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Since the discovery of the surprisingly high catalytic activity
possessed by gold nanoparticles for the oxidation of CO at
low temperature, investigations into the potential uses of gold
for various industrially important catalytic processes have
been actively pursued.?! Notably, gold nanoparticles on
oxide supports were regarded as highly active catalysts for the
selective oxidation of hydrocarbons, methanol synthesis by
hydrogenation of carbon dioxide, water—gas shift reaction,
reduction of nitric oxide by hydrogen, propylene epoxidation,
and preferential oxidation of CO (PROX reaction).”® A
number of oxides, such as TiO,,”?! Fe,0,,:%24 Co,0,,I1->2
Nio’[1,25.26] SiOQ,[ZLZQ] A1203,[30’31] ZI.OZ’[SZ] Mgo’[33—35]
Cu0,>526%] 770 25263638] MpQ 33940 Cp, 0,252 Ca0,
La,0,,224 Ce0,,**! ¥,0,,2* and U,04,?! have been
investigated as supports for gold nanocatalysts. A strong
dependence of Au catalytic activity on the type of oxide
support was observed experimentally. Recent theoretical and
experimental studies have also indicated that the interaction
of Au nanoparticles with oxide surfaces could be essential in
activating the catalytic properties through oxygen-vacancy F-
center defects and charge transfer from the surface of metal
oxides to gold nanoparticles.>*! A model based on the
strong metal-support interaction (SMSI) investigated for
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rationalize such a dependence on the oxide support.*’-#!

On the contrary, few investigations of the catalytic
properties of gold nanoparticles on non-oxide supports have
appeared, with the exception of gold nanoparticles supported
on carbon materials.**>" In the latter case, no appreciable
catalytic activity for oxidation reactions was observed.
Herein, we report the preparation of an ultrastable Au
nanocatalyst supported on a non-oxide material based on
LaPO, nanoparticles. The stability of this Au nanocatalyst
under high-temperature treatment in O, is much better than
that of the TiO,-supported Au reference nanocatalyst sup-
plied by the World Gold Council as part of an initiative to
promote the use of gold in this type of industrial procedure.
The application of the phosphate-based supports opens up a
new avenue in the search for highly active, stable, and
selective gold catalysts for a number of catalytic reactions.
The unique structural features of this non-oxide support (such
as difficulty in undergoing oxygen exchange and reduction)
could shed new light on the mechanism associated with gold-
based catalysis.

The LaPO, nanoparticles were synthesized by a sonica-
tion method.”! transmission electron microscopy (TEM)
analyses showed that the average particle size of the as-
synthesized LaPO, nanoparticles is about 6-8 nm (see
Supporting Information); their Brunauer—-Emmett-Teller
(BET) surface area is 111 m?’g !, The X-ray diffraction
(XRD) pattern of the as-synthesized LaPO, nanoparticle
substrate (see the Supporting Information) does not show any
resemblance to that of the monoclinic LaPO, phase (LaPO,-
M), but can be assigned to the pattern attributed to a
hexagonal LaPO, phase (LaPO,-H; see the XRD patterns
and indexing (Figure 3a)). However, the two XRD peaks
with 20~20.3 and 26.1° are shifted slightly from the
corresponding peaks in the simulated hexagonal LaPO,
XRD pattern, which could be attributed to the potential
lattice distortion induced by the nanoparticles. A search of the
commercial XRD database JADE (Materials Data, Liver-
more,) excluded the possibility of the presence of any
impurity phases that originate from lanthanum oxide, lantha-
num chloride, or lanthanum hydroxide. Research is currently
under way to investigate the indexing of these two peaks.

