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ABSTRACT: Gold nanoparticle modifications for TiO, (Au/TiO,) can
extend the absorption wavelength from UV to visible (Vis) and enhance the
photocatalytic performance, thus fueling increasing attention as an emerging
photocatalysis strategy. To explore the plasmon-enhanced photocatalytic
mechanism and directly unveil the intrinsic properties of Au/TiO,, the decay
kinetics of photoelectrons upon UV (355 nm) or Vis (532 nm) excitation
are monitored by means of nanosecond time-resolved infrared spectroscopy,
which is a unique tool offering observations without interference of the
holes. Under UV irradiation, the longer lifetime of photoelectrons observed
in Au/TiO, compared to that in bare TiO, provides unambiguous evidence

Mid-IR probe

for the enhanced charge separation by AuNPs. Under Vis irradiation, the
long-lived (hundreds of microseconds) electrons produced by injection from AuNPs into TiO, upon plasmon excitation are
here detected for the first time. Moreover, the effects of TiO, phase composition and the amount of AuNPs loading on the

decay kinetics of long-lived photoelectrons are examined.

1. INTRODUCTION

Titanium dioxide (TiO,) has been widely used and exhibits
excellent photocatalytic performance in a wide range of fields,
such as water splitting, organic pollutant degradation, and
selective organic synthesis.” ° Photocatalytic reaction takes
place when TiO, is excited by energy larger than its band gap,
resulting in the formation of electrons at the conduction band
(CB) and holes at the valence band (VB).” However, there are
two drawbacks greatly limiting its application in the field of
photocatalysis. One is the rapid recombination rate of
photoexcited charge carriers, which limits its activity." "’
The lifetime of the photogenerated electrons and holes is one
important factor to determine the photocatalytic efficiency.'’
Another is the large band gap, ~3.0 eV, which limits its
absorption wavelength to shorter than 400 nm.'””'*
Considering that UV light accounts for only 3—5% of the
overall energy of the sunlight reaching the earth’s surface,"’
extension of its absorption wavelength range to the visible
region to make full use of solar energy is an important issue.
Up to now, many photocatalysis studies sought an effective
way to eliminate the recombination of electrons and holes and
a way to extend the wavelength range response.”'*™"?
Numerous modifications have been performed to overcome
the drawbacks of TiO,, including doping with metallic or
nonmetallic species,zo_ 3 coupling with a visible light
sensitizer,”* ¢ and fine-tuning the morphology.27_32 Alter-
natively, loading noble metal, particularly gold nanoparticles
(AuNPs) onto the surface of TiO,, turns out to be one
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promising strategy. Modification of TiO, with AuNPs (Au/
TiO,) has been found to promote its photocatalytic activity
upon UV excitation. The significant photocurrent and the
suppressed photoluminescence (PL) emission suggested that
the recombination of photogenerated electron—hole pairs can
be inhibited by the accelerated transfer of photoexcited
electrons from the CB of TiO, to AuNPs.>* ™% On the other
hand, incorporation of AuNPs on the TiO, can extend the
absorption wavelength of catalysts from UV to Vis because
AuNPs exhibits a characteristic surface plasmon band in the
visible-light region, owing to the collective excitation of
electrons.’® Upon Vis irradiation, the surface plasmon band
of AuNDPs is excited, and the generated excited electrons (hot
electron) are injected into the empty CB of TiO,." """ Aside
from being an effective approach to enhance photocatalytic
activity, AuNPs are stable enough to resist corrosion under
photocatalytic conditions and exhibit large optical absorption
cross sections that can be manipulated throughout the solar
spectrum.‘%"m’41

