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Mesoporous Au/TiO , Nanocomposites with Enhanced Photocatalytic Activity
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Mesoporous materials with tunable pore structure and tailored
framework composition are of great interest for broad applications
ranging from adsorbent, separation, catalyst, energy storage and
conversion, to biological usésAmong this material family,
mesoporous titania is of particular interest since the semiconductive
framework is photoactive while mesoporous channels offer larger
surface area and enhanced accessibility. Such a uniqgue combination
provides a new platform for design and fabrication of novel
photoactive materials and devices, such as high-efficiency photo-
catalyst and photovoltakTo date, limited by titania’s low quantum
efficiency and high band gap (3-03.2 eV, located at the ultraviolet
(UV) wavelength ranged,utilizing mesoporous titania as highly
active photocatalyst, however, remains challenging. Possible strate-
gies toward this intrinsic limitation include doping titania with
inorganic or metallic species, such as ions and clusters, or
photosensitizing titania with organic dyes that are often efficient
but unstablé.

This work reports the synthesis of highly active mesoporous
titania photocatalyst by embedding gold nanoparticles, a highly -
stable inorganic photosensitizer, homogenously within the frame- Figure 1. Representative TEM images of 0.5 mol % Au/Ti@long (a)
work. Controlling the nanoparticle size affords tunable quantum [100] and (b) [110] plane, (c) 1.0 mol % Au/TiGalong [110] plane, and
effect, enhanced visible-light adsorption, and significantly enhanced (9) high-resolution image of 2.0 mol % Au/T}O
photocatalytic activity. Although metal nanoparticles have been

incorporated into mesoporous materials previo@$ithis was and the negative shift of A, (0.6 eV) indicates strong

achieved by impregnating metal precursor within a preformed ;oo ions between Au and the Ti®amework. Furthermore, in

mesoporous scaffold and subsequent reduci_ng r_eaction. The formeiomparison with the mesoporous Fitmpregnated 0.5 mol % Au
hanoparticles were often poorly controlled in size and preferaply (Figure S4), the above studies indicate the formation of small, well-

:(?;s]t:;g\r'lfhm the pore channels rather than embedded within thedispersed Au nanoparticles preferably within the framework.
To homé)genously embed gold nanoparticles within the titania Incree_lsing Au gontent results in larger nan_opartic_le_s. For example,
framework, we utilized a multicomponent assembly approach TEM image (Figure 1c) of mesoporous 'I5|©onta|n|ng 1.0 m0|
h f:';lctant titania, and gold building clusters were coo era; 6 Au clearly shows nanoparticles with a diameter-12 nm in
w elre sur bled | 9 9 ¢ P the pore channels. Both nanoparticle and framework are highly
tively assembled in an one-step process (see Supporting In ormauon crystallized as evidenced from the well resolved Au(111) (0.25 nm)

for details). Briefly, Pluronic surfactant P123, TiCTi(OBu),, and
AuCl; were mixed in ethanol. Casting the mixture followed by an and TiG(101) (0-36 nm) crystalline lattices as shown in Figure

aging process resulted in homogeneous mesostructured nanocom-
posites. Calcination removed P123 and created crystalline meso-
porous TiQ networks embedding gold nanopatrticles. Figure 1a and
1b respectively shows a transmission electron micrograph (TEM)
of a hexagonal mesoporous Ti@ith 0.5 mol % Au along the
(100) and (110) plane, indicating an average wall thickness of 5.0
nm. Selective area electron diffraction (SAED, inset b) shows well-
resolved diffraction cycles indicative of a highly crystalline TiO
framework. Although energy disperse X-ray spectra (EDS) confirms
the presence of Au, no Au nanoparticles could be observed by TEM.
Nevertheless, X-ray photoelectron spectrum (XPS) (Figure S3)
shows binding energies (BE) of A, at 83.4 and Aus, at 87.0

eV, which are significantly different from Aus,, (84.6 eV) and
AUt 712 (87.0 eV) but similar to Ay, (84.0 eV)*” The XPS

result suggests that the Au species are present in the metallic state

Low-angle XRD patterns of the nanocomposites (Figure S5)
reveals well resolved (100), (110), and (200) reflections confirming
an ordered 2D-hexagonal mesostrucfliféle gradually decreasing
peak intensity with increasing Au content suggests a decreasing
long-range order. Nevertheless, they display similar nitrogen
sorption isotherms with narrow pore-size distributions centered at
about 6.6-6.8 nm (Figure S6), which is typical for surfactant-
templated mesoporous materials. Detailed pore structure information
is listed in Table S1. The pore volume and surface area are
decreased with increasing Au content, which is consistent with a
weaker TiQ framework structure owing to the intrusion of
nanoparticles and with the presence of larger nanopatrticles in their
pore channels. Wide-angle XRD (Figure S7) shows intense (101),
(004), and (200) reflections of an anatase structuviesoporous

t Shanghai Normal University. TiO, with a low Au content (e.g.£0.5%) does not exhibit any Au

