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On the Role of Localized Surface Plasmon Resonance
in VU-Vis Light Irradiated Au/TiO, Photocatalysis
System: Pros and Cons

Zhongjin Lin,* ¢ Xiaohong Wang,” ¢ Jun Liu,* ¢ Zunyi Tian,* ¢ Loucheng Dai,* ¢
Beibei He,” ¢ Chao Han,*© Yigui Wu,* ¢ Zhigang Zeng,* © and Zhiyu Hu* ©®

The role of localized surface plasmon resonance (LSPR) in UV-Vis light irradiated Au/TiO,
photocatalysis system has been investigated, and it is demonstrated experimentally for the
first time that both pros and cons of LSPR exist simultaneously on the photocatalytic reac-
tion. We have proved that when operating under mixing UV and green light irradiation, the
LSPR injected hot electrons (from Au nanoparticles to TiO, under green light irradiation)
may surmount the Schottky barrier (SB) forming between Au nanoparticles and TiO,, and
flow back into the TiO,. As a result, these electrons may compensate and even surpass those
transferred from TiO, to Au nanoparticles, thus accelerates the recombination of UV excited
electron-hole pairs in TiO,. This is the negative effect of LSPR. On the other hand, more hot
electrons existing on the Au nanoparticles surface due to the LSPR would favor the photo-
catalytic reaction, which, accompanied by the negative effect, dominate the overall photo-
catalytic performance. The presented result reveals the multi-faceted essence of LSPR on
AU/TiO, structure, and is instructive for the application of metal-semiconductor composite
in the photocatalysis. Moreover, it is confirmed that what extent would the above pros and
cons of LSPR respectively dominate the overall photocatalytic reaction depends on the in-

tensity ratio of visible to UV light.

1. Introduction

Since the first discover by Fujishima and Honda et.al. in
1972 that titanium dioxide (TiO,) electrode showed an out-
standing photocatalytic activity towards water splitting reac-
tion,! TiO, based materials have attracted growing interest in
the fields of effective utilization of solar energy in environmen-
tal purification, organic synthesis, water splitting for hydrogen
generation and so forth.2* Unfortunately however, the TiO, has
a relatively large band gap energy (anatase, Eq = 3.2 eV, rutile,
Ey = 3.0 eV),” which limits the effective photonic excitation on
the solar light range.’ Constructing visible light TiO,-based
photocatalyst is therefore of significant importance. To date,
much effort has been made to optimize the photocatalyitc per-
formance such as band-gap engineering by doping,’ building
composite structure by combing graphene® or metal nanoparti-
cles (NPs) decoration® *°. Typically, localized surface plasmon
resonance (LSPR), which arises from the collective oscillations
of the conduction electrons induced by light irradiation, has
been successfully applied to enhance the photocatalytic perfor-
mance of TiO, for its promising capacity to achieve visible
light response.** 2

This journal is © The Royal Society of Chemistry 2013

Previous works have demonstrated that, irradiating Au/TiO,
with visible light, the electrons in Au NPs excited by the LSPR
will transfer from Au NPs to the TiO,, which facilitates reduc-
tion half-reaction.® ** On the other hand, if Au/TiO, is exposed
to ultraviolet (UV) light, the Au NPs will trap photogenerated
electrons and play a role as electron donor.™ * * More often
than not, the application of photocatalysis is expected to operate
under the natural condition, say, the sunlight irradiation with a
wide range of wavelength from UV to visible. Therefore, the
next question should come to which role would LSPR play in
the photocatalytic reaction with Au/TiO, structure under ultra-
violet-visible (UV-Vis) light irradiation. Typically, Yan and
coworkers illustrated that the photocatalytic performance of
AU/TiO, under UV-Vis light irradiation was significantly high-
er than that under UV light irradiation, merely emphasizing the
positive effect of LSPR.™ Is that the whole picture? Here, by
investigating the photocatalytic behavior of Au/TiO, structure
under UV-Vis mixing light irradiation, we will give a more
comprehensive understanding about both sides of the coin that
pros and cons of LSPR may exist simultaneously on the UV-
Vis photocatalysis.
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First of all, for better understanding of the mechanisms of
plasmonic photocatalysis, it is crucial to reveal the essence of
metal-semiconductor (M-S) interfaces. For Au/TiO, photoca-
talysis, Schottky barrier (SB) is one of the prominent features.™®
However, it has been reported that M-S nanocontact is quite
different compared with their macroscopic counterpart.’®*7 For
example, Kraya and coworkers have demonstrated that the
transportation of electrons between Au and SrTiO; had a transi-
tion from thermionic emission dominated to tunneling dominat-
ed, leading to ohmic behavior, as the interface sizes decrease
continuously.*® In our experiment, conductive atomic force
microscopy (CAFM) was applied to characterize the SB contact
feature at nano-Au/TiO, interfaces. The acquisition of current-
voltage (I-V) curves allowed us to analyze the interface struc-
ture with thermionic emission (TE) theory.

