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Nanoscale

Anomalous Metal Vaporization from Pt/Pd/Al,0s; under Redox
Conditions

Andrew C. Meng,! Ke-Bin Low,? Alexandre C. Foucher,! Yuejin Li,% Ivan Petrovic,? Eric A. Stach®?

Al;0s-supported Pt/Pd bimetallic catalysts were studied using in-situ atmospheric pressure and ex-situ transmission electron
microscopy. Real-time observation during separate oxidation and reduction processes provides nanometer-scale structural
details — both morphology and chemistry — of supported Pt/Pd particles at intermediate states not observable through
typical ex-situ experiments. Significant metal vaporization was observed at temperatures above 600°C, both in pure oxygen
and in air. This behavior implies that material transport through the vapor during typical catalyst aging processes for
oxidation can play a more significant role in catalyst structural evolution than previously thought. Concomitantly, Pd
diffusion away from metallic nanoparticles on the surface of Al,Oz can also contribute to the disappearance of metal
particles. Electron micrographs from in-situ oxidation experiments were mined for data, including particle number, size, and
aspect ratio using machine learning image segmentation. Under oxidizing conditions, we observe not only a decrease in the
number of metal particles but also a decrease in the surface area to volume ratio. Some of the metal that diffuses away from
particles on the oxide support can be regenerated and reappears back on the catalyst support surface under reducing
conditions. These observations provide insight on how rapid cycling between oxidative and reductive catalytic operating

conditions affects catalyst structure.

Introduction

For automotive emission catalysts, accelerated aging at high
temperatures for a prolonged period in a specific gas
environment is an established means to simulate the effects of
catalytic activity decrease over the entire life of the vehicle.!
This is because prolonged exposure of catalysts at high
temperatures under oxidative conditions is known to reduce
the metal surface area due to metal sintering and formation of
volatile oxides. Thus, aging tests are essential in determining the
durability of the catalyst and diagnosing the mechanisms for
catalyst deactivation.! In this context, recent advances in
instrumentation for in-situ gas cell TEM allow real-time
observations of catalyst behavior during aging to be captured
with nanometer-scale spatial resolution.?2 Supported Pt/Pd
bimetallic catalysts are widely utilized in automotive emission
controls, such as oxidation of NO,3 CHg,%® diesel,” and other
volatile organic compounds.8-10

We chose to study Pt/Pd supported on y-Al,03 because of the
high activity exhibited by Pt and Pd individually for oxidation of
hydrocarbons and carbon monoxide.ll 12 Furthermore, it is
known that Pd improves the stability of the Pt catalyst by
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increasing the barrier to sintering and lowering the PtO; vapor
pressure through the presence of a PdO phase.13-15 Supported
Pt/Pd catalysts have been studied extensively using electron
microscopy,16-21 x-ray absorption fine structure,22-2> infrared
spectroscopy,2® 27 and temperature-programmed reduction or
desorption measurements.28 29 Pt sintering at low pressures has
also been studied using environmental transmission electron
microscopy (ETEM).30 There are also numerous in-situ x-ray
studies of supported Pt/Pd catalysts that describe the
of the metal particles
environments.20 22,24, 26, 27 However, there are many remaining

transformation under reaction
questions about the real-time structural, morphological, and
compositional changes of the metal particles under realistic
redox conditions. Much of what is understood about catalyst
structural changes are implied from a combination of ex-situ
TEM and in-situ X-ray studies. Because X-ray experiments lack
spatial resolution, it can be difficult to determine the
mechanism by which changes occur in catalyst particle size and
distribution. In addition, ETEM is unable to reach the high
pressures (atmospheric pressure) of typical catalyst operating
conditions and thus it can be difficult to correlate these
observations with realistic operating environments. Real-world
applications of platinum group metal catalysts on oxide
supports are wide-ranging and include diesel oxidation
catalysts3! and nitrous oxide adsorbers.32 Recent work on
bimetallic Pt/Pd catalysts have shown Al,03; to be the most
active out of a series of industrially relevant catalyst support
materials, and provided insights towards optimizing the
catalytic activity.33
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As-Deposited

Oxidized, 1000°C, 1 mTorr O,

Figure 1 Dark field STEM images of Pt/Pd catalyst a) as-deposited on Al,03 support b) after oxidation at 1000°C under 1 mTorr O, in ETEM.

