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ABSTRACT: We report dynamical restructuring effects in free-
standing Au,;sPdy,s nanoparticles occurring in gaseous environ-
ments at elevated temperatures. The freshly prepared sample was
found to have a core—shell structure with a Pd-rich phase on the
surface. The evolution of sample composition and morphology
under exposure to 1 bar of pure gases, namely O,, H,, air, CO, and
CO,, at different temperatures was studied using in situ scanning
transmission electron microscopy (STEM) and energy-dispersive
X-ray spectroscopy (EDS). We observed sharper facets on the
surface of the particles under O, or air at 400 °C. Small islands of
Pd were present on the surface, although some Pd was
redistributed inside the bulk when the temperature was increased
under O,. Subtle changes in surface roughness were noted when
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400 °C in O2

Faceted +
Segregation of Pd
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O, was substituted with H, at 400 °C, an observation correlated to density functional theory (DFT) calculations. The particles lost
clean surface facets when CO was introduced at room temperature and at 200 °C. No substantial changes could be observed after
exposure to CO, at 250 °C. The adsorption of CO molecules on the surface modifies the surface of the particles and decreases the
facet prevalence. These in situ observations show how gases can induce subtle modification of the surface of nanocatalysts,

potentially impacting their chemical properties.

B INTRODUCTION

Pd is an excellent catalyst used for a large range of reactions,
such as CO oxidation,"” reduction of NO,” and hydrogenation

. 4—7 . .
of alkynes into alkenes. However, Pd is an expensive

transition metal that is not always highly selective.”””
Nevertheless, it has been shown that chemical properties of
Pd can be tuned by alloying it with another transition
metal.' "

One advantageous combination is the alloying of Pd with
Au: Often, Pd is diluted in Au to optimize the use of Pd and
enhance its catalytic properties.'” For instance, Au—Pd alloys
have been used for the hydrogenation of butadiene and
outperformed the monometallic counterparts.'® In other cases,
they have been used for the hydrogen exchange reaction,
where the alloy phase leads to strong activity.'* Recent studies
have also focused on the electrocatalytic properties of Au—Pd
systems to reduce CO, to a mixture of C1—C5 hydro-
carbons.” This reactivity is associated with the reaction of
adsorbed CO and —CH, intermediates on the surface, which
ultimately led to the formation of longer hydrocarbons. Au—Pd
alloys can be created to optimize the use of Pd by keeping Pd
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atoms well distributed on the surface,'”'* but this preference
has not been studied extensively.'>"”

These examples show how Au—Pd nanostructures can be
used in the field of catalysis. However, their catalytic properties
are strongly dependent upon particle structure. It is known that
composition, oxidation state, and morphology are crucial
parameters for tuning catalytic activity. In particular, the
surface structure and the configuration of facets strongly affect
catalytic properties.lg_20 Pure Au particles have been
extensively investigated with in situ methods, which have
shown changes in facet orientations and surface roughness
upon exposure to gaseous environments at elevated temper-
atures.”'~** However, Au—Pd systems have been the subject of
very few in situ studies. The impact of Pd insertion in a gold
crystal is not well understood, especially under different gases
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and temperatures. Furthermore, influence of Pd oxidation in
Au—Pd systems is not well described and could be crucial in
the morphological changes. In fact, modification of surface
structure such as facet reconstruction can cause changes in
adsorption and desorption energies and ultimately impact the
catalytic properties.””*> Additionally, migration of Pd and Au
atoms within the particles in realistic catalytic reaction
conditions can cause decreased catalytic activity and
selectivity.”®”

To address these questions, we performed atomic-scale in
situ STEM analysis of free-standing Au—Pd particles in gaseous
atmospheres (O,, H,, CO, or CO,) at different temperatures.
Results were correlated to DFT calculations of the surface
energy of Pd and the Au—Pd surface to explain the underlying
thermodynamic preference for morphological change observed
during the experiments.