Recently, Berger et al. have reported the process of photo-
generated electrons been trapped at shallow trap of energy ~0.1
eV below the conduction band (CB) edge.’® 2° The shallow
trapped electrons excitation from a shallow trap to a continuum
of states in the CB of TiO, may result in a broad IR absorption
(called shallow trap IR absorption, STIRA).? In this paper, to
probe the electrons transfer between Au NPs and TiO, due to
LSPR, we have proposed a novel ATR-IR based method meas-
uring the STIRA of Au/TiO, under the green light. Typically,
the duration of electrons transfer process is so short (femto to
milliseconds)® that is hard to observe, the electrons transfer
from the Au NPs into TiO, however, can be trapped at shallow
trap of TiO, for hours.'® Therefore, the STIRA peak of Au/TiO,
detected during green light excitation can be used to investigate
the electron transfer behavior.

2. Experimental

2.1. Fabrication of TiO, Thin Films

Prior to use, indium-tin oxide glass (ITO, a size of
20x20x1.1 mm?® and sheet resistance of 6 Ohms sq™) pieces
were rinsed with acetone, methanol, and deionized water in an
ultrasonic bath for 10 min and then was immersed into isopro-
panol solution.?? The TiO, thin films were fabricated according
to the previously reports.?® 2* Commercial type anatase TiO,
colloid (Totitan New Materials Co.) was doctor-bladed onto the
ITO glass substrate and air dried at the room temperature. After
30 minutes, the deposited films were placed into the annealing
furnace and annealed with gradually increasing temperatures,
i.e 125 °C (6 min), 325 °C (15 min), 375 °C (10 min), 450 °C
(15 min), and 500 °C (10 min).

2.2. Fabrication of Au/TiO, Thin Films

The starting materials, HAuCl,*3H,0, K,CO;, tannic acid
and sodium citrate were purchased from Shanghai Chemical
Reagents Corporation (SCRC). A solution of HAuCI,*3H,O
(0.25 mL, 1 wt %) was dissolved in 20 mL of deionized water
(Millipore) in a conical flask and heated to 60 °C. Under vigor-
ous stirring, a mixed solution (8ml) of sodium citrate (4 wt %),
K,CO3 (5 mM), tannic acid (1 wt %) and deionized water (qual-
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ity ratio = 1: 0.05: 0.1: 18.85) was added. After the reaction, the
mixture was maintained at 60 °C for 30 min and followed by
deionized water (15 ml, 60 °C) injection. Then 3ml of above
reaction mixture was shifted to a small glass beaker doctored
with the prepared TiO, thin films. At the same time, we put the
glass beaker into loft drier under 60 °C until the water was
dried, so that Au NPs can be deposited on the surface of the
TiO, thin films.

