
SU ET AL . VOL. 8 ’ NO. 4 ’ 3490–3497 ’ 2014

www.acsnano.org

3490

March 07, 2014

C 2014 American Chemical Society

Designer Titania-Supported Au�Pd
Nanoparticles for Efficient
Photocatalytic Hydrogen Production
Ren Su,† Ramchandra Tiruvalam,‡ Andrew J. Logsdail,§ Qian He,‡ Christopher A. Downing,§

Mikkel T. Jensen,^ Nikolaos Dimitratos,§, ) Lokesh Kesavan,# Peter P. Wells,§, ) Ralf Bechstein,†

Henrik H. Jensen,^ Stefan Wendt,† C. Richard A. Catlow,§, ) Christopher J. Kiely,‡

Graham J. Hutchings, ),#,* and Flemming Besenbacher†,*

†Interdisciplinary Nanoscience Center (iNANO) and Department of Physics and Astronomy, Aarhus University, Gustav Wieds Vej 14, DK-8000 Aarhus C, Denmark,
‡Department of Materials Science and Engineering, Lehigh University, 5 East Packer Avenue, Bethlehem, Pennsylvania 18015-3195, United States,
§Kathleen Lonsdale Materials Chemistry, Department of Chemistry, University College London, 20 Gordon Street, London, WC1H 0AJ, U.K., ^Department of
Chemistry, Aarhus University, Langelandsgade 140, DK-8000 Aarhus C, Denmark, )The UK Catalysis Hub, Research Complex at Harwell, Rutherford Appleton
Laboratory, Oxfordshire, OX11 0FA, U.K., and #Cardiff Catalysis Institute, School of Chemistry, Cardiff University, Cardiff, CF10 3AT, U.K.

S
emiconductor photocatalysis has drawn
great attention due to its environmental
and energy conversion applications,1,2

in particular for photocatalytic hydrogen (H2)
production,3,4 which is considered a key ele-
ment in our progress toward a hydrogen
economy.5 A number of materials (i.e., TiO2,
CdS) capable of producing H2 upon stimula-
tion with suitable electromagnetic radiation
have been identified.6�8 However, their
band structures are not entirely appropriate,
and the corresponding rapid electron�hole
recombination kinetics result in low quan-
tum efficiencies; thus photocatalytic H2

generation using these materials is not com-
petitive with conventional H2 production
methods.9 Combining the semiconductor
with highly dispersed cocatalyst nanoparti-
cles (NPs)10,11 that spatially separate the
photogenerated charge carriers is a feasible

approach for enhancing the photocatalytic
performance.12�14

Indeed, there are indications that the de-
coration of semiconductor particles with no-
blemetal NPs is an effectiveway of achieving
more efficient H2 production.

3�8,12�21 How-
ever, most of these studies are focused on
tuning the semiconductor materials, and the
approach of using a metal cocatalyst is just
simply adopted as an empirical procedure
without knowing how and why the cocata-
lyst functions. Due to the high price of pre-
cious metals (i.e., Au, Pd, and Pt), minimizing
the metal cocatalyst loading while simulta-
neously improving the photocatalytic perfor-
mance and stability of these materials is
of vital importance in making these photo-
catalyst systems practical for large-scale H2

production. These requirements call for a
better understanding of themechanistic role
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ABSTRACT Photocatalytic hydrogen evolution may provide one of the

solutions to the shift to a sustainable energy society, but the quantum efficiency

of the process still needs to be improved. Precise control of the composition and

structure of the metal nanoparticle cocatalysts is essential, and we show that fine-

tuning the Au�Pd nanoparticle structure modifies the electronic properties of the

cocatalyst significantly. Specifically, Pdshell�Aucore nanoparticles immobilized on

TiO2 exhibit extremely high quantum efficiencies for H2 production using a wide

range of alcohols, implying that chemical byproducts from the biorefinery industry can be used as feedstocks. In addition, the excellent recyclability of our

photocatalyst material indicates a high potential in industrial applications. We demonstrate that this particular elemental segregation provides optimal

positioning of the unoccupied d-orbital states, which results in an enhanced utilization of the photoexcited electrons in redox reactions. We consider that

the enhanced activity observed on TiO2 is generic in nature and can be transferred to other narrow band gap semiconductor supports for visible light

photocatalysis.

