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Abstract

We investigated the interface structure between the Pt nanoparticles and the alumina support in a Pt/Al2O3 model catalyst reduced i
flowing hydrogen gas at different temperatures by cross-sectional atomic-resolution transmission electron microscopy nanodiffra
niques. An interfacial Pt8Al21 alloy with a tetragonal structure was formed at the Pt–alumina interface during the high-temperature re
at 1073 K. This alloy phase was not formed when the Pt/Al2O3 model catalyst was reduced at 773 K. The platinum-assisted reduction
alumina support and the subsequent strong metal–support interaction at the interface may be responsible for the formation of the
alloy phase.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Alumina-supported metal catalysts are widely used
many industrial processes; for example, Ag/α-Al2O3 is used
to oxidize ethylene to ethylene oxide with high selectiv
Pd/Al2O3 provides superior performance as a combus
catalyst, and Pt/Al2O3 is widely used as a dual-function ca
alyst in catalytic reformation of naphtha, as an automo
emission control catalyst, and as a hydrogenation cata
One of the main issues in optimizing the performance
these alumina-supported metal catalysts is controlling
size, shape, and spatial distribution of the noble metal p
cles. To prevent sintering of the noble metal particles du
the catalytic reactions at high temperatures and to pro
the lifetime of these commercially important catalysts,
need to understand how the metal particles evolve and
teract with the alumina support in various environment
different temperatures.

* Corresponding author. Fax: +86 10 62772507.
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Understanding the catalytic behaviors of industrial c
alysts is a formidable task, because of these catal
complex physiochemical nature. It is even difficult—if n
impossible—to characterize most of the commercial c
lysts. To overcome these difficulties, supported model
alysts, consisting of small metal particles dispersed o
planar single crystal surfaces or thin films, have been
troduced[1–7]. These new model catalysts allow the use
surface science techniques to study the effects of the m
metal–support interaction, support, and even intrinsic c
ter size on the performance of supported metal cataly
For oxide-supported metal catalysts, such as noble m
particles supported on alumina, the key issues are intri
cluster-size effects and the metal–support interactions.

In this study we used polycrystalline alumina slabs as
support for our model catalysts. Using polycrystalline ox
materials as substrates has a few advantages over the
lier models that used extremely thin films or single cryst
Metal particles interacting with various surfaces of the ox
support can be treated and studied simultaneously, an
individual oxide grains more closely resemble those use
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commercial heterogeneous catalysts. We will report deta
studies of polycrystalline oxide materials as substrates
oxide-supported metal catalysts in a future paper.

High-temperature reduction (HTR) of the Pt/Al2O3 model
catalyst in hydrogen induces enhanced interaction betw
platinum and alumina. Previous investigations showed
HTR treatment suppressed hydrogenolytic activity[8–14];
it may also affect the selectivity of various catalytic r
actions [11,15]. Abasov et al.[16] reported a decrease
hydrogen chemisorption capacity of Pt/γ -Al2O3 after HTR
treatment, as Pt particles became “inaccessible” to hy
gen chemisorption after HTR of hydrogen. In contrast, D
Otter and Dautzenberg[17] attributed the loss of activity to
the formation of a Pt–Al alloy. Menon and Froment[12]
suggested that the presence of strongly chemisorbed
drogen caused invalidation of the Pt/Al2O3 catalyst after
HTR, and Kunimori et al.[18] proposed that the forma
tion of a Pt · Al2O2 phase at the interfacial region w
responsible for the changes in the catalytic properties
also has been reported that hydrogen can be released
the Pt/Al2O3 interface during HTR, leaving platinum in d
rect contact with the alumina support and thereby shorte
the Pt–O bond and thus reducing hydrogen chemisorp
capacity [14,19–21]. Using isotopic-labeling temperatur
programmed desorption, Aparicio et al.[22] demonstrated
that the hydrogen atoms absorbed on the platinum sur
migrated to the metal–support interface during HTR tre
ment. More recent studies by Penner et al.[13,23] demon-
strated that the Pt particles, after a reductive treatmen
873 K, interacted with the alumina support to form Pt-r
Pt3Al particles.