Mechanistically, what is the intrinsic reason that Au/TiO,
can have such a better photocatalytic performance? Because
the lifetime of electrons or holes determines whether they have
more opportunities to react with the surface-adsorbed
molecules, the recombination time of the photogenerated
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electrons and holes can directly influence the photocatalytic
activity. Thus, kinetics studies on the photogenerated charge
carriers in Au/TiO, are essential for understanding the
photocatalytic performance. However, it was difficult to
identify the contribution of different carriers (electrons or
holes) in the time-resolved UV—Vis spectra.”” However, the
photoelectron absorption in the mid-IR region has no
interference of the holes. Therefore, time-resolved mid-IR
absorption spectroscopy is potentially a powerful tool to
accurately trace the kinetics of the photogenerated elec-
trons.**~* UV excitation of bare TiO, resulted in a wide IR
absorption spectrum from 3000 to 1000 cm™', which can be
assigned to the optical transitions of electrons in the CB and/
or from shallow midgap states."”*’ The photoelectron IR
absorption spectrum exhibits a fast decay in 1 us followed by a
slow decay lasting hundreds of microseconds. The fast decay is
attributed to the recombination of electrons with free holes,
while the slow decay is assigned to the recombination of
electrons with trapped holes that are captured by surface
hydroxyl groups.

Interestingly, the electron injection process from the AuNPs
to the CB of the TiO, under Vis activation was investigated,
which showed a high injection efliciency with a rate of dozens
to hundreds of femtoseconds.””~>® For the much slower
recombination of active electrons and holes, however, the
femtosecond time-resolved infrared (IR) probe transient
spectroscopy study could only monitor the process lasting
several nanoseconds.”’ The long-lived photogenerated elec-
trons of Au/TiO, that drive photocatalytic reactions remain to
be explored. Furthermore, it has been reported that the
catalytic activity of Au/TiO, can be affected by the TiO,
composition and the amount of AuNP Ioading;54_56 whether
these two factors will also influence the decay of photo-
electrons has not been studied yet.

In this work, we perform nanosecond time-resolved IR
spectroscopy measurements to investigate the decay kinetics of
the photogenerated electrons in several Au/TiO, under
respective UV (355 nm) or Vis (532 nm) laser irradiation.
Our studies are focused on long-lived electrons in the
microsecond time scale and the influence of different TiO,
compositions and AuNP loadings. Under UV activation
conditions, we find that the recombination rate of active
electrons and holes is decelerated in Au/TiO, compared with
that in bare TiO,, which provides direct evidence for the
enhanced charge separation by AuNPs. Under Vis activation
conditions, we detect for the first time a slow decay of
hundreds of microseconds for the photoelectrons in Au/TiO,,
demonstrating that the injected photoelectrons from AuNP
plasmon excitation last long enough for photocatalytic
reaction. It is further observed that the phase composition of
TiO, and the amount of AuNP loading can affect the lifetime
of photoelectrons under UV irradiation, while under Vis
irradiation the injected electrons are not so sensitive to the
composition of TiO,. These results provide key kinetics data
that directly reflect the intrinsic properties of Au/TiO, and are
of great significance for understanding the photocatalysis
mechanisms of Au/TiO,.

2. MATERIALS AND METHODS

2.1. Materials. TiO, (P2S, 80% anatase and 20% rutile)
was purchased from Acros. Au/TiO, species, including AuNPs
1% on anatase/rutile mixed titania (1 wt % Au @ A/R TiO,),
AuNPs 1% on modified anatase titania (1 wt % Au @ mA

TiO,), gold 1% on titanium dioxide AUROlite (P25) (1 wt %
Au @ P25),”” AuNPs 10% on anatase/rutile mixed Titania (10
wt % Au @ A/R TiO,), were all purchased from Strem
corporation. Methylene blue (MB) was purchased from Alfa
Aesar and used as received.

2.2. Steady-State Spectrum Measurement. Ultra-
violet—visible (UV—Vis) transmittance and reflectance spectra
were recorded using a UV—Vis spectrophotometer (UV-2600)
equipped with an external diffuse reflectance accessory (DRA-
2500), and the absorbance (A) was calculated using the
formula A = 1 — T — R, where T is the total transmittance and
R is the total reflectance.