To further rule out the possibility of the presence of
amorphous La,0;, the calcination of LaPO,-H was conducted
at high temperature (950°C) to induce the crystallization of
potential amorphous La,0;. No detectable La,O; phase or
any other impurity was observed (see the Supporting
Information). A clean and complete transformation of
LaPO,-H to LaPO,-M was indicated, which further supported
the basic elemental composition of LaPO,-H with negligible
impurities. Additional spectroscopic characterization and
elemental analysis as well as phase-transition behaviors are
given in the Supporting Information. The average particle size
calculated on the basis of the line widths of the XRD peaks
for the as-synthesized LaPO, nanoparticles is approximately
7 nm, which is consistent with the TEM estimation (see the
Supporting Information). For comparison, a high-surface-
area LaPO, sample with a monoclinic structure (Sigma-
Aldrich; see the XRD pattern in Figure 3b) was also used as a
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support in the preparation of Au nanocatalysts. The average
particle size estimated from the line widths of the XRD peaks
is approximately 10 nm, which accounts well for the relatively
small surface area (55 m?g™") of this LaPO,-M sample. The
gold precursor species were introduced on the hexagonal
LaPO, (termed Au/LaPO,-H) and the monoclinic LaPO,
(termed Au/LaPO,-M) samples using a deposition—precipita-
tion (DP) method originally developed by Haruta and co-
workers.”? The Au loadings of Au/LaPO,-H and Au/LaPO,-
M are 8.3 and 4.2 wt %, respectively. However, both catalysts
have almost the same Au areal density for gold through
normalization with respect to their corresponding surface
areas. A TiO,-supported Au reference nanocatalyst (termed
Au/TiO,-R) supplied by the World Gold Council was also
used in catalyst testing for comparative purposes.

The light-off curves for CO oxidation were measured from
low conversion to 100 % conversion for the above three gold
catalysts with and without treatment at 500°C in 8% O,/He
for 2 h. The high-temperature calcination treatment is a very
stringent test for the stability of gold nanocatalysts against
sintering.*”-> Conventional TiO,-supported gold nanocata-
lysts are known to be readily deactivated under such
conditions.””! The sample weights of the three Au catalysts
used in our plug-flow reactor tests were adjusted to maintain a
constant Au content of 0.75 mg.

Figure 1a shows a comparison of the light-off curves for
the three catalysts without the high-temperature calcination
treatment. Based on these curves, the temperatures at which
the specific rate reaches 0.66 molcgga, 'h™"' (50% conver-

a) 1009 Au/LaPO,-M
AUTIO,R
80+
2 Au/lLaPOH
o o4
g 601 o
C
% 40 ] © N
g o
S 20 o .
(&) nnuuuDDDDDDD OOAA
SN
04 o5
-80 -60 -40 -20 0 20
Temperature (°C) —
b) 100 - én ODDE(\)@DDDDDDDl
AXZ& 00 00
A o° a
804 AAA o0
A o
o]
1oe0q{ & g
\0
< £ g e
S 404p
2 a
4 a o Au/LaPO,-M
204 a e
8 g o AuIT|O2-R
2 Au/LaPO -H
0_ 4
-80 -40 0 40 80

Temperature (°C) —

Figure 1. Light-off curves of a) as-synthesized and b) calcined Au/
LaPO,-H, Au/LaPO,-M, and Au/TiO,-R.
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sion) were obtained for Au/LaPO,-H, Au/LaPO,-M, and Au/
TiO,-R (Figure 2). All the catalysts are very active, with Au/
LaPO,-M having the highest activity. However, after calcina-
tion at 500°C in 8% O,/He for 2 h (heating rate: 10°Cmin™"),
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Figure 2. Temperature at which the specific rate reached
0.66 molcoga, "h™' (50% conversion) for Au/LaPO,-H, Au/LaPO,-M,
and Au/TiO,-R.

the activity sequence changed totally (see Figure 1b). Sur-
prisingly, Au/LaPO,-H was activated strongly, while both Au/
LaPO,-M and AwTiO,-R were deactivated. The latter
observation is consistent with previous reports!'* !> showing
that Au catalysts on oxide supports can be readily deactivated
through sintering induced by calcination at high temperature
(e.g., 500°C). The calcined Au/LaPO,H unexpectedly
reached the specific rate of 0.66 molcogs, 'h™ (50% con-
version) at a temperature as low as —71°C, whereas 41 and
6°C were required for Au/LaPO,-M and Au/TiO,-R to reach
this specific rate, respectively (Figure 2). However, a slow
conversion-increasing step in the light-off curve of Au/LaPO,-
H from —-50 to —40°C was observed, which might be
indicative of carbonate formation at low temperature.”