This study was motivated by a preliminary oxidation experiment
in which Pt/Pd catalyst supported on Al,0s was observed to
disappear during annealing at 1000°C under 1 mTorr O, (Figure
1). Although performed in an ETEM (FEl, Hillsboro), no real-time
data was collected. The dark field STEM images show that the
metal catalyst disappeared from the field of view. Prevailing
theories suggest that Pt/Pd vaporization should not be the
dominant phenomenon. Here, we use atmospheric pressure
TEM to understand the dynamics that occur during redox with
high spatial and temporal resolution. Atmospheric pressure
TEM has the advantage that the temperatures and pressures
that can be utilized are similar to those that the catalyst is
exposed to during typical catalyst aging conditions. This
contrasts with ETEM, where only relatively low-pressure gas
exposures are possible. We use a Machine Learning (ML) based
image segmentation to quantify the tremendous amount of
image data obtained during these in-situ TEM experiments. Ex-
situ experiments were performed to corroborate the in-situ
observations.

Experimental

Catalyst Preparation

Model Pt/Pd (1.33 wt%/0.67 wt% loading) catalyst
nanoparticles dispersed on porous y-Al,O; support were
calcined for 2h at 550°C in 1 atm air under no flow (these
catalysts will be referred to subsequently as fresh catalyst). The
resulting oxide support is primarily y-Al,O3 with specific surface
area of ~ 100-200 m?2 g1 (Supporting Information Figure S1 and
S2). The catalyst and support were ground using a mortar and
pestle, suspended in isopropyl alcohol, and sonicated before
being drop-cast onto the TEM heating chips. Ex-situ annealing
in O, was performed for 2h at 700°C (20°C/min. ramp rate) in a
Carbolite HZS three-zone tube furnace and in air for 2h and 5h
at 700°C in a Thermolyne Type 47900 muffle furnace (Thermo
Scientific): for oxidizing conditions, 1 atm O at a 500 sccm flow
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rate and 1 atm air under no flow was used; for reducing
conditions, 1 atm 95:5::N,:H, (v/v) at a 50 sccm flow rate was
used.

Structural Characterization

In-situ gas cell experiments in the TEM were performed on a
JEOL JEM-F200 200 kV S/TEM in scanning transmission (STEM)
mode in a multi-channel gas flow TEM holder (Hummingbird
Scientific) using a chip containing a microfabricated heating
element and a 50 nm thick spacer with 30 nm thick SiNg
windows. For STEM imaging, probe size 7 was used with a 40
um condenser aperture, leading to ~ 60 pA probe current. For
oxidative conditions, two conditions were used: (1) 1 atm O,
and 1 sccm flow rate or (2) 1 atm air (20 °C, 40% humidity), with
no active flow. During heating, the temperature was increased
by 100°C approximately every 5 min for an average ramp rate
of 20°C/min, comparable to ex-situ experiments. For elemental
mapping, ex-situ energy-dispersive x-ray spectroscopy (EDS) in
STEM was performed on a spherical aberration probe corrected
JEOL NEOARM 30-200kV S/TEM equipped with two large-area
silicon drift detectors (SDD) for EDS with 1.7 steradian solid
angle. For EDS mapping experiments, probe size 6C was used
with a 40 um condenser aperture, leading to ~ 120 pA probe
current. Large area ex-situ EDS measurements were also
performed in TEM mode on a JEOL JEM-F200 200 kV S/TEM
using a spot size of 1 and a 100 um condenser aperture. X-ray
diffraction (XRD) 6-20 scans were collected using a zero-
background holder (Rigaku 906165 Flush, Si510) on a Rigaku
Miniflex 6G powder diffractometer with a Cu X-ray source
operating at 40 kV/15 mA. A Ni foil K-B filter incident beam
monochromator and a 1-D solid-state detector are used. EDS
mapping in the scanning electron microscope (SEM) was
performed using an FEI Quanta 600 FEG Mark Il Environmental
Scanning Electron Microscope equipped with an EDS detector
(EDAX) operated in high vacuum mode at 30 kV accelerating
voltage and 2 nA beam current.

This journal is © The Royal Society of Chemistry 20xx
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Machine Learning Image Segmentation

The Trainable Weka Segmentation Plug-in34 for ImageJ was used
to classify Pt/Pd catalyst particles on Al,O3; support during in-
situ oxidation conditions of 1 atm O, and 1 sccm flow rate. The
training data was generated from the bright field (BF) STEM
images manually by classifying regions as being either part of a
catalyst particle or part of the background and included data
from multiple images. In order to consistently segment the

|
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Results

Simulation of Aging Using In-Situ Oxidation

In-situ gas cell experiments provide a complete picture of the
catalyst aging process. Figure 2 shows a time-lapse of BF-STEM
images of Pt/Pd/Al,O3 under 1 atm O, (1 sccm flow rate) at
various temperatures. The presence of a large number of darker
contrast regions in the image of the fresh catalyst (Figure 2a)

133 min.