KEYWORDS: photocatalysis . hydrogen evolution . metal nanoparticles . cocatalysts . TiO2
. density functional theory

A
RTIC

LE



SU ET AL . VOL. 8 ’ NO. 4 ’ 3490–3497 ’ 2014

www.acsnano.org

3491

of metal cocatalyst NPs and a synthesis technique
that is capable of producing specially engineered
“designer” metal NPs with an optimal set of structural
and compositional characteristics.
The promotion effect of metal NPs can be qualita-

tively understood by considering the energy levels of
the semiconductor�metal system (Figure 1a). The
photoexcited electrons in the conduction band (CB)
of a semiconductor can be rapidly transferred and
trapped at the metal surface states, which results in
the Fermi level (EF) of the system shifting (EF0) toward
the CB potential of the semiconductor.10,11 The
trapped electrons display a prolonged lifetime,22 thus
improving the efficiency of reduction reactions in
the presence of proper electron acceptors (see “A” in
Figure 1a).
Since the interfacial charge transfer of the electrons

frommetal NPs to the electron acceptors is a very slow
process in comparison with the charge transfer from
TiO2 to metal NPs,10 these accumulated electrons may
get trapped via a reverse transportation process to the
trap states (et) of the semiconductor. Therefore, an
optimum performance requires a fast reduction reac-
tion (high kred) and a slow reverse transfer process
(low krev) for the trapped photogenerated electrons.
Unfortunately, kred has been only seldom studied using
model catalyst, and krev remains largely unknown due
to the difficulty in probing the reverse charge transfer
process. Thus, it is a crucial issue to probe kred and krev
of real semiconductor�metal systems at reaction con-
ditions to assist the design and synthesis of highly
efficient photocatalysts.

RESULTS AND DISCUSSION

We first examined the kinetics of trapped electrons
on monometallic Au and Pd NPs supported on TiO2

(Figures S1 and S2 in the Supporting Information)
in situ by using methylene blue (MB) as a model probe
molecule (Figure 1b and c, Figures S3�S8 in the
Supporting Information).23 The trapped electrons on
Au and Pd NPs exhibit a more negative potential than

that of a standard hydrogen electrode (SHE), which is
capable of reducing MB (λmax = 664 nm) to the color-
less MB2� species (EMB/MB2�

0 = 0.01 V vs SHE) under
deaerated conditions.10 Note that the photoreduction
of MB is reversible in the presence of oxygen under
dark conditions, which is a different situation com-
pared to the photo-oxidation of MB in air (Figure S9 in
the Supporting Information). The reduction rate con-
stant, kred, can be therefore derived from the MB
evolution. As the UV�vis spectra were recorded
in situ, the absorption of the TiO2 (λ < 387 nm) and
the scattering of the TiO2 nanoparticles (λ > 387 nm)
also contribute to the absorbance. Since a well-defined
concentration of TiO2 nanoparticle suspension yields
a very stable baseline (see Figure S4 in the Supporting
Information), the change of the baseline during theMB
photoreduction can be associated with the reverse
charge trapping of photogenerated electrons. There-
fore, krev can be estimated from the absorbance
change of the baseline (i.e., at 400 nm), as a constant
concentration was used in the experiment. Note that
the trapping of excited electrons within crystalline TiO2

can be neglected, and the increase in the baseline
of the in situ UV�vis spectra can be solely correlated
to the reverse trapping at the TiO2 trap states (see
Figure S4 in the Supporting Information). Interestingly,
Au NPs deposited on TiO2 gave large kred and krev,
whereas Pd-decorated TiO2 showed a relatively small
kred, but a negligible krev. This result suggests that the
charge-trapping and -releasing properties are gov-
erned by the electronic properties of the metal NPs.22

Since Pd most likely provides an ohmic contact,
whereas Au shows capacitive properties,10 we antici-
pated that both kred and krev could be optimized by
a deliberate control of compositional and structural
properties of mixed Au�Pd NPs. Accordingly, we
employed a colloidal method to synthesize a series of
Au- and Pd-based NPs with a range of specific random
alloy and core�shell configurations. These colloids
were then supported on TiO2 via a sol-immobilization
process.24 By adjusting the relativemetal concentrations