B MATERIALS AND METHODS

Experiment. Au,,sPd,,; particles were prepared following
a previously published procedure.”® For in situ STEM
measurements of a sample of free-standing particles, a
custom-made cell with SiN windows was used. We chose to
study an Au—Pd sample with a concentration of 25% of Pd for
two reasons: It is low enough to be considered a representative
sample of Au—Pd catalyst with dilute Pd but high enough to
obtain excellent EDS and EELS data, which are critical in this
study. Ex situ and in situ analyses (at 1 bar of gas) were
performed with a JEOL NEOARM operating at 200 kV. The
Au,,sPd,,s particle samples were sandwiched between the two
windows and inserted in a dedicated environmental TEM
holder manufactured by Hummingbird Scientific.””** The cell
contained a microcoil for temperature control and two inlets
allowing gases to flow into the cell. Control of the flow was
achieved with a gas delivery system manufactured by
Hummingbird Scientific. All data were collected under a
gaseous atmosphere at the indicated temperatures. Only
ultrahigh-purity (UHP) gases were used, with a flow of §
sccm. Energy-dispersive X-ray spectroscopy (EDS) maps and
electron energy-loss spectroscopy (EELS) were performed to
determine compositional heterogeneities with particles as well
as the oxidation state of Pd. For imaging, the camera length
used with the JEOL NEOARM was 4 cm, with a probe current
of 500 pA. For EDS and EELS, the camera length was 2 cm
and the probe current was 700 pA. For low pressure in situ
analysis, an environmental TEM (Hitachi HFS000) was used.

Two sets of experiments of particle treatment with different
gases at different temperatures were performed, as summarized
in Figure 1. The gases and temperature ranges were chosen to
reflect common environmental conditions for Au—Pd samples
used as a catalysts.”'” In the first set, the temperature was
increased at 10 °C/min to 400 °C under 1 bar of O,. Exposure
to O, at elevated temperatures removed all ligands and carbon
contamination. The sample was kept under these conditions
for 2 h. The cell was then purged with N,, after which H, was
introduced at 400 °C for 1 h. Then, the cell was purged again
with N, and filled with O,. The temperature was decreased to
250 °C under O,, the cell was purged with N,, and then CO,
was provided for 1 h. The second set is similar to the first one,
except for the last step: The temperature was decreased under
O, to 200 °C, before the cell was purged with N,, and then
filled with CO for 1 h. CO treatment after the CO, experiment
was avoided, as we wanted to compare CO and CO, exposures
after oxidation. Furthermore, this ensures that structural
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Figure 1. Summary of conditions used for the two sets of experiments
performed on free-standing Au,;sPd, ,5 particles. Experiments 1 and 2
are identical, except for the last step. In the first case, CO, was used at
250 °C. In the second experiment, CO was used at 200 °C. Only pure
gases were used at 1 bar.

modifications from CO, or CO were not resulting from an
initial treatment with either CO, or CO.

DFT Calculations. All calculations performed in this study
were completed using the Vienna Ab initio Simulation Package
(VASP).>" The Perdew—Burke—Ernzerhof (PBE) exchange-
correlation functional in the Projector-Augmented Wave
(PAW) formalism was employed for all elements.”*® The
pseudopotentials chosen for Au, Pd, and O did not include any
semicore corrections. The cutoff energy was set to 450 eV, and
the k-point grids were optimized for each system (such that
total energies were <S5 meV/atom). Methfessel—Paxton
smearing of the electron density at the Fermi level was
employed, using a smearing value of 0.2 €V, as is typical for
metallic systems. All calculations were spin-polarized, which is
necessary to capture the correct electronic ground state of O,
(spin triplet).

