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Three-Dimensional Probing of Catalyst Ageing on
Different Length Scales: A Case Study of Changes in
Microstructure and Activity for CO Oxidation of a Pt-Pd/
Al,O; Catalyst

Torben Nilsson Pingel,*® Sheedeh Fouladvand,” Marc Heggen, Rafal E. Dunin-Borkowski,"
Wolfgang Jager,” Peter Westenberger, Daniel Phifer,” Jace McNeil,” Magnus Skoglundh,®

Henrik Gronbeck,™ and Eva Olsson'®

The effects of thermal treatment on the microstructure of
a Pt-Pd/Al,O; oxidation catalyst and its activity for CO oxida-
tion have been studied. The microstructural analysis was per-
formed by using several high-resolution electron microscopy
techniques such as STEM, FIB/SEM slice & view, SEM and EDX.
A combination of these analytic techniques and advanced TEM
specimen preparation allowed for three-dimensional probing
at different length scales, avoiding the random character of
conventionally crushed powder specimens owing to site spe-
cificity. A core-shell distribution of Pt-Pd nanoparticles within

Introduction

Oxidation of carbon monoxide over supported Pt-based cata-
lysts is a key reaction in environmental catalysis. It receives
special attention in the context of three-way catalytic convert-
ers, diesel oxidation catalysts, and NO, storage and reduction
catalysts for vehicle exhaust abatement owing to a worldwide
rising number of vehicles and increasingly stringent emission
regulations.

Several studies have been performed to evaluate the activity
for CO oxidation of such catalysts,'” microstructural and chemi-
cal changes induced by ageing treatments,”*®* as well as the
effect of alloying with other metals.®?** However, studies focus-
ing on three-dimensional characterisation on the micro- and
nanoscale of supported catalysts are scarce. A few studies
used (S)TEM ((scanning) transmission electron microscopy) to-

the alumina support particles, with enlarged nanoparticles
(~1.5 to 40 nm) present in the shell and small nanoparticles
(< 1.5 nm) in the core, was revealed in the untreated catalyst.
A more uniform spatial distribution developed during thermal
treatment at 700 °C or higher with larger nanoparticles forming
in the core. Accompanying measurements of the catalytic ac-
tivity for CO oxidation showed the detrimental effect of sinter-
ing of the small nanoparticles on the reaction rate and appar-
ent activation energy of the reaction.

mography® and quantitative STEM,” providing three-dimen-
sional information about small volumes of the catalyst. The
three-dimensional distribution of nanoparticles over microme-
tre-sized support structures has, however, not been properly
addressed yet for this type of catalyst.

In the present work, we have studied microstructural
changes of a bimetallic Pt-Pd/Al,O; catalyst induced by hydro-
thermal ageing (500-800°C, 24 h) and correlated these with
changes in the activity for oxidation of CO. STEM was used in
combination with a recently developed specimen preparation
method,” allowing for three-dimensional and site-specific
probing of the catalyst structure on the nanoscale. These
measurements were complemented by focused ion beam
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(FIB)/SEM slice & view tomography which gives three-dimen-
sional information for larger volumes on the microscale.

Thus, it became possible to reveal an inhomogeneous spa-
tial distribution of catalyst nanoparticles within the support as
well as the sintering of nanoparticles (meaning nanoparticle
growth by particle migration and coalescence and/or Ostwald
ripening). The degree of sintering at different temperatures
varied with nanoparticle size. An increase of Pt—-Pd intermixing
in the catalytic nanoparticles after ageing could be observed
by STEM using energy-dispersive X-ray spectroscopy (EDX). Ac-
tivity measurements of CO oxidation showed a clear decrease
in catalytic activity after heat treatment, which could be corre-
lated with sintering of small Pt-Pd nanoparticles and clusters
observed by STEM. Also, the apparent activation energy of the
reaction increased after the heat treatments.

This study gives new insight into the three-dimensional dis-
tribution of the active material within supported nanoparticle
catalysts. Moreover, the new approaches regarding TEM speci-
men preparation and three-dimensional characterisation can
be used in other fields of catalysis research to obtain valuable
additional spatially resolved structural information of heteroge-
neous catalysts.

Results and Discussion

Effect of ageing on the microstructure—nanoparticle sinter-
ing and spatial distribution

To determine the microstructural changes of the Pt-Pd/Al,O,
catalyst induced by the thermal treatment, several electron mi-
croscopy techniques were employed. The thermal treatment
was performed ex situ before specimen preparation in all parts
of this study. High-resolution STEM was used to investigate
and follow the spatial distribution and sizes of the catalytic Pt-
Pd nanoparticles. The TEM specimens were prepared by a FIB/
SEM specimen preparation method described recently” that
enabled the observation of individual oxide support particles
in a cross-section view and revealed an inhomogeneous spatial
distribution of nanoparticles. We observed extensive sintering
of small nanoparticles as a result of thermal ageing at 700°C
and higher.