2.3. Photocatalytic Activity Evaluation. Photocatalytic
activities of TiO, (P2S) and all the Au/TiO, under UV and
Vis irradiation were evaluated by measuring the absorbance
changes of the MB aqueous solution after 355 and 532 nm
laser excitation. A certain amount of photocatalyst powder (2
mg) was added to 3 mL of a 1.6 X 10~ mol/L MB aqueous
solution in a 1 cm cuvette. The suspension solution was
irradiated using a 355 and 532 nm laser with a light intensity of
10 m] for a predetermined time. During the whole degradation
process, the suspension was magnetically stirred to increase the
contact between the catalyst and the solution. After the
irradiation, the suspension was immediately centrifuged at
6000 rpm/min for 20 min to remove solids. Eventually, the
residual concentration of MB in the supernatant was analyzed
by using a UV—Vis spectrophotometer (U-3900, Hitachi,
Japan) at the characteristic wavelength (1y = 665 nm). To
evaluate the photocatalytic activity, the degradation efliciency
was obtained using eq 1

([MB], — [MB])/[MB] = (4, — A)/A (1)

where [MB], and [MB] are the concentrations of MB solution
before and after UV irradiation. A, and A are the maximum
absorbances of the MB solution at 665 nm before and after UV
irradiation, respectively. All catalytic reactions were performed
under air conditions.

2.4. Time-Resolved Fourier Transform IR (TR-FTIR)
Experiment. Nanosecond time-resolved infrared absorption
spectra were measured using a Bruker Vertex 80 V step scan
FTIR spectrometer with an MCT detector, combined with a
Nd:YAG laser (Spectra—Physics). There are two outputs from
the detector: output DC, corresponding to the value of the
static interferogram, and output AC, corresponding to the
time-resolved change of the interferogram. An external fast
ADC digitizer (Spectrum Instrumentation GmbH) was used to
obtain a nanosecond time-resolved digital signal. The differ-
ential absorbance spectra were calculated based on the
equation

AA = Ajcypc — Apc = _10810(1 + Alye/Inc)

where Ipc and Al,¢ are the single-beam intensity spectra
corresponding to static (DC) and dynamic (AC) channels.
Al was calibrated before being used in the equation because
different gain was applied to the AC channel. The third and
second harmonics of the Nd:YAG laser (355 and 532 nm)
operating at a 10 Hz repetition rate were used in the
experiments. The laser excitation beam was directed through
an iris aperture (3 mm in diameter) and then overlapped with
the infrared beam in the sample cell within the sample
compartment of the FTIR spectrometer. The laser beam
energy after the aperture was 1.5 mJ per pulse. Each catalyst
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was fixed on a CaF, plate at 2—3 mg cm™ and then placed in
the compartment of the spectrometer. All TR-FTIR spectra
were collected with a spectral resolution of 32 cm™ under air
conditions because the spectra and kinetics show little change
in nitrogen, dry air, and the normal air.

3. RESULTS AND DISCUSSION

P25 and Au/TiO,, including 1 wt % Au @ mA TiO,, 1 wt %
Au @ A/R TiO,, 10 wt % Au @ A/R TiO,, and 1 wt % Au @
P25, are chosen to study the kinetics of photoelectrons and
explore the effect of AuNP loading and TiO, phase
composition. As shown in the steady-state UV—Vis absorption
spectra in Figure 1, bare TiO, (P2S) mainly absorbs ultraviolet
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Figure 1. UV—Vis absorbance spectra of TiO, (P2S) and Au/TiO,
including 1 wt % Au @ mA TiO,, 10 wt % Au @ A/R TiO,, 1 wt %
Au @ A/R TiO,, and 1 wt % Au @ P25.

light less than 400 nm, while all Au/TiO, samples have
absorption bands extended to the visible light range with
maxima of around 550 nm, which is attributed to the plasmon
resonance absorption of gold.36 Therefore, we choose 355 and
532 nm lasers to excite Au/TiO, and study the catalytic
performance and dynamics of photoelectrons under UV and
Vis light irradiation, respectively.

3.1. Photocatalytic Activity Evaluated by Photo-
degrading Methylene Blue Aqueous Solution. To
evaluate catalyst performance of P25 and Au/TiO,, the
photodegradation of the MB aqueous solution upon UV and
Vis illumination was studied. Figure 2 shows the degradation
efficiency of MB obtained with photocatalysts of P25 and
several Au/TiO,’s upon 355 and 532 nm excitation by
monitoring the absorption peak of MB at 665 nm in the
steady-state UV—Vis spectra (Figure S1). Without catalyst,
when the MB aqueous solution was exposed to a 355 or 532
nm laser, the decrease of the MB concentration was negligible,
indicating that there is no background photoreaction of MB. In
the presence of catalyst (P25 and Au/TiO,), the degradation
of MB becomes remarkable, which is obviously caused by the
photocatalysis reaction. As shown in Figure 2a, the degradation
efficiency of MB increases obviously in the presence of each
catalyst in the order of 10 wt % Au @ A/R TiO, > 1 wt % Au
@ P25 > 1 wt % Au @ A/R TiO, > P25 > 1 wt % Au @ mA
TiO,.