2.3. Characterization

The absorption spectra were recorded using UV-Vis spectro-
photometer (UV- 2501PC). The theoretical light absorption
cross section and the charge distribution were calculated by the
finite element method (FEM) on the commercial simulation
software (COMSOL Multiphysics 4.2). The morphology of the
samples was investigated by using a field emission scanning
electron microscopy (FESEM, Zeiss, ULTRADSS). Particle size
and shape were analyzed with image magnification. The high-
resolution transmission electron microscopy (HRTEM) images
were taken by a JEM-2010F high-resolution transmission elec-
tron microscope operating at 200 kV. The energy-dispersive X-
ray spectroscopy (EDS, JEM-2010F) was carried out to confirm
the composition of Au NPs and the dispersion information
about Au NPs. X-ray diffraction (XRD) analysis was performed
on a DLMAX-2200. Diffraction patterns were recorded with
Cu Ka radiation (40 mA, 40 kV) over a 26-range of 10° to 70°
and a position-sensitive detector using a step size of 0.06° and a
step time of 1 s. The X-ray photoelectron spectroscopy (XPS)
characterization was measured by using ESCALAD250XI (Al
Ka radiation, h v = 1486.6 eV) with a pass energy of 30 eV.
The formation of Schottky nanocontacts of Au NPs on TiO,
thin films substrates was measured with the CAFM model by
an Atomic Force Microscope (AFM, Dimension Edge, Bruker).
This method allows for the acquisition of I-V curves at known
loading forces with minimal disruption to the interfaces during
imaging.

2.4. STIRA Measurement

Infrared spectra were recorded using a Nicolet iS10 FT-IR
equipped with a MCT Liquid Nitrogen detector. The resolution
was 4 cm™ and spectra were averaged over 64 scans. Irradiation
of samples with light as shown in Figure S1 was carried out
using a 365-nm small power of UV light-emitting diode (SUV-
LED, power of 1W) and the 525-nm small power of green
light-emitting diode (SG-LED, power can be adjusted from 1W
to zero). A DuraSampl IR 3-mm diameter diamond-faced 1
reflection ZnSe prism (ASI SensIR Technolo-gies) was used in
the ATR-IR measurements. Room temperature was regulated at
23 £ 1 °C. The air humidity was kept at 45 + 2%. (Scheme of
the ATR-FTIR cell, including the SUV-LED and SG-LED, was
shown in Figure S1, Supporting Information)

2.5. Photocatalytic Activities Measurement

We prepared 10 mg/L methylene blue (MB) solution as the
reactant to test the photocatalytic activity of the samples. The
samples immersed in 6 ml of MB solution was irradiated by the

This journal is © The Royal Society of Chemistry 2012
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mixing light of the 365-nm high power of UV light-emitting
diode (HUV-LED, power of 10 W, ~10 nm fwhm) and the 525-
nm high power of green light-emitting diode (HG-LED, power
can be adjusted from 20 W to zero, ~10 nm fwhm). The sus-
pension was under the dark for 20 min to attain the adsorption
equilibrium of the MB molecules on the photocatalyst surface
and continuously purged with air to ensure a constant O, con-
centration throughout the experiment. The concentration
change of MB was measured by UV-Vis spectrometry (UV-
2501PC) following its 664 nm characteristic band.*

3. Results and discussion

3.1. Characterization

The TiO, in our experiments is entirely anatase phase (as
shown in Figure S2). Two weak Au diffraction peak were ob-
served at 26 = 38.18° (111), 64.15° (220).%° Such weak Au dif-
fraction peak may result from the low metal content or crystal-
line domain of the metal NPs deposited.?® To study the valence
states of the Au, the Au/TiO, was analyzed with XPS by the Au
4f peak, and the corresponding results are shown in Fig. 1a. The
main Au 4f 7/2 component is located at a binding energy of
83.12 eV which can be assigned to the Au in the zero-valent
state.’” No shoulder peak can be observed at higher binding
energies (Au* 4f 7/2 at 84.5 eV and Au®* 4f 7/2 at 85.6 eV) in
the spectra,® indicating that the gold is present only in its me-
tallic form.