STEM images of the interior of the alumina support (Figure 1
left column) and the outer edge of the support (Figure 1 right
column) were analysed before and after heat treatment. The
observed nanoparticles were divided into three groups to sim-
plify the discussion:

@ Small nanoparticles: diameters of 1.5 nm and below (some
marked by red circles)

® Medium-sized nanoparticles: diameters from 1.5 nm to
10 nm (some marked by green circles)

@ lLarge nanoparticles: above 10 nm
marked by blue circles)

in diameter (some

The near-edge regions of the samples before ageing (Fig-
ure 1a right) contained all three size groups of catalyst nano-
particles. Whereas the small nanoparticles could be observed
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Figure 1. HAADF STEM images of a) fresh and b-d) aged catalyst samples
prepared by the FIB/SEM lift-out method. Central column: low-magnification
overview images of each specimen, left column: images at higher magnifica-
tion from regions in the interior of the alumina support, right column: re-
gions at the outer edge. Pt-Pd nanoparticles show bright contrast. Inset in
(a): medium-sized nanoparticle at high resolution. At higher magnification,
the porous alumina structure can be seen in the background. The edge of
the alumina support is marked by a white dotted line. Some Pt-Pd nanopar-
ticles are highlighted by circles (red: small NPs, green: medium-sized NPs,
blue: large NPs). The orange dotted line marks the inner boundary of a layer
with an increased density of medium-sized nanoparticles.
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over the entire region, the medium-sized nanoparticles were
confined to an outer layer of approximately 100-200 nm thick-
ness (the inner boundary of that layer is indicated by an
orange dotted line). The large nanoparticles were confined to
the very outer edge of the support, as the low-magnification
overview image (Figure Ta centre) showed no indication of
large nanoparticles anywhere in the interior.

Small nanoparticles are hardly visible at these magnifica-
tions. However, they are easily detectable at higher magnifica-
tions. As an illustration, the inset in Figure 1a shows a STEM
image of a Pt-Pd catalyst nanoparticle with a diameter of ap-
proximately 2.5 nm at atomic lattice resolution. A STEM image
at high magnification is shown in Figure 2, illustrating the pres-
ence of irregularly shaped clusters as well as single Pt and/or
Pd atoms on the alumina support in addition to small crystal-
line nanoparticles.

Figure 2. HAADF STEM image of irregularly shaped Pt-Pd clusters and single
atoms in the untreated catalyst sample. These could be observed in addition
to small crystalline nanoparticles (Figure 1a). The contrast seen in these clus-
ters suggests a flat, raft-like shape on the alumina surface.

The image of the interior of the sample before ageing (Fig-
ure Ta left) shows the presence of almost exclusively small
nanoparticles with a high density in that region; only a few of
these catalyst nanoparticles are highlighted. The inhomogenei-
ty regarding nanoparticle sizes, with exclusively small nanopar-
ticle in the interior of the alumina support and medium-sized
as well as a few large nanoparticles close to the outer edge,
originates very likely from precipitation of larger amounts of
the Pt-Pd precursor at the outer edge of the alumina in the
drying step of the wet impregnation.” During the successive
calcination, this higher precursor concentration led to the for-
mation of enlarged nanoparticles at the outer edge.

After ageing at 500°C, the catalyst support with the Pt-Pd
catalyst nanoparticles appeared largely unchanged (Figure 1b),
the catalyst nanoparticles in the interior of the support particle
were small and an outer layer with a high density of medium-
sized nanoparticles was visible, as well as a few large nanopar-
ticles at the outer support particle edge.

A detailed quantitative nanoparticle size analysis (Figure 3)
revealed only a slight change in nanoparticle sizes close to the
outer support particle edge as compared to the sample before
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Figure 3. a—f) Particle-size distributions (PSDs) of Pd-Pt nanoparticles for the
fresh and 500 and 600 °C aged specimens as obtained from STEM images.
Left: PSDs obtained from interior regions, right: PSDs from regions at the
outer edge of the alumina support. The same colour coding for particle size
as in Figure 1 is used. Nanoparticles above 6 nm were not included because
of their low number in the STEM images. The insets show PSDs of the large
NPs obtained by SEM. g, h) PSDs of the large nanoparticles obtained by SEM
after ageing at 700 and 800 °C. PSDs of the small and medium-sized NPs are
not shown because these vanished almost completely after the heat treat-
ment.

ageing. The average nanoparticle size in the interior was
1.0 nm before and after ageing at 500°C, and 1.6/1.5 nm, re-
spectively in the outer layer of the support. For this analysis,
only nanoparticles with diameters above 0.6 nm were consid-
ered to ensure reliable particle detection.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Ageing at 600°C led to noticeable sintering of the metal
nanoparticles in the catalyst, which, interestingly, mainly influ-
enced the medium-sized nanoparticles (Figure 1c). The region
close to the outer edge still contained small and large catalyst
nanoparticles, whereas the medium-sized ones had vanished
and likely sintered forming a small number of additional large
nanoparticles. This can be seen in Figure 3 e,f; the edge and in-
terior of the catalyst support particles have basically the same
nanoparticle sizes (average: 1.0 nm) after ageing at 600 °C with
the exception of a few large nanoparticles near the edge (not
seen at this scaling). The size distribution of the large nanopar-
ticles (diameter of 10 nm or larger) was investigated by SEM
for all ageing temperatures and is depicted as insets in
Figure 3, as well as in more detail in the Supporting Informa-
tion (Figure S1).

