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Abstract: A bottom-up synthetic approach was developed for
the preparation of mesoporous transition-metal-oxide/noble-
metal hybrid catalysts through ligand-assisted co-assembly of
amphiphilic block-copolymer micelles and polymer-tethered
noble-metal nanoparticles (NPs). The synthetic approach
offers a general and straightforward method to precisely tune
the sizes and loadings of noble-metal NPs in metal oxides. This
system thus provides a solid platform to clearly understand the
role of noble-metal NPs in photochemical water splitting. The
presence of trace amounts of metal NPs (~0.1 wt%) can
enhance the photocatalytic activity for water splitting up to
a factor of four. The findings can conceivably be applied to
other semiconductors/noble-metal catalysts, which may stand
out as a new methodology to build highly efficient solar energy
conversion systems.

The current studies on the design of efficient systems for the
conversion of solar energy through photochemical water
splitting are mainly devoted to two important issues, 1) the
energy capture, that is, how to sufficiently absorb photons in
the solar energy spectrum, and 2) the charge separation, that
is, how to effectively avoid the recombination of excitons and
to maximally utilize the excitons.'! Among a variety of
semiconducting catalysts, inexpensive and non-photocorro-
sive transition-metal oxides (e.g. TiO,, CeO,, and WO5;) are
excellent candidates for photochemical water splitting.
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Unfortunately, all these semiconducting materials have
a large band gap,?! resulting in a low utilization of solar
energy in the visible and near-infrared range of 400-1000 nm,
in which approximately 60 % of the solar energy lies. One
solution is to make use of noble-metal nanoparticles (NPs;
e.g. Au and Ag) as photoantennas to sensitize catalytic
materials.’! However, the role of noble-metal NPs in photo-
chemical water splitting has been debated in a number of
recent reports.’*3 Murdoch etal. demonstrated that the
photocatalytic activity of hybrid catalysts of TiO,/AuNPs
increased proportionally with the loading of AuNPs (up to
4 wt % ), while the size of AuNPs in the range of 3-12 nm did
not affect the rate of photocatalytic hydrogen production.”!
Meanwhile, other recent reports showed that 1) heavy loading
and non-uniform distributions of noble-metal NPs in metal
oxides may increase the recombination of excitons, thus
leading to the decrease of photocatalytic activity,**! and
2) varying the size of AuNPs can change the efficiency of hot
electron injection.”*® These conflicting observations on the
role of noble-metal NPs in photochemical water splitting are
likely due to the poor controllability in the topological
distribution and size dispersity of noble-metal NPs in hybrid
catalysts. The large polydispersity of these NPs can distort the
differences in catalytic activity that may stem from the change
of NP sizes and loadings. Given the current synthetic
approaches, including physical mixing!”! and in situ photo- or
chemical reduction,”® none of them can directly control the
size, loading, and distribution of noble-metal NPs in metal
oxide catalysts. Thus, a novel and general platform of hybrid
catalysts is urgently needed to better understand the role of
noble-metal NPs in photochemical water splitting.

We herein report a bottom-up synthetic approach to
engineer the nanostructure of mesoporous hybrid catalysts of
transition-metal oxides and noble metals and to study the role
of noble-metal NPs in photochemical water splitting. Fig-
ure 1a schematically illustrates our design principle and the
synthetic route toward the hybrid catalysts. This approach
combines the use of amphiphilic block-copolymer (BCP)
micelles and polymer-tethered noble-metal NPs as co-struc-
ture-directing surfactants to prepare hybrid mesoporous
catalysts. Basically, in the presence of transition-metal
precursors, the co-assembly of two structure-directing surfac-
tants creates a three-dimensional artificial scaffold followed
by the sol-gel processes of transition-metal oxides.”) The
polymer-tethered noble-metal NPs with a similar chemical
composition of polymer micelles could 1) uniformly distribute
in metal oxides without disturbing their intrinsic ordered
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Figure 1. a) Synthesis of mWO,;/AuNP hybrid catalysts. b,c) SEM
images of mWO;/AuNP-8(0.1%), indicating highly ordered mesostruc-
tures. d) SEM-EDX mapping of mWO;/AuNP-8(0.1%), showing the

homogeneous distribution of O (red), W (green), and Au (yellow).
e-g) TEM images of mWO;/AuNP-8(0.1%). Scale bars in b, c, e, f, and
g represent 500, 200, 200, 100, and 5 nm, respectively.