Typical SEM micrograph of the Au/TiO, is shown in Figure
1b. The Au NPs are distinguishable in the micrograph, reveal-
ing that the Au NPs were successfully and uniformly deposited
on the surface of TiO,. This can be attributed to the overdose of
sodium citrate as stabilizing agent avoiding the reunion of Au
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NPs during the process of deposition.?® Particle diameters were
analyzed with image magnification, and the statistical mean
diameter of Au NPs is 10.42 nm. Figure 1c displays the EDS
linescan profile recorded on Au/TiO,, which confirms that the
big and small particles are TiO, and Au, respectively. In Figure
le, the HRTEM image taken at the interface of Au NPs and
TiO, region clearly reveals two distinct sets of lattice fringes,
which can be, respectively, assigned to anatase TiO, and face-
centered cubic Au. The Au/Ti weight percentage of our
AU/TiO, samples was 2.16% in accordance with the EDS anal-
ysis (Figure S3).

3.2. Optical Absorption

The light absorption behavior of the studied Au/TiO, is
shown in Figure 2a. The strong absorption observed at around A
= 350 nm corresponds to the band-band transition of bare
TiO,.! By comparing the absorption spectra of bare TiO,, a
typical absorption peak can be observed at around A, = 536
nm on Au/TiO,, which can be attributed to the LSPR of Au
NPs.1* 2 Specially, this absorption peak, appearing in visible
light region, is responsible for Au/TiO, visible light response as
will be shown later on. Besides, the surface plasmon absorption
of Au NPs deposited on TiO, surface has a red shift comparing
with that of Au NPs immersed into water.> '® The different die-

lectric constant of environment surrounding the Au NPs causes
the red shift.> ** 3! The red shift is in good agreement with FEM
simulations, which are displayed in Figure 2b (see Supporting
Information for details). It is noteworthy that the red shift of the
computational result is larger than the experimental result,
which may be contributed to the inhomogeneous shape and size
of the Au/TiO, nanostructures.

Particles Number

Figure 1. (a) XPS spectra of Au/TiO,, (b) SEM image of Au/TiO,, inset: size distributions of Au NPs, (c) EDS linescan profile
of Au/TiO,, (d, e) HRTEM image taken at the interface between Au NR and TiO,.

This journal is © The Royal Society of Chemistry 2012
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Figure 2. (a) Experimental UV-Vis absorption spectra of bare TiO, (black line), Au NPs (red line) and Au/TiO, (blue line). (b)
Simulated absorption cross section spectrum of Au NPs (red line), Au/TiO, (blue line). Simulated electric field intensity patterns
for (¢) Au NPs (10 nm) at a wavelength of 520 nm and (d) Au/TiO, at a wavelength of 575 nm.

3.3. Photocatalytic Activity of Au/TiO,

To ensure the selective excitation of LSPR on the Au NPs,
the green light with 525 nm central wavelength was selected as
visible light source for the photocatalytic activity measurement.
Photocatalytic activity of the Au/TiO, samples, under different
light irradiation, was evaluated following the reaction of MB.
The activities of all different light irradiated samples were es-
timated by taking the initial 4 hours of MB disappearance
(mg/L), represented in Figure 3. In this article, X W green light
and Y W UV light irradiated Au/TiO, will be denoted as
XIYW/AU/TiO,. For example, 12/10W/Au/TiO, means the
AU/TiO, is excited by the mixing light of 12 W green light and
10 W UV light. Firstly, when merely applied with green light
irradiation, the 20/0W/Au/TiO, shows some photocatalytic
activity despite that the photon energy of green light source is
less than the band gap energy of TiO,. Obviously, this can be
ascribed to the effect of photo-excited plasmonic Au NPs. De-
tailed discussion about the photoexcited charge transfer in the
AU/TiO, exposure to the visible light will be shown later on. In
addition, the pure Au NPs irradiated by green light do not ex-
hibit photocatalytic activity, so that the photocatalytic reaction
induced by pure Au NPs under green light irradiation can be
neglected in our experiment. As shown in Figure 3, during the
irradiation of UV light, the photocatalytic activity of Au/TiO, is
higher than that of pure TiO,, because the Au NPs can trap pho-
togenerated electrons and then inhibit the recombination of
photogenerated electron-hole pairs. Next, it is interesting that
the synergetic excitation of UV and visible light can promote
the photocatalytic activity of Au/TiO,. Moreover, it can be
found that the activity of the Au/TiO, is not linear with green
light intensity. With increasing power ratios of green to UV
light, the photocatalytic activity of Au/TiO, enhances firstly
and then rapidly changes into decline, but increases again at last.
Assuming that the LSPR of Au NPs only has positive effect, the
photocatalytic activity would rise continuously with increasing
visible light intensity, which contradicts our experimental ob-
servation as discussed above. Another guestion is that, the pho-