Surface free energies were computed for each system using
bulk references and gas-phase O, when permitted. Explicitly,
the surface energies are calculated via eq I:

. . k
G _ Etotal - I(EAu) - ](EPd) - E(EOZ)
surf,form — ZAsurf (1)

where E, represents the total energy of the system, i is the
number of Au atoms in the total system, E,, is the energy per
atom of Au in the bulk, j is the number of Pd atoms in the total
system, Epq is the energy per atom of Pd in the bulk, k is the
number of O atoms in the total system, Eq is the corrected

and entropy corrected value for one O, molecule in the gas
phase (both corrections are discussed below), and A, is the
surface area of one side of the system. Because of the
overbinding of oxygen, as was characterized previously,’* we
correct the oxide energies by +0.53 eV per oxygen molecule,
which represents the energy difference between the PBE-
predicted bond energy of O, and the experimental dissociation
energy.

Hence, the energy “zero” represents the relevant bulk Au,
bulk Pd, and gaseous O, contributions to whichever surface is
considered, in which the mass balance is inherent. Lastly, we
include entropic contributions to the surface free energy of
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pPalladium

Figure 2. (a—c) Representative HAADF-STEM images of free-standing Au,;sPdy,s particles. It is possible to distinguish dimmer brightness at the
edges of the particles. This is due to the increased concentration of Pd on the surface, which has a lower atomic number than Au. (d—g) HAADF-
STEM image and EDS maps of Auy;sPd, s particles. (d) HAADF-STEM image of the particle analyzed with EDS. (e) Combined Pd and Au EDS
maps showing the increased concentration of Pd on the edges. (f) Au EDS map. (g) Pd EDS map.
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Figure 3. STEM-EDS/EELS analysis of the particles exposed to an O,-rich environment. Py, is 1 bar. (a, b) Analysis of a particle after heating

under O, at 100 °C. The facets are sharper at higher temperature. Hence, heating under O, affects the surface roughness of Au,,sPd,, particles. (c,
d) STEM-EDS analysis after 2 h exposure to O, at 400 °C. (c) EDS map of another particle, with segregation of Pd on the edges shown by the blue
arrow. No core—shell configuration is visible, on either the images or the EDS map. Also, we used an above-average size particle to minimize
potential beam-induced effects. (d) EELS spectra from the Pd edge after 2 h of O, exposure (magenta line). The increase of the peak (called white

line) in the Pd near edge region indicates oxidation after the treatment.

each oxide material. This is accomplished using the Atomic
Simulation Environment’s Thermochemistry package where
the experimental conditions are included in the total energy of
each O, molecule.”

B RESULTS

First, ex situ STEM analysis was performed to determine the
characteristics of freshly synthesized Au,,Pd,s particles.
These analyses were completed for the specific times indicated,
as displayed in Figure 1. STEM imaging was performed at high
magnification, and EDS maps were collected. These data are
summarized in Figure 2 and indicate a core—shell config-
uration with Pd primarily on the surface of the particle. This is
also observed from high-angle annular dark-field (HAADF)
STEM images, where the particle brightness is substantially
less intense on the edges. This dimer shell cannot be attributed

to a thickness effect, and previous studies have shown that the
brightness in HAADF-STEM is proportional to 716536 Hence,
because Zpy = 46 and Z,, = 79, it is possible to see Pd
segregation on STEM images. This result is also confirmed
with EDS maps, clearly showing a core—shell configuration
with a Pd-rich layer on the surface with a thickness smaller
than 1 nm. Additional EDS maps from more particles are
shown in Figure S1, indicating that the core—shell config-
uration is present for most particles in the sample. This core—
shell configuration is due to the synthesis process, as Au
nanoparticles nucleate before the addition of Pd precursors.”®
During the synthesis, Pd will coalesce on the nucleated Au
particles and form a Pd shell, so the core—shell configuration is
due to a kinetic effect. This has been observed in another
publication about Au—Pd samples.””
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An EELS spectrum from the Pd L; edge at 3173 eV was also
collected, and it indicated partial oxidation of Pd in the system,
as shown in Figure 3. Indeed, a typical “white line” consistent
with the presence of PdO can be seen.”” For metallic Pd, no
white line is present.”® This spectral feature arises from energy
transitions in PdO between the 1s orbital and the 4d orbital,
which are not present in metallic Pd. The peak is not as
prominent as would be expected for a pure PdO phase, which
leads us to believe that Pd is only partially oxidized in the
sample. Reference signals for Pd and PdO in a previous study
clearly support this hypothesis.”® We also detected the
presence of O in the Augy,sPd,s particles, with the O K
edge at 529 eV (Figure S2), confirming the presence of PdO in
the structure. No signal for O was obtained in surveyed regions
without Aug,sPd,,s particles. Finally, it should be noticed that
a minority of particles have an icosahedral shape, which is
typically found in small Au particles.*”