Figure 2 a-h Time-lapse BF-STEM images of Pt/Pd particles on Al,O3 support under heating conditions at 1 atm O, at 1 sccm flow rate.

images, only three classification models were used to segment
images: the first model was used for all images taken below
700°C, the second was used to segment images when rapid
morphology changes were taking place at 700°C, and the third
was used to segment images taken at 700°C when the system
was close to being equilibrated. Particle analysis in Image)
included the following parameters: particle number, area, and
aspect ratio (defined as the ratio of the major to the minor axis).

This journal is © The Royal Society of Chemistry 20xx

indicates a large number of metallic nanoparticles. The data
show that metallic catalyst particles disappear over time,
starting at approximately 600-700°C, and that this change
occurs within several minutes once this threshold temperature
is reached (Figure 2 d-e). To confirm effects of the electron
beam, the same oxidation experiment shown in Figure 2 was
performed in the TEM with the beam blanked. STEM images
prior to and after the oxidation show that for this oxidation, the

J. Name., 2013, 00, 1-3 | 3
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700°C
146 min.

Figure 3 a-i Time-lapse BF-STEM images of Pt/Pd particles on Al,O3 support under heating conditions at 1 atm laboratory air and stagnant conditions.

beam does not play a significant role in the structural evolution
(Figure S3, Supporting Information). Migration of nanoparticles
via center-of-mass motion does not occur to a significant
extent: the particles never leave the field of view, and the
contrast from a majority of the particles gradually decreases
until they become indiscernible from the oxide support. This is
most clearly illustrated in the stark difference between Figure
2a and Figure 2h. The data show that, after oxidation, the metal
is no longer present in concentrations high enough to be
distinguished from the support at the given spatial resolution,
which we conservatively estimate to be 1 nm on this thicker
support under 1 atm O conditions. 3% 36 Furthermore, there is
little evidence for the formation of larger size particles.
Although the particles that remain are larger than the average
particle size of the fresh sample, and some particles exhibit a
modest increase in size during the oxidation process consistent

4| J. Name., 2012, 00, 1-3

with Ostwald ripening, this apparent increase in particle size
reflects mostly the preferential disapperance of smaller
particles. Also, the particles remaining on the oxide support
after the oxidation appear to be approximately equiaxial in
contrast to the originally oblong or irregular shapes of the
particles in the fresh sample.

Air Oxidation

To examine the effect of using a lower O; partial pressure more
typical of catalyst aging conditions, Pt/Pd/Al,O3 was oxidized in-
situ in gas-cell TEM at 700 °C using 1 atm laboratory air (20 °C,
40% humidity) under stagnant conditions (no flow). Compared
to oxidation in pure O,, the disappearance of Pt/Pd catalyst
particles is delayed and occurs slowly after the temperature
reaches 700°C (Figure 3b-i). However, similar disappearance of
the metal catalyst was observed as in the experiment under 1

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 Quantitative descriptors of Pt/Pd catalyst evolution during in-situ oxidation/aging in a 2.4x10° nm? field of view; a) number of catalyst particles; b) percent

metal remaining; c) particle area; d) particle aspect ratio.

sccm Oz (1 atm) conditions (Figure 3a-i). In fact, no particles
remain in the field of view after oxidation in air: Figure 3i shows
that all Pt/Pd catalyst has disappeared from the field of view. If
any metal particles remain, their sizes are below the detection
limit (~ 1 nm spatial resolution under 1 atm air).

Machine Learning Image Segmentation and Data Mining

We use the Weka plugin for Image) to automate image
segmentation for particle analysis. While catalyst particle size
distribution is often analyzed, here we also extract the aspect
ratio (major and minor axes) allowing a more detailed picture of
catalyst evolution that includes shape factor. Figure 4 shows the
particle count, metal fraction remaining, area, and aspect ratio
throughout an in-situ experiment. (Note that the error bars
represent the spread (standard deviation) of the sample
population and do not represent uncertainty in measurement,
which is very small.) The sigmoidal behavior of the amount of
metal remaining is consistent with evaporation behavior.3? In
particular, we observe that the aspect ratio decreases towards
1 during oxidation, and that this change occurs somewhat
abruptly as the temperature approaches 700°C (Figure 4d). This
is consistent with a decrease in the surface area to volume ratio
of the particles and is consistent with surface energy as a driving
force for the structural evolution of the catalyst.

