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Studying the metal-support interaction in Pd/v-Al,O5 catalysts by
atomic-resolution electron energy-loss spectroscopy
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A 2wt% Pd/y-Al,O; catalyst, reduced in hydrogen at different temperatures, has been studied by combined atomic resolution Z-contrast
imaging and electron energy loss spectroscopy (EELS) techniques. Z-contrast images have been used primarily to evaluate the particle -size
distribution and morphology as a function of the catalyst reduction temperature. Energy-loss spectra obtained from specific locations in and
around the metal particles show a shift in the Pd M, 5 edge, which is an indication of the Pd nanoparticles getting negatively charged. This
acquired charge on the Pd particles is the result of electron transfer from the alumina support and appears to be dependent on the size of the

Pd nanoparticles. No aluminum signal is observed on the surface of the metallic nanoparticles, and the observed oxygen signal on the Pd

nanoparticles is probably due to oxygen that gets adsorbed on the reduced catalyst.
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interaction (MSI).

1. Introduction

Evidence is emerging to substantiate the idea that a
so-called ““inert” support, like alumina, upon which
metals are often carried to make heterogeneous catalysts,
is not really inert, and that the supported catalyst is a
system where the support and the active metal could be
bound together by well-developed chemical bonds. By
carefully preparing alumina- and magnesia-supported
Ir clusters, and characterizing them by various spectro-
scopic tools, including EXAFS, and by model reactions,
Gates and coworkers [1,2] have recently demonstrated
that there is a distinct chemical bond (0.21 nm) between
the Ir atoms of the clusters and the oxygen of the support
alumina. Carrier—catalyst interaction has been the sub-
ject of investigation for many years, and the “‘strong
metal-support interaction” (SMSI) [3] phenomenon
has been studied extensively by various workers over
many years. The nature of bonding between active
metal and support atoms appears to be the key to the
specificity of a supported catalyst in catalyzed reactions.

Supported palladium catalysts are active in the syn-
thesis of methanol [4] and ethanol [5], the removal of
NO in environmental catalytic technologies [6], and in
methane combustion [7]. It has been found that the
activity and selectivity of these Pd catalysts are strongly
affected by the support material used [8]. This strongly
suggests that an interaction with the support can alter
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the electronic properties of palladium, and this may
happen by some chemical bond formation as mentioned
earlier. Although early studies indicated that supported
palladium catalysts do not show a strong metal—support
interaction [9,10], many experiments have since shown
results that can be attributed to the interaction between
Pd and alumina. For example, CO can be partially
dissociated by Pd clusters supported on both 7-Al,O;
[11] and thin aluminium oxide films [12]. Experiments
devoted to studying the interaction of a support with
supported Pd clusters have suggested various mechan-
isms. One suggestion is that the ““‘metal—support inter-
action” (MSI) originates from the formation of Pd—Al
alloys at the metal-support interface in Pd/alumina
catalysts [13]. However, Baker et a/. [10] found no sign
of an interaction (i.e., the formation of an alloy or the
encapsulation of Pd particles by reduced alumina)
between Pd and alumina at 1073 K. From the study of
model catalysts, i.e., small Pd particles deposited on «-
Al,O;5 and 7-Al,O5 substrates, an alternative mechanism
has been proposed [10]. From the data obtained by X-ray
photoelectron spectroscopy (XPS), Tsud et al. [14]
attributed the interaction between Pd and 7-Al,O3 to
electron transfer from the substrate alumina to Pd
particles. However, this mechanism has not been tested
in practical v-Al,Os-supported Pd catalysts.