mesoporous structure, and 2) preserve the size uniformity of
noble-metal NPs. Our synthetic approach therefore offers
a general and straightforward method to hybrid catalysts with
aggregation-free and thermally stable

The obtained mWO,/AuNP hybrid catalysts were care-
fully characterized by field emission scanning electron
microscopy (FESEM), transmission electron microscopy
(TEM), and small-angle X-ray scattering (SAXS). The
FESEM (Figure 1b,c) and TEM (Figure le,f) images of
mWO5/AuNP-8(0.1% ) show that the calcined catalyst pos-
sesses long-range, periodically ordered mesoporous nano-
structures. The nearly defect-free pores of mWO,;/AuNP-
8(0.1%) are rather uniform throughout and the average pore
size is approximately 25 nm with a wall thickness of 18 nm.
The SEM energy-dispersive X-ray (SEM-EDX) mapping
image (Figure 1d) and dark-field TEM images (Figure S3 in
the Supporting Information) indicate the W, O, and Au
elements are homogeneously distributed through the entire
area. The high-resolution TEM image of mWO;/AuNP-
8(0.1%) confirms a crystalline framework of mesoporous
WO; (Figure 1g). The lattice fringe of Au (111) plane with d-
spacing of 0.24 nm and WO; (002) plane with d-spacing of
0.39 nm can be clearly observed after calcination. Further-
more, the SAXS pattern of mWO;/AuNP-8(0.1%) shows
well-resolved (111), (311), and (500) reflections, confirming
an ordered face-centered cubic (fcc) mesostructure with the
space group Fm3m (Figure 2a). The cell parameter (d-
spacing) was calculated to be approximately 44 nm, in good
agreement with SEM and TEM results. The Brunauer—
Emmett-Teller (BET) specific surface area of the mWO,/
AuNP-8(0.1%) catalyst was estimated to be 70.4 m*g~" with
a pore size of 21.7 nm (Figure S4).

noble-metal NPs. The obtained hybrid
catalysts provide a platform to clearly
determine the role of noble-metal NPs in
photochemical water splitting.

As a prototype system, we used an
amphiphilic BCP of poly(ethylene oxide)-
block-polystyrene (PEO,,4-b-PS,,;) and
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Figure 2. Structural characterizations of mWO;/AuNP-8 hybrid catalysts. a) SAXS and

b) XRD patterns of mWO;/AuNP-8 catalysts with various loadings of AuNPs. The diffraction
peaks denoted with * in
reflectance spectra of mWO;/AuNP-8 hybrid catalysts, indicating the surface plasmon
absorption peak of AuNPs. d) Evolution of W 4f XPS spectra of mWO; and mWO;/AuNP-

(b) are attributed to gold (111) and (220) facets. c) UV/Vis diffuse
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AuNP-PS-b-PEO composed of a AuNP core and PS-b-
PEO tethers, also known as colloidal amphiphiles, is a novel
type of colloidal molecule, structurally analogous to spherical
micelles of amphiphilic linear BCPs.'”l The utilization of
AuNP-PS-b-PEO as a co-surfactant is a key to the control-
lable synthesis of hybrid mWO,/AuNP catalysts. First of all,
the BCP tethers improved the stability of AuNPs under the
extreme conditions used for the sol-gel process of transition-
metal ions, for example an acidic solution with a high ionic
strength. In our control experiments, the direct mixing of
AuNPs without BCP tethers and tungsten precursors resulted
in the immediate aggregation of AuNPs, while no aggregation
of AuNP-PS-b-PEO was observed under the conditions of the
sol-gel process. Second, the polymer tethers played an
important role, assisting the co-assembly of amphiphilic
BCP micelles and colloidal amphiphiles of AuNPs. Colloidal
amphiphiles of AuNP-PS-b-PEO essentially have core—shell
nanostructures, in which the chemical composition of BCP
tethers is identical to that of linear BCP micelles. This avoids
the enthalpy-driven immiscibility of two amphiphiles during
sol-gel processes, thus ensuring the uniform distribution of
AuNPs in the formed oxides. Furthermore, in the course of
sol-gel processes that occur within the PEO domain, the
pore-forming PS blocks beneath PEO layers limit the
mobility of AuNPs. Therefore, only single AuNP can be
accommodated in one fcc pore after calcination and AuNP
fusion or migration does not occur, thus preserving the size
and size distribution of AuNPs in these hybrid catalysts (see
Figure 3).

