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ABSTRACT: Water reduction under two different visible-
light ranges (4 > 400 nm and A > 435 nm) was investigated
in gold-loaded titanium dioxide (Au-TiO,) heterostruc-
tures with different sizes of Au nanoparticles (NPs). Our
study clearly demonstrates the essential role played by Au
NP size in plasmon-driven H,O reduction and reveals two
distinct mechanisms to clarify visible-light photocatalytic
activity under different excitation conditions. The size of
the Au NP governs the efficiency of plasmon-mediated
electron transfer and plays a critical role in determining the
reduction potentials of the electrons transferred to the
TiO, conduction band. Our discovery provides a facile
method of manipulating photocatalytic activity simply by
varying the Au NP size and is expected to greatly facilitate
the design of suitable plasmonic photocatalysts for solar-
to-fuel energy conversion.

hotocatalytic production of H, from renewable sources such

as H,O and sunlight represents a promising solution to
growing demands for clean and sustainable energy.' Recently it
was discovered that the addition of plasmonic metal nano-
particles (NPs) into a semiconductor can greatly increase its
photocatalytic activity for H,O reduction, with concomitant
reaction rate enhancement directly related to the localized
surface plasmon resonance (SPR) of the metal NPs.” However,
despite these exciting results, there is still no clear understanding
of the exact mechanisms responsible for SPR-enhanced photo-
catalysis.**»**™™P For instance, it has been reported that Janus
Au-TiO, photocatalysts with 70 nm Au NPs outperform those
with 30 nm Au NPs for visible-light H, generation. This
observation was attributed to the enhanced optical absorption of
TiO, itself caused by the strong SPR-enhanced electromagnetic
(EM) fields of the nearby Au NPs, leading to enhanced
electron—hole (e—h) generation within the TiO,.” Meanwhile,
others have shown that Au-TiO, with 1.87 nm Au NPs
demonstrates the best activity for H,O reduction, and it was
claimed that the photoinjection of electrons from Au to TiO,
plays a key role in the photocatalytic enhancement.”® Obviously,
such a controversial understanding of the role of plasmonic
metals, especially the impact of Au NP size on SPR-enhanced
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photocatalysis, impedes the development of new photocatalytic
materials for efficient visible-light-driven H,O reduction to
produce H,.

In this work, we designed a series of Au-TiO, heterostructures
with varying Au NP sizes and evaluated their activities in visible-
light-driven H,O reduction to elucidate the specific role of the
size of the Au NPs in photocatalysis. Two different mechanisms
were identified in the photoreduction of H,O under 4 > 400 nm
and A > 435 nm excitations. Our study clearly shows that the
previously reported high photocatalytic activity of Au-TiO,
under A > 400 nm excitation is actually due to direct interband
excitation of the TiO, support itself, followed by the transfer of
photoexcited electrons from TiO, to the supported Au NPs.
However, under 4 > 435 nm irradiation, the photocatalytic
reduction of H,O is dominated by SPR-mediated electron
transfer (ET) from Au NPs to TiO,. Furthermore, we have
conclusively demonstrated that Au NP size is essential for
controlling the reduction potentials of the transferred electrons
in the conduction band (CB) of TiO,. This approach provides a
facile way to manipulate the photocatalytic activity of Au-TiO,
heterostructures by simply varying the size of the Au NPs. Our
discovery represents a potentially universal strategy for the
construction of new types of plasmonic-metal/semiconductor
heterostructures as valuable photocatalysts for solar-to-fuel
energy conversion.

In our experiments, Au-TiO, heterostructures with different
Au NP sizes were fabricated using deposition—precipitation
(DP)® and photodeposition (PD)* methods onto P25 (Degussa)
TiO, [see the Supporting Information (SI)]. Figure 1 shows
medium-angle annular dark-field scanning transmission electron
microscopy (MAADF-STEM) and high-resolution (HR) STEM
images of the Au-P2S nanostructures. The average size of the Au
NPs was 4.4 + 1.7 nm (Figure S1 in the SI) for 5% Au-P25-DP
(defined as “small Au-P25”; Figure 1A,C). The 5% Au-P25-PD
yielded large Au NPs with an average size of 67 & 17 nm (defined
as “large Au-P2S5”; Figures 1B,D and S1). The Au-P2S
heterostructures fabricated using both methods exhibited direct
physical contact at the metal—semiconductor interface (Figure
1C,D and S2). Additional X-ray photoelectron spectroscopy
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Figure 1. (A, B) STEM images of (A) small and (B) large Au-P25. (C,
D) HR-STEM images showing the Au—TiO, interface for (C) small and
(D) large Au-P2S.