After ex situ analysis, the free-standing sample was deposited
into the gas cell for in situ STEM analysis. The sample was
exposed to pure O, at room temperature (RT), and the
temperature was increased at a rate of 10 °C/min to 400 °C.
Figure 3 shows a set of STEM images as well as EDS and EELS
data taken after 2 h of exposure to O, at 400 °C at a pressure
of 1 bar. In situ microscopy with atomic resolution at high
pressure ( >1 bar) was achieved. The exposure to elevated
temperatures leads to the disruption of the core—shell
structure, with migration of Pd from the shell to the Au-rich
core. This is commonly seen in core—shell structures.'***!
The particles appear highly faceted, and the edges are sharper
compared to the ex situ STEM observations at room
temperature. A statistical analysis is provided in Table SI to
show how many particles changed after oxidation. All particles
showed a change in morphology with the formation of sharp
and distinctive facets after oxidation of the fresh particles. In
Figure 3a,b, two images of the same particle were taken when
the temperature was increased. At 100 °C, the particles still
had edges with some roughness. At 400 °C, the surface
roughness is diminished; the facets are straight and are clearly
visible. To remove interference from residual carbon species
coming from the solvents used, a careful plasma cleaning of the
chip with sample was performed, and measurements were
performed at 100 °C rather than room temperature.

A significant minority of Augy,sPdy,s particles had an
icosahedral shape after O, treatment for 2 h at 400 °C (Figure
S3). Interestingly, EDS maps of the particles showed that Pd-
rich islands are present on the edges of the particles (Figure
3c). Additional EDS maps after O, treatment presented in
Figure S4 indicate a general trend where small Pd-rich islands
formed on the surface of the particles.”” The core—shell
configuration seemingly no longer exists, and the relatively
thick Pd-rich shell is not present. Instead, small Pd islands are
distinguishable on the edges, and the depth is estimated to be
<5 atomic monolayers on average. Overall, we conclude that
some Pd redistribution occurred during in situ heating under
O,. Analysis of the same particle when the temperature was
slowly increased and after long exposure to O, at 400 °C also
indicates a thick Pd-rich region (Figure SS). We used the same
pixel size and pixel time for the two maps and selected larger-
than-average particles to limit beam-induced effects. After long
exposure to O, at 400 °C, the shell is no longer visible (with
the same STEM parameters).

Finally, EELS analysis of the Pd L; edge at 3173 eV was
performed on many particles and compared to the EELS

spectrum collected for the ex situ STEM analysis (Figure 3d).
To this end, post-specimen lenses were manually adjusted to
optimize the signal-to-noise ratio and detect changes in the
valence state of Pd. The spectra were collected over 30—40
particles. EELS indicated an increase in the oxidation level of
Pd after the O, treatment. In fact, a peak (called “white line”)
is detected for the Pd L; edge after oxidation. This white line is
a signature for PdO, as described above. Additionally, a small
shift to higher energy losses is observed when Pd is oxidized,
which is what is expected. Oxidized Pd has fewer electrons
than metallic Pd, so the remaining electrons are more pulled to
the core of the atoms by the protons. Hence, additional energy
is needed to perform energy transitions, and ultimately, higher
energy losses occur for the transmitted electron of the beam.