4| J. Name., 2012, 00, 1-3

tocatalysis arising from LSPR is very weak under the single
visible light irradiation, but when adding the UV light, the
LSPR exhibit a distinct influence on the photocatalysis. Ac-
cordingly, we propose a dual-effect mechanism of LSPR on the
UV-Vis photocatalytic reaction, of which the details will be
demonstrated in this paper.
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Figure 3. The activity of Au NPs, TiO, and Au/TiO, under
different power ratios of green to UV light irradiation.
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3.4. The Nanocontacts Characterization of Au/TiO,

Compared with the single semiconductor photocatalysis, the
photocatalysis of metal NPs and semiconductor nanocompo-
sites possesses two distinct features, SB and LSPR.* % The SB
can prevent low energy electrons from shuttling freely between
the metal and semiconductor, so that suppresses the recombina-
tion of photogenerated electron-hole pairs.®® The existence of
SB is one of the most important factors for obtaining drastic
enhancement of photoreactivity as dispersing metal NPs on
semiconductor photocatalysts.>* Despite of the large volume of

This journal is © The Royal Society of Chemistry 2012
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previous reports on LSPR photocatalysis,?® *%7 few work has
shed light on the characterization of Schottky nanocontacts on
these M-S structure photocatalyst, thus remaining a shadow on
their contact quality. Here, this article will reveal more detailed
information about the SB of Au/TiO, via the I-V characteriza-
tion. (The contact between CAFM tip and bare TiO, is ohmic,
and the 1-V characterization of them has been discussed in Sup-
porting Information.)

The I-V curves of Au/TiO, nanocontacts of different posi-
tions (A, B, C, D, E) on the thin film are shown in Figure 4a. It
is obvious that the 1-V curves vary from different positions de-
tected by CAFM, which possibly originates from the different
nanocontact area between Au NPs and TiO, (Figure 4b-f). Ac-
cording to TE theory, the current across Schottky contact is
given byle, 17, 38

o en( )
: @

where 1y is the saturation current, n is the ideality factor,
which be defined by
l, = SA*T? exp[i_ qq)“”]

kT ‘ @)

nzlg'(d(cj':')) 3)

where U is the applied bias voltage, k is Boltzmann constant,
T is the temperature in Kelvin, g is the charge of the electron, S
is the contact area, A* is the effective Richardson constant and
equals to 24 A-cm™- K for anatase TiO,,3 ®y, is the Schottky
barrier high (SBH).

By fitting the linear portion of the negative biased I-V curves
of the real Schottky contacts to the relation derived for equation
1, 2 and 3, the saturation current 1y, SBH ®y, and ideality factor

(a)

Nanoscale

n, could been calculated shown in Table 1 (see Supporting In-
formation for details).®® *° If we regarded a half of surface areas
of Au NPs as the contact area, the approximate average @y, =
0.36 eV was acquired. Obviously, the average SBH of our
AU/TiO, samples is much less than the SBH of larger macro-
scopic contacts of Au and TiO, (®y = 1.2 €V).**** According
to the report of Govorov et al, the differences of size, orienta-
tion, and structure at the interface could made this discrepan-
cy.*? All the value of n calculated is higher than 2 indicating
that the ratio of tunneling to thermionic emission at Au/TiO,
interface is of high level, which means the charge transport
across the interface only is no longer due to thermionic emis-
sion.*® But the high ideality factors may also be caused by a
part of CAFM tip direct contact with TiO,. However, we have
demonstrated that the nanocontacts of Au NPs and TiO, with
the interface diameter of less than 10nm are not the ohmic con-
tacts but the Schottky contacts in our research. Therefore we
can elucidate our experiment base on SB, especially when the
experiment relates to the electrons transfer between the Au NPs
and TiO,.