The image segmentation data provides further insight into the
exact nature of the changes in catalyst morphology. Oxidation

This journal is © The Royal Society of Chemistry 20xx

of the Pt/Pd catalyst decreases the number of particles (from
~600 to ~200 in a field of view of ~2.4x10> nmZ2) and increases
the average particle size (from ~200 nm? to ~400 nm?).
However, careful inspection shows that most of the particles do
not increase in size. Instead, the average particle size has
increased because most of the particles have either become too
small to be visible or have disappeared (Figure 4b-d).

Comparison with Ex-Situ Oxidation

An important consideration is whether the observed
vaporization might be entirely caused by the in-situ gas cell
setup. We verified our observations by repeating oxidation of
the catalyst in air at 700°C for 2h and 5h and comparing the
metal loading. Afterwards, EDS experiments in TEM mode were
performed on multiple regions of the catalyst with areas on the
order of ~ 10 um? in order to better statistically sample the
composition of fresh and oxidized catalyst. Spectra from fresh
catalyst, catalyst that was oxidized in air at 700°C for 2h, and
catalyst that was oxidized in air at 700°C for 5h are shown in
Figure 5a-c. The plots show intensity in log scale to accentuate
the Pt and Pd signals. The Al-K, Pt-M, and Pd-L X-ray signals were
used to quantify the composition in these samples using the
Cliff-Lorimer method.3® The Pt/Pd mass ratio decreased from
1.62 in the fresh sample to 1.43 after 2h of oxidation at 700°C
to 1.32 after 5h of oxidation at 700°C (Figure 5d). On the other
hand, the Pd/Al ratio stayed approximately constant at ~0.04
(Figure 5e).

J. Name., 2013, 00, 1-3 | 5
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Figure 5 Large area TEM-EDS spectra from multiple regions (indicated by different colors) of a) fresh b) oxidized (1 atm air, 700°C, 2h) c) oxidized (1 atm

air, 700°C, 5h) Pt/Pd/Al,03; d) Pt/Pd mass ratio and e) Pd/Al mass ratio of a-c.

700°C leads to a decrease in the intensity of the Pt/Pd (200) and
(220) peaks and no change in intensity of other peaks. Because
all Pt/Pd peak intensities either decrease or stay the same
during this additional 3h oxidation, this is consistent with a
decrease in Pt/Pd concentration in the catalyst during this step.

As an additional confirmation of metal loss during oxidation of
Pt/Pd/Al,03, XRD was used to compare the fresh and oxidized
catalysts. For each sample, 3.4mg was weighed into the center
of a zero-background holder with a recess and flattened with a
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Figure 6 a) XRD 6-20 scans of fresh, 2h-, and 5h-oxidized Pt/Pd/Al,Os; and b) insets of Pt/Pd peaks

120

glass slide to ensure an equivalent comparison. The XRD

patterns and insets of peaks corresponding to the Pt/Pd are
shown in Figure 6. As a result of oxidation in air at 700°C for 2h,
the Pt/Pd (200), (220), and (222) peaks decrease in intensity, but
the Pt/Pd (111), and (311) peaks increase in intensity. Because
some Pt/Pd peak intensities increase while others decrease, it
is unclear how the Pt/Pd concentration changes during this
step. Additional oxidation for 3h (5h total oxidation time) at

6 | J. Name., 2012, 00, 1-3

Characterization of In-Situ Gas Cell Chip

To further rationalize the differences between in-situ and ex-
situ oxidation experiments, SEM-EDS mapping of a used gas cell
chip was performed. An SEM image with several regions in
which individual EDS spectra are collected, and EDS maps are
shown in Figure 7. Normalizing the spectra to the intensity of
the Pt-M X-ray signal, the Pd-L x-ray intensity varies widely

This journal is © The Royal Society of Chemistry 20xx
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Figure 7 a) SEM image of an oxidized Pt/Pd/Al,03 sample on an in-situ gas cell chip; b) individual EDS spectra from the regions marked in a); SEM-EDS composition
map of an oxidized Pt/Pd/Al,0; sample on an in-situ gas cell chip c) focused on the electron-transparent region

depending on the distance of the sample from the bean-shaped
electron-transparent region (Figure 7a-b). In particular, Pd-L X-
ray intensity is comparatively greater on oxide support further
from the electron-transparent regions. Compositional mapping
in SEM-EDS (Figure 7c) shows that metal transport either
through diffusion or vaporization and redeposition across the
SiNy membrane occurs to an extent, and that Pt and Pd
concentration increases away from the SiNx membrane towards
the heating element. The Pt and Pd elemental maps exhibit
diffuse signal consistent with transport away from the electron-
transparent region of the sample towards thicker regions.