To compare with each other, the catalytic performance of 1
wt % Au @ P25 is better than that of bare P25, indicating that
the loading of AuNPs indeed can enhance the photocatalytic
ability of TiO,, as reported before.”® Additionally, both 1 wt %
Au @ P25 and 1 wt % Au @ A/R TiO, can degrade more MB
than 1 wt % Au @ mA TiO,. This is consistent with the
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Figure 2. Degradation efliciency of a MB aqueous solution with P25
and Au/TiO, photocatalysts for a predetermined time: (a) after 35S
nm laser irradiation and (b) after 532 nm laser irradiation.

previous reports for pure TiO,, %% indicating that the
anatase/rutile mixed phase TiO,, such as P25, has better
photocatalytic activity than TiO, with a sole anatase or rutile
phase. Moreover, the photocatalytic activity of 10 wt % Au @
A/R TiO, is better than that of 1 wt % Au @ A/R TiO,, which
may be attributed to the loading of a larger amount of AuNDPs.

As shown in Figure 2b, there is approximately no
degradation when MB is exposed alone to the 532 nm laser
or in the presence of P25, which is reasonable because both
MB itself and P25 have negligible absorption at 532 nm. For
Au/TiO,, thanks to the plasmon resonance absorption of gold,
they all have a strong absorption at 532 nm; thus, they can be
excited, and then the generated excited electrons (hot
electron) transfer to TiO,°° causing degradation of MB.
Under Vis irradiation, AuNPs loaded on a mixture of anatase/
rutile TiO, particles also have better MB degradation
efficiencies, comparing the results of 1 wt % Au @ P2S and
1 wt % Au @ A/R TiO, with that of 1 wt % Au @ mA TiO,.

3.2. Decay Kinetics of the Photoelectrons in Au/TiO,
under UV and Vis Irradiation. After addressing the distinct
photocatalysis performance of Au/TiO,, we performed TR-
FTIR measurements to monitor the photoelectron dynamics of
these catalysts. Figure 3 shows the transient IR absorption
spectra of P25 obtained after the nanosecond 355 nm laser
irradiation. Immediately after UV excitation of bare TiO,
(P25), a broad structureless absorption with monotonically
increased intensity from 2500 to 1000 cm™" is observed, which
is the typical mid-IR absorption feature due to the optical
transitions of electrons in the CB and/or from shallow midgap
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Figure 3. Time-resolved IR absorption spectra of P25 recorded at

typical delay times after 355 nm laser pulse irradiation. The inset
shows the normalized decay curves at 1000, 1500, and 2000 cm™.

states.”” The inset of Figure 3 shows the decay curves at three
selected wavenumbers of 1000, 1500, and 2000 cm™, which
are identical indeed after normalization. Under the same
condition, all of the Au/TiO, catalysts show similar transient
IR absorption spectra (Figure S2), which are attributed to the
photoelectrons of TiO, produced by exciting TiO, directly at
355 nm.

The decay curves of the photogenerated electrons in each
Au/TiO, were traced at 2000 cm™. As shown in Figure 4, the
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Figure 4. Normalized decay curves of transient IR absorption at 2000
cm™" for the photoelectrons in P25 and different Au/TiO, catalysts
upon excitation by the 355 nm laser.

transient IR absorption of P25 and all of the Au/TiO, except 1
wt % Au @ mA TiO, exhibits a fast decay in 1 us initially and
then a slow decay in hundreds of microseconds. According to
the previous reports for the bare TiO, or platinized TiO,,**~**
the fast decay is mainly due to recombination of the electrons
with the free holes, and the slow decay is ascribed to
recombination of electrons with the trapped holes captured by
surface hydroxyl groups. The slow decay component
corresponds to the long-lived photoelectrons, which have
increased lifetimes in the order of 1 wt % Au @ mA TiO, <
P25 = 1wt % Au @ A/R TiO, < 1 wt % Au @ P25 = 10 wt %
Au @ A/R TiO,, which is in general agreement with the
catalyst’s ability to degrade MB. Thus, the slowly recombined
photoelectrons and holes are indeed correlated with the
catalytic activity.