Possible factors explaining the pronounced sintering of the
medium-sized nanoparticles are the proximity of these in the
fresh sample, as well as a stabilisation of the small nanoparti-
cles because a higher fraction of metal atoms is in direct con-
tact with the alumina support. This results in sintering and the
disappearance of most catalyst nanoparticles in the range of
1.5 to 4nm, whereas many nanoparticles below 1.5nm
remain.

After ageing at 700°C, sintering of the small nanoparticles
could be observed (Figure 1d). Large Pt-Pd nanoparticles were
located in the interior of the alumina support, which is visible
both in the overview image and the close-up on the left side.
Although a few small nanoparticles remained in some areas,
their number was strongly reduced. As the small nanoparticles
were homogeneously distributed within the alumina support
before heat treatment and the large nanoparticles appear
evenly distributed after heat treatment as will be shown below
(except the outer alumina edge, which contains a higher
noble-metal content before and after ageing), our study sug-
gests a quite local sintering, without major net transport of Pt
and Pd across the alumina support. The exact sintering mecha-
nism though, for example if atomic or crystalline migration
dominates, cannot be deducted by these post-mortem experi-
ments using realistic catalyst samples.

Ageing at 800°C resulted in even stronger sintering, remov-
ing basically all small nanoparticles and forming slightly larger
nanoparticles as compared to ageing at 700 °C.

Three-dimensional nanoparticle distribution

To confirm and quantify the spatial distribution of large nano-
particles, FIB/SEM slice & view tomography of the untreated
and 800°C aged sample was performed. Catalyst nanoparticles
with diameters above 10 nm could be investigated using this
technique. We could detect that most of the large nanoparti-
cles were situated within 100 nm of the outer support edge in
the untreated sample, whereas the spatial distribution was
largely uniform after high-temperature ageing at 700°C or
higher.

The spatial distribution of the large nanoparticles was al-
ready indicated by the STEM investigation. STEM images
showed that the large catalyst nanoparticles were only present
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at the outer edge of the catalyst support particles for the un-
treated sample, whereas they appeared in the interior after
ageing at 700 and 800°C. Using the slice & view technique,
a micrometre-sized three-dimensional volume could be investi-
gated. The spatial distribution of large nanoparticles was quan-
tified for a much larger number of nanoparticles than by the
STEM investigation.

lllustrations of the three-dimensional datasets for the fresh
(Figure 4a) and aged (Figure 4b) sample clearly show differen-
ces in the spatial distribution of nanoparticles within the sup-
port particles. The distribution of distances between the cata-
lyst nanoparticles and the support particle edge shows that
most of the large nanoparticles were situated within 100 nm
to the outer edge of the alumina support in the fresh sample
(Figure 4c). The measured distances correspond to the real
three-dimensional distances and are not obtained from pro-
jected images but from reconstructed three-dimensional vol-
umes. The average of the distances from the catalyst nanopar-
ticles to the edge of the alumina support in the investigated
alumina particle was 36 nm.

7 pm

<> =36 NM

fresh aged 800 °C

<d 4> = 1960 NmM

2000 4000 6000
Nanoparticle - edge distance / nm

Nanopasrloicle - e‘gge dis;]a?\"ce 1 nrzv?o
Figure 4. Results of FIB/SEM slice & view tomography of the fresh and the
800°C aged sample. a) Slice of a three-dimensional reconstruction showing
Pt-Pd nanoparticles distributed within an alumina support particle with a di-
ameter of approximately 7 um. Nanoparticles larger than 10 nm could be
observed using this technique. The nanoparticles were mainly distributed
along the outer edge of the alumina support, only very few ones could be
found inside the support. b) Respective illustration of an alumina particle
after ageing at 800 °C. The Pt-Pd nanoparticles were evenly distributed
within the alumina support except a high concentration very close to the
outer edge. The NPs are colour-coded by their distance to the alumina
edge. ¢, d) Distribution of distances from the nanoparticles to the edge of
the alumina support for the fresh and aged sample.
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After ageing at 800°C (Figure 4d), large catalyst nanoparti-
cles could be seen in the interior of the alumina support parti-
cle. There clearly still was a high concentration of large catalyst
nanoparticles close to the support edge, but additional nano-
particles could be seen several micrometres away from the
support edge in the interior of the support particle. Inside of
the (approximately spherical) alumina support particle, the
number of Pt-Pd nanoparticles was roughly inversely propor-
tional to their distance to the support edge (graph in Fig-
ure 4d decays roughly linearly except in the near-edge region).
This indicates an even density of large nanoparticles within the
support, meaning the sintering occurred homogeneously over
most of the alumina support. This also supports our sugges-
tion about local sintering of the noble metals. In the near-edge
region the number and sizes of Pt-Pd nanoparticles before sin-
tering were higher compared to the interior as was shown by
STEM imaging (Figure 1a), resulting in more large nanoparti-
cles after heat treatment as can be seen in Figure 4d. A quan-
tification of the nanoparticle nearest neighbour distances can
be found in the Supporting Information, Figure S2.