Figure 1. (a) Schemeof energy levels of the semiconductor�metal systemunderUV irradiation. EF and EF0 represent the Fermi
level of the systembefore and after irradiation. The trap states of excited electrons and holes are indicated as et and ht. kt, kred,
and krev denote the rate constants of the interfacial charge trapping (TiO2 to metal), the reduction rate, and the reversed
trapping rate (metal to TiO2), respectively. A and A� depict the electron acceptor and its reduced species; D and Dþ are
the hole scavenger and its oxidized form. (b and c) In situ UV�vis absorption spectra of the photoinduced methylene blue
(MB) reduction process under an N2 atmosphere for monometallic Au and Pd NPs supported on TiO2. Catalyst loadings were
50 mg/L.
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and co-reducing the metal precursors, well-dispersed
Au�Pd random alloy NPs (Figure 2a) with tunable
composition were prepared. By varying the addition
sequence during the colloidal preparation, Aushell�
Pdcore ([AusPdc], Figure 2b) and Pdshell�Aucore
([PdsAuc], Figure 2c) NPs were also prepared.25 High
angle annular dark field (HAADF) imaging showed that
the metal NPs in all configurations are predominantly a
mixture ofmultiply twinned icosahedral and untwinned
cuboctahedral structures with occasional decahedral
particles. Statistical analysis showed that all metal NPs
with a 1:1 nominal Au:Pdmolar ratio have amean size of
∼4�5 nm and a narrow size distribution (Figure S1 in
the Supporting Information),24,25 and the physical char-
acteristics of the TiO2 support were similar in all catalysts
examined (Figure S2 in the Supporting Information).
Subsequently, we probed the kinetics of electrons

trapped at metal NPs supported on TiO2 under differ-
ent irradiation conditions (Figures S5�S8 in the Sup-
porting Information). By using a low catalyst loading
(50 mg/L), we first examined the reaction kinetics
under constant irradiation conditions (Figure 2d).
We observed that an increase of the Pd content in
the bimetallic NPs resulted in a∼33�50% reduction of
kred. However, krev also decreased exponentially with
increasing Pd concentration and became negligible
at an Au-to-Pd molar ratio of 1:1. Conversely, the
core�shell structures, AusPdc and PdsAuc, maintained
a relatively high kred but very low krev. In addition, we
also examined the kinetics under more realistic condi-
tions (Figure 2e, Figures S6 and S7 in the Supporting
Information). This was achieved by using a higher
catalyst loading (100 mg/L), where the attenuation

coefficient of the suspension and subsequently the full
absorption path length of the photons were reduced.
While the irradiation intensities for the exposed metal/
TiO2 nanoparticles remained unchanged in both cases
(see Supporting Information), the photon flux became
insufficient to illuminate all of the NPs in the suspen-
sion continuously in the case of the higher catalyst
loading (100 mg/L). Thus, the experimental conditions
have changed from “light-saturated” mode (50 mg/L)
to a “catalyst-saturated” mode (100 mg/L). Similarly, a
monotonic decay of krev was observed with increasing
Pd content for the alloy NPs. Surprisingly, no obvious
enhancement of kred was observed for monometallic-,
Au-, and Pd-rich (Au7Pd1 and Au1Pd7) and Au1Pd1 alloy
NPs compared to the measurements for low catalyst
loading. Since doubling the photocatalyst concentra-
tion did not change the photon flux densities encoun-
tered for individual NPs that were exposed to irradia-
tion, it suggests that the electrons trapped at the
surface sites of these particular NPs underwent rapid
recombination under dark conditions (see Figures
S5�S8, Movie S1, and detailed discussion in the Sup-
porting Information). Conversely, the kred of Au�Pd
random alloys with molar ratios of 3:1 (25 mol % Pd)
and 1:3 (75 mol % Pd) were significantly improved,
underpinning the importance of fine-tuning the alloy
composition and mean size for adjusting the recombi-
nation kinetics. The core�shell NPs, especially those
with the PdsAuc architecture, exhibited the optimum
performance in extracting the trapped electrons to
drive the desired reduction reactions.
As the reduction potential of the proton (EHþ/H2

