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ABSTRACT: Plasmon-assisted visible light photocatalysis
presents a possible solution for direct solar-to-fuel production.
Here we investigate the plasmon-enhanced photocatalytic
water splitting using different TiO,/Au electrode structures.
Experimental data demonstrates that the Au embedded in
TiO, (Au-in-TiO,) electrode greatly outperforms the Au
sitting on TiO, (Au-on-TiO,) electrode. Numerical simulation
shows that the local electric field is very intense in the
semiconductor near Au nanoparticles, which causes the
enhancement of electron—hole pair generation. A 3D Au-
embedded TiO, structure is thus proposed to further improve
the light absorption and photocatalytic performance.
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1. INTRODUCTION

Photoelectrochemical (PEC) cells, which directly split water at
the semiconductor—electrolyte interface by using solar energy,
have attracted a lot of interest because of the potential for cost-
effective production of hydrogen for renewable energy.'™
Traditional PEC electrodes utilized wide bandgap metal oxide
semiconductors, such as TiO,, ZnO, and ZrO,, owing to their
proper energy level alignments.6 Among all these semi-
conductors, TiO, has been most widely investigated because
of its low cost and good photochemical stability. Nevertheless,
its large band gap requires high energy photons (larger than
around 3.3 eV), which lie in ultraviolet light zone and constitute
a small portion of the sun light. Various strategies have been
proposed to improve the efficiency of PEC water splitting on
TiO, electrodes. All these efforts could be categorized into
several approaches, including surface modification with low
bandgap semiconductors or other light absorbers,™'¢ ele-
mental doping,'’ ™" crystal structure control and so on.”**°
While elemental doping has been employed to narrowband gap
in wide gap semiconductors, so as to improve visible-light
absorption,"”*"?%*” it suffers from the inherent drawback
whereby dopants act as carrier recombination centers,
hampering the water splitting ability of the PEC cell. The
crystal control is also a possible approach to improve efliciency
of wide gap semiconductor PEC electrode by increasing the
number of active sites and carrier concentrations*> and even
changing electronic structures.”® The surface modification
method is arguably, the most promising strategy because of
the potential to desi§n the light absorption and boost charge
separation.”'*'>'>'¢" Photosensitization of the wide gap
semiconductors with low band gap semiconductors or noble
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metal decoration are generally used in surface modification
methods.

Recently, the use of noble metallic nanostructures has been
demonstrated to be extremely effective in promoting a wide
range of photocatalytic reactions.”**'>**73* The primary
reason of the enhancement is attributed to the surface plasmon
resonance (SPR) effect on noble metal nanostructures excited
mainly by visible light illumination. Plasmon resonance
phenomenon has gained considerable interest in many
applications, including solar cells,*>*° surface enhanced
Raman  scattering,®” >° and photocatalysis."**"**** Various
enhancement mechanisms have been proposed, including SPR-
mediated charge injection from metal to semiconductor and
plasmonic heating. In the SPR-mediated charge injection
mechanism, the plasmonic metal structures behave like light
absorber, and charge carriers are directly injected from excited
plasmonic metal structures into the adjacent semiconductor, in
a manner analogous to dye sensitization.*”*! In these systems,
the photoreactions take place at the metal-semiconductor-liquid
three phase boundaries (TPB). Under this condition, once
excited by SPR, the electrons are moved from plasmonic metal
structures to the conduction band of semiconductor and then
drive the reduction reaction, such as hydrogen evolution.
Another mechanism was also put forward to explain plasmonic
effect in some systems where the direct charge exchanges were
suppressed.'*** In this mechanism, SPR is able to enhance the
local electric fields in the vicinity of the metal particles, and the
interaction of local electric fields with the proximate semi-
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conductor allows for the facile generation of electron—hole
pairs in the interfacial area of the noble metal-semi-
conductor.>"?>%*