* University of California. characteristic diffraction, further confirming the small nanoparticle
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Figure 2. Photocatalytic activity of Au/titania nanocomposites containing
0 to 5% Au in phenol-oxidation and chromium-reduction reactions.

size. Characteristic Au diffractions with increasing intensity and
narrowing half-peak width are observed with increasing Au content,
indicating an increasing particle size. The Au crystallite size in the
2.0 mol % Au/TiQ was estimated as 12 nm from the Scherrer
equation, consistent with the TEM observation.

On the basis of the above results, we believe the formation of
these nanocomposites involves assembly of inorganic building
clusters and surfactant-forming ordered lyotropic liquid crystalline

phasé® (see Scheme S1). FTIR spectra (Figure S8) demonstrates

that, besides a broad absorbance peak in the range from 3100 t
3450 cnt! and a strong absorbance peak around 161G1cm
attributing to the vibrations of the surface-adsorbe®tand Ti-

OH bonds!! a peak characteristic of FiO—Au bond is also
observed around 1410 crh®? This observation confirms co-
assembly of the titania and gold building clusters into homogeneous

Q

146 cn1! indicates an anatase crystalline framework structure.
The absorption becomes broader and weaker and shifts positively
in position by 8 cm! when the Au content is increased from 0.1
to 0.5%, suggesting increased crystalline defects within the
framework?!® Such defects may favor capturing photoelectrons and
inhibiting charge recombination. Meanwhile, Au nanoparticles
embedded within the framework may also serve as an electron
conductor, which facilitates photoelectron transfer to pore surface
and further reduce the probability of charge recombinatidrhen

Au content is further increased from 0.5 to 5.0%, no significant
effect on the Raman peak position was observed. This observation
is consistent with TEM and XRD observations showing the
formation of large nanoparticles within the pore channels (see Figure
1c). Rather than facilitate charge transport and reduce charge
recombination, the large nanoparticles may act as the centers of
electron-hole recombinatio and reduce quantum efficiency.
Moreover, the presence of a large number of nanoparticles within
the pore channels may also slow down mass transport and reduce
the reaction rate. These factors may account for the observed
decreasing photocatalytic activity at a higher Au content (e.g.,
>0.5%).

In summary, we have demonstrated the synthesis of highly active
mesoporous Au/Ti@nanocomposites with significantly improved
photocatalytic activity. We believe that enhanced light absorption
and improved quantum efficiency are the main factors leading to
the improved photocatalytic activity. This work provides a new
pathway to design and fabricate novel photoactive materials for
catalyst and other applications.
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decomposes Ti—O—Au— bonds, creating mesoporous giénd
Au nanoparticles. A low Au content results in smaller nanoparticles
that are homogeneously embedded within the framework, while a
high gold content generates larger particles that are expelled from
framework to the pore channels.

These unique nanocomposites show significantly improved photo-
catalytic activities. Figure 2 compares the conversion of phenol

T0402).

Supporting Information Available: Preparation and characteriza-
tion (XRD, XPS, Raman, FTIR, NMR, U¥visible diffuse reflectance
spectra, nitrogen sorption, TGA-DTA, photocatalytic activity test) of
Au/TiO, nanocomposites. This material is available free of charge via
the Internet at http://pubs.acs.org.

oxidation and chromium reduction catalyzed by the mesoporous
nanocomposites with different Au loadings. Two representative
conversion curves were shown in Figure S9. When the reactions
were conducted under dark condition, no reactions were observed
even after 6 h, indicating the really photocatalytic reactions. The
conversion of phenol oxidation and chromium reduction continu-
ously increases from 22% to 95% when Au content is increased
from 0 to 0.5%. A near three-time improvement in phenol decompo-
sition is achieved when 0.5% of Au was doped, unambiguously
suggesting a significantly improved photocatalytic activity. Further
increasing Au content, however, decreases catalytic activity.

As thel®C CP-MAS NMR spectra confirm that both the undoped
TiO, and the Au/TiQ contain no significant carbon species (Figure
S1), such improved photocatalytic activities may be attributed to
the enhanced light absorption and improved quantum efficiency.
The UV—visible DRS spectra (Figure S10) demonstrates a signifi-
cantly enhanced absorption in the visible range (5600 nm)
owing to the plasmon resonance eff&the absorbance intensified
and red-shifted with increasing Au loading, which is consistent with
the formation of more and bigger particlésThe enhanced light
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