In general, the MSI is explained by either a ‘“‘geo-
metric”’ (encapsulation or decoration of the metal species
by the support oxides, or by sintering of the metal
particles on the support) or an “electronic” (a charge
transfer between the supported metal and the support)
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phenomenon [15]. Imaging techniques, such as high-
resolution electron microscopy (HREM) [16] and
scanning tunneling microscopy (STM) [17], have con-
tributed to the studies of the encapsulation or decoration
of metal species by supported oxides. Other spectro-
scopic techniques have also been employed to study the
electronic structures of the supported catalysts, including
secondary ion mass spectroscopy (SIMS) [18], X-ray
photoemission spectroscopy (XPS) [11,14], extended X-
ray absorption fine structure (EXAFS), and X-ray
absorption near edge spectroscopy (XANES) [19].
While these spectroscopic techniques have provided
valuable information on the interactions between the
metallic species and the supports, conclusions could
not be made directly because these techniques cannot
separate the bulk from the interfacial spectra. In addi-
tion, it must be expected that electronic and geometric
effects frequently overlap.

To fully understand the MSI, it is important to obtain
structural and electronic information directly from the
interfaces in practical catalysts. Since the metal particles
are usually nanometers in size, one needs to combine
imaging and spectroscopic techniques to extract both
morphological and electronic information. Such a
detailed level of analysis is afforded by a combination
of atomic resolution electron energy-loss spectroscopy
(EELS) [20,21] and Z-contrast imaging [22,23], per-
formed simultaneously in a scanning transmission
electron microscope (STEM) [24]. In particular, these
techniques can be used to determine particle size, mor-
phology, and changes of the valence and oxidation
states of the metal particles, the support, and the
metal—support interface at the atomic level.

In the present study, combined EELS and Z-contrast
imaging techniques have been used to characterize a Pd/
v-Al,O5 catalyst reduced under different conditions.
Information on particle size and morphology of palla-
dium species as well as the electronic structure of the
catalyst has been evaluated.

2. Experimental procedure
2.1. Catalyst preparation

A gamma alumina (y-Al,O3) powder (BET SA: 160 m?/
g, and Hg pore vol. 2.3 ml/g) was used as the support. Suf-
ficient amount of solution of Na,PdCl,; (adjusted to
pH=4) to give a Pd loading of 2wt% was added drop-
wise to a 10% aqueous slurry (pH was adjusted to about
11 by sodium carbonate) of the alumina powder. After
30min of adsorption of the salt the temperature was
raised to 338K and held for 30min. After complete
adsorption of the salt, as indicated by clear filtrate gener-
ated from the slurry, the slurry was filtered, washed, and
dried overnight at 393 K. Portions of this dry material
were reduced at temperatures of 523, 773, and 1073 K.

The catalyst was loaded in a tubular furnace and protected
by two plugs of quartz wool. A thermocouple was placed
in the center of the catalyst bed. The tubular furnace was
flushed with nitrogen and then was filled by a flow of 4%
H, in Ar (40 ml/min). The temperature was slowly raised
to the desired final value and held at that temperature
for 2h. The catalyst was then cooled down to room
temperature in hydrogen and then discharged into the
containers for storage.

2.2. Catalyst characterization

Specimens for electron microscopy analysis were
prepared by directly placing the powders on holey-
carbon-coated copper grids. Z-contrast imaging and
EELS were performed in a JEOL 2010F field emission
STEM/TEM operating at 200kV in STEM mode. The
lens conditions of the microscope were defined to form
a probe size of 0.2nm with a convergence angle of
13mrad and a collection angle of 52 mrad. The energy
resolution of the energy-loss spectra is 1.2eV (defined
by the full width at half maximum of zero loss peak) at
a dispersion of 0.3eV/channel. The Gatan PEELS
system and EL/P 3.3 software were used for EELS
data collection and processing.

Experimentally, the Z-contrast image is formed by
collecting the high-angle scattering that is defined by
the Rutherford scattering cross-section and is approxi-
mately proportional to Z? (and hence the name). For
the catalyst systems studied here, this means that the
image contrast is very sensitive to the presence of Pd
(high-Z), and even the smallest clusters, i.e., a single
atom [23], can be observed. The incoherent nature of
the collected signals means that it can be used to deter-
mine the size distribution of the clusters and to determine
the position of the interface with the oxide (Note: in
conventional TEM this is extremely difficult as the
clusters are masked by the substrate and interference
effects obscure the image of the interface.) As the
image only uses the high-angle scattering, the low-angle
scattering can be used simultancously for EELS [20,21].
Therefore, spectra can be obtained from precise posi-
tions in and around the interface between the oxide
and the metal cluster (defined by the image). It is these
spectra that are used to understand the electronic
interactions occurring on a sub-nanometer scale.