The possibility of an investigation of the three-dimensional
spatial nanoparticle distribution inside of a catalyst support
material over such a large volume is today unique to the FIB/
SEM slice & view technique. In the present work, this technique
allowed a confirmation of the spatial nanoparticle distribution
observed in the TEM, as well as a quantification of a much
larger sample volume compared to TEM, resulting in considera-
bly better statistics.

Chemical composition and Pt-Pd intermixing

Chemical characterisation of individual nanoparticles was per-
formed for the fresh and aged samples (600, 700 and 800 °C)
to investigate their chemical composition and compositional
changes induced by the ageing. Energy-dispersive X-ray spec-
troscopic (EDX) analysis was mainly performed in STEM mode
in the TEM, and some control measurements of large nanopar-
ticles in thin TEM specimens were conducted using EDX analy-
sis in SEM, which showed results consentient with the STEM
experiments.

A consistent result of the analysis of the fresh sample was
an enrichment of platinum in the large nanoparticles (>
10 nm) compared to the nominal composition of 85 wt.% Pt/
15 wt.% Pd. The composition of the nanoparticles varied with
particle size, larger particles had higher Pt and lower Pd con-
tents. For example, nanoparticles with diameters above
30 nanometres consistently showed Pd contents of 5 wt.% or
less, particles between 20 and 30 nm contained up to 10 wt.%
Pd with a few exceptions, while some smaller particles around
and below 10 nanometres showed Pd enrichment with up to
about 30 wt. %.

The variation of the Pd content in small nanoparticles was,
however, quite large. Nanoparticles below 10 nm had a Pd
content between 5 and 30 wt.%. Overall, these results show
that small nanoparticles and regions containing clusters and
single atoms were slightly enriched in Pd, in accordance with
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studies by Johns et al.*¥ and Ezekoye et al.*® on bimetallic Pt-
Pd catalysts.

After ageing at 600°C, no significant differences could be
observed. After ageing at 700 and 800 °C, the Pd concentration
in the large nanoparticles was considerably higher. Nanoparti-
cles in the size range of 10 to 70 nm had Pd concentrations of
15 to 30 wt.%. This is also in accordance with the study by
Ezekoye et al., who found a higher degree of Pt/Pd intermixing
after thermal ageing.*? Some large particles with diameters
above 100 nm and a lower Pd content of about 10 wt.% were
observed, consistent with the trend that the largest particles
appear to be rich in platinum. Platinum is also known to form
so-called anomalously large nanoparticles during high-temper-
ature ageing in an oxygen-rich atmosphere, mainly through
vapour-phase transport.**¥ These anomalously large nanopar-
ticles, though relatively few, contain large amounts of Pt and
could explain the slightly higher Pd concentration in the
“normal” large nanoparticles.

It is important to notice that most large nanoparticles ob-
served after the heat treatment resulted from sintering of the
previously observed small nanoparticles, whereas the large
nanoparticles in the fresh sample are a result of the catalyst
preparation and were formed simultaneously with the small
nanoparticles. What was observed here is therefore not
a change in chemical composition of the large nanoparticles,
but the formation of a new population of large, slightly Pd-en-
riched nanoparticles by sintering of the small ones.

Previous studies have shown that Pt is very mobile at high
temperatures in oxidising environments and can be effectively
trapped by PdO nanoparticles.*’® The studies demonstrated
that upon heat treatment of specimens with initially separated
Pt and PdO nanoparticles, the highly mobile Pt is trapped by
the more stable PdO nanoparticles and alloyed Pt-Pd nanopar-
ticles are formed, which are thermodynamically more stable
and slow down further sintering by Ostwald ripening as well
as the emission of Pt into the vapour phase.”™ It has also been
shown that bulk PdO basically does not sinter at temperatures
below the oxide decomposition temperature which lies above
800°C, because sintering mainly occurs in the metallic form.>?

In our study, we clearly see sintering of the Pd species, as Pd
is finely dispersed in the fresh sample and concentrated in
a small number of large nanoparticles after high-temperature
treatment. If the Pd was fixed on the surface and only Pt
would sinter and be trapped by PdO nanoparticles, there
should be a larger number of smaller nanoparticles after
ageing (larger nanoparticles than in the fresh sample, but
much smaller than what we observe). The reason behind the
sintering of Pd is that it is not present in the form of PdO, but
alloyed with Pt, which keeps it in a metallic state.**" In this
way, Pt increases the rate of the Pd sintering. The observations
about the sintering of Pt and Pd made in the present study
are, therefore, in agreement with these relatively recent stud-
ies.