Table 1. The value of various parameters determined
from 1-V characteristics of Au/TiO, at 300 K. (SpSg+Se
(100 nm?) are the corresponding contact area )

Line 15(10° nA) Dy (€V) n
A 2.60176  0.35+In(SA)/38 2.2097
B 2.86276  0.34+In(Sg)/38 2.3785
C 0.40038  0.40+In(Sc)/38 2.4136
D 9.18715  0.32+In(Sp)/38 3.8752
E  17.89406  0.30+In(Sg)/38 3.9205
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Figure 4. (a) Typical I-V curves for the Au/TiO, interfaces of different positions (A, B, C, D, E) of thin films. The inset shows
the schematic representation of the CAFM (forward current in accordance with direction arrow), (b, c, d, e, f) SEM images of dif-
ferent contact modes between Au NPs and TiO, (white dots are the Au NPs).

This journal is © The Royal Society of Chemistry 2012
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3.5. Estimation of Photoexcited Charge Transfer between Au
NPs and TiO, due to the LSPR

The works of previous people have demonstrated that, the
stabilization of electrons localized on shallow trap of TiO, can
be stored for hours,?! and it can be easily measured by IR ab-
sorption spectra. In this paper, the shallow trap of TiO, will be
applied to observe the photoexcited charge transfer between Au
NPs and TiO, when irradiated with green light.

The electron and hole pairs are produced in TiO, under UV
irradiation. And then the photogenerated electrons migrate to
shallow traps and tend to reduce Ti** cations to Ti®" states.**
The charge transfer steps are as follows,*

TiO,+ hv— e cg+ h'yg 4)
e cg+ Ti**— Ti®* trapped electron (5)

The excitation of trapped electrons can result in a STIRA. As
shown in Fig. 5a, the TiO, can produce a prominent IR absorp-
tion during UV irradiation. If the photons with energy less than
the band gap of TiO, are absorbed, the STIRA would not ap-
pear, such as the green light applied to irradiate TiO, is unable
to excite IR absorption (Figure 5a). While by using the same
green light to irradiate Au/TiO,, an obvious IR absorption peak
at ~850 cm™ can be observed (show in Figure 5b).%* In addition,
the sample of Au/TiO, under UV light irradiation also appears
an IR absorption peak at ~850 cm™ (show in Figure 5b), which
can be ascribed to the STIRA (the scenario is illustrated in Fig-

0.003 T v T v T v T v T

Journal Name

ure 5¢). By comparing Figure 5a and b, we can conclude that
the IR absorption of Au/TiO, under the green light is the result
of STIRA. Due to the fact that green light irradiation of TiO,
could not create electron-hole pairs, the electrons trapped at
shallow trap should not come from the valence band of TiO,,
but from the Au NPs. Therefore, the possible electron genera-
tion-transportation mechanism could be: (1) LSPR excitation in
Au NPs under green light irradiation, meanwhile, the hot elec-
trons production from the LSPR decay,*® (2) hot electrons in-
jection from Au NPs to TiO, overleap SB (we have proved the
existence of SB between Au NPs and TiO, in above section), (3)
hot electrons reside in the shallow trap forming Ti** centers. 4"
8 The above processes can be concluded as the following for-
mulas, which are also depicted in Figure 5d:

Au NPs + hv — Hot electrons (6)
OverleapSB
verleapsB o
Hot electrons €cp ©)
e cg+ Ti**— Ti*" trapped electrons (8)

These are the direct proofs of which the photoexcited elec-
trons in the Au NPs have sufficient energy to overleap the SB
and flow into the CB of TiO,. Although the conventional IR
spectroscopic observation of trapped electrons have been stud-
ied for ages,** the way using the STIRA to prove this process is
novel. And even it suited to all the composite structures of met-
al NPs and TiO,.
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Figure 5. ATR-IR spectrum of (a) bare TiO, nanoparticle films under the green light (green line) or VU light (amethyst line) irra-
diation, (b) Au/TiO, under the green light (green line) or VU light (amethyst line) irradiation. All of background spectrums are
before the light irradiation. The charge transfer steps in the Au/TiO, (c) under the UV light irradiation, (d) under the green light

irradiation.