0 =
0 V vs SHE) is very close to that of the MB reduction,

Figure 2. (a�c) Representative HAADF-STEM images of a Au1Pd1 random alloy particle, a Aushell�Pdcore particle, and a
Pdshell�Aucore particle, respectively. (d and e) Rate constants kred and krev as a functionof the Pd concentration under constant
irradiation (catalyst loading 50mg/L) and insufficient irradiation (catalyst loading 100 mg/L), respectively. Themetal loading
was 1 wt % for all photocatalysts.
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we expect optimization of kred and krev via adjustment
of the composition and structure of the metal NPs to
be also beneficial for the photocatalytic H2 evolution.
Figure 3a depicts the H2 evolution from a water�
ethanol (25 vol%) solution. A conventional photo-
deposited Au/TiO2 (marked as ref*) catalyst was also
evaluated for comparison.6 For all photocatalytic test-
ing of the different materials (Figures S10�S14 in the
Supporting Information), the gas-phase products were
primarily H2 with trace amounts of CH4, CO, and CO2,
whereas the liquid-phase products were CH3CHO and
CH3COOH (Figure S15 and Table S2 in the Supporting
Information), respectively. The sol-immobilizedAu/TiO2

catalyst showed a 1.7-fold increase in performance
compared to the photodeposited Au/TiO2, indicating
that the preparation method has a significant effect
on the structural characteristics of the catalyst (e.g., the
degree of contact between the metal and support,
particle size control). According to our TEM analysis,
an extended flat interface between each metal NP and
the TiO2 surface is achieved by the sol-immobilization
approach,24 resulting in a sufficient number of bound-
ary sites that are essential for rapid charge transfer.
Furthermore, we found that the alloy composi-

tion and the morphology of the metal cocatalysts
strongly influence the performance of the photocata-
lyst (Figure 3a and Figure S13 in the Supporting
Information). Note that the photocatalytic H2 evolution
performances were strongly correlated to the kinetics
of the trapped electrons. The TiO2-supported Pd NPs
showed a higher H2 evolution rate compared to Au
NPs, which agrees well with previous studies.26,27 Both
Au- and Pd-rich alloys (Au7Pd1 and Au1Pd7) exhibited
a slightly decreased performance compared to that
of their monometallic counterparts;, whereas the
Au1Pd1 alloy NPs showed a performance that was
approximately the average of the two monometallic
supported catalysts. A strong synergistic effect was
observed for Au�Pd alloys with molar ratios of 1:3
and 3:1 (see real-time Movie S1 in the Supporting
Information). Interestingly, we also observed elevated
H2 evolution for the core�shell structure cocatalysts
(AusPdc and PdsAuc) as compared to that displayed by

random alloy NPs. According to a previous TEM anal-
ysis, the 3:1 and 1:3 random alloy NPs were found to
have smaller mean particle sizes than either the 1:1 or
the 7:1 and 1:7 random alloy NPs,25 suggesting that
metal particle size must also play an important role in
determining the H2 evolution efficiency. Most notably,
the PdsAuc/TiO2 catalyst yielded a remarkable H2 evo-
lution rate of ∼0.9 mmol 3 h

�1, which corresponds to a
quantum efficiency of∼0.35 H2molecules per incident
photon, i.e., an apparent quantum efficiency (AQE) of
∼70%. This exceptionally high efficiency displayed
by the PdsAuc/TiO2 catalyst is superior to that of any
photocatalyst reported to date using renewable or-
ganic chemicals as scavengers (Table 1). In addition,
high quantum efficiency values can be obtained over
a wide operation window of ethanol concentrations,
which allows the use of waste alcohols as a feedstock
(Table S1 in the Supporting Information).
We have further evaluated our photocatalysts

using glycerol as the scavenger (Figure 3b), which is
a low-value byproduct from the biorefinery industry.
Significantly, a similar promotion trend was observed,
and the PdsAuc/TiO2 system again yielded an impress-
ive AQE of∼78% (0.39 H2/photon; see real-time Movie
S2 in the Supporting Information), which suggests that
the kinetics of the trapped electrons on our designer
metal�TiO2 systems show a general trend and may be
applicable to other reactions. Moreover, a whole series
of other bioavailable chemical products (e.g., ethylene
glycol, 1,2-propanediol, glucose, and fructose) and
especially crude glycerol from a biorefinery can also
be used as feedstocks for photocatalytic H2 production
with high quantum efficiencies, as shown in Figure 4a.
This demonstrates the excellent versatility and the
great potential of our PdsAuc/TiO2 photocatalyst for
large-scale applications.
We have also assessed the reusability of the PdsAuc/