3. Results

Figures 1(a—c) show representative Z-contrast images
taken from the catalysts reduced at 523, 773, and 1073 K,
respectively. These images clearly demonstrate that
many small metal clusters (particles) were formed
during the reduction of the catalysts. To obtain the
particle-size distribution, 200 particles from several
images acquired from different arecas of several
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Figure 1. (a), (b) and (c) Z-contrast images of the Pd/y-Al,05 catalyst with 2.0 at% Pd loading after reduction at 523, 773 and 1073 K, respectively; (d) the
size distribution of Pd crystallites formed at these three different conditions.

specimens of the catalyst reduced at each temperature
were examined. The statistical results are shown in
figure 1(d), which clearly indicates that most particles
have a size less than 7nm in diameter (in the size range
of 2—5nm) at the reduction temperature of 523 K. Only
one particle larger than 7nm (~28 nm) was observed,
which indicates that it is the particles that are smaller
than 7nm that are overwhelmingly responsible for the
properties of the catalyst at this reducing temperature.
The overall size distribution of the catalyst reduced at
773K is different from that of the catalyst reduced at
523 K; the average particle size is increased slightly in
the former. One particle in the range of 7-9nm and
one very large particle (~70 nm) were observed in this

representative distribution (as opposed to just one
single particle when the sample was reduced at 523 K).
At the reduction temperature of 1073 K, the particle-
size distribution is dramatically altered. Probably because
of sintering at these high temperatures, most of the
particles have grown into the size range of 7-30nm
with several very large particles (>30nm) also being
observed. Unlike the samples reduced at lower tempera-
tures, the particle-size distribution in the sample reduced
at 1073 K is very wide. Furthermore, many particles are
faceted with flat surfaces, which is significantly different
from those samples reduced at lower temperatures.
Figure 2(a) shows a higher magnification Z-contrast
image of the catalyst reduced at 523K, in which a
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Figure 2. (a) Z-contrast image showing the locations of (b) EEL spectra acquired from a Pd particle in the Pd/y-Al,Oj; catalyst reduced at 523 K.
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Figure 3. (a) Z-contrast image showing the locations of (b) EEL spectra acquired from a Pd particle in the Pd/y-Al,O; catalyst reduced at 773 K.

small particle coexisting with an alumina crystal is clearly
observed. Energy-loss spectra acquired from the posi-
tions marked in figure 2(a) are shown in figure 2(b).
The background in these displayed spectra was sub-
tracted using standard methods [25], and was smoothed
and normalized to the continuum interval between 570
and 600eV. The spectra were also shifted vertically for
clearly displaying the spectra. Spectra 1 and 2 were
acquired from the surface and center of a particle.
Within this energy-loss range, the spectra consist of
delayed Pd My 5 (for metallic Pd with onset at 335eV)
and the M, 5 (at 532.3eV for metallic Pd) edges, or the
oxygen K-edge (onset at around 532¢V). It is obvious
that the Pd M, ; edges overlap with the oxygen K-edge,
which makes the identification of the oxidation state of
the Pd particles difficult. Nevertheless, no obvious
peaks showing up at around 532¢V in the two spectra
suggests that this particle is primarily composed of
metallic Pd (similar spectra are obtained from all the
particles studied in this sample). Comparing spectrum
3, which was acquired from the interface between the
particle and the support, with spectrum 4, which is
acquired from the support, we can see that there is no
obvious chemical shift of the oxygen K-edge or Pd
M, ; edges in the interface spectrum. This is the case
for all interfaces studied, except for the large particle
mentioned earlier, where a 4.8eV negative chemical
shift was observed in the M, ; interface spectrum. (This
will be discussed in more detail later.)