3.6. The Effect Mechanisms of LSPR on the Photocatalysis

STIRA is a convenient probe for observing the kinetic behav-
iors of the electrons recombined with the complementary
holes.***! The STIRA maximum intensity is corresponding to

6 | J. Name., 2012, 00, 1-3

the concentration of photogenerated electrons in Ti0,.2 %2 If a
successive UV light is irradiated on TiO,, the photogenerated
electrons will be accumulated in TiO,, and their concentration
will increase until reaching the equilibrium sate, when the rate
of electron generation and recombination is identical.>* % Un-

This journal is © The Royal Society of Chemistry 2012
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der a given UV light irradiation, the maximum concentration of
photogenerated electrons in TiO, is proportional to the lifetime
of photogenerated electrons,> * and is given by the equation as
follow,
[e] = aplze 9
where [e] is the concentration of photogenerated electrons at
steady-state conditions, a is the absorption coefficient of TiO,,
B is the quantum yield, | is the incident light intensity and t. is
the lifetime of photogenerated electrons. Therefore, both the
concentration and the lifetime of photogenerated electrons can
be determined by the STIRA maximum. Here, we defined the
STIRA maximum which corresponds to the steady-state con-
centration of photogenerated electrons, as steady-state STIRA
maximum (SSIRMax). In order to investigate the influences of
LSPR on the lifetime of photogenerated electrons under UV-
Vis light irradiation, the in-situ ATR-IR spectrum of different
light-irradiated Au/TiO, was recorded and the data is presented
in Figure 6. It is evident that the SSIRMax merely under UV
light irradiation is higher than that induced by UV-Vis light. In
addition, the intensity of UV light remains constant, the
SSIRMax continues to decrease with the gradual increase of the
green light power (Figure 6b), but the trend become weaker.
This reveals that, to a certain extent, the LSPR of Au NPs cre-
ated in response to the visible light, may reduce the lifetime of
electrons which are produced from TiO, valence band by UV
light excitation. This suggests that, the negative effect of LSPR

derives from shortening the lifetime of electrons.
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Figure 6. (a) In-situ ATR-IR spectra of Au/TiO, during green
and UV light irradiation with different power. (b) Plot of the
temporal variation of absorbance of the peak at ~850 cm™. The
processes of I, I, V, VI and X were in the dark. the pow-
er ratios of green to UV light of I, IV, VI and VI were
ow/1w, 0.3W/1W, 0.5W/1W, 1W/1W, respectively. All of
back-ground spectrums are before the light irradiation.
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However, there must exist some mechanisms of LSPR en-
hances the photocatalytic activity of Au/TiO, under UV-Vis
light irradiation. Jen and coworkers have proved that near field
intensity enhancement of LSPR effectively increases the photo-
catalytic process.>® Certainly, it is one of important mechanisms
for the activity enhancement. But here, we proposed that many
hot electrons exist at the Au NPs surfaces due to LSPR is the
key.® 2 In other words, LSPR acts to donate hot electrons into
available adsorbate states on the surfaces of Au NPs is the key
to its positive effect. Because of joining the collective oscilla-
tion, the electrons which are close to the interface have more
opportunities to move to the Au NPs surfaces, then decay and
become the hot electrons captured by acceptors.*® In order to
disclose the behavior of collective oscillation, Finite Element
Method (FEM) was performed to calculate the charge distribu-
tion driven by incident light in gold nanoparticle (Au NP) (as
shown in Figure 7, see Supporting Information for details).
During the simulation, the diameters of the Au NP and TiO,
were 10 nm and 50 nm, respectively, and the wavelength of
incident light is 575 nm. When the Au/TiO, is illuminated by
light with the wavelength much larger than the size of Au NP,
the charge density of Au NP is redistributed.’” Then a cou-
lombic restoring force appeared and the charge density coher-
ently oscillates in phase with the incident light.?