To rule out the possibility that the observed activation at
500°C was induced by potential amorphous La,O; impurities,
a gold catalyst supported on La,O; (Au/La,O;) was pre-
pared.” The catalysis test shows that Au/La,0; can be
readily deactivated by calcination at 500°C in 8% O,/He,
which indicates that the structure of LaPO,-H is the key to the
observed activation process. Accordingly, the considerable
activation of the Au/LaPO,-H system by calcination at 500°C
in 8% O,/He is very unusual.

Figure 3a shows the XRD pattern of the as-synthesized
Au/LaPO,-H; no metallic gold peaks are visible. The Au
loading of Au/LaPO,-H is as high as 8.3 wt% based on
inductively couple plasma (ICP) analysis, and thus it is
reasonably inferred that the absence of the Au peaks in the
XRD pattern of the as-synthesized Au/LaPO,-H sample can
be related to the cationic nature of the Au precursors.
Another interesting phenomenon which can be clearly seen
from Figure 3a is that the XRD line widths of the LaPO,-H
sample remain broad after calcination at 500°C. This
observation further supports the fact that the LaPO,-H
nanoparticles are highly sinter-resistant. However, a very
broad gold XRD peak at 26~ 38.2° and a weak peak at 20
~44.5° appeared. This observation suggests that metallic Au
nanoparticles with a very small particle size (~2nm,
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Figure 3. a) Comparison of the simulated XRD patterns of Au and
hexagonal LaPO, with the experimental XRD patterns of the as-
synthesized LaPO,-H nanoparticles and both as-synthesized and
calcined Au/LaPO,-H. b) Comparison of the simulated XRD patterns of
Au and monoclinic LaPO, with the experimental XRD patterns of as-
received LaPO,-M, and as-synthesized and calcined Au/LaPO,-M.

Figure 4b) were formed during calcination through auto-
reduction.

In contrast, the situation is very different with respect to
the calcined Au/LaPO,-M sample. Two sharp XRD peaks
attributed to metallic gold particles appeared in its XRD
pattern, which indicate the formation of much larger gold
particles during calcination (Figure 3b). This observation is in
agreement with the trend of the corresponding catalytic
activities for CO oxidation and shows that the catalytic
activity of Au/LaPO,-H is much higher than that of Au/
LaPO,-M. Clearly, this observed difference can be correlated
to the size of the gold nanoparticles. As discussed above, the
areal density of Au for Au/LaPO,-H and LaPO,-M is very
similar. Accordingly, the dispersion of gold nanoparticles on
both substrates should be basically identical and have a
similar stability against sintering if the surface properties of
both LaPO,-H and LaPO,M are similar. This is clearly in
contradiction to our experimental observations. Thus, a
stronger surface interaction of metallic gold species with
LaPO,-H than LaPO,-M is indicated.