STEM EDX mapping was performed to investigate the inter-
mixing of Pt and Pd within some larger nanoparticles in the
fresh and 800°C aged sample. In the fresh sample, a core-shell
structure with a Pd rich shell could be seen for some of the in-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemcatchem.org

,@'* ChemPubSoc
Dt Europe

vestigated nanoparticles (Figure 5). The Pd map in the upper
right corner shows image pixel intensities corresponding to
the local Pd concentration in the sample and indicates a clear
enrichment of Pd around the rim of the nanoparticle. In the
sample aged at 800°C, in which the overall Pd content of the
large nanoparticles is much higher, no core-shell structures
were found. The observed nanoparticles appeared to be ho-
mogeneously alloyed (Figure 5, lower part). Sum spectra of
these nanoparticles, showing the higher Pd content after
ageing, can be found in the Supporting Information (Fig-
ure S3).

Figure 5. HAADF STEM images and STEM EDX elemental maps of Pt-Pd
nanoparticles in the fresh and 800 °C aged specimen. The pixel intensities in
the elemental maps represent the concentrations of the elements measured
at that position.

Whereas the total Pt/Pd concentrations of the large nano-
particles could be observed over a wide range of nanoparticles
both in STEM as well as in SEM and are therefore representa-
tive, the detailed elemental maps in Figure 5 showing the ele-
mental distribution within individual nanoparticles were experi-
mentally much more challenging to obtain and were only ob-
tained for a few nanoparticles in the fresh and aged samples.
We can, therefore, not quantify how many nanoparticles in the
fresh sample exhibit a core-shell structure, but we can demon-
strate that these structures exist and that there tends to be
a difference in structure before and after the heat treatment.

In summary, the EDX measurements showed an enrichment
of Pd in the small nanoparticles and clusters of the fresh cata-
lyst and increasing Pt-Pd intermixing after high-temperature
ageing and sintering. In the fresh catalyst, some of the large
nanoparticles exhibited a core-shell structure with a Pd-rich
shell, which was not observed after ageing at 800 °C.

Catalytic activity for CO oxidation

CO conversion at low temperatures (<100°C) was measured
using a continuous-flow reactor to link the observed micro-
structural changes to the catalytic activity of the catalyst. We
found a clear correlation between the activity for CO oxidation
and sintering of small nanoparticles and clusters in the sample.

ChemCatChem 2017, 9, 3544 - 3553 www.chemcatchem.org
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The CO conversion decreased steadily if increasing the ageing
temperature. The conversion of CO at 100°C decreased from
37 to 7% after ageing at 800°C (Figure 6). A clear decrease of
catalytic activity in the entire measured temperature range
was observed already after ageing at 500 °C. The STEM analysis

40
—fresh
—aged 500 °C
30 —aged 600 °C
—aged 700 °C
—aged 800 °C

CO conversion | %
N
(=)

-
(=)

_—-——/

50 60 70 80 90 100
Temperature / °C

Figure 6. Activity for CO oxidation of the fresh and aged catalyst samples.
The conversion measurements were performed in a continuous-flow reactor
during a cooling ramp in 4% O, and 1000 ppm CO balanced with argon.

performed with specimens aged at this temperature indicated
no major difference in the observed nanoparticle sizes (Fig-
ure 3a—-d). Sintering might, however, have occurred for very
small nanoparticles (d<0.6 nm), clusters and single atoms.
These were not always reliably detectable in all regions of the
sample and therefore not quantifiable. The nanoparticles
above the detection limit of about 0.6 nm, on the other hand,
did evidently not change under these mild ageing conditions
(Figure 3a-d), whereas the catalytic activity clearly did
(Figure 6). This is an indirect indication by the combined STEM
observations and flow reactor results that sintering of very
small Pt-Pd structures below 0.6 nm in diameter has a signifi-
cant influence on the catalytic activity for CO oxidation. This
conclusion is in agreement with other studies that have also
suggested the importance of small clusters and single atoms
for the low-temperature catalytic activity.”’

After ageing at 600 °C, the catalytic activity decreased only
slightly compared to ageing at 500 °C. This probably owes to
the low number of the medium-sized nanoparticles which sin-
tered at this temperature compared to the number of the re-
maining small nanoparticles. The measured sizes of the small
nanoparticles did not change noticeably (Figure 3ce), but as
mentioned above, there might have been changes to nanopar-
ticles and clusters below 0.6 nm having an effect on the cata-
lytic activity. The activity strongly decreased after ageing at
700°C. As the STEM imaging revealed the onset of strong sin-
tering of small nanoparticles at this temperature (Figure 1d),
the correlation with the activity demonstrates the importance
of highly dispersed catalytic species for this reaction. After
ageing at 800°C, there was only a slight further reduction of
activity compared to the sample aged at 700 °C. This is not sur-
prising, since the microstructures of these samples were similar
with respect to the very low fractions of small nanoparticles.