The influence of various loadings of AuNPs (0-2%) on
the intrinsic long-range ordered mesostructure was further
examined by tuning the initial concentration of AuNP-PS-b-
PEO. The SAXS patterns of calcined mWO3;/AuNP-8 are
shown in Figure 2a. At a lower AuNP loading (< 0.5%), the
well-resolved scattering peaks confirm the conserved meso-
porous nanostructures, despite the small shift of the first-
order peak (111) toward the low-angle region. The d-spacing
of the pure mWO; catalyst without AuNP loading is 42.1 nm,
and a gradual increase of d-spacing to 46.0 nm for mWO,/
AuNP-8(0.5%) was observed with the increase of AuNP
loading. However, a further increase of the AuNP loading
weakened the intensity of the first-order peak of SAXS
patterns, thus indicating a disruption of the long-range order
of the mesostructures. The structural transformation to
disordered mesoporous nanostructures was found for
mWO,/AuNP-8(2% ). Because of a slight size mismatch of
BCP micelles and AuNP-PS-b-PEO colloidal amphiphiles
(Figure S2c), the disruption of the ordered assemblies of BCP
micelles is expected at a critical concentration of AuNP-PS-b-
PEO. Similar results were also confirmed from FESEM
images (Figures S5-S10). The wide-angle X-ray diffraction
(XRD) patterns of mWQO,/AuNP-8 (Figure 2b) suggest that
all hybrid catalysts possess a monoclinic crystalline phase of
WO;, and no noticeable change in the crystallinity of WOj is
observed, regardless of the AuNP loading.

In the meantime, the change in visible-light capture of
hybrid catalysts can be estimated by UV/Vis diffuse reflec-
tance spectroscopy (DRS; Figure 2¢ and Figure S11). In the
presence of AuNPs, the surface plasmon absorption peaks of
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Figure 3. SEM images (a,c,e), SEM-EDX mapping (b,d), and TEM
image (f) of the mesoporous hybrid materials of metal (nonmetal)
oxides/noble-metal NPs. a,b) mWO,;/AgNP-7(0.1%), c,d) mTiO,/
AuNP-8(0.1%), and e,f) mSiO,/AuNP-8(0.1%). The arrows in (f)
indicate the AuNPs. The scale bars in a, ¢, e, and f represent 500, 200,
200, and 100 nm, respectively.

hybrid catalysts clearly appeared at 560 nm and the peak
intensity increased with the AuNP loading. The surface
plasmon resonance of AuNPs is known to be very sensitive to
their size and aggregation states.'!! No shift of the absorption
peak of AuNPs was observed in DRS spectra. This observa-
tion suggests that aggregation of AuNPs did not occur during
the sol-gel processes and that the size and homogeneous
distribution of the AuNPs in all catalysts are essentially
similar.

X-ray photoelectron spectroscopy (XPS) was further used
to characterize the change in surface composition and
oxidation state of the hybrid catalysts. The high-resolution
XPS spectra of the W 4f region of mWOs/AuNP-8 hybrid
catalysts at various loadings of AuNPs are given in Figure 2d.
For pure mWO;, two distinct peaks could be fitted as W 4f;,
(33.8eV) and W 415, (35.9 eV), corresponding to the differ-
ence in binding energy of 2.1 eV, which is in good agreement
with reported values of WO,.'”! This is attributed to W**
species on the surface. The addition of AuNPs clearly resulted
in a shift of the W 4f peaks to a lower binding energy (also see
Figure S30). In the case of mWO;/AuNP-8(1%), the W 4f,,
and W 4f;, peaks were observed at 33.5eV and 35.6¢V,
respectively. The small shift in binding energy of —0.3 eV was
attributed to the formation of W species with lower valences,
for example, W°" and W*". This suggests the localized
electronic interaction of mWO; and AuNPs, in which the
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presence of partially positive-charged Au*"/Au’
compensates for the change of the W valency.