After O, treatment, the cell was purged with nitrogen; H,
was introduced at the same temperature (400 °C), and the
sample was exposed to these conditions for 1 h. Figure 4 shows

2 h exposure to O2 at 1
bar at 400°C

1 h exposure to H2 at 1
bar at 400°C

Figure 4. In situ HAADF-STEM images of Au,;sPd,,s particles after
O, and H, exposure at 400 °C under 1 bar. (a, b) Representative
image of a majority of particles. No obvious change of the surface
roughness was observed. A slight modification of the morphology is
observed as the particle is more spherical after H, treatment. The
facets did not seem to undergo a major transformation, and the
particle retained an icosahedral shape. (¢, d) Image of a second
particle undergoing restructuring at the surface after exposure to H,.
The surface is rougher, and sharp edges are more difficult to
distinguish than after O, exposure. The same microscopy parameters
were used, and the Ronchigram was adjusted before imaging to obtain
the best imaging quality possible. The focus was adjusted to avoid
blurriness, and in both cases, atomic resolution was achieved.

in situ atomic-resolution STEM images of the surface of
Aug;sPdy,s particles. For the large majority of particles, the
surface remained unchanged after H, was introduced.
However, in some cases, the edge of the particles appeared
rougher, as shown in Figure 4c¢,d. A statistical analysis is
provided in Table S1. Only images with very high
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2 h exposure to O2 at 1 bar at 400°C

1 h exposure to H2 at 1 bar at 400°C

Re-exposure to 02 at 400 °C for 30
minutes

Figure S. An example of a reversible change in the morphology during an oxidation—reduction—oxidation cycle. The pressure of gases is 1 bar. (a)
Particle after oxidation at 400 °C for 2 h. (b) Particle after reduction at 400 °C for 1 h. (c) Particle after reoxidation at 400 °C for 30 min. The
sharp edges and the corners visible after the first oxidation reappear upon reoxidation. The oxidation of Pd seems to play a role in the surface
structure of the Au,,sPd,,s particles. We chose a particle with above-average size during this analysis to minimize beam-induced effects. Smaller

particles are more sensitive to the electron beam than larger particles.

magnification and resolution were considered for this statistical
analysis. We showed that 2/3 of the particles remained
unchanged upon reduction, whereas 1/3 of the particles
showed some slight change in surface roughness. It should be
emphasized that the particles were exposed to the electron
beam only during imaging. Furthermore, when STEM images
were not being actively collected, the beam valve was closed to
avoid beam-induced effects. Hence, we believe that the subtle
changes in the surfaces of the particles upon exposure to H,
after oxidation under O, are the results of a change in the
environment. In some cases, changes in the edges were
reversible, as shown in Figure 5. Re-exposure to O, at 400 °C
followed the reduction with H, at 400 °C. During this re-
exposure, most particles that changed upon H, exposure
recovered a highly faceted morphology (observed after first O,
treatment) upon reoxidation (second O, treatment).

It should be noted that no Pd islands were observed in
particles after exposure to H, at elevated temperatures.
Previous studies of Au—Pd materials showed redistribution
of Pd atoms within the particles, as there was no driving force
for the formation of Pd oxide on the surface.'® EDS maps
confirmed the uniform distribution of Pd within particles, with
no segregation of Pd on the surface (Figure S6). Additional
STEM images are provided in Figures S7 and S8 to show
statistics with a bigger sample size about the shape of the
particles upon redox cycling. Indexing of facets of particles
after exposure to O, treatment was also performed in Figure S9
and showed a high number of (111) facets. Additionally, the
experiment was also performed with low pressures of O, or H,
(S X 107> Pa) with an environmental TEM. Similar changes
were observed in the particles as those observed at 1 bar.
Exposure to 5 X 1072 Pa of O, also led to the formation of
sharp facets, and exposure to 5 X 107> Pa of H, caused a slight
increase in surface roughness in some particles (Figure S10).
Hence, we conclude that morphology changes can also occur
at low pressures of gases and are not only valid for high-
pressure conditions.