Here we fabricated a new structure by embedding Au
nanoparticles into the matrix of TiO, and observed a
dramatically enhanced light absorption and photocatalytic
water splitting under visible light illumination. We found that
the direct charge exchange between liquid phase and Au
nanoparticles was not a critical process for the visible-light
induced photocatalytic water splitting on plasmonic hybrid
nanostructures, which contrasts with the previously reported
results.***! Intriguingly, water splitting performance of Au-in-
TiO, electrode is superior to that of Au-on-TiO, electrode.
This observation seems to indicate that that 3D structures with
multi-layer plasmonic metal structures formed by alterative
depositions of Au nanoparticles and TiO, layers could show
higher light absorption and more enhanced photocatalytic
water splitting. Subsequent studies on 3D plasmonic electrodes
did indeed show improved photocatalytic water splitting, which
we attribute to enhanced light absorption by the 3D structure.

2. EXPERIMENTAL SECTION

2.1. Electrode Fabrication. To fabricate PEC electrodes, the
TiO, (anatase, purity 99.99%) layer was first deposited unto fluorine-
doped tin oxide(FTO) coated glass slide by a radio-frequency (RF)
sputtering method, with a RF power of 100 W, Ar as carrier gas, and a
stable pressure of 1.3 Pa. Then a 5 nm thick Au layer was deposited
unto the surface of TiO, by a direct current sputtering system. The
electrodes were then prepared by annealing the deposited layers at 600
°C for 1 h to improve crystallinity of TiO, layer and also convert gold
film into a two-dimensional array of nanoparticles. The 3D Au-
embedded TiO, electrodes were prepared by repeating the TiO,
deposition and Au deposition process.

2.2. Characterization of Photoactivity of PEC Electrodes. The
morphology of TiO,/Au structures were observed by field-emission
scanning electron microscopy (FE-SEM, JEOL JSM-7400F) with S KV
accelerating voltage. The light absorption of the electrodes was
characterized by a UV—vis spectroscopy (Shimazu UV-2400). The X-
ray diffraction was collected on X-ray diffractometer with Cu K,
radiation (Rigaku D/max-B, A = 0.15406 nm).

In photoactivity measurements, a TiO,/Au electrode, Ag/AgCl
electrode, and platinum electrode function as the working electrode,
reference electrode and counter electrode respectively. The methanol
(methanol% = 25%) is used as holes scavenger. The PEC electrode
was irritated by a Xenon light lamp equipped with optical filters.
Before the measurement, the electrolyte was first saturated by N, to
degas electrolyte solution.

2.3. Electric Field Simulation. The simulations were carried out
using the commercial finite-difference-time-domain (FDTD) software
package Lumerical FDTD Solutions 8.5. All electrode models were
constructed based on the structures shown in Figure 1. The
geometries of the Au nanoparticles and the TiO, matrix were
estimated according to the SEM images (Figure 2). The optical
properties (i.e, complex electric permittivity) of TiO, were derived
from the absorption spectrum of TiO, and that of Au were from ref
43. To avoid simulation artifacts from the meshing of the thin
dielectric layer, a 1 nm air gap was used between the Au and the TiO,
matrix. The simulation volume was 100 nm (x) by 100 nm (y) by 300
nm (z) with periodic boundaries along the x-axis and y-axis and
perfectly matched layer boundaries along the z-axis. A plane wave
propagating along the —z direction was used as the excitation source.

3. RESULTS AND DISCUSSION

To investigate the charge transfer behavior and also enhanced
light absorption in TiO,/Au based PEC electrodes, three
electrode structures were designed by alternatively depositing
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Figure 1. Schematic illustrations of (a) Au-on-TiO, electrode (Au
particles sitting on the surface of TiO, layer), (b) Au-in-TiO, electrode
(Au particles embedded in TiO, matrix), and (c) 3D Au-embedded
TiO, electrode (two layers of Au particles embedded in TiO, matrix).
The total thickness of TiO, is 300 nm for all three electrodes.

