar illumination
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and ZnO simultaneously generated photoelectrons,
the photogenerated electrons migrated to the con-
duction band of ZnO. Simultaneously, the Au nano-
structure absorbed plasmon-induced irradiation, gen-
erating hot electrons and an electromagnetic field. The
plasmon-induced hot electrons were injected into the
conduction band of ZnO over the Schottky barrier, and
they were driven to the photocathode, where they
reacted with protons to form hydrogen, in which
excited Au nanoparticles can generate holes to accept
electrons from electrolyte (water) and form oxygen.>®
With the progression of the plasmon hot-electron
injection, excited Au nanoparticles may form a plasmon-
induced reaction with water to evolve hydrogen
and oxygen. The plasmon-induced electromagnetic
field creates additional vacancies at the bottom of
the conduction band, facilitating the generation of
photoelectrons by photoexcitation. The plasmon-
induced electromagnetic fields are spatially nonhomo-
genous and strong close to the plasmon materials,
suggesting that the formation of electron—hole pairs
should be greatest in the part of the semiconductor
that is the closest to the gold nanostructures. This
formation of a highly electromagnetic region close to
the semiconductor surface rather than in the bulk has
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several advantages. The electron—hole pairs are read-
ily separated under the influence of the surface poten-
tial and their distance to travel to the surface of ZnO,
where they can react with water in a photochemical
reaction, is shortened. Accordingly, the coupling of hot
electrons that are formed by the plasmon with the
electromagnetic field has several effects, effectively
enhancing the probability of the photochemical reac-
tion associated in the splitting of water.

CONCLUSIONS

This work demonstrated plasmon-induced effects on
an array of Au nanostructure—ZnO nanorods as a photo-
anode. Several strategies were successfully utilized to
identify the independent contributions from various plas-
monic effects under solar irradiation, explaining why the
coupling of hot electrons that were formed by plasmons
with the electromagnetic field effectively increases the
probability of the photochemical reaction in the splitting
of water. The hot electrons that are generated by the
plasmons are injected from the plasmonic materials into
the conduction band of the semiconductor, while the
plasmon-induced electromagnetic field creates vacancies
in the conduction band of the surface of ZnO, promoting
the separation of photogenerated electrons and holes.
The photocatalysts of greatest research interest are n-type
semiconductors, but the demonstration herein of Au
nanospheres and ZnO nanorods with n-type semicon-
ductor characteristics should be able to be extended
easily to other photochemical systems.

MATERIALS AND METHODS

Chemicals and Substrates. Zinc acetate [Zn(CHsCO,),], absolute
ethanol, and zinc nitrate [Zn(NOs),] were purchased from Sigma-
Aldrich. Hydrogen tetrachloroaurate (lll) hydrate (HAuCl,), hex-
amethylenetetramine (HMT), and trisodium citrate dihydrate
(CeHsNaszO- - 2H,0) were purchased from Across Organics, and
mercaptopropionic acid (MPA) was purchased from Fluka. All
chemicals were used as delivered and without further purifica-
tion. The water that was used throughout this investigation was
reagent-grade, and produced using a Milli-Q SP ultrapure water
purification system from Nihon Millipore Ltd., Tokyo. Fluorine-
doped tin oxide substrates (F:SnO,, 10 ©/00) were purchased
from Hartford Glass Company.

Synthesis of Zn0 Nanorods. First, F:SnO, (FTO) was cleaned by
ultrasonic agitation in acetone and an ethanol bath for 10 min. A
100 mL aliquot of 0.1 M zinc acetate in absolute ethanol was
prepared to form seeds. The FTO substrates were dipped into
zinc acetate solution for 10 s and then blown dry in a stream of
argon. This process was repeated eight times. Finally, the
substrates were calcined at 350 °C for 30 min in air to yield a
thin layer of ZnO seeds. The seeded substrates were then sus-
pended horizontally in a reagent solution that contained 0.06 M
zinc nitrate and 0.06 M hexamethylenetetramine in a Teflon
vessel. The Teflon vessel was sealed in an autoclave and heated
to initiate nanorod growth at 110 °C for 24 h. The rate of
nanowire growth was approximately 0.2 um per hour. The
nanowire substrate was removed from the autoclave, thor-
oughly washed using D.I. water, and then dried in an atmo-
sphere of air. Further annealing at 450 °C for 30 min in the
atmosphere of air was critical to improve the crystallinity of the
ZnO nanorods.

CHEN ET AL.