Elemental Distribution in Fresh and Aged Pt/Pd Catalysts

We performed ex-situ, probe-corrected STEM-EDS to determine
how the distribution of Pt and Pd in the catalysts changes during
the aging process.The fresh Pt/Pd/Al,0; samples exhibited
varying compositions and degrees of phase separation (Figure

=

Figure 8 Ex-situ, probe-corrected HAADF STEM and STEM-EDS of (a-d) fresh and

were used.

This journal is © The Royal Society of Chemistry 20xx

8a-b). We observe small (< 5 nm diameter) Pt- and Pd-rich
species on the support in the fresh sample (Figure S5,
Supporting Information). This could be consistent with the
segregation of a PdO phase (Figure S6, Supporting
Information).39 40

Catalyst Regeneration under Reductive Conditions

Additional STEM-EDS maps consistent with Pt and Pd mixing in
the particles are shown in Figure S7 in the Supporting
Information. The elemental distribution is non-uniform in both
larger particles (~ 20 nm) and smaller particles (~ 1 nm). Post-
oxidation, the chemical makeup of the Pt/Pd catalyst is
significantly changed. Large Pt-rich and Pd-rich catalyst particles
are observed, as are Pt-rich particle cores exhibiting Pd-rich
spots on the surface (Figure 8f). The small (< 5 nm diameter)
Pt/Pd particles are no longer able to be detected (Figure 8h).
Prior to oxidation, regions of the oxide support exhibit both Pt
and Pd signal (Figure 8d, Figure S4, Supporting Information), but

(e-h) aged Pt/Pd/Al,0s. 700°C aging conditions under 1 atm O, (500 sccm flow rate)

J. Name., 2013, 00, 1-3 | 7
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Figure 9 BF-STEM Images of a) Pt/Pd/Al,O3 oxidized at 700°C in 1 atm O, for 2h and b) same sample after ex-situ reduction for 2h at 350°C in 1 atm forming gas
(95:5::N,:H,, v/v) c) same sample after ex-situ reduction for 2h at 350°C and 2h at 700°C in 1 atm forming gas.

after oxidation, only a small signal from Pd remains (Figure 5h,
Figure S5, Supporting Information). An aberration corrected
STEM image of small metal clusters in oxidized catalyst is also
shown in Figure S8 in the Supporting Information.

In addition to catalyst aging, characterization of catalyst
regeneration was observed by taking the oxidized/aged Pt/Pd
catalyst and performing a forming gas anneal (FGA) ex-situ. This
process resulted in formation of smaller catalyst particles from
larger coarsened particles even after 2h of reduction in forming
gas at 350°C (Figure 9b). Following an additional 2h of reduction
in forming gas at 700°C, a decrease in the Al,03 support stability
was observed (Figure 9c). Some of the Al,O3 in the region
around the STEM image taken in Figure 9b-c disintegrated from
the reduction process, as suggested by a decrease in contrast in
those Al,O3 support regions compared to regions with no
material. The dark contrast region in the top left of the image
shows that the combined formation of smaller particles and
structural changes in the catalyst support appear to be
consistent with nanoparticle catalyst regeneration.

Discussion

Disappearance of the Pt/Pd catalyst particles under oxidizing
conditions suggests two hypotheses based on the STEM images:
either the metal is vaporizing, or the metal from the
nanoparticles is diffusing away and becoming smaller than the
spatial resolution of the microscope (~1 nm) under atmospheric
pressure conditions. We rule out particle migration as the
mechanism for catalyst particle disappearance because it is not
observed either on the single frame timescale or on the
timescale of the oxidation experiment; this is also consistent
with a lack of a large number of small particles in oxidized
samples characterized by ex-situ STEM-EDS experiments where

8| J. Name., 2012, 00, 1-3

the overall resolution is substantially higher (< 0.63A at 200kV
accelerating voltage). The STEM-EDS data support both the
metal vaporization and diffusion hypotheses. Areas of the
support without catalyst particles exhibited Pt and Pd signal
prior to oxidation but exhibited only Pd signal at a significantly
reduced intensity after oxidation (Figures S4 and S5). These
observations are consistent with preferential Pt vaporization
and Pt/Pd diffusion on the oxide support. For in-situ
experiments, another possibility is diffusion of metal species
from the oxide support to the significantly larger SiNx window,
then further away from the field of view. Regarding diffusion, Pt
and Pd could either diffuse away from original particle
positions, either on the surface or into the bulk of the oxide
support. As we are observing the sample in transmission,
surface diffusion cannot be easily distinguished from bulk
diffusion. Also, although surface diffusion coefficients are
typically higher than those for bulk diffusion, the latter cannot
be entirely ruled out. Thus, the data could be consistent with
some extent of Pd dissolution into the oxide support. The
hypotheses for Pt vaporization and Pt/Pd diffusion are
consistent with the known volatilization of Pt through formation
of PtO; as well as the role of Pd in stabilizing Pt from forming
PtO,.3 13,14 41