Our microscopy investigations provide further support for
the strong interaction of metallic gold species with LaPO,-H.
As seen in Figure 4 a, imaging with a high-angle annular dark-
field (HAA-DF, also known as Z-contrast) scanning trans-

www.angewandte.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. Z-contrast TEM image of a) as-synthesized Au/LaPO,-H,
b) calcined Au/LaPO,-H, c) as-synthesized Au/LaPO,-M, and d) cal-
cined Au/LaPO,-M. Scale bar = 20 nm.

mission electron microscope (STEM) shows tiny, highly
uniform Au nanoparticles (0.8-2.0 nm diameter) distributed
on LaPO,-H for the as-synthesized Au/LaPO,-H. Figure 5a
shows a high-resolution TEM (HRTEM) image of the same
material. The Au particles in the as-synthesized form are quite
small and uniform with a mean size of about 1-2 nm, which is
consistent with STEM analyses. The gold precursors exist in a

a)

Figure 5. HRTEM images of a) as-synthesized and b) calcined Au/
LaPO,-H. For details, see text.
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cationic form on LaPO,-H, and thus the lattice structure of
the Au nanoparticles is not very clear in the HRTEM image.
After high-temperature calcination, the Z-contrast image
recorded on Au/LaPO,-H at an identical magnification shows
slight growth of the gold nanoparticles (Figure 4b) as a result
of high-temperature sintering. The average size of the Au
nanoparticles reaches 2-4 nm. The sintering of the gold
nanoparticles of Au/LaPO,-M (Figure 4c and d) is much
more severe, which agrees with the above XRD observation
and further indicates that the interaction of LaPO,-H with
gold nanoparticles is stronger than that of LaPO,-M. The
HRTEM image shown in Figure Sb clearly reveals the
crystalline nature of the resulting Au metallic nanoparticles
of calcined Au/LaPO,-H. The distance between two (111)
lattice planes measured from the HRTEM image is approx-
imately 2.35 A, which is consistent with the value of 2.36 A
measured from an Au model structure with the MS modeling
program supplied by Accelrys (see the middle inset of
Figure 5b). The top-right inset of Figure 5b is the electron-
diffraction pattern of this Au nanoparticle, which demon-
strates nicely the crystalline structure of the metallic particles.

The high dispersion and well-developed crystalline struc-
ture revealed by HRTEM for the Au nanoparticles supported
on LaPO,-H provide structural evidence for the unusual
activation of the Au/LaPO,-H system by calcination at 500°C
in 8% O,/He. Our selected-area electron diffraction study
indicates that the gold nanoparticles are mainly attached
epitaxially on LaPO,-H through the most densely packed
(111) plane (Figure 5).° This activation process under the
oxidative conditions is in sharp contrast to those required for
the oxide-supported catalyst system.*”-*! Based on the SMSI
model, the latter system requires the reduction of support
oxides to invoke SMSI. The negligible reducibility of LaPO,
implies that Au/LaPO,-H needs to rely on other means of
activation to enhance SMSI. One possible activation mech-
anism during the calcination of Au/LaPO,-H could involve
the surface restructuring of the gold/support interfaces.
Deactivation of Au/LaPO,-M was observed under the same
calcination conditions, and hence the surface restructuring
might be unique to the specific surface configuration of
LaPO,-H. Clearly, the smaller particle size of the LaPO,-H
support may play a key role in this surface-restructuring
process through the supply of a high surface-defect concen-
tration relative to that of the LaPO,-M support. This
observation is very similar to that of Corma and co-workers,
which showed that gold nanoparticles deposited on CeO,
nanocrystals by co-precipitation yielded an activity for CO
oxidation that was two orders of magnitude higher than that
for particles deposited on bulk CeO,.*! The unique restruc-
turing properties of nanoparticles with ionic lattices have
been recently revealed and utilized in the generation of new
nanoparticle phases.>!

In conclusion, a new non-oxide support system based on
LaPO, nanoparticles has been developed for gold catalysts
used in CO oxidation. The key feature of this catalytic system
is that activation can be achieved through calcination under
an oxidative atmosphere. This observation is in sharp contrast
to conventional SMSI catalytic systems, which can only be
activated under a reductive atmosphere. The high stability
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and activity of the gold nanoparticles deposited on the LaPO,
nanoparticles suggest a unique interaction between the gold
and the phosphate support, which highlights new opportuni-
ties in the development of ultrastable gold catalysts for
reactions in oxidative and high-temperature environments.
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