The decay of photoelectrons in 1 wt % Au @ P25 is slower
than that in P25, which proves clearly that the photoelectrons
produced by exciting P25 can be trapped by AuNPs and thus
its recombination with a hole is suppressed. Additionally, the
photoelectrons in 1 wt % Au @ mA TiO, decay to the baseline
within 10 us, which is much faster than the photoelectrons in 1
wt % Au @ A/R TiO, and 1 wt % Au @ P25 (hundreds of
microseconds). The different phase composition of TiO, may
be responsible for the much different photoelectron lifetime. In
fact, it has been reported that P25 and other anatase/rutile
mixed phase TiO, are more active than the TiO, sole phase in
photocatalytic reactions, which is ascribed to the improved
charge separation by electron transfer between the anatase and
rutile phases in the mixed phase TiO,, and the electron transfer
percentage highly depends on the phase composition and
anatase—rutile interface in mixed phase TiO,.~" Therefore,
we’re more inclined to think that the longer lifetimes of
photoelectrons in 1 wt % Au @ A/R TiO, and 1 wt % Au @
P25 are mainly attributed to the improved charge separation of
photogenerated carriers by charge transfer between anatase
and rutile phase TiO,. The different performance between 1 wt
% Au @ A/R TiO, and 1 wt % Au @ P25 may be caused by
the different composition ratio of anatase and rutile phases.
Finally, the photoelectrons in 10 wt % Au @ A/R TiO, show a
longer lifetime than those in 1 wt % Au @ A/R TiO,, which
provides a clear explanation for the better photocatalytic
reactions of 10 wt % Au @ A/R TiO, compared to those of 1
wt % Au @ A/R TiO,. It indicates that 10% AuNP loading can
trap more electrons from TiO, than 1% AuNP loading. In
short, the transient IR spectra reveal clearly the microsecond
scale decay dynamics of photogenerated electrons in Au/TiO,
under UV irradiation conditions. This gives direct evidence to
demonstrate that AuNPs can prevent the recombination of
active electrons and holes of TiO, and thus lead to long-lived
electrons. In addition, the results suggest that the degree of
separation of photogenerated carriers is affected by the TiO,
composition and AuNP loading amount.

Upon illumination with a 532 nm laser, the bare TiO, (P25)
cannot be excited; thus, it does not have any transient IR
absorption signal (not shown). However, all of the Au/TiO,
catalysts upon 532 nm excitation display a structureless and
broad IR absorption spectrum with monotonically increased
intensity from 2500 to 1000 cm™' (Figure S). This spectral
feature resembles that of TiO, and Au/TiO, under 355 nm
irradiation in general, although the overall signal is weaker.
Moreover, it is known that photoexcitation of AuNPs cannot
produce any infrared signal.°’ Thus, these broad IR
absorptions are ascribed to the photoelectrons of TiO,,
which should be injected from the excited AuNPs upon 532
nm excitation (Scheme 1). The electron injection process from
the AuNPs to the CB of the TiO, under Vis activation has
been shown to be highly efficient with a rate of dozens to
hundreds of femtoseconds.”” > The injected electrons then
undergo recombination with the holes in AuNPs (Scheme 1).
There is a fast decay within the nanosecond time scale,”"®*
which is attributed to the injected electrons’ transfer back to
AuNPs. The decay is strongly dependent on the position
where the electron reached the TiO, surface. In addition, it
was also discussed that in the femtosecond laser-pumped
conditions a large number of injected electrons were produced,
causing a trap filling effect, and charge recombination should
be limited by electron diffusion in the CB of TiO, but not in
the trapping states.”’ However, under weak light irradiation, no
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Figure S. Time-resolved IR absorption spectra of Au/TiO, recorded at typical delay times after 532 nm laser pulse irradiation: (a) 1 wt % Au @ A/
R TiO,; (b) 1 wt % Au @ mA TiO,; (c) 10 wt % Au @ A/R TiO,; (d) 1 wt % Au @ P25.