All of these experiments demonstrate the complex
ture of Pt–Al2O3 interactions during HTR of hydrogen an
the difficulties in understanding the interfaces (especially
buried interfaces) between the Pt nanoparticles and the
mina support. As part of our study of the interface structu
between noble metal particles and the various surface
polycrystalline oxides, here we report the direct observa
of the interfacial structures and the formation of alloys a
HTR treatment of a Pt/Al2O3 model catalyst.

To directly study the atomic scale structure of the
terfaces between Pt nanoparticles and the alumina sup
we developed a protocol for preparing cross-sectional s
ples of the Pt/Al2O3 model catalyst to allow direct observ
tion of the atomic arrangement of the interfaces. We u
atomic-resolution transmission electron microscopy (TE
and electron nanodiffraction techniques to investigate the
terface structures and identify the presence of new ph
[24,25].

2. Experimental methods

The Pt/Al2O3 model catalyst was prepared by electr
beam deposition of Pt nanoparticles onto thick (∼ 1 mm)
polycrystallineα-Al2O3 slabs. The model catalysts we
-

-

f

,

s

Fig. 1. Schematic cross-sectional TEM sample of a Pt–Al2O3 model cata-
lyst.

then treated in flowing H2 (5%)/N2 gas mixture at the de
sired temperatures. In this paper we report the experime
results on two model catalysts reduced at 773 and 107
for 1 h, then slowly cooled to room temperature. To prot
the Pt nanoparticles and their interactions with the alum
support during the sample preparation processes, a thin
tective film of amorphous Cr was deposited on each redu
sample.

To study the interfacial structures between the Pt nano
ticles and the polycrystalline alumina substrate, we prep
cross-sectional samples by attaching two Pt/alumina s
with epoxy glue, as shown inFig. 1. We then sliced the
composite sample to expose the cross-sections of the m
catalysts, mechanically thinned and polished the slice
both sides to a thickness of about 30 µm, the glued the
ished slices to TEM grids for ion milling down to an electr
beam-transparent thickness.

We examined both plane-view and cross-sectional s
ples of Pt/Al2O3 model catalysts in a field emission JEM
2010F transmission electron microscope. Atomic-resolu
TEM images were digitally recorded with a CCD (charg
coupled device) camera attached to the electron microsc
in which electron diffraction patterns can be obtained fr
nanometer-scale regions. We used the electron nanodif
tion technique to identify the interfacial interfaces. Bo
atomic-resolution TEM images and electron nanodiffract
patterns were simulated using standard image simula
software.

3. Results and discussion

3.1. Sintering of Pt nanoparticles

Supported Pt nanoparticles sinter under HTR treatm
The degree of sintering depends on the reduction tem
ature, gas environment, duration of treatment, and
of substrate.Figs. 2a and c show representative plan
view TEM images of the Pt nanoparticles deposited on
polycrystalline alumina support after reduction in flowi
H2 (5%)/N2 gas mixture for 1 h at 773 and 1073 K, r
spectively. The Pt nanoparticles exhibit various shapes.
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cles
Fig. 2. TEM images of a Pt/Al2O3 model catalyst after reduction in H2/N2 mixture for 1 h at 773 K (a) and 1073 K (c) showing sintering of Pt nanoparti
at higher reduction temperatures; the corresponding size distributions of the Pt nanoparticles are shown in (b) and (d), respectively.
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average particle size is clearly larger at higher reduction t
peratures. The shapes of some of the larger particles sh
in Fig. 2c suggest that particle–particle coalescence occu
during HTR.

To provide some quantitative measurement on the p
cle size distributions during the HTR processes, 444 and
Pt particles were analyzed from TEM images obtained fr
the Pt/Al2O3 model catalysts reduced at 773 and 1073
respectively. Results are given inFigs. 2b and d, respec
tively. The histograms show that the average diameter o
Pt nanoparticles of the catalyst reduced at 773 K is 5.5
whereas that of the catalyst reduced at 1073 K is 7.7
Furthermore, the size distribution of the Pt nanoparticle
much wider in the 1073 K sample than in the 773 K sam
Increased coalescence occurred at higher-temperature r
tions. The degree of Pt sintering also depends on the su
chemistry and the structure of the polycrystalline alum
support. We will report detailed studies on how the deg
of sintering of noble metal nanoparticles on the various
faces of the polycrystalline alumina supports in a sepa
paper.