Finally, the experiment was finished with exposure of the
system to CO, at 250 °C. We did not observe facet
reconstruction. Because we can clearly distinguish the facets
with in situ measurements, we concluded that no reconstruc-
tion happened (see also Table S1). Additional STEM images
are provided in Figure S11. This is hypothesized as the
inability of Pd or Au to interact with CO, molecule as no CO,

reduction is observed under 1 atm at temperatures ranging
from 25 to 250 °C. Previous analyses are also suggesting the
weak interaction between Pd and CO, molecules.*>**
Additionally, one can hypothesize that Au passivates Pd by
making interaction between Pd and CO, molecules less
energetically favorable. Differences between the O, treatment
at 400 °C and the exposure to CO, at room temperature are
shown in Figure 6. An additional EDS map is also provided in
Figure S12.

After experiment 1 with CO, exposure, experiment 2 was
performed, with the same redox cycle at the beginning, but
with exposure to CO at 200 °C instead of using CO, at 250
°C. These results are summarized in Figure 7, where drastically
different dynamics are observed compared to the CO,
experiment. The particles appeared to be less faceted and
were more sensitive to beam exposure. The loss of facets has
been observed in all particles (Table S1). The particle
morphology changes occurred quickly after exposure to CO.
This is due to the strong interaction between Pd and CO.* 1t
has also been shown that adsorption of CO on under-
coordinated Pd leads to surface roughening.*® Another factor
to consider is the induced surface stress to the facets upon CO
adsorption.””** This causes facet reconstruction, visible in the
images provided in Figure 7. Changes in morphology are not
due to redistribution of Pd atoms within the particles: Figure
7d indicates no preferential segregation of Pd after exposure to
CO at elevated temperature.

It should be stressed that metal deposition on the sample
was not detected during the CO treatment. Indeed, deposition
of carbon monoxide—metal complexes during in situ experi-
ments is frequent, as CO molecules are bonded to metallic
compounds in the in situ setup and are then deposited on the
sample. Interaction between the metal carbonyls and sample
could potentially lead to incorrect conclusions.”” The in situ
setup employed here is made of stainless steel, but no Fe was
detected with EDS or EELS (see Figure S13). Additional
STEM images of particles before and after CO treatment are
also provided in Figures S14 and S1S to show that the surface
roughening is substantial on a majority of particles. Some facet
reconstruction could also be observed in Figure S16.

To better understand the role of Pd and PdO in facet
reconstruction, the surface energies of different Pd and Au—Pd
surfaces were calculated. To simplify the calculations, the effect
of twin boundaries and grain boundaries was not factored in as
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After Oz treatment at 400 °C
for 2 hours

After CO: treatment at 250 °C
For 5 minutes

EDS analysis of Auo.7sPdo.2s particles after 30 min
under CO:at 250 °C.

Figure 6. STEM-EDS analysis of the effect of 1 bar of CO, on the
structure of Auy;sPdg,s. (2, b) HAADF STEM analysis before and
after exposure to CO,. In (b), the particles appear rounder, and sharp
facets are less present. (c, d) STEM EDS analysis of a particle after 30
min under CO, at 250 °C. No preferential segregation of Pd was
observed. On the basis of quantification with EDS, this specific
particle had a slightly higher Pd concentration due to heterogeneities
in the sample.

this would require much more calculations, beyond the scope
of this work. This simplified model helps to better understand
the impact of Pd and PdO on the surface structure. Results are
summarized in Figure 8.