Figure 3(a) shows a high magnification Z-contrast
image of the catalyst reduced at 773K in which a Pd
particle attached to the alumina support is again clearly
shown. Energy-loss spectra acquired from the positions
marked in figure 3(a) are shown in figure 3(b). These spec-
tra are processed in the same manner as described above.
Spectra 1 and 2, which are acquired from the surface and
the center of the particle, respectively, show features
representing metallic Pd. This again suggests that the
small clusters formed at this temperature can be metallic

Pd. As with the analysis of the sample reduced at 523 K,
there is no observable shift of the oxygen K edge (or Pd
M, ; edges) for the interfacial spectrum 3 relative to the
spectrum 4 of the support. However, similar to the
sample reduced at 523K, chemical shifts larger than
2.4¢eV were observed in the spectra that were acquired
at the interfaces between large particles and the alumina
support.

Figure 4(a) shows a high-magnification Z-contrast
image of the catalyst reduced at 1073 K. Here the particle
sizes are much larger than those in the previous two
specimens. Figure 4(b) shows EELS spectra acquired
from the corresponding positions marked in figure 4(a).
The spectra (1 to 3) acquired from the large particle
indicate that it is metallic Pd. However, spectrum 4 is
noticeably different from the first three spectra. The
onset of oxygen K-edge (or Pd M, ; edges) exhibits a
shift from 532¢eV (or 532.3¢V) in the support spectrum
(spectrum 5) (or in the metallic Pd spectrum) to
528.4eV in the interface spectrum (spectrum 4). These
large chemical shifts (i.e., larger than 2.4eV) are the
same as have been observed in the interfacial spectra
acquired from the interfaces involving larger particles
in the previous specimens. Figure 4(c) shows only the
oxygen K-edges (Pd M, edges) of the interface spec-
trum along with reference spectra from PdO, together
with v-Al,O;3 (spectrum 5) and a spectrum that is a com-
bination of the PdO and ~-Al,Os. It is observed that the
full-width at half-maximum (FWHM) of the main peak
in spectrum 4 is larger than those of the reference spectra
and it has a 3.6eV negative shift in the edge onset. The
fact that the fine-structure of the interface spectrum is
similar to the addition of the PdO and «-Al,O5 spectra
suggests that this shift is due to a downward shift of
the Pd M, ;3 edge (which overlaps with the oxygen edge).

Figure 5 shows the sum of the spectra obtained from
the surfaces of several different positions of a large
particle, together with the PdO reference spectrum and
the sum of spectra from several positions at the center
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Figure 4. (a) Z-contrast image showing the locations of (b) EEL spectra acquired from a Pd particle in the Pd/~-Al,O;5 catalyst reduced at 1073 K;
(c) oxygen K-edges of the interface spectrum 4, the support spectrum 5 and a spectrum acquired from PdO.

of the particle. It should be noted that no Al L-edge (at
~70eV) was observed on the surface of the clusters, indi-
cating that there is no 7y-Al,O5 decorating the particles.
Also, the absence of the first main peak in the spectrum
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Figure 5. The summed surface and bulk EEL spectra acquired from several
different sites of a large particle formed at the reduction temperature of
1073 K together with the PdO reference spectrum.

is consistent with the lack of ~-Al,O5;. Here we can
clearly see that the spectrum shows a negative shift
(about 4.2¢V or so) from that of PdO. From both the
imaging and EELS analysis, we did not find the surface
encapsulation of this Pd particle by the support material,
which indicates that the observed change is again due to
a shift in the onset of the Pd M, 5 edge.