The results herein demonstrate a new approach to
investigating localized plasmon-induced effects and
charge separation in photoelectrochemical process.
Localized plasmon resonance has recently been
exploited to enhance significantly the photochemi-
cal processes in photovoltaic devices, but the details
of the mechanism remain unclear. Further study on
plasmon enhancement remain to be progressed and
optimized, cocatalyst loading with plasmonic mate-
rials for both photocathode and photoanode may be
an alternative direction for improving their efficiency
of solar water splitting. In terms of particle size, larger
size would lead to an undesired effect in photore-
sponse, in which plasmonic nanoparticles block light
absorption of semiconductors and suppress the
photoactivity of semiconductor. Small size may be
a proper and optimum condition for both plasmon-
induced effects and overall photoactivity. Therefore,
many factors should be considered in choosing a
promising material, such as stability in electrolyte,
interface of plasmonics/semiconductor, plasmon
resonance wavelength, and shapes/sizes. Although
solar water splitting has been used as platform to
elucidate the mechanism of surface plasmon reso-
nance, we believe that the strategies herein and
the presented understanding of how photogener-
ated electrons are transferred are fundamental to
the design of energy conversion devices and be-
come a general viewpoint for many plasmonic en-
hancements.

Synthesis of Gold Nanoparticles. Water was used as the solvent in
all reactions, in which sodium citrate acted as both the capping
reagent and the reducing agent. In a typical preparation, the col-
loidal nanoparticles were prepared by adding 5 mL of sodium
citrate (1%) to 50 mL of gold metal salt (HAuCl,, 0.4 mM) solution.
The solution was heated at 95 °C in an oil bath for 15 min, and then
allowed to cool before the subsequent experiment was carried out.

Preparation of Photoeletrode. The as-prepared ZnO nanorod
array substrates were placed with their nanowire side up in a
gold nanoparticle solution for the desired duration. Following
deposition in a chemical bath, the substrate was removed from
the solution and washed by deionized (D.I.) water to remove any
excess gold solution. This gold-decorated ZnO substrate was
connected to a copper wire using silver paste and dried over-
night. The substrate and wire were subsequently covered with
insulating epoxy exposing only the desired surface area.

Photoelectrochemical Characterization. The electrochemical char-
acterization was carried out using three electrode-based meth-
ods. An Au—ZnO photoelectrode was the working electrode; an
Ag/AgCl electrode was the reference electrode, in which the
platinum plate was the counter electrode. All photoelectro-
chemical cells (PEC) were examined in 0.5 M Na,SO, (pH = 6.8)
solution, which served as the supporting electrolyte, and the
photoelectrode was illuminated with a xenon lamp that was
equipped with AM 1.5 filter. The /—V characteristic of the PEC
was recorded using a potentiostat (Eco Chemie AUTOLAB (The
Netherlands)) and GPES (general Purpose Electrochemical
System) software at 25 °C. The gas evolution was conducted
in the same condition with a bias of +0.5 V.

Simulation. Gold nanorods (¢,, = —4.47643 + 2.53177i), zinc
oxide (ZnO) (g4 = 1.95908), and the surrounding material (H,0)
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(n = 1.33) were utilized and electric field intensity was determined
by calculating three-dimensional Maxwell equations with com-
mercial solver COMSOL Multiphysics 3.5a, which is based on the
finite element method (FEM). All of the boundaries were set as
periodic boundary conditions such that the layers were matched
to a large number of gold nanoparticles in water. The finite-
difference time-domain (FDTD) program, MEEP, has also been
used to calculate induced heat from gold nanoparticles. In this
simulation, all of the boundary conditions were set such that the
layers were perfectly matched to eliminate interference of refracted
waves with the incident light. The x, y, and z dimensions of the grid
cells are all 1 nm. The boundary conditions are all set as perfect.

Characterization of Materials. High-resolution transmission elec-
tron microscope (HRTEM) images, electron diffraction patterns,
and elemental maps were obtained under a JEOL JEM-2100F elec-
tron microscope. The morphology of the nanowires was eluci-
dated with a JEOL JSM-6700F field-emission scanning electron
microscope (FESEM). A series of XAS measurements of the synthe-
sized samples were made using synchrotron radiation at room
temperature. Measurements were made at the Zn K-edge (9.659
keV) with the sample held and illuminated by the light of interest
at room temperature. The experiments were conducted at the
01C1 beamline of the National Synchrotron Radiation Research
Center (NSRRC), Taiwan.
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