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Traditionally, gold has been considered a fairly inert metal.
However, Bond!"! and Haruta®¥ challenged that view a few
decades ago by showing that, when dispersed as small
nanoparticles, gold can catalyze several hydrogenation and
oxidation reactions. Many reports have been published since
on the usefulness of gold catalysis for the promotion of a wide
variety of reactions.”! Unfortunately, this has not translated
into many practical applications. One of the main limitations
has been that supported gold catalysts are often unstable
under reaction conditions: they tend to sinter and grow into
larger particles, and that leads to the loss of the unique
properties seen in the original nanoparticles.”! Although
several schemes have been advanced to address this short-
coming, no satisfactory solution has been found yet. This is
particularly true for the case of gold catalysts dispersed on
titania, a support of interest because of its synergistic effect in
further facilitating the promotion of oxidation”-*! and photo-
catalytic reactions.”) Here we report on the preparation and
characterization of a Au@TiO, catalyst with a new yolk@shell
nanostructure. The new catalyst shows an activity comparable
to that of other more conventional Au/TiO, catalysts but an
increased stability against sintering.

The growth of titania hollow shells encapsulating metal
nanoparticles is more difficult than with silica, the material
with which most reported yolk@shell nanostructures have
been made to date.""' However, we have now accomplished
this by following a sol-gel-based templating protocol where
citrate-stabilized gold nanoparticles are first coated with a
sacrificial layer of silica using tetraethyl orthosilicate
(TEOS).' An outer shell of titania is then grown on top
using tetrabutyl titanate (TBOT), and the silica etched away
using an aqueous solution of NaOH.!">"*! The size of the void
space inside the titania shells can be controlled by the amount
of TEOS used during the growth of the silica layer, and the
thickness of the shell by repeating the TBOT sol-gel step
multiple times. Figure la,c displays typical transmission
electron microscopy (TEM) images of the Au@TiO, yolk@
shell nanostructure used herein, which consist of gold nano-
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Figure 1. a,b) Low- and c,d) high-resolution TEM images of the
Au@TiO, catalyst developed herein, and e,f) also of the 1 wt% Au/
TiO,-P25 reference sample, all shown as prepared (left-hand column:
a,c,e) and after calcination at 775 K for 2 h (right-hand column: b,d,f).
Sintering of some of the Au nanoparticles in the Au/TiO,-P25 catalysts
is highlighted by circles in the bottom images: e,f).

particles approximately 10 nm in diameter individually
encased in titania shells approximately 200 nm in diameter
and approximately 20 nm in thickness.

The accessibility of the gold nanoparticles in these
Au@TiO, nanostructures by reactants for catalysis was
assessed by insitu diffuse-reflectance infrared absorption
spectroscopy (DRIFT) using carbon monoxide as a probe.
The left-hand panel of Figure 2 displays IR spectra in the
region of C—O bond-stretching vibrations (between 2050 and
2250 cm™) as a function of temperature for the adsorption of
CO in equilibrium with gas-phase CO at 200 Torr. Two peaks
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Figure 2. Left: In situ DRIFT spectra as a function of temperature for
carbon monoxide adsorption on our Au@TiO, catalyst in the presence
of gas-phase CO at 200 Torr. The contributions from gas-phase CO,
determined by separate blank experiments, are shown by dotted lines.
Right: Summary of the CO peak intensities versus temperature
extracted from the data of the DRIFT spectra (left-hand panel). The
extent of the CO adsorption on gold (CO-Au) and titania (CO-TiO,)
were estimated from the areas of the peaks in the 2090-2145 and
2145-2190 cm™' regions, respectively.

can be identified in Figure 2, at 2090-2145 cm ™' and at 2145-
2190 cm™!, which we assign to CO adsorption on gold and on
titania, respectively, based on data from blank experiments
with pure titania and a 1 wt% Auw/TiO,-P25 catalyst (made
out of ca. 10 nm gold nanoparticles dispersed on a Degussa
titania P-25 powder; the TEM picture is provided in Fig-
ure 1e) as reference.l' " The information on the evolution of
the coverages of the two types of CO as a function of
temperature extracted from these data is shown in the right-
hand panel of Figure 2.