3.2. Interfacial structure and formation of interfacial alloy
phases

3.2.1. Pt/Al2O3 model catalyst reduced at 773 K
Fig. 3 shows a typical cross-sectional high-resolut

electron microscopy (HREM) image of the Pt/Al2O3 model
catalyst reduced at 773 K for 1 h in flowing H2 (5%)/N2
gas mixture. The amorphous Cr protective film, Pt partic
and alumina substrate are clearly shown. It seems tha
nanoparticles are in direct contact with the alumina subs
-

t

Fig. 3. HRTEM image of a Pt/Al2O3 model catalyst after HTR in H2/N2
mixture for 1 h at 773 K.

and may preferentially anchor at the steps/kinks/facets o
alumina substrate. Because the substrate is polycrysta
and the Pt particles are deposited on all exposed surf
of the alumina substrate, no universal epitaxial relations
between the Pt particles and the substrate is observed. A
sis of many HREM images reveals no identifiable interfa
phases at the Pt–alumina interfaces.

3.2.2. Pt/Al2O3 model catalyst reduced at 1073 K
Fig. 4shows a HREM image of the Pt/Al2O3 model cat-

alyst after hydrogen reduction at 1073 K, clearly reveal
the Cr amorphous film, Pt particles, and alumina subst
with atomic scale resolution. An optical diffractogram of t
interfacial regions is shown in the inset at the bottom lef
the figure. Detailed examination of the lattice fringes at
interfacial region and the optical diffractogram shows t
they are different from those of theα-alumina substrate an
the Pt nanoparticle.

The interplanar spacings of the interfacial phase sh
in Fig. 4 were 2.15 and 1.39 Å, respectively. The angle
tween the two crossing planes of the interfacial phase
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Fig. 4. Atomic resolution TEM image of a cross-section sample o
Pt/Al2O3 model catalyst clearly shows the Pt nanoparticles, the struc
of the alumina substrate, and the interfacial structures. The sample
reduced in H2/N2 mixture for 1 h at 1073 K. The optical diffractogra
from the interface region is shown in the inset at the bottom left. Si
lated HRTEM images of the interfacial phase Pt8Al21 oriented along the
[20 8 1] zone axis and theα-Al2O3 substrate oriented along the [010] zo
axis were shown in the insets indicated by the letters A and B, respect

about 90◦. Because Pt–Al alloys can be formed during HT
of Pt/Al2O3 catalysts[13,23], we found that the measure
spacings and the angle between the cross-planes of the
phase matched the lattice spacings of the (13̄4) and (3̄74̄)
planes of the Pt8Al21 alloy with a tetragonal structure. More
over, the new interface phase was not restricted in the
under the Pt particles, demonstrating that the alumina a
close to Pt particles were also reduced by spillover hydro
atoms.

Assuming that the new interfacial phase is Pt8Al21 alloy,
simulated HREM images, based on the EMS software[26],
fit well to the experimental image shown inFig. 4 if the
Pt8Al21 alloy particle is oriented along its [20 8 1] zone ax
The simulated HREM images of the new alloy phase and
α-Al2O3 are given in the insets, indicated by “A” and “B
respectively; the simulated images coincide with the exp
mental images.

Fig. 5a shows another HREM image of the Pt/Al2O3
model catalyst in a different region from that shown inFig. 4.
w

Fig. 5. HRTEM image of the interfacial phase between the Pt nanopa
and the alumina substrate after HTR at 1073 K for 1 h (a) and the
responding optical diffractograms obtained from the alumina substrat
and from the interface region (c). Schematic diagram (d) depicts the d
of the optical diffractogram (c), clearly demonstrating the presence o
Pt8Al21 alloy phase in the interfacial regions.