Vaporization of the metal is also consistent with the significant
amounts of metal that disappear during oxidation. This is the
case for both oxidation in 1 atm O3 under active gas flow and in
1 atm stagnant air, which suggests that these changes are
unrelated to either the O; partial pressure or the replenishment
of O, both of which are significantly higher for the former
condition. Because in-situ and ex-situ oxidation experiments
under active flow are conducted under significantly differing
flow rates due to requirements arising from size differences,
oxidation under stagnant air in open systems both in-situ and
ex-situ were performed to provide a fair comparison between

This journal is © The Royal Society of Chemistry 20xx
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the two types of experiments. The results are consistent with
some metal loss of Pt/Pd on Al,O3 from vaporization. Metal is
observed to disappear in-situ during oxidation in the TEM and
XRD and TEM-EDS in ex-situ oxidation experiments are
consistent with loss of Pt from the sample.

While higher O, partial pressure appears to result in slightly
faster onset of Pt/Pd catalyst disapperance, the effect is not
overly pronounced. In fact, a larger fraction of metal particles
disappears during the air oxidation experiment in which almost
all of the Pt/Pd catalyst particles in the field of view disappear.
Approximately 2:1::Pt:Pd ratio is used, so even if all of the Pt
vaporized, we would still expect about a third of the metal to
remain due to the relative stability of Pd to volatilization,
assuming the particles were far apart and non-interacting.
There could be several reasons for this metal vaporization
related to the in-situ experiment setup: 1) Pt/Pd is more
exposed to O, due to low specimen thickness, circumventing
mass transport limitations that might normally be present; 2)
vaporized Pt/Pd from in-situ TEM experiments has no way of
being redeposited onto the support like bulk experiments; 3)
temperature non-uniformities (e.g. cold spots) and gradients in
the hot zone of the in-situ TEM holder are likely to be
significantly smaller than those in a catalytic converter.

Furthermore, considering the differences between in-situ and
ex-situ oxidation, we find that during in-situ oxidation, almost
all of the metal disappeared, whereas only a small fraction of
metal loss is observed during ex-situ oxidation. A decrease in
the Pt/Pd ratio while the Pd/Al ratio remains constant is
consistent with loss of Pt from the system. Because the
precision of the composition measurement by EDS is not very
high, we focus on the differences in how the data is distributed.
Performing a t-test on Pt/Pd ratio datasets yields p-values of
0.17 for the fresh and 2h oxidized samples, 0.001 for the 2h and
5h oxidized samples, and 0.0001 for the fresh and 5h oxidized
samples. This means that while there is a 17% chance of Pt/Pd
ratio from the fresh and 2h oxidized catalyst being identically
distributed, there is a 0.1% chance of the Pt/Pd ratio from the
2h and 5h oxidized catalyst being identically distributed, and a
0.01% chance of the Pt/Pd ratio from the fresh and 5h oxidized
catalyst being identically distributed. The difference in means of
the Pt/Pd ratio between the 5h oxidized catalyst and the fresh
or 2h oxidized catalyst is statistically significant with p < 0.01
(99% confidence interval). Therefore, the ex-situ experiments
are consistent with some amount of metal loss. On the other
hand, no significant difference, even at a p < 0.05 (95%
confidence interval) level, is observed between the fresh
catalyst and the 2h oxidized catalyst, which contrasts with the
in-situ observations. While the ex-situ data is consistent with
metal loss, it appears that the rate at which this occurs is
dramatically lower than what is observed in-situ in the TEM.
This could be a result of the geometry of the gas cell, in which
gas enters the resistively heated electron-transparent region of
the chip, but is unable to recirculate before exiting. This
configuration significantly impedes material redeposition,
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which is a possible explanation of slower evaporation during ex-
situ oxidation compared to in-situ oxidation.

Specifically examining the in-situ gas cell configuration provides
some insights into the rapid evaporation observed in-situ.
Because the chip consists of thin, electron-transparent SiNy
regions surrounded by successively thicker regions and an
encircling, embedded resistive heating element, the thermal
mass and resistance of the sample is the lowest in the electron-
transparent region and increases towards the thicker areas
closer to the heating element. Thus, impedance to heat flow is
likely greater in the thicker, non-electron-transparent regions of
the sample. As a result, material transport towards thicker
regions of the sample is likely favored. In combination with the
small spatial extent of the heated region (~ 10* um?2 x 50 nm)
and comparatively rapid gas flow (1 sccm), which results in
complete exchange of gas in the heated region of the cell every
30 ns, with no recirculation, this can significantly accelerate
transport of metal outside the hot zone.