It is clear that, although most of the adsorption of CO
takes place on the titania surface, some adsorption also occurs
on the gold nanoparticles inside the shells. This adsorption is
weak, hence the small blue-shift seen in the C—O bond-
stretching frequency compared to that in gas-phase CO, but
slightly stronger than on titania: a detectable peak for CO on
gold is seen for temperatures up to approximately 270 K. The
adsorption is also reversible: all IR signals for CO (including
those for the CO on titania) go away upon pumping, and no
adsorbed CO could be detected under vacuum following
exposures to gas-phase CO at any temperature, down to
150 K (data not shown). It should also be noted that the low
intensity of the IR signal for CO on gold relative to that on
titania is to be expected given the low metal loading in these
yolk@shell catalysts. Based on geometrical considerations, the
total amount of gold in our catalyst is estimated to be about
02wt %, and the Au-to-TiO, ratio of surface areas (not
considering the porosity of the titania) approximately 0.1 %.

The performance of the Au@TiO, catalyst was also tested
for the promotion of the oxidation of CO with O, at room
temperature. The relevant data are reported in Figure 3. Both
the CO coverages on the gold surface and the yields of the
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Figure 3. Time dependence of the carbon monoxide coverage on gold
(Oco, circles) and the carbon dioxide partial pressure (Pco,, squares)
during the room-temperature oxidation of CO with O, on gold/titania
catalysts. The two left-hand panels correspond to our Au@TiO,
yolk@shell catalyst, the two right-hand panels to a reference Au/TiO,-
P25 sample. The first and third panels were obtained by first introduc-
ing 200 Torr of CO into the cell and then adding 200 Torr of O,; in the
second and fourth panels the sequence was reversed. The coverage of
CO on Au and the gas-phase CO, pressure were estimated from the
integrated intensities of the DRIFT signals in the 2090-2145 and 2300-
2400 cm™' regions, respectively. Turnover frequencies (TOF), in units
of molecules of CO, produced per surface Au atom per second, are
also reported.

gas-phase CO, produced were followed as a function of
reaction time in two sets of experiments in which CO and O,
were added to the reaction vessel sequentially either in that
order or in the reverse O,+ CO sequence. Data are also
reported from experiments with our reference Au/TiO,-P25
catalyst for comparison. The integrated DRIFT intensities are
reported in arbitrary units, but were normalized to the value
for the steady-state coverage of CO on the gold surface.
The main observation from these data is that our
Au@TiO, catalyst is indeed quite active in promoting the
oxidation of carbon monoxide, displaying comparable reac-
tion rates, relative to the exposed surface of the gold
nanoparticles, to those obtained with the traditional Au/
TiO,-P25 catalyst. Turnover frequencies (TOF) of about 0.1
and 0.3s™' were measured at 300 and 325 K, respectively,
from which an apparent activation energy of approximately
34 kI mol™" can be estimated. Our TOF values are larger than
most of those reported with conventional supported cata-
lysts,'>1% but slightly lower than those reported on model
systems.[®!”] The latter observation can be accounted for by
the relatively large size of our gold nanoparticles, which have
diameters outside the optimum range reported for these
applications, and which, consequently, have a lower fraction
of their Au atoms directly interacting with the titania
surface.’! In any case, it can be safely said that our new
yolk@shell nanoarchitecture does not hinder reactivity, since
the TOFs measured with the Au@TiO, catalyst are, if
anything, larger than those with our catalyst consisting of
the same gold nanoparticles (d=10nm) dispersed on a
regular P25 titania support; a direct comparison between
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these two samples removes any effects caused by the Au-TiO,
interface from the discussion. The surface areas of the titania
support of both our samples, as determined by Brunauer-
Emmett-Teller measurements using N,, are also comparable,
57 and 59 m?g ™" for the nanoshells and the P25, respectively, a
fact that eliminates the need to consider any effects caused by
variations in porosity.

One interesting observation here is that, with the
Au@TiO,, an induction period of approximately 10 minutes
is seen before CO conversion commences. This suggests that
the reaction may be initially limited by diffusion of the
reactants to the void volume inside the titania shells (although
the time appears quite long for that). A transient is also
observed in the CO coverage on gold, but that occurs in a
shorter time frame and is also seen with the conventional Au/
TiO,-P25 catalyst, where no induction time for reaction is
observed. The fact that the induction period is more notice-
able in the experiment where oxygen is added last to the gas
mixture suggests that oxygen diffusion through the titania
shell may be slower than CO diffusion. It is also worth
mentioning that high activity is seen with the Au@TiO,
catalyst even at room temperature. This is in contrast with
what has been reported for the performance of a Au@ZrO,
catalyst, with which the onset for CO oxidation occurs around
450 K.'® This difference highlights the unique synergy of gold
with titania.