4. Discussion

The above results show that there exist chemical shifts
in the spectra acquired from the interfaces between larger
(>10nm) Pd particles and the support. Since these
chemical shifts to lower band-energy (BE) are much
larger than the resolution of the spectrometer
(£1.2¢eV), they cannot be due to experimental uncertain-
ties (and no obvious shifts are observed for the smaller
particles). The large chemical shift may be due to a
strong interaction between the support and the metal
nanoparticle, the occurrence of which is also size-
dependent. The amount of the edge shifts is much
larger than those found in Al-Pd alloys, namely, 1.73—
1.9eV for AIPd and 2.5eV for Al;Pd [26], indicating
that the observed shifts are not due to the formation of
Al-Pd alloys. Furthermore, the shifts appear not to be
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due to the oxidation of Pd, as the Pd 3ds/, binding energy
for metallic Pd is smaller than that for PdO [27,28]. This
indicates that if Pd was oxidized, the Pd 3ds/, binding
energy would shift to a higher energy, but the reverse
was observed experimentally. Moreover, calculations of
the electronic structure of Pd—alumina interfaces also
showed that the Pd—O interaction is relatively weak,
while the Pd—Al interaction plays a more important
role in metal-alumina bonding [29].

The negative shift of palladium binding energy there-
fore suggests that the Pd particles are negatively charged.
This may be due to the charge transfer from the support
to the Pd particles during the reduction process, a
mechanism that is consistent with general chemistry
principles [30]. When an oxide, denoted by M—O (M is
cation in the oxide), is oxygen-deficient, it acts as electron
donor and induces the strong bonding with metals
deposited on its surface if the deposited metal has a
higher electronegativity than M. This is precisely the
case in the alumina supported Pd system where Pd has
a higher electronegativity (2.2) than Al (1.5) [30] and
the surface of «-Al,O5 is generally accepted to contain
oxygen vacancies [31]. This means that the support can
act as an electron donor to the Pd particles resulting in
negatively charged Pd clusters. This is consistent with
the model study that describes the MSI resulting from
a partial electron transfer from the substrate to Pd [14].
The formation of negatively charged Pd particles
induced by the MSI has also been reported in Pd/a-
Al,O5 (with the addition of ZrO,) [32] and Pd/La,0;
catalysts [8].

The size dependence of the chemical shifts is consis-
tent with the study of the Pd/La,0O; [8] catalysts. How-
ever, in our study it can also be possible that the size
dependence is simply due to the significantly decreased
signal-to-noise ratio in the spectra acquired from the
very small Pd nanoparticles. An alternative explanation
could be that the particles must reach a certain size for
particular crystallographic planes to develop at the
interface. This is clearly an interesting observation that
warrants further detailed experiments. Further experi-
ments are also required to investigate the general applic-
ability of these results to samples with different Pd
loadings and to transition metal catalysts.

It should be noted that the STEM analysis performed
here typically involves much lower electron doses than
those used in conventional TEM techniques. Further-
more, to avoid the occurrence of beam-induced artifacts,
all the spectra reported here were acquired from Pd
particles viewed at relatively lower magnifications and
very short spectrum acquisition times were used. Thus,
to our knowledge, electron beam damage, which could
be an issue [33], was not responsible for the results
discussed here. Furthermore, sequential spectra recorded
from the same particle showed identical results. When
the catalyst sample was intensively irradiated under an
electron beam for a prolonged time, however, the

catalyst structure can be significantly modified. The
low dose in the STEM probe also avoids the possibility
of charging effects in the alumina giving rise to the
experimentally observed shifts in the core-edges.

5. Conclusions

In summary, we have studied a Pd/y-Al,O5 catalyst
reduced at three different temperatures by atomic
resolution Z-contrast imaging and electron spectroscopy
techniques. The results reported here show that small
metallic Pd particles are formed when the catalyst is
reduced at lower temperatures. With increasing reduc-
tion temperature, the Pd particles grow in size and
some large particles may become negatively charged;
the charge transfer is proposed to be induced by a
strong MSI that occurs between the larger metallic Pd
clusters and the oxygen-deficient alumina support. The
observed experimental result of a large chemical shift is
interpreted as a result of electron transfer from the
alumina support to large Pd particles. Thus the results
reported in this work are in accord with those of Gates
and coworkers [1], that bond formation is possible
between the supported metal and the support in a sup-
ported catalyst. The size dependence of the chemical
shift is certainly interesting and may have a profound
effect on the understanding of the performance of sup-
ported metal catalysts. We will perform a more detailed
study on different systems to understand the nature of
this phenomenon.
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