Overall, the results of the DFT study are consistent with
other analysis performed on similar Au—Pd systems. The
mixing of Pd and Au tends to favor Pd-rich surfaces in
oxidative conditions.””*"

First, one can see that PdO(101) and Pd;O,/Au(111)
surfaces are clearly predicted to be favorable under 1 bar of O,
at 400 °C, relative to the pure metal and bimetallic surfaces.
This agrees with our experimental observations. Upon
exposure to O, at elevated temperatures, segregation and
oxidation of Pd are energetically more favorable, as PdO(101)
and Pd;0,/Au(111) are downhill in energy. It must be noted
that all of the sequential surfaces are at lower surface energies
than PAML/Au(111), with an enthalpic minimum to aggregate
Pd in the surface normal direction to form a “bulklike” PdO
structure. This is consistent with our data showing the
progressive disappearance of an initial core—shell structure
with Pd at the surface. One should also notice that PdO (111)
is a less stable termination than PdO(101) according to
previously published work.>”

If PdO is on the surface and becomes reduced upon
exposure to H, at 400 °C, this can impact the surface of the
particles, as we observed in Figure 3c,d. Indeed, the surface
energy of PdO(101) surface is lower than the surface energy of
metallic Pd(111) surface. Hence, sharp (101) facets are

After CO treatment at 200 °C
For 15 minutes

After Oz treatment at 400 °C
for 2 hours

10 nm ’ 10 nm

EDS analysis of Auo.7sPdo.25 particles after 30 min
under CO at 200 °C.

Figure 7. STEM-EDS analysis of the effect of 1 bar of CO on the
structure of Auy;sPdg,s. (2, b) HAADF STEM analysis before and
after exposure to CO. In (b), sharp facets are less present. The surface
of the particles appears more irregular than after the O, treatment. (c,
d) STEM EDS analysis of a particle after 30 min under CO, at 250
°C. No preferential segregation of Pd was observed.

energetically more favorable with PdO than with Pd(111)
facets, which could explain the increased surface roughness
upon H, treatment, which causes sequential reduction of the
PdO surface. In fact, the hydride phases during reduction of
PdO are metastable and favorable. Thus, H has a transient
behavior in the Pd matrix, which could lead to surface
roughening. In that case, oxidation of Pd on the surface leads
to sharp facets more easily than when the Pd is reduced at
elevated temperatures.®”*'>*%*

B DISCUSSION

Faceting of nanoparticles has been documented in previous
work.>>~*" In fact, prolonged exposure to elevated temperature
should lead nanoparticles to reach an equilibrium shape given
by Wulffs theory.”® For instance, the equilibrium shape of
small Au nanoparticles is typically an icosahedron.’”
However, the behavior of bimetallic samples can be hard to
predict and can be only determined experimentally, as
performed in this work. For many Aug,sPd,,s particles,
surface reconstruction was observed at elevated temperatures
under O, and H, associated with minimization of the surface
energy.

The partial removal of the core—shell structure upon heating
in O, was surprising. Indeed, Pd tends to migrate to the surface
of particles to form PdO under an oxidative environment. We
did observe thin Pd-rich islands on the surface of the particles
upon oxidation at 400 °C, but no core—shell configuration was
observed, as was the case for a fresh sample. Beam exposure
was kept as low as possible to avoid electron irradiation effects
during scanning for EDS maps. Hence, we suggest that
exposure to elevated temperatures increases the movements of
vacancies within the Pd—Au alloy, leading to some Pd atoms
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Figure 8. Surface free energy of relevant Pd, Au, PdAu, and O/PdAu surfaces. Values in red denote entropically corrected surface free energies,
taking into account the experimental conditions of O,. The values in parentheses denote the purely enthalpic energies for these structures.

being redistributed inside the core.’’ Thin Pd-rich islands
remain on the top of the surface after exposure to O, at
elevated temperature, which favors surface segregation of Pd
(based on DFT results). We speculate that Pd atoms under the
surface became redistributed by movement of vacancies due to
thermal activation. Thus, two competing forces could explain
the redistribution of Pd within Auy,sPd,,s particles during
exposure to O, at elevated temperatures. Hence, this study
underlines the influence of two mechanisms to explain
important changes in the structure of Au—Pd catalysts.