\

Charge density (C/m3)

Figure 7. The changes of charge density of Au NP were induced by
the electric field component of incident light. The wavelength of
incident light is 575 nm.
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According to above analysis, the whole mechanism for LSPR af-
fects the photocatalytic activity of Au/TiO, under UV-Vis light irra-
diation can be depicted in Scheme 1. Firstly, the electron and hole
pairs are produced by UV radiation in TiO,, and some of the elec-
trons (shallow trapped electrons) can be trapped and tend to reduce
Ti*" cations to Ti®* states,*® some of the electrons (Au trapped elec-
trons) surmount the SB and localized in adjacent Au NPs. Then, on
the one hand, the Au trapped electrons driven by LSPR in response
to the incident green light, have more opportunities to reach the Au
NPs surfaces, thus the acceptors capture them becomes easier. This
is the positive side of LSPR affects the photocatalytic performance
of Au/TiO,. One the other hand, the Au NPs can inject the Au
trapped electrons back into the TiO, due to LSPR, hence the time of
electrons reside in the Au NPs is shortened in comparison with
merely under the irradiation of UV light. This process will promote
the recombination of electrons and holes to a certain extent, and
impairs the photocatalysis. In conclusion, when employing with UV-
Vis mixing light irradiation, both pros and cons exist simultaneously
for the LSPR brings to photocatalytic reaction of Au/TiO,. When it
comes to the question that which mechanism and to what extent
would the above two competitors dominate the overall photocatalytic
reaction, it depends on the intensity ratio of visible to UV light em-
ployed to the Au/TiO, structure. In the combination with above re-
sults of photocatalytic experiment, the variations of two sides with
the intensity ratio of visible to UV light are discussed as follows.

The photocatalytic activity of 0.8/10W/Au/TiO, exhibits high ef-
ficiency, which indicates that the positive effect can show strong
response as soon as LSPR take place in Au NPs. While the negative
effect is not obvious, because the change of photogenerated electrons
lifetime is very small at this situation in despite of its rate of change
is exceedingly fast. As the intensity of LSPR continues to rise, pho-
tocatalytic activity starts to decline, such as 2.2/10W/Au/TiO, and
4.5/10W/AU/TiO,, hints that when the intensity of LSPR is not so

high, the increase of positive effect is slower than the negative effect.

But after 9/10W/Au/TiO,, the photocatalytic activity increase again,
suggests that the incremental rate of positive effect begin to catch up
with negative effect. The relationships between the effects of two
sides and the intensity ratios of visible to UV light can be described
qualitatively in Figure 8.

Scheme 1. The whole mechanism for LSPR affects the photo-
catalytic activity of Au/TiO, under UV-Vis light irradiation.
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Figure 8. Qualitative variations of positive (green area) and

negative (red area) caused by increasing intensity ratio of visi-

ble to UV light. Shaded part represents the general effects of

two sides.

Conclusions

The photocatalytic activities of Au/TiO, towards MB reac-
tion under different power ratios of green to UV light irradia-
tion have been investigated. Specially, it has been shown that,
with increasing power ratio, the photocatalytic activity in-
creased initially and then decreased, but increased again at last.
For this case, we have proposed that it results from the coexist-
ence of positive and negative effects of LSPR on the photoca-
talysis. Through the I-V characteristics of Au/TiO, measured
by CAFM, we have demonstrated the formation of SB between
Au NPs and TiO,. Then, the STIRA of green light irradiated
AuU/TiO, demonstrated the hot electrons generated from LSPR
decay in Au NPs, which had sufficient energy to overleap the
SB and flow into the TiO,. Asides from the positive effect of
LSPR that the hot electrons existing on the Au NPs surfaces
would favor the photocatalytic reaction, we have proved that
when operating under mixing UV and green light irradiation,
the LSPR injected hot electrons (from Au NPs to TiO,) may
compensate those transferred from TiO, to Au NPs, thus short-
en the lifetime of UV excited electrons in TiO, and hence may
impair the overall photocatalyic performance. This provided us
with a more profound understanding of photocatalysis mecha-
nism under UV-Vis light irradiation, along with an instructive
direction for the next generation composite photocatalyst de-
sign.
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