Optical diffractograms obtained from the alumina subst
and the interfacial region (the region enclosed by the do
line in Fig. 5a), are shown inFigs. 5c and d, respectively. Th
diffractogram from the interfacial region clearly shows ad
tional diffraction spots. Using lattice fringes of the alumi
substrate as an internal calibration, we determined tha
additional spots present in the diffractogram obtained fr
the interracial region represent lattice spacings of 4.1
and 3.36 Å with about an 87.5◦ angle between the plane
The additional set of diffraction spots obtained from the
terfacial regions can be indexed as tetragonal Pt8Al21 alloy
oriented along the [5̄39̄] zone axis, as shown schematica
in Fig. 5d.

Further confirming the presence of the interfacial al
phase,Fig. 6shows the electron nanodiffraction patterns
tained from the alumina substrate, the interface, and th
particle. The nanodiffraction pattern obtained from the
terface clearly shows additional diffraction spots. Using
diffraction patterns from the alumina substrate ([010] zo
axis) and the Pt particle as references, we conclude tha
additional diffraction spots inFig. 6b can be indexed a
Fig. 6. Nanodiffraction patterns obtained from the substrate (a), an interfacial region (b) and a Pt nanoparticle (c), respectively.
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diffraction pattern from a tetragonal Pt8Al21 alloy oriented
along the [13 5 6] zone axis.

Analysis of both HREM images and nanodiffraction p
terns showed that during the HTR treatment of the Pt/Al2O3
model catalyst at 1073 K, a Pt8Al21 alloy phase with a tetrag
onal structure formed at the interfacial regions between
Pt nanoparticles and the alumina substrate. As discusse
lier, this interfacial alloy phase was not formed during HT
treatment of the Pt/Al2O3 model catalyst at 773 K.

Our experiment demonstrates that an interfacial Pt
alloy phase is formed at the Pt–Al interfaces when
Pt/Al2O3 model catalyst is reduced in hydrogen at 1073
Because of hydrogen spillover to the substrate, the in
face phase is not limited to the area immediately under
particles. We will be conducting further experiments to
vestigate the mechanisms of alloy formation and iden
any specific relationship between the Pt–Al interfacial in
phase with respect to the alumina substrate and Pt nan
ticles. The reduced alumina support during HTR treatm
is most probably facilitated by hydrogen spillover from t
Pt nanoparticles. At higher reduction temperatures, pat
of the alumina support that are in close proximity of the
nanoparticles may be reduced to such a degree that the
mation of Pt–Al alloy is favored.

4. Conclusion

We identified a tetragonal Pt8Al21 alloy interfacial phase
at the Pt–alumina interfaces in the Pt/Al2O3 model catalyst
after HTR at 1073 K in flowing hydrogen. But we foun
no alloy phases the Pt/Al2O3 model catalyst after HTR
at 773 K. The platinum-assisted reduction of the alum
support and the metal–support interaction at the inter
have been directly approved by the formation of interfac
phase Pt8Al21. We propose that the hydrogen atoms m
grating from the Pt particle surface to the metal–supp
interface induce the reduction of the substrate Al2O3, ac-
companied by the interaction with the metal particles to fo
the interfacial-phase Pt8Al21. Because of hydrogen spillove
to the substrate, the Pt–Al alloy is formed not only unde
particles, but also around them. Formation of the Pt–Al a
phase may have profound effect on the catalytic performa
and long-term stability of the Pt/Al2O3 model catalyst.

We have demonstrated in this paper that the cr
sectional HREM technique and associated nanodiffrac
technique are powerful tools for studying the interface str
tures of nanoparticles supported on oxide supports. The
of polycrystalline oxide supports will allow us to inves
gate the relationship of metal particles with respect to
various crystallographic planes of the oxide support un
similar synthesis and treatment conditions. Both plane-v
and cross-sectional HREM imaging can be used to study
sintering behavior of metal nanoparticles on the various
r-

-

-

faces of oxide supports, as well as the intrinsic nature of
metal–support interfaces. Increased knowledge of the in
face structures between metal particles and supports
provide information useful in developing nanostructu
heterogeneous catalysts with desired catalytic perform
and long-term stability.
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