The apparent activation energies for CO oxidation were de-
termined from the activity measurements. The rate constant k
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of the catalysed chemical reaction between CO and O, exhibits
an exponential behaviour as a function of the reaction temper-
ature T (Equation 1):

k oc e i (1)

where E, is the apparent activation energy and R the ideal gas
constant. The conversion follows this exponential behaviour as
long as the reaction rate is low and therefore limited by the
chemical kinetics rather than mass transport of reactants to
the active sites."*'” The apparent activation energies E, of the
different samples can then be determined by applying fits to
the CO conversion profiles. To ensure that mass-transport limi-
tations are not influencing our results, only data from tempera-
ture intervals corresponding to low conversions, between 5
and 15%, was used for this analysis. Potential mass-transport
limitations were ruled out using the Weisz—Prater criterion" as
shown in the Supporting Information.

The apparent activation energies determined in our experi-
ments are summarised in Table 1 and lie within the range of
values normally reported for CO oxidation over Pt-based cata-
lysts. This reported range is quite broad and the obtained
values depend strongly on the material and experimental con-

Table 1. Apparent activation energies for CO oxidation determined from
continuous flow reactor experiments. The apparent activation energy in-
creased after heat treatment at high temperatures.

Ageing temperature [°C] E, [kJmol™]
Fresh 36
500 34
600 39
700 48
800 45

ditions. Nicholas and Shah reported an activation energy for
CO oxidation of 27 kimol™" over a Pt catalyst supported on
porous fibre glass,"” whereas Akubuiro et al. reported a value
of 92 kJmol™" over a Pt/Al,0, catalyst."® Other reported values
are 112 kJmol ™, 54-92 k) mol~"® and 62 kJmol~".?? The ap-
parent activation energies for CO oxidation determined in the
present investigation increased from 36 ki mol™' to 48 ki mol™
after ageing at 700°C. Other studies have contrarily reported
a decrease in apparent activation energy for CO oxidation with
decreasing dispersion of Pt-based catalysts.?**® These studies,
however, partly used different experimental conditions as well
as different support materials such as silica.

The Pt-Pd/Al,O; catalyst investigated in the present study
appears to exhibit an increase in apparent activation energy
for CO oxidation at low temperatures as the nanoparticle sizes
and the degree of Pt-Pd intermixing increase with ageing. Our
results are in accordance with a study of Chen et al., who in-
vestigated Pt-based catalysts with different dispersions owing
to different metal loadings or support materials.” They deter-
mined a higher catalytic activity for CO oxidation near room
temperature for higher dispersions. In the present work, the
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same behaviour is demonstrated using only one catalyst and
ageing at different temperatures.

Our results clearly show the predominance of small nanopar-
ticles for CO oxidation over this Pt-Pd/Al,O; catalyst. One clear
indication is the drop of activity for CO oxidation already after
ageing at 500°C, at which temperature no evident changes in
the size distribution of particles around one nanometre in di-
ameter were observed. Sintering of Pt-Pd nanoparticles and
clusters below 0.6 nm in diameter is the most likely explana-
tion for this behaviour. The second indication for the impor-
tance of small nanoparticles is the considerable decrease in ac-
tivity after ageing at 700°C (Figure 6), the temperature for
which the STEM results revealed strong sintering of small
nanoparticles and typical diameters of above 10 nm for the re-
sulting nanoparticles (Figure 1d). The importance of the small
nanoparticles for the activity is also supported by the deter-
mined apparent activation energies for CO oxidation that
show a significant increase after ageing at 700°C.

Total internal surface area

To investigate the influence of the ageing procedures on the
alumina support structure, total internal surface area measure-
ments according to the BET method were conducted (Table 2).

Table 2. Total surface area of the fresh and aged catalyst samples deter-
mined by physisorption of nitrogen at —196°C (BET method).

Ageing temperature [°C] BET surface area [m?g™"']

Fresh 175
500 162
600 168
700 138
800 122

As expected, the internal surface area became lower after
ageing at high temperatures, especially at 700 and 800°C,
owing to the coarsening of the support structure. This effect,
however, does not account for the considerable decrease of
catalytic activity that was observed by the CO oxidation experi-
ments. Hence, the microstructural changes of the Pt-Pd nano-
particles described above are most likely the main factor for
the observed decrease in activity for CO oxidation.