We also examined the effect of various sizes of
AuNPs (4-20 nm) on the mesoporous structures of
mWO,;/AuNP catalysts, as the size mismatch of BCP
micelles of PS-b-PEO and colloidal amphiphiles of
AuNP-PS-b-PEO resulted in the competition of
ordering during the sol-gel processes. Both SEM
and SAXS results indicate that mWO,/AuNP-4-
(0.1%) and mWO5/AuNP-14(0.1%) possess long-
range ordered fcc mesoporous structures (Figur-
es S12-S15), similar to that of mWO,/AuNP-8-
(0.1%). Interestingly, the obtained mWO,/AuNP-
20(0.1%) does not contain ordered mesostructures
(Figure S15). This result implies that the large size
mismatch of two surfactants would eventually disrupt
their co-assembly (Figure S2d). In our current study,
the linear BCP of PS-b-PEO with a large hydro-
phobic PS block was chosen to form the larger
spherical pore in mWO; that could accommodate
a broad range of AuNPs with various sizes.

Our synthetic methodology can also be applied to
prepare other combinations of hybrid catalysts, for
example, mWO,/AgNP, mTiO,/AuNP, and mSiO,/
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Figure 4. Photocatalytic activity of mWO;/AuNP hybrid catalysts for WORs.

(a,c) O, evolution curves using mWO;/AuNP hybrid catalysts with a) various
loadings of AuNPs and c) AuNPs of varying sizes. O, concentration was recorded
by a needle-type oxygen microsensor under visible-light irradiation (>400 nm).
Conditions: 2.5 mg of the catalyst in 10 mL of deionized water containing 10 mm

AuNP. As shown in Figure 3, all calcined mWO,/
AgNP-7(0.1%), mTiO,/AuNP-8(0.1 %) and mSiO,/
AuNP-8 (0.1%) possess well-ordered mesoporous
structures (see Figures S16-S23 for more low mag-
nification TEM/SEM images). The corresponding SEM-EDX
mapping images indicate that W (or Ti), O, and Ag (or Au)
elements are homogeneously distributed in the entire area.
This powerful method may thus give access to a library of
mesoporous metal (or nonmetal) oxide/metal NP hybrid
materials. In particular, we would like to emphasize that the
AuNPs essentially preserved the well-defined size and size
distribution in hybrid catalysts. The thermal stability of
AuNPs in mesoporous hybrid catalysts also surpasses that of
the oxide/AuNP hybrids prepared using traditional physical
mixing or in situ reduction methods (Figures S24-S26). Using
mSiO,/AuNP as an example (because of the higher TEM
contrast), the TEM images and UV/Vis DRS spectra confirm
no aggregation or fusion of AuNPs during the calcination up
to 12 h at 500 °C (see Figure 3 f, and Figures S21-S23 for more
TEM images). In the mesoporous structures of the oxides, the
discrete AuNP is accommodated within individual fcc pores
to avoid the migration and thermal fusion of AuNPs. This also
distinguishes our synthetic approach of mesoporous hybrids
from the previously reported growth of AuNPs on the surface
of metal oxides.

The photocatalytic activity of mWO,;/AuNP hybrid cata-
lysts in water oxidation reactions (WORs) was evaluated
under irradiation of visible light (4 > 400 nm) using AgNO; as
a sacrificing electron acceptor. The results of O, evolution
using mWO,/AuNP hybrid catalysts are shown in Figure 4.
The nonmesoporous WOj; catalyst without AuNPs (Fig-
ure S27) exhibits a poor photocatalytic O, evolution, as
WO; with a band gap of 2.8 eV has a weak absorption edge of
400 nm. The evolved O, is 3.0 mmolmol 'y, after 4 min,
comparable to the reported values.”*" The mesostructured
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of AgNO; under visible light (A >400 nm). (b,d) Plotting of TOFs of hybrid
catalysts as a function of b) the AuNP loading and d) the size of the AuNPs.
TOF =turnover frequency.

mWQOj catalyst kinetically enhances the generation rate of O,
as a result of the increase of the surface area. The slope of the
O, evolution curve sharply increases and the turnover
frequency (TOF) of mWO; is 1.65x107°s™" at 2 min, two
times higher than that of the nonmesoporous WOj; catalyst.