(XPS) results confirmed that the deposited Au NPs were metallic
Au(0) in both the small Au-P2S and large Au-P25 hetero-
structures (Figure S3).

Following the method outlined in previous literature,™" the
activities of the prepared Au-P2S photocatalysts were tested for
H,O reduction under two different visible-light conditions. As
shown in Figure 2A and Table S1 in the SI, under 4 > 400 nm
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Figure 2. H,O reduction activities of Au-P2S photocatalysts under (A)
> 400 nm and (B) 4 > 435 nm irradiation.

excitation, the amount of H, production in 2 h for small Au-P25
(1376 + 60 pmoly, g.,~') was ca. 20 times higher than that for

large Au-P25 (69.4 % 3.5 umoly g, '), consistent with previous

reports that Au-TiO, heterostructures with smaller Au NPs
exhibit better activity.”™° However, this observation seems
counterintuitive to the often-claimed SPR-induced photo-
injection of electrons from Au to the TiO, support,” since the
smaller Au NPs exhibit weaker SPR intensity (Figure S$4).
Furthermore, if the SPR-induced photoinjection mechanism
were operative in these photocatalysts, one would expect them to
exhibit similar differences under A > 435 nm excitation. However,
to our surprise, no H, production was detected over small Au-
P25, while large Au-P25 still produced a significant amount of H,
(169 + 0.9 pmoly, g ') under identical experimental

conditions (Figure 2B). These results strongly suggest that the
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enhanced photocatalytic activities of Au-P25 under 4 > 400 nm
irradiation are not due to the Au SPR.

It is very likely that the observed photocatalytic activity
enhancement for Au-P2S under 1 > 400 nm light is attributable
to a mechanism similar to the well-known ultraviolet (UV) light-
mediated ET mechanism.® It is noted that the UV—vis spectrum
of P25 always shows a slight “tail” beyond 400 nm (Figure
§5).2mase Although no H, production was detected over bare
P25 under A > 400 nm light (Figure 2A and Table S1), this is
probably due to the rapid recombination of e—h pairs generated
through direct excitation of TiO,. Once Au NPs are incorporated
into P25 to form Au-P25 heterostructures, the Au NPs can
facilitate charge separation at the Au—TiO, interface and
promote the transfer of photoexcited electrons from the TiO,
CB to the Au NPs, inhibiting the e—h pair recombination
process. Since smaller Au NPs induce a greater negative shift in
the Fermi level and better charge separation than large Au NPs,”
a higher photocatalytic activity for H,O reduction in the small
Au-P25 photocatalysts is expected. Significantly, photolumines-
cence (PL) studies of the Au-P25 photocatalyst support this
mechanism. Small Au-P2S$ exhibits the lowest TiO, PL intensity
(10445 + 99) (Figure S6). This “quenched” PL is due to the
transfer of the excited electrons from the TiO, CB to the attached
Au NPs, providing direct evidence of better charge separation
with the smaller Au NPs under A > 400 nm excitation.® It is worth
noting that many previous studies of Au-TiO, photocatalysis
ignored the absorption edge of TiO, beyond 400 nm and
attributed the enhanced photocatalytic activity to the metal SPR.
Our results conclusively show that full consideration of possible
visible-light-mediated ET from TiO, to Au NPs is necessary
under such circumstances.