TiO, and gold layers. The Figure la shows the Au-on-TiO,
electrode, which was prepared by depositing 300 nm thick TiO,
and 5 nm thick gold layer onto a FTO substrate and then
converting the Au film into fine nanoparticles by thermal
annealing at 600 °C for 1 h; Figure 1b shows the Au-in-TiO,
electrode, which was prepared using the similar process, but the
thickness of TiO, under Au layer is 150 nm and another 150
nm thick TiO, layer was deposited after thermal annealing to
cover the Au nanoparticles; the 3D Au-embedded TiO,
electrode was fabricated by repeating the above processes,
with the thickness of each TiO, layer as 100 nm, and the total
TiO, thickness as 300 nm, as seen in Figure lc.

After one hour thermal annealing at 600 °C, the gold film in
Au-on-TiO, structure could be converted into fine nano-
particles with a diameter ranging from 20 to 50 nm, as shown in
Figure 2a. The film-to-particles evolution was widely attributed
to a thermally activated Ostwald ripening process, in which
larger particles will consume smaller particles by atom
migration and become larger; the driving force of this process
is to reduce surface energy.44 It is also observed that the TiO,
film could drastically constrain the size evolution compared
with FTO or glass substrate (Supporting Information Figure
S1). To fabricate the Au-in-TiO, electrode, another layer of 150
nm thick TiO, was sputtered to the Au-on-TiO, electrode. As
shown in the Figure 2b, the TiO, almost fully covered the Au
nanoparticle layer, which could not be detected even by EDX
spectroscopy. Another run of thermal annealing was applied to
improve the crystallinity of the top TiO, layer. To observe the
size evolution of Au particle embedded in TiO,, a control
sample with a very thin top TiO, layer was checked by SEM
(Supporting Information Figure Slc). It is also observed that
the gold nanoparticles didn’t change their morphology and size
during the later thermal annealing. The 3D Au-embedded TiO,
electrode was fabricated by alternatively stacking TiO, layers
and Au nanoparticle layers to form a photonic crystal-analogous
structure. The cross-section image of such a structure is shown
in Figure 2c: the thickness of each TiO, layer is about 100 nm
with 2 layers of Au nanoparticles embedded in the matrix. The
XRD pattern in Figure 2d further confirms the compositions of
the structure, with the TiO, matrix being readily indexed as
anatase phased TiO, (PDF 71-1166).

The light absorption performance of three structures was
evaluated by UV-vis spectroscopy. We found a synergic effect in
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Figure 2. (a) Top view SEM image of Au-on-TiO, electrode. (b) Top view SEM image of Au-on-TiO, electrode. (c) SEM cross-section of 3D Au-
embedded TiO, electrode (the FTO conductive substrate is on the top of the image; the section under the gap is the sample holder). (d) XRD

pattern of 3D Au-embedded TiO, electrode.

the TiO,/Au nanostructures. As shown in Figure 3, the TiO,
film alone does not show a significant absorption in the range
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Figure 3. UV—vis absorption of TiO,, Au-on-TiO,, Au-in-TiO,, and
3D Au-embedded TiO, electrodes.

between 400 and 800 nm, and the threshold of absorption is
around 400 nm. After deposition of Au onto the TiO, surface,
the Au-on-TiO, electrode shows a much enhanced absorption
in the visible light range, with the absorption peak shifting to
long wavelength (~625 nm). We attribute this phenomenon to
the synergic effect of the dielectric interaction between
plasmonic metal and the local dielectric environment (semi-
conductor layer). The absorption could be further improved by
surrounding the Au nanoparticles within the semiconductor, as
shown by the absorption of Au-in-TiO, electrode. Once the
TiO, covers the gold particles, the magnitude of the absorbance
is further improved compared with the Au-on-TiO, electrode,
regardless of the same total thickness of the TiO, matrix. This
absorption improvement is even more significant in 3D Au-
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embedded TiO, electrode. This is because that a larger volume
of TiO, are contributing to the photon absorption when more
plasmonic nanoparticles are included in TiO, matrix. The
enhanced light absorption of the 3D Au-embedded TiO,
electrode is expected to result in enhanced photocatalytic
water splitting performance.