Scheme 1. Energy Level Diagram Illustrating Electron
Transfer and the Recombination Process under UV (a) and
Vis (b) Irradiation”
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“E¢ is the Fermi energy of AuNPs. E¢* represents the equilibrium
Fermi level after negative shifting due to the accumulation of
electrons. It’s reported that this negative shift in E; leads to better
charge separation.”’

trap filling effect is expected, and it will make the system have a
longer lifetime, as in the case of dye-sensitized TiO,, in which
the electron lifetime is more than nanoseconds or even
microseconds.”’ Because the longest time scale for the
femtosecond laser-based IR detection can reach only nano-
seconds, whether there exist long-lived hot electrons remains
to be explored. The time window of our nanosecond time-
resolved FTIR measurements is nanoseconds to milliseconds,
which allows detection of longer-lived electrons.

Here, a slow decay process of the injected photoelectrons of
Au/TiO, is observed in the nanosecond time-resolved FTIR
spectra, as evidenced by the kinetics curves of the transient IR
absorptions at 1200 cm ™" (Figure 6). The decay of these long-
lived photoelectrons lasts until 250 ps. The nonexponential
kinetics may be due to diffusion of many electrons within the
TiO, particles® or a wide distribution of trap sites.”’ Apart
from being accumulated in the CB, the injected hot electrons
also have the opportunity to diffuse and become trapped at
various electronic states within the TiO,, whose energy levels
are lower than those of the CB."> Most likely, the hundreds of

20329

—1wt% Au@mATIO, —1wt% Au@A/RTIO,
1.0- —— 10 wt% Au@ARTIO, — 1 wt% Au@ P25
< 0.8
Q
8 0.6-
S 04 Vil
S A ‘lLL
[¢) iy
= 0.2 lu%*'

0 50 100 150 200 250
Time (us)

Figure 6. Normalized decay curves of transient IR absorption at 1200
cm™ for the photoelectrons in P2S and different Au/TiO, catalysts
upon excitation by a 532 nm laser.

microseconds slow decay observed here can be attributed to
the electrons trapped farther away from AuNPs at some
shallow midgap states of TiO,. Those electrons in shallow
traps exhibit lifetimes of hundreds of microseconds, which is
similar to the case of dye-sensitized TiO,.”> In addition to back
electron transfer, the shallow trap electrons can also decay to
other deep trap sites of TiO,. The electrons in deep trap sites
of TiO, may have absorption in the near-IR region at around
7500 cm™, as in the case of dye-sensitized TiOZ,25 but it is out
of the spectral window of the current mid-IR detection. The
deep trap electrons such as at oxygen vacancies for Au/TiO,
may have much longer lifetimes of minutes, as reported by an
electron paramagnetic resonance (EPR) measurement.”*

For the catalysts of 1 wt % Au @ P25, 1 wt % Au @ A/R
TiO,, and 1 wt % Au @ mA TiO,, the decay rates of the long-
lived photoelectrons are similar. This indicates that under Vis
irradiation the recombination of photoelectrons with the holes
in the AuNPs is not so sensitive to the TiO, phase structure.
This is probably because the electrons are injected from
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excited AuNPs but not directly produced by excitation of TiO,
as under UV light. To inspect closely, the lifetime of
photoelectrons in 1 wt % Au @ P2S appears to be the longest.
Meanwhile, the strongest photoelectron signals are seen for 1
wt % Au @ P2S (Figure 5d), which indicates formation of a
larger number of photoelectrons. The longest lifetime and the
strongest photoelectron signal are both consistent with the
better ability to degrade MB for this catalyst (Figure 2b). The
photoelectrons in 10 wt % Au @ A/R TiO, decay obviously
faster than that in 1 wt % Au @ A/R TiO,, which may be
associated with the increasing density of states caused by the
larger amount of AuNPs or the presence of Au aggregates, as
indicated by the red shift of the plasmonic band in the UV—Vis
spectra (Figure 1). However, there is stronger photoelectron
signal observed for 10 wt % Au @ A/R TiO, compared to that
of 1 wt % Au @ A/R TiO, (see Figure Sa,c), which can
compensate the shorter photoelectron lifetime. Therefore, the
net photocatalysis result to degrade MB turns out to be similar
for the two catalysts of 10 wt % Au @ A/R TiO, and 1 wt %
Au @ A/R TiO,.