EELS spectra indicate an oxidized state of Pd upon exposure
to O, at 400 °C for 2 h. The sample is more oxidized than at
the beginning of the experiment, although reference spectra of
pure PO show a larger white line.’® This suggests that the Pd
in the nanoparticles is partially oxidized after exposure to O, at
400 °C, while some Pd remains metallic. However, it was not
possible to locate potential PdO-rich regions within the
particles with EELS or EDS. Indeed, the Pd L; edge
corresponds to a high energy loss, and we needed to collect
an average spectrum from 30 to 40 particles to obtain a signal
that was not too noisy. (In EELS, the signal-to-noise ratio
(SNR) increases at high energy losses.) Additionally, the two
SiN windows in the in situ cell reduce signal intensity for EELS
analysis further. As an example, Pd M edges cannot show shifts
in valence states. Finally, the O K edge at 529 eV loss could
not be used because the SiN windows contain traces of SiO,.
Hence, the EELS and EDS data for O cannot be used in this
study. However, it is reasonable to assume that PdO may be
preferentially located on the surface of the particles, as surface
Pd is exposed to the O,. Moreover, previous X-ray absorption
spectroscopy (XAS) studies of Au—Pd particles indicate the
presence of Pd on the surface upon O, treatment at elevated
temperatures.42

The segregation of Pd to the surface after O, treatment is
beneficial to expose Pd atoms, which are the main catalyst for
many reactions, such as the hydrogenation of hexynes.”
Increase in activity has been observed in fully reduced particles
after exposure to O,, whereas an exposure to H, decreases the
activity.'® Thus, the STEM data are well correlated to catalytic
measurements on this system. Increase in activity was also
observed after fully reduced particles were exposed to CO,
although it was not as high as after an O, pretreatment. We
speculate that the substantial surface roughening upon
exposure to CO creates a unique electronic configuration
that is favorable to increase the yield for the hydrogenation of

alkynes. Additionally, even though we did not see any
segregation of Pd to the surface upon exposure to CO, it is
possible that a small and undetected amount of Pd atoms may
segregate to the surface and consequently increase the activity
of the system.

Finally, the DFT calculations underline the impact of Pd and
Pd oxide on the surface energies. Even though this was
observed in a minority of particles, the particularly low surface
energy of PdO compared to Au—Pd or metallic Pd surface
favors the formation of PdO(101) surfaces. This explains the
presence of sharp facets which formed upon exposure to
oxygen. Hence, we demonstrated the influence of Pd oxide on
the morphology of Au—Pd systems, which can impact the
surface roughness of the catalyst.

B CONCLUSION

We identified dynamic restructuring effects in Aug,sPd,,s
particles upon exposure to O,, H,, CO, and CO, at elevated
temperatures. An increase in temperature leads to sharper
facets that minimize surface energy and the loss of an initial
core—shell configuration. At 400 °C, most particles did not
change when O, was replaced with H,, although in some cases,
the surface roughness increased upon exposure to H, We
suggest that the reduction of PdO to Pd causes subtle facet
reconstruction and rougher edges, as the surface energy for a
(111) facet of metallic Pd is higher than the surface energy of a
PdO(101) facet. Finally, we observed a substantial removal of
sharp facets after exposure to CO at room and elevated
temperatures. The adsorption of CO seems to modify the
stability of facets on Aug,sPd,,s particles. The adsorbed CO
changes the surface energy and induces strain on the surface,
leading to a higher sensitivity to the electron beam and the
destruction of sharp edges. These dynamical changes play a
crucial role in the surface chemistry of Auy,sPd,s particles
and inform our understanding of differences in catalytic activity
after gaseous treatments.
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