The significant photocatalytic activity observed for H,O
reduction with large Au-P25 under A > 435 nm irradiation should
be attributed to the Au SPR. Since no H, production was
detected over small Au-P25 under 4 > 435 nm excitation (Figure
2B), this result strongly indicates that the extended tail beyond
435 nm in the P25 extinction spectrum (Figure S5) is attributable
to photon scattering rather than direct light absorption. Such an
observation leads us to conclude that the aforementioned
mechanism of visible-light-mediated (4 > 400 nm) ET from TiO,
to Au NPs does not apply for this system. Therefore, the
photoinduced catalytic activity must originate from the intrinsic
optical properties of the supported Au NPs, as the large Au-P25
photocatalysts exhibit a broad feature between 500 and 700 nm
indicative of the Au SPR (Figure S4). Further investigation of the
photocatalytic activity for water reduction under A > 435 nm light
shows an approximately first-order dependence on the incident
light power (Figure S7), confirming that this process is driven by
visible-light excitation of the Au NPs.”

It is known that SPR excitation of Au NPs can influence the
photocatalytic activity throufgh four potential mechanisms: (1)
local photothermal heating,' (2) enhanced EM fields,>***>"!
(3) resonant photon scat&tering,Zd and (4) SPR-mediated ET
from Au NPs to the support.”'* However, the low power of our
light source (1.0 W/cm”) was unable to heat the system enough
to directly split H,0,"" as further confirmed by the modest
increase in solution temperature (from 25 to 35 °C) measured
during the 2 h irradiation period. Furthermore, no direct
interband transitions occurred within the P25 under 4 > 435 nm
irradiation (Figure 2B), so the SPR-enhanced EM fields and
resonant photon scattering can also be excluded as possible
mechanisms for the generation of e—h pairs within P2S. The
observed H, production from large Au-P2S under 4 > 435 nm
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irradiation can thus only be attributed to SPR-mediated ET from
the Au NPs to the TiO, support. It is known that a Schottky
barrier (¢) is formed at the Au—TiO, interface when Au NPs
make direct physical contact with TiO,."* Upon excitation of the
Au SPR with 1 > 435 nm, intense SPR-enhanced EM fields are
generated on the Au NP surface, significantly increasing the yield
of interfacial “hot electrons” with a higher potential energy (Egpg)
than ¢ at the interface. According to Marcus theory, ” the large
potential energy difference (Egpx — ¢) will induce fast and
efficient transfer of “hot electrons” to the CB of P25. The
Schottky barrier at the interface also helps the transferred “hot”
electrons accumulate in the TiO, CB, preventing them from
traveling back to the Au NPs. Since no holes are generated in the
valence band (VB) of TiO, under A > 435 nm excitation, the
transferred “hot electrons” in the TiO, CB should have much
longer lifetimes,>” fostering the reduction of H,O to produce H,.

The photodeposition of Pt NPs on the Au-P25 photocatalysts
under 4 > 435 nm irradiation further reinforces the SPR-
mediated ET mechanism and elucidates the specific role of the
Au SPR in the enhanced photocatalytic activity. Figure S8 shows
that 1.8 + 0.5 nm Pt NPs were detected on the TiO, surface of
the large Au-P25 photocatalyst after 2 h of irradiation, verifying
that the Au SPR can facilitate ET from Au NPs to the TiO,
surface, where PtCls>™ ions are reduced by the transferred “hot”
electrons to form Pt NPs.

Interestingly, 1.5 + 0.6 nm Pt NPs were also detected on the
TiO, surface of small Au-P2S after 2 h of irradiation (Figure S9),
suggesting that SPR-mediated ET also occurs in the photo-
catalysts with smaller Au NPs. In fact, as shown in previous UV—
vis spectra (Figure S4), although the SPR intensity is much
weaker than that of the 67 nm Au NPs, the 4.4 nm Au NPs do
exhibit SPR features that could facilitate ET to TiO,. However,
compared with large Au-P25, no H, production was detected for
small Au-P2S under identical experimental conditions, indicating
that the chemical reduction potentials of the transferred
electrons must be different in these two photocatalysts.