Nonetheless, our observation of metal loss through
vaporization and diffusion differs from the literature, in which
vaporization was only observed at temperatures above 750°C.7
42 For in-situ experiments, this might be attributed to
differences in the nature of gas flow over the sample surface;
for ex-situ experiments, likely the significantly longer oxidation
(5h) plays a role. Because the catalyst must be in equilibrium
with its vapor in the steady state, and whether the vapor can be
swept away determines whether metal loss occurs, we can
understand that metal loss at lower temperatures occurs but at
an exponentially slower rate according to the dependence of
vapor pressure of the metal on temperature.

Although there are differences between in-situ TEM conditions
and operando conditions for a catalytic converter, there are
several important implications. Vaporization is likely to be
accentuated in the in-situ setup due to a relatively uniform hot-
zone with a cold exhaust line. On the other hand, this is a good
re-creation of the higher temperature regions of a catalytic
converter. Thus, catalyst vaporization and redeposition is likely
an important part of catalyst structural evolution under
oxidizing conditions. There may also be metal (either Pt or Pd,
but more likely Pt) present in the vapor phase near the catalyst
support that could affect catalytic activity. Even if material loss
by vaporization is less significant for bulk conditions relevant to
catalysis due to redeposition, the in-situ experiments suggest
that movement of the catalyst due to vaporization and
redeposition could play an important role in catalyst structural
evolution, a role that was previously ascribed to migration in ex-
situ experiments. One possible implication is that the catalyst
support needs to serve as a nucleation center for redeposition
of the catalyst from the vapor phase. In addition, slow
dissolution of catalyst by diffusion into the support or
decomposition into single atoms may be another structural
evolution pathway by which catalyst activity degrades.*3 44 In a
real gasoline engine, cycles of oxidizing and reducing conditions
are likely to help prevent material loss from the observed rapid
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catalyst volatilization in Figure 2. However, the high operating
temperatures and periods of highly oxidative conditions suggest
that in-situ observation of redox catalysis may have advantages
in capturing the detailed mechanisms (such as vaporization) of
catalyst structural changes. At present, it is not possible to
reproduce cycles of oxidative and reducing conditions at the
frequencies (~ 1 Hz) relevant to gasoline engines. However, this
may be possible in the future by periodically introducing
hydrocarbons as a reductant.

Thus, in these experiments, Ostwald ripening, in which larger
particles grow at the expense of smaller particles, does not
appear to be the dominant mechanism of structural change.
Instead, particles appear to either vaporize or decrease in size.
One possible hypothesis is that the small size of Pt/Pd
nanoparticles increases their vapor pressure due to the Gibbs-
Thomson effect. This effect is compounded by the instability
and volatility of PtO,, which forms more rapidly on smaller
diameter Pt particles during oxidation.#>%7 As the catalyst is
heated, the smaller nanoparticles would evaporate at lower
temperatures, consistent with observations that many small
Pt/Pd nanoparticles disappear. Furthermore, the observed
decrease in particle aspect ratio, which is a proxy for the surface
area to volume ratio, suggests that surface energy could be a
driving force for the observed structural change. This, in turn, is
consistent with the Gibbs-Thomson effect. The particle aspect
ratio is obtained via machine learning image segmentation,
which is helpful for developing improved quantitative
understanding of catalyst structural evolution.*® To rationalize
the observations, it is important to consider that the structural
and morphological changes in the catalyst observed both in-situ
and ex-situ are consistent with vaporization induced by a
combination of the Gibbs-Thomson effect and chemical
oxidation effects. The melting point of Pt and Pd are 1768 °C and
1555 °C, and their vapor pressures are negligible at 700 °C.
Assuming solid-liquid interface energies for Pt and Pd of 0.240
J/m2 and 0.209 J/m2,%° we calculate that the dependence of
relative decrease in melting point on particle sizes are about the
same for both elements. For 10 nm, 5 nm, 2 nm, and 1 nm
diameter nanoparticles, the melting point decreases by 4%, 9%,
20%, and 40%, respectively. This suggests that evaporation of
either metal due to the Gibbs-Thomson effect alone is highly
unlikely for particles with diameters greater than 1-2 nm. Thus,
the main driving force for vaporization of larger particles is likely
chemical. Remaining Pt-rich catalyst particles (Figure 8f) post-
oxidation suggests that some large particles either avoid oxide
formation or vaporize very slowly after oxidizing. The results are
consistent with the kinetics of PtO, formation and volatilization
on Pt nanoparticles exhibiting size dependence. McCabe et al.
observe that Pt oxidation is self-limited due to surface
passivation, that the oxide layer is a mixture of stoichiometric
PtO, and chemisorbed oxygen, and that the stability of the
oxide correlates inversely with the particle size based on
reduction kinetics.#” The presence of the large remaining Pd-
rich catalyst particles could be consistent with Ostwald ripening.
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The most important conclusion from the STEM-EDS data of the
fresh Pt/Pd/Al,O3 is that the disappearance of metal catalyst
appears to occur independent of either the initial composition
or composition distribution, which varies widely in the highly
heterogeneous sample. On the other hand, comparison of
STEM-EDS data from the oxide support region that does not
have easily discernable Pt/Pd catalyst particles before and after
oxidation suggests that both Pt and Pd become more
sparse/dilute on the oxide support, consistent with
vaporization. The presence of Pd after oxidation is consistent
with redistribution of the metal via diffusion. On the other hand,
previous studies of Pt/SiO, at 650°C showed Ostwald ripening
to be the primary phenomenon;*® the differences in the
materials system and experiment temperature could account
for this. Our observation of the rapid onset of vaporization at ~
700°C suggests that the small temperature change significantly
changes the dominant mechanisms for structural evolution.
This is important because automotive emission controls
catalysts can experience temperatures higher than 700°C.