A moderate loading of AuNPs in mWOs; catalysts
significantly improved the rate of photocatalytic O, evolution
and the amount of produced O, (see Figure4a and Fig-
ure S28). For example, the content of dissolved O, readily
increased to 8.0 mmolmol 'y, for the mWO,/AuNP-8(0.05 %)
and 12.9 mmol mol 'y, for the mWO5/AuNP-8(0.1 % ) catalyst.
The TOF of 6.73x107°s™" for the mWO,/AuNP-8(0.1%)
catalyst is roughly four times higher than that of the pure
mWO; catalyst (see Table S1). However, a further increase of
the AuNP loading seemed to be detrimental for the photo-
catalytic activity of mWOs;. Similar precedents have been
reported in TiO,/AuNPF* and CeO,/AuNPPY catalysts. For
comparison, the catalytic activity of mWO;/AuNP hybrid
catalysts containing AuNPs of various sizes is also given in
Figure 4c. For mWO;/AuNP-4(0.1%) with smaller AuNPs,
the TOF is 2.7x 107> s™! at 2 min, which is much lower than
that of mWO,/AuNP catalysts with larger AuNPs. Never-
theless, in the range of 820 nm, the correlation between the
reaction rate and the size of the AuNPs seems to be minimal
(Figure 4d).

The incorporation of noble-metal NPs in mesoporous
catalysts can maximize the binding of reactants (i.e. water)
and catalytic centers as well as shorten the diffusion distance
of excitons. This observation further enables to understand
the role of AuNPs in mWO,/AuNP hybrid catalysts for
WORs. In general, two electron-excitation events are possibly
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involved:["¥ 1) the band-gap excitation of WO,, in which the
hole generated on the WO; frontier HOMO oxidizes water
molecules (Figure S31a), and 2) the hot electron injection
from AuNPs to the LUMO of WO;, in which the hole
generated in the AuNPs also results in the formation of O,
(Figure S31b). The higher photocatalytic performance of
mWO3/AuNP catalysts is presumably a result of the syner-
getic effect of band-gap excitation of mWO; and hot electron
injection of AuNPs. In order to gain more insight into the
influence of AuNPs on the reaction pathway and photo-
catalytic activity, the O, evolution was also recorded under
A>500 nm irradiation using mWO,/AuNP hybrid catalysts.
As pure WO; does not absorb light of A>500nm, the
excitation of AuNPs would be the sole contribution. How-
ever, no significant O, production was detected for both
mWO; and mWO,/AuNP catalysts (Figure S29). Moreover,
pure AuNPs were tested for WORs as well and negligible
activity was detected. These results strongly suggested that
1) the hot electron injection of AuNPs plays a less important
role in the photocatalytic activity of hybrid catalysts (Fig-
ure S31b), compared to the band-gap excitation of WO;, and
2) the enhancement of the photocatalytic activity is likely
a result of synergistic effects of mWO3;/AuNP hybrids as co-
catalysts. One possible mechanism is the transfer of photo-
generated electrons in WOj; to AuNPs, leading to an improve-
ment of the oxidation efficiency. This electronic communica-
tion between mWO; and AulNPs is also supported by the
presence of partially positive-charged Au*'/Au’ species,
according to XPS results. The similar electron-transfer
scenarios at metal/semiconductor interfaces were observed
previously in other metal/semiconductor interfaces, for exam-
ple, AuNP/TiO,,**¢! Pt/CdSe,™ and AuNP/MnO,.™ At
a higher loading of AuNPs, they somehow also act as
recombination centers of excitons, thus resulting in a decrease
of photocatalytic activity.

In summary, we demonstrated a general synthetic
approach to mesoporous hybrid catalysts of noble metals
and transition-metal oxides by utilizing the co-assembly of
amphiphilic BCP micelles and colloidal amphiphiles of
AuNP-PS-b-PEO as co-structure-directing surfactants. The
bottom-up synthetic approach constitutes an alternative,
general method to engineer the nanostructure of hybrid
catalysts with precise control over the loading and size of the
noble-metal NPs. The unprecedented photocatalytic activity
of mWO,/AuNP hybrid catalysts for visible-light-induced
WORs was also studied. The presence of trace amounts of
AuNPs (~0.1%) boosted the photocatalytic activity up to
a factor of four, while a decrease of photocatalytic activity was
observed at a higher AuNP loading. Our findings can
conceivably be applied to other semiconductors/noble-metal
catalysts, which may stand out as novel platforms to build
highly efficient solar energy conversion systems.

Keywords: mesoporous catalysts - metal nanoparticles -
transition-metal oxides - tungsten oxide - water splitting
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