Conclusions

In the present work, we demonstrated the importance of small
Pt-Pd nanoparticles and clusters for the oxidation of CO over
a bimetallic Pt-Pd/Al,O; catalyst. To analyse the microstructure
of the fresh and aged catalyst samples, a combination of differ-
ent site-specific electron microscopy techniques and advanced
TEM specimen preparation were used that revealed the three-
dimensional structure of the catalyst and distribution of Pt-Pd
nanoparticles from the nano- to the microscale. This analysis
was accompanied by measurements of the activity for CO oxi-
dation.
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Before heat treatment, most detectable nanoparticles were
in the size range of 0.6 to 1.5 nm. Already a mild heat treat-
ment at 500 °C reduced the activity noticeably which suggest-
ed sintering of small catalytic nanoparticles below 0.6 nm in di-
ameter. Nanoparticles in this size range appear to have a con-
siderable influence on the total activity of the catalyst. Heat
treatment at temperatures of 700 °C and higher resulted in sin-
tering of almost all nanoparticles below 10 nm in diameter.
Consequently, the activity for CO oxidation considerably de-
creased and the apparent activation energy for the reaction in-
creased. This is strong evidence for a particle-size dependence
of the activity for CO oxidation with a predominance of cata-
lytic nanoparticles below 1.5 nm in diameter. In addition to the
higher total surface area that small nanoparticles provide, our
measurements also show an inherent higher activity for CO ox-
idation of smaller nanoparticles in this catalyst, which is de-
ducted from the higher apparent activation energy after heat
treatment and sintering. The observed sintering of the Pd spe-
cies in this catalyst demonstrates the destabilisation of Pd
caused by alloying with Pt in comparison to a pure Pd catalyst
under oxidising conditions, as was described in other recent
studies.

Attention was paid to the distribution of Pt and Pd within
the larger catalyst nanoparticles. The local concentrations of Pt
and Pd in nanoparticles were determined by energy-dispersive
X-ray spectroscopy (EDX) mapping. A core-shell structure was
observed in some large nanoparticles in the untreated sample,
containing a higher concentration of Pd in the shell. After heat
treatment at 800 °C, uniform distributions of Pt and Pd were
observed.

To reach these conclusions, we successfully used new ap-
proaches for the TEM specimen preparation providing access
to the three-dimensional structure of the catalyst samples on
different length scales. Our approach can be applied to many
other systems of supported catalysts and might reveal new mi-
crostructural properties that were so far overlooked in routine
investigations.

Experimental Section
Catalyst sample

In this work, a commercially produced emission-control catalyst
has been investigated. The catalytically active phase consists of Pt-
Pd catalyst nanoparticles supported on a porous y-alumina sub-
strate. The noble-metal loading is 0.17 wt.% platinum and
0.03 wt.% palladium (Pt/Pd atomic ratio of 3.1:1). The diameter of
the alumina support particles, consisting of agglomerates of y-alu-
mina primary particles, is typically in the range of several microme-
tres.

Hydrothermal ageing

The catalyst samples were hydrothermally aged in a controlled at-
mosphere at four different temperatures: 500, 600, 700 and 800°C
using a continuous-flow reactor. The temperature was measured
by a thermocouple inserted into the catalyst bed and the atmos-
phere was regulated using mass flow controllers. All samples were
flushed in pure argon for several minutes at room temperature
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before the ageing experiments and then heated to their respective
ageing temperature at a heating rate of 7°Cmin~". After reaching
the final temperature, the samples were exposed to an atmosphere
of 75 vol.% argon, 15 vol.% oxygen and 10 vol.% water for 24 h.
Oxygen and water vapour are constituents of real engine exhausts
and have repeatedly been shown to promote nanoparticle sinter-
ing."™ Following this treatment, the samples were cooled in pure
argon for approximately two hours before removing them from
the reactor.

Transmission electron microscopy

Transmission electron microscopy imaging was conducted using
an FEl (Hillsboro, Oregon, USA) Titan 80-300 TEM/STEM instrument
operated at an acceleration voltage of 300 kV. The instrument is
equipped with a field-emission electron source and a probe aberra-
tion corrector, enabling a spot diameter of the focused probe
below 0.1 nm in STEM mode. To detect small nanoparticles on the
corrugated support structure, the probe was scanned over the
specimen and parts of the scattered electrons were collected using
a high-angle annular dark-field (HAADF) detector. As the probabili-
ty of electron scattering to high angles strongly increases with the
atomic number Z of the atoms interacting with the electron beam,
so-called Z-contrast images can be obtained that provide a strong
bright image contrast even for very small Pt-Pd nanoparticles.

Chemical characterisation was performed by using energy-disper-
sive X-ray spectroscopy (EDX) in an FEI Titan 80-200 TEM/STEM in-
strument equipped with a Super-X EDX detector and a probe aber-
ration corrector, as well as an FEI Titan 80-300. Before quantifica-
tion, background subtraction in the EDX spectra was performed.
Pt-L and Pd-L peaks were analysed to obtain their relative concen-
trations. To minimise contaminations by carbon species, the speci-
mens were cleaned in diluted oxygen plasma before inserting
them into the microscope.

TEM specimen preparation methods

Traditional crushing method. Catalyst specimens prepared by this
method were crushed in a mortar, dispersed in analytical grade al-
cohol and subsequently deposited onto a holey carbon film sup-
ported by a copper grid.