The photoactivity of these electrodes was evaluated in a
three-electrode configured PEC cell. The current—potential (I—
V) curves in Figure 4 show their responses to the visible-light
irradiation (wavelength >420 nm). As shown in Figure 4a, the
current increases drastically once the Au-on-TiO, electrode
exposes to the visible light, which is indicative of increase in
PEC water splitting efficiency, because the current is the a
direct result of water splitting on the surface of electrode. The
current—time (I—t) curve of the Au-on-TiO, electrode shown
in Figure 4b shows that current jumps to around 0.35 yA/cm ™
from a negligible dark current in a very short transit time once
the light irradiation is on. To evaluate the performance of the
Au-in-TiO, electrode, the same measurement was conducted
under the same conditions. The -V characteristic of the
electrode is shown in Figure 4c. Under visible light
illumination, the photocurrent is again much enhanced
compared with the dark current. The I—t curve of the Au-in-
TiO, electrode shown in Figure 4d, we found the photocurrent
increases to 1.1 #A/cm™ from the negligible dark current. The
3D Au-embedded TiO, electrode shows a more prominent
performance. As shown in Figure 4e and f, under visible light
illumination, the photocurrent is further enhanced. The
photocurrent jumps to 1.8 yA/cm™ from the negligible dark
current. The interesting observation is that the photocurrent
generation increases 3 times in Au-in-TiO, electrode and 5
times in 3D Au-embedded TiO, electrode compared with that
of the Au-on-TiO, electrode; even they have the same total
thickness of TiO,. This improvement could qualitatively agree
with the light absorption results shown in Figure 3. Thus we
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Figure 4. PEC performance of TiO,/Au PEC electrodes irradiated by
visible light (wavelength 4 > 420 nm). (a) Current—potential curve of
Au-on-TiO, electrode with visible light irradiation on and off. (b)
Current—time curve of Au-on-TiO, electrode with visible light
irradiation on and off at a bias of 0.2 V. (c) Current—potential
curve of Au-in-TiO, electrode with visible light irradiation on and off.
(d) Current—time curve of Au-in-TiO, electrode with visible light
irradiation on and off at a bias of 0.2 V. (e) Current—potential curve of
3D Au-embedded TiO, electrode with visible light irradiation on and
off. (f) Current—time curve of 3D Au-embedded TiO, electrode with
visible light irradiation on and off at a bias of 0.2 V.

can attribute the enhancement in photocatalytic water splitting
to the improved light absorption in the Au-in-TiO, and 3D Au-
embedded TiO, electrodes.

To clarify the mechanism of this plasmonic effect on
photoctatlytic performance of TiO,/Au electrodes, FDTD code
was used to simulate the electric field distribution in TiO,/Au
electrodes. The electric field simulation results are shown in
Figure 5, we can observe that the electric field is converged in
the proximate semiconductor area with a thickness less than 20
nm surrounding the Au nanoparticles. For Au-on-TiO,
electrode, as shown in Figure Sa, it is obvious that the electric
field surrounds the metal nanoparticles, the most intense
electric field is at the contact area between plasmonic metal
nanoparticle and the semiconductor, and has a magnitude of 7,
which means that the photon absorption rate is enhanced by 49
times in this area (absorption is proportional to square of
electric field). But please be noted that only the electric field at
this limited contacting area was utilized to generate electron-
hole pairs. However, for Au-in-TiO, electrode in Figure Sb, all
electric field is confined in the surrounding semiconductor
matrix, and the electric field in all space that surrounds the
plasmonic nanoparticles are much higher than the value of Au-
on-TiO, electrode. In 3D Au-embedded TiO, electrode, both
the top and bottom Au plasmonic layers contribute to photon
absorption, as shown in Figure Sc. The most intense spots
around the top Au plasmonic layer reach a magnitude of 9; the
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Figure S. Electric field distribution in TiO,/Au electrodes, in which
the size of Au nanoparticles is 50 nm with center-to-center interspace
of 100 nm, total thickness of TiO, is 300 nm, the colormap on the
right side of each figure represents the electric field enhancement
factor. (a) Au-on-TiO,, (b) Au-in-TiO,, and (c) 3D Au-embedded
TiO, electrode with two Au layers embedded in TiO,.

bottom layer absorbs slightly less than the up layers, but it still
contributes much to the absorption of the whole electrode.
These calculations agree well with the absorption spectra and
photoresponse curves.