The observations show that smaller catalysts reappear during
the reduction process; this behavior is expected in similar
catalyst materials.>® This could be consistent with a process
whereby metal dissolved in the support through bulk diffusion
during oxidation returns to the surface and aggregates. As the
engine undergoes lean/rich or oxidative/reductive cycles, some
metal catalyst particles may cycle between aggregated particles
on the surface and being dispersed or dissolved on the oxide
support surface or bulk, respectively. Notably, the development
of catalyst systems that intentionally undergo dissolution into
an oxide support — so called “intelligent catalysts” 32 — is
presently an important topic in automotive catalysis.>3 Our
observations reflect expectations of catalyst regeneration
under reductive conditions. Combined with the observations of
the catalyst under oxidation, we hypothesize that vaporization
and redeposition play a role in catalyst structural evolution, and
that diffusion of Pt and Pd likely cycle between dispersion and
aggregation under and
respectively. Although the conditions of the in-situ experiment

oxidative reductive conditions,
favor vaporization, the temperatures attained are still lower
than the maximum temperatures of catalytic converters. A
corollary is that loss of material through evaporation of the
catalyst likely occurs to some degree even if redeposition
occurs, and thus the performance of the Pt/Pd catalyst will

irreversibly decrease slowly over time.

Conclusions

Using an in-situ gas cell in the TEM, the structural changes in a
Pt/Pd catalyst supported on Al,O3 are observed in real-time,
providing the intermediate stages of the morphology between
the fresh and aged structure. Metal disappearance through
volatilization and diffusion are observed at temperatures as low
as 700°C, consistent with increased volatility of the catalyst due
to the Gibbs-Thomson effect and chemical effects of oxidation.
The complete loss of metal in regions of the sample implies two
effects: 1) preferential vaporization of Pt and 2) diffusion of
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Pt/Pd through the surface or bulk from catalyst particles to the
surrounding oxide support. This data suggests that vaporization
and redeposition play a role in catalyst structural evolution.
Finally, reductive conditions were observed to regenerate the
catalyst by returning the morphology to one similar to that of
its fresh condition. It is likely important to cycle rapidly between
oxidizing and reducing conditions to accurately capture
operando conditions. The in-situ gas cell is well-suited to
characterizing changes in the catalyst as it dynamically
alternates between vaporization and redeposition/re-
nucleation. However, the cycle frequency (~1 Hz) will require
some modification of the gas delivery apparatus. Furthermore,
in-situ TEM generates data that can be mined using image
segmentation. The information includes shape factors such as
aspect ratio. While changes in some of these variables are
apparent in the micrographs, incorporating the data into a
model for catalyst particle evolution has the potential to reveal
subtle dependencies of particle morphology on redox
conditions. We observed a decrease in surface area to volume
ratio of Pt/Pd particles supported on Al,0O3; consistent with
surface energy as a driving force for catalyst structural
evolution. This is also consistent with metal vaporization from
oxidation and the Gibbs-Thomson effect, both of which affect
or are affected by the surface energy of the metal particle. For
industrial application of in-situ TEM methodology to catalyst
aging tests, data from the gas cell can be accumulated to
provide large statistical sampling over many experiments. The
method is promising for improving understanding of catalyst
through faithful representation of operando
conditions, which can significantly improve understanding of

dynamics

underlying catalyst degradation mechanisms.
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