Lift-out method. Specimen lift-out of lamellae catalyst support par-
ticles and transfer into the microscope has been applied in these
experiments. The specimen lamellae were prepared using an FEl
Versa 3D DualBeam focused ion beam/ scanning electron micro-
scope (FIB/SEM). After embedding the catalyst powder in acrylic
resin (LR white, hard grade), slices from individual catalyst oxide
support particles were cut by a gallium ion beam and extracted
using a micromanipulator following a procedure described earlier.”
The resulting specimen lamellae showed the catalyst support parti-
cles together with the distributions of metallic catalyst nanoparti-
cles in a cross-section view, allowing the comparison of interior
parts to regions close to the outer support particle edge.

Scanning electron microscopy

Scanning electron microscopy (SEM) applying backscattered elec-
tron (BSE) contrast imaging of the catalyst samples was performed
using a Zeiss (Oberkochen, Germany) Ultra-55 SEM instrument op-
erated at an acceleration voltage of 10 kV. Before the SEM investi-
gation, the catalyst powder was embedded in acrylic resin and me-
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chanically polished, creating a cross-section view of a majority of
the catalyst support particles that are exposed at the polished sur-
face. Subsequently, a thin layer of carbon was evaporated onto the
specimen surface to increase the electrical conductivity and avoid
charging. A backscattered electron detector was used, the image
contrast was, therefore, mainly determined by differences in the
local chemical composition of the sample, thus resulting in clear
visibility of the Pt-Pd nanoparticles within the alumina support.
For chemical characterisation using EDX in the SEM, thin TEM
specimens were used to improve spatial resolution.

Particle-size analysis

For both the SEM and TEM studies, particle-size distributions of the
Pt-Pd nanoparticles were obtained from images showing the parti-
cle projected areas. Multiple images of different regions at a con-
stant magnification were acquired and the projected areas of the
catalyst nanoparticles were measured using the software Image)."®
From these areas, the projected area diameters of the nanoparti-
cles (equivalent diameter of a spherical particle with the same pro-
jected area), the average diameter (arithmetic mean) and the stan-
dard deviation were calculated.

Total internal surface area measurement

The total internal surface area of the porous catalyst samples was
determined by nitrogen adsorption at —196 °C using a Micromerit-
ics (Norcross, Georgia, USA) Tristar instrument, followed by evalua-
tion using the (BET) method."” The samples were degassed in
vacuum before the experiment.

Catalytic activity measurements for CO oxidation

The catalytic activity for CO oxidation was measured in a continu-
ous-flow reactor consisting of a quartz tube surrounded by a metal
coil for resistive heating and insulated with quartz wool. The cata-
lyst temperature was measured by a thermocouple inserted into
a channel in the centre of the washcoated ceramic monolith (de-
tails below). The inlet gas concentrations (vol.%) were controlled
by mass flow controllers, the outlet gas composition was analysed
using a quadrupole mass spectrometer (Pfeiffer Vacuum (Asslar,
Germany) Prisma).

CO oxidation experiments were performed using the following
protocol: The washcoat material (200 mg, weight after drying) was
coated onto a ceramic cordierite monolith (Corning Inc. (Corning
Inc., New York, USA), 400 cpsi, L=15 mm, =12 mm) from a wash-
coat slurry containing 80% water, 16% powder catalyst and 4%
boehmite. After insertion into the reactor tube, the samples were
heated in pure argon (total gas flow of 500 mLmin~', correspond-
ing to a space velocity of 17650 h™") to 450°C using a heating rate
of 5°Cmin~". 4 vol.% oxygen was added to the gas flow for 10 min
to obtain a similar oxidation state for all samples prior to the ex-
periment. After that, a gas mixture containing 4% O, and
1000 ppm CO, balanced with argon, was introduced into the reac-
tor and the outlet gas composition was analysed using the mass
spectrometer to measure the conversion of CO to CO,. The cata-
lysts were then cooled to 50°C and heated to 450 °C two times to
ensure reproducibility of the experiment.
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FIB/SEM slice & view tomography

Three-dimensional analysis of the catalyst samples was performed
by slice & view tomography using an FEI Helios NanoLab FIB/SEM.
The embedded and polished catalyst samples were imaged using
an electron beam and a backscattered electron detector, such as in
conventional SEM imaging. After each image, a gallium ion beam
was used to remove a thin slice of a few nanometres thickness
from the surface, after which a new SEM image was acquired. In
this way, a stack of images was recorded while cutting several mi-
crometres into the material. Using FEI Avizo 3D reconstruction and
analysis software, a three-dimensional model of the distribution of
Pt-Pd catalyst nanoparticles in the alumina support could be creat-
ed from the images, containing information about the actual
three-dimensional locations of the nanoparticles within the alumi-
na support volume, in contrast to the two-dimensional projected
images obtained from conventional SEM or TEM imaging. All mea-
sured distances correspond to the real three-dimensional distances
as obtained from the three-dimensional reconstruction.
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