Various mechanisms have been proposed to explain the
plasmon enhanced photocatalysis in the past decades.'>>'~>*
The direct charge injection mechanism was found to function
in composites where plasmonic nanoparticles are in direct
contact with semiconductor. In these systems, the photo-
reaction centers are at metal/semiconductor/liquid TPB, and
they spread away from the TPB along the semiconductor/
liquid interface. In our experiment, we covered the plasmonic
nanoparticles with the semiconductor matrix, thus a direct TPB
may not formed along the liquid/semiconductor interface. In
addition, we should also be noted that the semiconductor layer
covering on plasmonic nanoparticles would prevent or mitigate
the direct charge exchange for photoreaction. However, we
observed the opposite result that is: the Au-in-TiO, electrode
outperformed the Au-on-TiO, electrode by a factor of 3. Thus
here, we proposed that, the near-field electromagnetic
mechanism might dominate the plasmon induced enhancement
in photocatalytic activity observed in our experiments, though
we could not absolutely rule out the possibility of direct charge
injection in some parts (because of TPB formed at imperfect
sides in TiO, thin films, such as voids, cracks). When the
semiconductor is brought into proximity of an excited
plasmonic nanostructure, it situates in the intense electric
field, as the rate of electron-hole generation in a semiconductor
is proportional to the square of local intensity of electric
field,'** thus we could observe the enhanced photocatalytic
water splitting. As observed in the simulated electric field
distribution (Figure Sa—c), most of electric fields are confined
in proximate semiconductor around the plasmonic nano-
particles, and thus the SPR-induced electron-hole pair
formation is highest in the region closet to the plamsonic
nanoparticles. On the basis of above observation and analysis, a
schematic mechanism was proposed in Figure 6. Once the
plasmonic nanoparticle is excited by the visible light, a very
strong local electric field will be formed in the proximate
semiconductor matrix because of the SPR. Electron—hole pair
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Figure 6. Proposed mechanism of plasmon-induced electron—hole
pair formation in semiconductor by the local electric field in the
contacting area between Au nanoparticle and semiconductor and the
later photocatalytic water splitting process, in which the separated
electron will transport to platinum counter electron to drive hydrogen
evolution, and separated hole will transport to the semiconductor/
liquid interface and be captured by the hole scavenger methanol.

could form in the strong local electric field even though the
excitation energy of the visible light is lower than band gap of
TiO,. After separation, electron would transport to platinum
counter electrode through the charge collecting electrode to
drive the hydrogen generation, and hole will transport to the
semiconductor/liquid surface and be captured by hole
scavenger in liquid phase.

4. SUMMARY

In conclusion, we explore the mechanism of plasmon-enhanced
photocatalytic water splitting in visible light region by
exploiting different TiO,/Au structures. Both experimental
data and numerical simulation demonstrate that the enhance-
ment in the performance of photocatalytic activity of TiO,/Au
PEC electrode could be achieved by optimizing the electrode
structure. The Au-in-TiO, electrode greatly outperformed the
Au-on-TiO, electrode, and 3D Au-embedded TiO, electrode
could further improve the photocatalytic performance because
of the enhanced light absorption. The intense local electric field
in the proximate semiconductor surrounding plamsonic
nanoparticles helps to generate electron—hole pairs, even
though the excitation energy of the visible light is lower than
the band gap of TiO,. After separation, electron would
transport to platinum counter electrode to drive the hydrogen
evolution reaction, and hole will transport to the semi-
conductor/liquid surface and be captured by hole scavenger
in liquid phase. The 3D plasmonic metal/semiconductor
structures will provide a new pathway towards making full
use of light photons for energy conversion.
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