TiO2 photocatalyst (Figure 4b and Figure S14 in the
Supporting Information) and observed a stable cataly-
tic performance for H2 evolution over nine consecutive
cycles without any recovery treatment. Since a 2 h UV
irradiationwas conducted for each cycle, we calculated
that ∼0.36 L of H2 gas was produced over the course

Figure 3. Photocatalytic H2 production from (a) 25 vol % ethanol and (b) 25 vol % glycerol solutions using random alloys and
core�shell Au�Pd NPs supported on TiO2. The metal loading was 1 wt % for all photocatalysts. The reference material
(marked as *) is a 1 wt % Au/TiO2 prepared by using a standard photodeposition method.6
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of the whole reusability test from 25 mL of ethanol
solution with an apparent irradiation area of only
12.6 cm2. This corresponds to a turnover number of
∼9400 for the PdSAuC nanoparticles as the metal
loading was 1 wt % (∼1.7 μmol PdshellAucore), implying
that we have a robust photocatalytic process.
Recent theoretical work on AuPd nanoalloys has

focused on the thermodynamic preference toward
the surface segregation of Au,31�33 with the surface
segregation of Pd being attributed to environmental
effects34,35 as seen for bulk (100) surfaces under redu-
cing environments.36 Experimental accounts have
illustrated the robust stability of Aucore�Pdshell and
Pdcore�Aushell when synthesized via chemical
methods,24,37�40 with the elemental distribution for
gas-phase and supported core�shell structures stable
up to ∼500 K in experiment and theory,24,39,41�43 well
above the ambient temperatures employed in our
experiments. However, previous work has considered
neither the electronic properties of the different NP
elemental configurations, which would be important
for understanding the ability to trap photoexcited
electrons and effects on photocatalytic performance,
nor the natural alignment of electron levels in NPs with

the band structure of a semiconducting substrate,
which would provide insight into the favorability of
the transfer of photoexcited electrons from the sub-
strate to the NP.
Therefore, we calculated the electronic properties of

Au, Pd, and bimetallic core�shell clusters using density
functional theory (DFT) to gain insight into how the
morphology and the elemental distribution of the NPs
alter the electronic properties. Icosahedral (Ih), cuboc-
tahedral (CO), and ino-decahedral (I-Dh) structures
(Figure S16 in Supporting Information) were chosen,
as these particular morphologies correspond to the
structures identified by STEMobservation.22 The size of
the NPs was set to 147 atoms for calculations, as the
properties for this nuclearity were found to be extend-
able toward the experimental sizes (Figure S17 in the
Supporting Information).
The extracted density of states (DOS) for Ih Au and Ih

Pd clusters (Figure 5a and 5b) reveal that many more
unoccupied states lay just above EF in the case of the Ih
Pd cluster, which would be favorable for the trapping
of electrons and performing redox reactions. The
natural alignment of the NP DOS with the conduction
band for TiO2 shows that photoexcited electrons

Figure 4. (a) Photocatalytic H2 production from a variety of other biorefinery “waste” chemicals. The concentrations of
glucose and fructose solutions usedwere 25wt%,whereas the restwere 25 vol%. Prior to the test, the crudeglycerol received
from biodiesel refinery was separated to remove the organic layer, filtered through activated carbon, treated with a cation
exchange resin, and treated againwith activated carbon. (b) Durability of the PdsAuc supported on TiO2 catalyst using 25 vol%
ethanol solution. The photocatalyst was reused directly after each measurement.

TABLE 1. Comparison of our PdsAuc/TiO2 Photocatalyst with Other Promising Photocatalysts for Their Apparent

Quantum Efficiencies for H2 Production

catalyst AQEa/% rate light source scavenger

1 wt % PdsAuc/TiO2 (this work) 78 19.6 mol 3 kg
�1h�1 ∼1.6 mol 3m

�2 h�1b UV 25 vol % glycerol
V2O5 film

28 38.7 0.8 mol 3m
�2 h�1 UV 20 vol % EtOH

Pt/TiO2 film
29 37 0.03 mol 3m

�2 h�1b UV 80 vol % EtOH
5.6 mol 3 kg

�1 h�1b

1 wt % Pt-BaTi4O9
30 11.7 8.5 mol 3 kg

�1 h�1 UV 20 vol % EtOH
0.5 wt % Pt-polypyrrole-TiO2

16 10.6 7.6 mol 3 kg
�1 h�1 UV 0.1 vol % MeOH

4 wt % Au/TiO2
13 ∼3b 6.9 mol 3 kg

�1 h�1b UV 30 vol % EtOH
1 wt % PtO/TiO2

19 N/A 4.4 mol 3 kg
�1 h�1b UV 30 vol % MeOH

a AQE refers to apparent quantum efficiency as calculated using the following equation:

AQE ¼ 2n(H2)=n(incident photons)
b Estimated values.
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would benefit energetically from transferring to the
metallic NP, as the EF of the NPs sits below the conduc-
tion band minimum (CBM) of TiO2.

44 Moreover, for the
bimetallic core�shell structures, the number of unoc-
cupied surface states just above the EF increases with
surface Pd concentration: orbital analysis on the Ih
PdsAuc NP shows that >60% of all states just above
the Fermi level are surface-localized d-orbitals, com-
pared to <8% for the AusPdc NP (Figure 5c). In both
cases, the EF remains below the CBM of TiO2 for the
bimetallic NPs. These unoccupied, energetically favor-
able, and physically accessible surface d-orbitals on the
PdsAuc NPs (Figure 5d) are deemed highly beneficial
for extending the lifetime of the photoexcited states
transferred from the conduction band of TiO2.

44 The
observed trends in electronic structure were found to
be consistent for both the I-Dh and CO structures as
well (Figure S18 in the Supporting Information).
In addition, we assessed the net charge localization

on the surface of the icosahedral-structured NPs, to
rationalize the beneficial properties for the reduction
process. On Au, Pd, and AusPdc NPs (Figure 6a�d),
net electron accumulation (indicated by blue atoms)
predominantly occurs throughout the shell, whereas
for the PdsAuc NPs a net accumulation of charge occurs
primarily on the vertex sites (Figure 6d). Most notice-
ably, charge depletion is prominent for the core re-
gions of all NPs except in the case of PdsAuc, as a result
of the electronegative and capacitive properties of its

Au core. Similar trends were observed for CO and I-Dh

structures (Figure S19 in the Supporting Information)
and occur over a range of sizes, suggesting that the
reduced surface accumulation of electrons for PdsAuc
NPs facilitates the storage and release of photoexcited
electrons for catalysis.

CONCLUSIONS

We have probed the kinetics of the photogenerated
electrons on real metal�semiconductor photocatalyst
systems and revealed the importance of optimizing
the electronic properties of the metal cocatalyst NP
component in heterogeneous photocatalysts. In parti-
cular, by fine-tuning the composition and structure
of the metal NPs, we have identified Pdshell�Aucore
NPs supported on TiO2 to have extraordinarily high
efficiencies for the photocatalytic H2 evolution over
a variety of important feedstock chemicals, even
purified crude glycerol from biorefinery. Further inves-
tigation of the substrate�NP interactions and electron
transfer across the substrate�NP interface should
provide a clearer understanding of the role that metal
NPs have in cocatalyzed photocatalytic reactions.
Furthermore we believe that the deliberately de-
signed cocatalyst approach is applicable to other
metal�support combinations and will allow for the
tailored fabrication of next-generation hybrid photo-
catalyst materials that are optimized for large-scale
applications.

EXPERIMENTAL SECTION
Synthesis and Characterization of Photocatalysts. Metal nanopar-

ticles were prepared and supported on TiO2 (Degussa P25)
using a sol-immobilization method. Monometallic Au, Pd, and
three distinct Au�Pd sols were prepared by controlling the
metal salt identity and adding sequences. PdCl2, HAuCl4 3 3H2O

(Johnson Matthey), poly(vinyl alcohol) (PVA) (Aldrich, MW =
10 000, 80% hydrolyzed), and NaBH4 were used as reagents.
Immobilization of the sols was accomplished by adding TiO2

(acidified at pH 1 by sulfuric acid) after 30 min of sol-generation
under vigorous stirring conditions. The total metal loading
was maintained at 1% wt. The as-prepared photocatalysts were