As described previously, the Schottky barrier at the Au—TiO,
interface functions as a barrier for the transferred electrons,
preventing these “hot electrons” from returning to the Au NPs
and leading to an accumulation of these transferred electrons in
the TiO, CB. More importantly, such accumulation allows the
transferred electrons to achieve higher energy levels in the TiO,
CB and increases their reduction potentials. The energy levels
reached by the transferred electrons in the TiO, CB are
determined by the ET efficiencies, which are directly correlated
with the Au SPR intensities. It is known that the reduction
potential of PtClg*™ (~ +0.3 V vs NHE at pH 7) is much lower
than the TiO, CB minimum (Scheme 1). Thus, the Pt precursor

Scheme 1. Proposed Mechanism for Manipulating SPR-
Mediated ET for Photocatalysis by Controlling Au NP Size
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can easily be reduced by the transferred electrons within both
small Au-P25 and large Au-P2S. However, the H, evolution
potential is known to be close to the CB of TiO,,**"> making
H,O reduction a good benchmark for inspecting the subtle
energy difference between the transferred “hot electrons” of
these two Au-P2S photocatalysts. For small Au-P25, the weaker
SPR intensity of the 4.4 nm Au NPs leads to alow ET efliciency,
and the buildup of transferred electrons is insufficient to bring
them to an energy level higher than the H, evolution potential
(Scheme 1, right). Meanwhile, the 67 nm Au NPs in large Au-
P25 produce a more intense SPR that greatly facilitates the
transfer of electrons to the TiO, CB, where their accumulation
makes those transferred electrons “hot” enough to overcome the
overpotential required for H,O reduction (Scheme 1, left).
This discovery also suggests that varying the Au NP size should
enable fine manipulation of the reduction potentials of the
transferred electrons, thereby modifying the photocatalytic
activity. To demonstrate this, we purposely deposited 4%
equivalence of Au to the 1% Au-P25-DP using the PD method
(defined as “1% Au-P25-DP—4% Au-PD”). It was observed that
the average particle size increased from 4.4 & 1.1 nm to 37 + 8.1
nm (Figure S10). As expected, 1% Au-P25-DP—4% Au-PD
showed photoactivity similar to that of large Au-P25 and
produced a significant amount of H, (4.7 £ 0.3 ymoly, g.,;"")

under A > 435 nm irradiation (Figure 3). The reduced amount of

O 1% Au-P25-DP-4% Au-PD (37 £ 8.1 nm)
= O 1% Au-P25-DP (4.4 £ 1.1 nm) pe
» o
> 4-
3 'o" ".
E L1
3 e
s 2-
3 -
[}
>
(7}
N
% /
O @ @ errrnaGyrrnnnnnnnnnnns Cprannnnnnnnnnny @ rrrnnnnnnnnns Q)
L) Ll L) L L) M L) L]
0 20 40 60 80 100 120
Time (min)

Figure 3. H,O reduction activities over 1% Au-P25-DP and 1% Au-P2S-
DP—4% Au-PD photocatalysts under A > 435 nm irradiation.

H, production relative to that observed for large Au-P2S (67 nm
Au NPs) further suggests that the size of the Au NPs plays an
essential role in efficient H,O reduction under visible-light
irradiation. To our knowledge, these results are the first to
unambiguously clarify the critical role of plasmonic-metal NP
size in determining the SPR-mediated ET efficiency and the
correlated reaction activities for plasmon-driven photocatalysis.
These insights should provide a foundation for developing novel
strategies to control and tune the reduction potential of
transferred electrons for specific engineering of reaction
pathways in multistep reduction processes with subtle differences
in their reduction potentials, such as the photoconversion of CO,
into CH,."**

In summary, we have successfully differentiated two different
mechanisms involved in the photoreduction of H,O under 4 >
400 nm and A > 435 nm excitations. Previous ambiguity
concerning the high photocatalytic activity of Au-TiO, systems
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with smaller Au NPs under 4 > 400 nm irradiation has been
clarified, with the enhanced activity attributed to direct interband
excitation within TiO, and subsequent ET from TiO, to Au NPs.
Our study demonstrates that the Au SPR is vital for visible-light-
driven H,O reduction under A > 435 nm light. More specifically,
we have discovered that control of the Au NP size is essential for
efficient SPR-mediated ET and plays a critical role in determining
the reduction potential of the transferred electrons in the TiO,
CB. We have further shown that the reduction potential of the
transferred electrons can be easily tuned by varying Au NP size,
providing a simple means of tailoring their photocatalytic activity.
Such a strategy should be applicable to other plasmonic-metal/
semiconductor photocatalysts and is expected to facilitate the
design of advanced plasmonic photocatalysts for efficient solar-
to-fuel energy conversion.
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