Overall, for Au/TiO, under Vis excitation, the efficiency of
the long-lived photoelectrons produced by injection is not as
high as that for direct UV excitation; therefore, the
photoelectron signal intensity and the photocatalysis ability
under 532 nm irradiation are weaker than those in the case of
direct irradiation by a 355 nm laser. This may also be the
reason why the consistency between the lifetime of photo-
electrons and the ability to degrade MB is not as good as the
situation under UV irradiation. However, considering the long
lifetime of photoelectrons observed here and the ultrafast
injection rate reported before, these two factors still guarantee
the promising photocatalytic ability of Au/TiO, under visible
light irradiation. According to previous research, the reaction
sites for plasmonic holes are mainly distributed on the AuNPs
and the interface, while the reaction sites for electrons are
distributed on the TiO, surface.” The photocatalytic
degradation of MB here involves the participation of both
electrons and holes.*

The schematic electron transfer and recombination
processes are depicted in Scheme 1. Upon 355 nm laser
irradiation, the electrons at the VB of TiO, are elevated to the
CB band and then transferred to AuNPs because the Fermi
level of the AuNPs is lower than the CB level.*> Therefore,
AuNPs facilitate the separation of electrons and holes and
decrease their recombination rate. The long-lived electrons
have more opportunities to react with the surface-adsorbed
molecules to enhance the photocatalytic performance. Upon
532 nm laser irradiation, AuNPs are photoexcited through the
SPR absorption, and then, the plasmon-excited hot electrons
with sufficient energy can be injected efficiently into the CB of
TiO, after overcoming the Schottky barrier (~1.0 eV), which
is a natural result caused by the contact of noble metal NPs
with the semiconductor photocatalyst.””*® The formation of a
Schottky barrier can enhance the separation of electrons and
holes, which in turn can reduce the recombination rate and
increase the lifetime of charge carriers.

Our TR-FTIR experiments provide kinetics data for the
slower decay of photoelectrons after modifying AuNPs on the
TiO, under either UV or Vis irradiation. The existence of long-
lived electrons of Au/TiO, under UV irradiation is proved
directly. In addition, the slow decay kinetics of the injected
photoelectrons in Au/TiO, under Vis irradiation is detected.
Our experiments show that the long-lived electrons on the

time scale of hundreds of microseconds in Au/TiO, can be
produced under both UV and Vis irradiation. Therefore, the
surface-modified TiO, with AuNPs can effectively overcome
the limitations of TiO, itself, including slowing down the
recombination of charge carriers and extending the photo-
catalytic capacity of TiO, to the visible region.

4. CONCLUSIONS

In this work, we used time-resolved FTIR spectroscopy to
investigate the decay kinetics of the photogenerated electrons
of several typical Au/TiO, under either UV (355 nm) or Vis
(532 nm) irradiation. For the case of 355 nm laser irradiation,
it is clearly shown that the recombination of photoelectrons
with holes of TiO, is suppressed by AuNPs. For the case of
532 nm laser irradiation, we find that the electrons injected
into TiO, after excitation of AuNPs survive a long time, and
the long-lived (hundreds of microseconds) photoelectrons are
observed and characterized in the transient IR spectra for the
first time. Moreover, the TR-FTIR results reveal that these
long-lived photogenerated electrons can be affected by the
amount of AuNP loading under both UV and Vis conditions.
In terms of the phase composition of TiO,, it affects the
photogenerated electrons under UV conditions, while under
Vis conditions the injected photoelectrons are not so sensitive
to the phase composition, depending on whether TiO, is
directly excited or not. These findings provide essential kinetics
information for better understanding of the photocatalytic
performance and plasmon-enhanced photocatalytic mecha-
nisms of Au/TiO, under either UV or Vis irradiation, which is
of critical importance for rational design of Au/TiO,
photocatalysts with high performance and utilization of visible
light in solar energy.
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