Figure 5. (a�d) Electronic density of states (DOS) profiles
of 147-atom icosahedral clusters of Au, Pd, AusPdc, and
PdsAuc, respectively. The total valence DOS (gray) is com-
plemented by the contributions of the d-orbitals in both the
core (red) and outer shell (blue) region. EF of the metal
clusters, conduction band minima (CBM), and valence band
maxima (VBM) of TiO2 are indicatedbyblack and reddashed
lines, respectively.44

Figure 6. (a�d) Charge localization from the view of the
(100) surface of 147-atom icosahedral clusters of Au, Pd,
AusPdc, and PdsAuc, respectively. The blue and red colors
represent atoms with electron accumulation and depletion,
respectively.
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filtered, washed thoroughly with distilled water (neutral mother
liquors), and dried at 120 �C for 16 h. The catalysts were
prepared for TEM/STEM analysis by dry dispersing the catalyst
powder onto a holey carbon TEM grid. HREM and HAADF
imaging experiments were carried out using a 200 kV JEOL
2200FS transmission electron microscope equipped with a
CEOS probe aberration corrector. All the STEM-HAADF images
were treated with a light low pass filter using a 3 � 3 kernel to
decrease the high-frequency noise (Figure S1 in the Supporting
Information). The X-ray diffraction (XRD) patterns of selected
samples were measured using powder X-ray diffractometer
(PXRD, Stadi P, Stoe) with Cu KR radiation from a curved Ge(111)
monochromator (Figure S2 in the Supporting Information).
The surface areas of selected samples were determined by
the Brunauer�Emmett�Teller (BET) method using N2 adsorp-
tion isotherms at 77 K by a surface area analyzer (Quantachrome
NOVA 2000). The samples were degassed 5 h at 393 K in a
vacuum oven before BET measurements (Figure S2 in the
Supporting Information).

Photocatalytic Characterizations. A UV LED (365 nm, Optimax
365) with a photon flux of 4 � 1017 photons/s was used in all
experiments (Figure S3 in the Supporting Information). The
kinetics of photogenerated electrons was probed by following
the photoreduction of MB under N2-saturated conditions.
Suspensions with different loadings (50 and 100 mg/L) of the
as-synthesized catalyst sample were UV cleaned for 2 h prior to
the addition of MB solution. Then 1 mL of MB (500 μM) was
dropped into the suspension and subsequently purged with N2

continuously for 30 min prior to photoinduced reduction of MB.
Meanwhile, the suspensionwas circulated via a peristaltic pump
through a sealed flow cuvette placed in a UV�vis spectrometer
(UV-1800, Shimadzu). The UV irradiation was then commenced
when the MB adsorption equilibrium was reached. UV�vis
spectra were recorded in situ at given time intervals for all
samples. The photocatalytic H2 production using various che-
mical feedstocks as sacrificial reagents was carried out in a leak-
tight reactor connected to amass spectrometer (Hiden HPR-20).
The catalyst�water suspension (2 g/L) was prepared and
cleaned by UV irradiation for 2 h to remove the PVA ligand
prior to the experiment. A desired amount of sacrificial reagents
(methanol, ethanol, ethylene glycol, glycerol, filtered crude
glycerol, 1,2-propanediol, glucose, or fructose) was then added
to the reactor. The total liquid volumewas always adjusted to be
25 mL. Details of the hydrogen evolution measurement system,
experimental protocol, calculation, and calibration of the H2

signals were described in the Supporting Information. The
liquid products were measured by a nuclear magnetic reso-
nance (NMR, Varian 400), and the analysis procedure and NMR
spectra were presented in the Supporting Information.

Theoretical Calculations. The nanoparticles were modeled as
icosahedral, cuboctahedral, and ino-decahedral structures, as
these proved to be themost suitablematch to the STEM images
in this and previous work.24 The number of atoms (N) required
for the formation of these NPs with geometrically complete
shells and negligible quantum effects is found to be 147 ac-
cording to our calculations. All DFT calculations were performed
using the projector-augmented wave method as implemented
in the software package GPAW,45 using the PBE exchange�
correlation functional,46 a real-space grid spacing of 0.18 Å, and
Fermi�Dirac occupation smearing of 0.1 eV. Relativistic effects
are included in the PAW configurations. Each of the NPs was
relaxed until all forces on the atoms were below 0.01 eV/Å
before determining the density of states and quantifying the
level of charge redistribution within the NPs.47
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