Finally, the stability of the Au@TiO, catalyst was tested.
No changes in weight were observed in the 300-1000 K
temperature range in TGA experiments for either of our two
catalysts, the Au@TiO, nanostructure or the reference Au/
TiO,-P25, other than those explained by the loss of adsorbed
water. Moreover, based on TEM data, it was determined that
the Au@TiO, catalyst remains virtually unchanged upon
calcination at temperatures up to 775 K, both in terms of the
size and shape of the gold nanoparticles and of the integrity of
the titania shells (Figure 1b,d). On the other hand, exposure
of the reference Au/TiO,-P25 catalyst to similar treatments
results in significant sintering and in the formation of gold
particles with diameters of up to approximately 50 nm
(Figure 1 f). Calcination of the yolk@shell structures to
higher temperatures does lead to a change in the texture of
the shell material and to the shattering of a fraction of those
structures, but even then only a small fraction (ca. 10%) is
affected (data not shown). We believe that this may be due to
the formation of a sodium titanate phase during the etching
step, and are working to minimize the problem.

In summary, a new Au@TiO, yolk@shell-nanostructured
catalyst was prepared and characterized. This catalyst proved
capable of adsorbing small gas molecules on the metal
surface, and of promoting the oxidation of carbon monoxide
at rates comparable to those seen with more conventional
titania-supported gold catalysts. It was also shown that the
new nanoarchitecture prevents the gold nanoparticles from
sintering, making the new catalyst more stable. The use of
titania as the shell material proved critical to achieve high
reactivity at low temperatures, much higher than that
reactivity seen with catalysts based on other oxides. Further
studies are still needed to test the long-term stability of the
Au@TiO, catalyst under reaction conditions.
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Experimental Section

Au nanoparticle synthesis: An aqueous solution of HAuCl,-3 H,O
(2.54m, 18 uL) was added to deionized water (30 mL) and heated to
boiling point. A sodium citrate solution (3 wt%, 1 mL) was then
added, and the resulting mixture was kept for 30 minutes under
stirring. Upon cooling down to room temperature, the solution was
mixed with an aqueous solution of polyvinylpyrrolidone (PVP,
12.8 mgmL~!, 0.235mL), and kept overnight to allow for the
adsorption of PVP on the Au surface. The Au nanoparticles were
separated from the solution by centrifugation, and redispersed in
water (4 mL).

SiO, coating: The above-mentioned colloidal Au solution (1 mL)
was sequentially mixed with water (3.3mL), ethanol (23 mL),
tetraethyl orthosilicate (TEOS, 0.86 mL), and an aqueous solution
of ammonia (28 %, 0.62 mL). The reaction mixture was stirred for 4 h
at room temperature, then the resulting Au@SiO, particles were
centrifuged and washed three times with ethanol, and redispersed in
ethanol (5 mL) under ultrasonication.

TiO, coating: The above-mentioned Au@SiO, particles were
dispersed in a mixture containing hydroxypropyl cellulose (HPC,
100 mg), ethanol (20 mL), and water (0.1 mL). After the reaction
mixture had been stirred for 30 minutes a solution of tetrabutyl
titanate (TBOT, 1 mL) dissolved in ethanol (5 mL) was slowly added
to the mixture using a syringe pump (0.5 mLmin"). After injection,
the temperature was increased to 358 K while the reaction mixture
was stirred for 90 minutes under reflux conditions. The precipitate,
which contained Au@SiO,@TiO, nanocomposites, was collected
using centrifugation, washed with ethanol, and redispersed in
deionized water (20 mL).

SiO, etching: A NaOH solution (2.5M, 1 mL) was added to the
above-mentioned Au@SiO,@TiO, solution, and the mixture was
stirred for 6 h to selectively remove the silica. The resulting Au@TiO,
yolk@shell particles were finally isolated by centrifugation and
washed five times with deionized water.

DRIFT and catalysis: The infrared absorption data were acquired
using a Bruker Tensor 27 FTIR interferometer and a Harrick
variable-temperature Praying Mantis DRIFT reaction chamber. The
catalysts were sequentially pretreated ex situ in flowing H, (775 K,
6h), O, (675K, 6 h), and H, again (475K, 6 h) prior to their use.
XRD measurements after catalytic reaction indicated that the shells
were composed mainly of amorphous titania but also contained small
portions of Na,,;TiO,, NaTizO,;, and TiO, anatase phases.
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