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Abstract

The role of metal-support epitaxy on shape and size heterogeneity of nanoparticles
and their response to gas atmospheres is not very well explored. Here we show that an
ensemble of Pd nanoparticles, grown on MgO(001) by deposition in ultra-high vacuum,
mostly consists of two distinctly epitaxially oriented particles, each having a different
structural response to redox cycles. X-ray reciprocal space patterns were acquired
in situ under oxidizing and reducing environments. Each type of nanoparticle has a
truncated octahedral shape, whereby the majority grows with a cube-on-cube epitaxy
on the substrate. Less frequently occurring and larger particles have their principal
crystal axes rotated +3.7° with respect to the substrate’s. Upon oxidation, the top
(001) facets of both types of particles shrink. The relative change of the rotated
particles’ top facets is much more pronounced. This finding indicates that a larger
mass transfer is involved for the rotated particles and that a larger portion of high
index facets forms. On the main facets of the cube-on-cube particles, the oxidation
process results in a considerable strain, as concluded from the evolution to largely
asymmetric facet scattering signals. The shape and strain responses are reversible
upon reduction, either by annealing to 973 K in vacuum or by reducing with hydrogen.
The presented results are important for unraveling different elements of heterogeneity
and their effect on the performance of real polycrystalline catalysts. It is shown that a
correlation can exist between the particle-support epitaxy and redox-cycling-induced

shape changes.
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Metal nanoparticles on oxide supports are common catalysts for a variety of hetero-
geneous catalytic processes, including CO oxidation, NOx reduction, methane combustion
and hydrogenation for fuels.**¥ Catalysts often consist of 4d noble metals, such as palla-
dium (Pd).*™® Thorough understanding of how chemical processes take place on different
nanoparticle (NP) facets and how its size and shape influence the catalytic activity will
give chemical engineers information for the rational design of catalyst particles to improve
their yield and lifetime. The detailed understanding of catalytic reactions in which NPs are
involved is obscured by the morphology and surface structure of their ensemble.?1¥ Real
catalyst systems are usually composed of randomly oriented metal or oxide NPs with a con-
siderable size and shape distribution and both supported by oxide powders. This makes it
difficult to isolate and investigate physical and chemical processes on NPs with a specific
size, shape and orientation.™# Even more complicated is the understanding of the role of
metal-support interaction, which controls the overall energetics and sintering kinetics. 134
Model systems of NPs with a well defined orientation on a single crystal substrate enable
the use of single crystal-like X-ray diffraction (XRD) to investigate physical and chemical
processes occurring on a nanoscopic and atomistic level.X® For example it has been demon-
strated with in situ X-ray scattering techniques that the shape of the nanoparticles changes
in reactive environments during a catalytic process.10"42
Equilibrium NP shapes are commonly determined from the Wulff construction where the
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surface energy of the particle is minimized by forming particular crystal facets. Previous

23 are predominately (100)

experiments have shown that Pd NPs, larger than approx 2 nm,
and (111) faceted in the shape of a truncated octahedron.# =0 Redox cycling plays an
important role in oxidation catalysis® and as a processing step in tailoring the particle-
support interaction.®! In oxidizing environments, oxygen atoms in the gas phase adsorb on
to the exposed surfaces of the metal NPs forming chemisorbed phases or thin surface oxides.

This was investigated theoretically and experimentally.®?#% Mittendorfer et al| performed

ab initio simulations on how particles with low index (100), (111) and (110) facets react



with oxygen forming higher order facets like (112), (331) and (113). These facets become
thermodynamically stable in higher oxygen chemical potentials.®? Nolte et al| showed this
experimentally, upon oxidation (112) facets are formed on the edges between (111) and (100)
facets on truncated octahedral shaped Pd NPs.®¥ Additionally, oxidation experiments were
performed on single crystal and vicinal surfaces.?*#> Work on these larger single crystals’
surfaces forms a basis for the understanding of what could occur on the individual NP facets.
Past experiments demonstrated that high index facets rearrange into other high index facets
upon oxygen adsorption. For example Westerstrom et al.| showed that (553) facets rearrange
to (332) and (111) facets** and |Vlad et al. showed that (112) facets rearrange into (113) and
(335).12

In this work the reversible response of a Pd NP ensemble upon redox cycling, between
clean UHV and mild oxidizing conditions, was investigated with surface sensitive XRD.
The high angular resolution, which is not easily achievable with other techniques, allowed
to uncover that the NP ensemble mainly consists of two types of particles. These have
similar shapes but distinctly different epitaxial relationships as also manifested by different
interfacial lattice registries. Both types of particles are found to change their shape differently
upon oxidation, which implies that the metal-support epitaxy and resulting strain can have
a decisive influence on the catalytic behavior of NPs. In addition to the NP dimensions
and shape, we show that considerable surface stress and strain develops upon oxidation and
reduction, as deduced from the asymmetry in the facet scattering signal around the Pd Bragg

reflections.

Results and Discussion

Nanoparticle Ensemble Morphology

The in situ experiments were performed at the P23 in situ and nano X-ray diffraction beam-

line of PETRA III at Deutsches Elektronen-Synchrotron (DESY) with a portable ultrahigh



vacuum (UHV) sample environment allowing for controlled oxidation.®® The Pd nanopar-
ticles were deposited on a single crystal MgO(001) substrate with molecular beam epitaxy
(MBE). The sample was exposed to air while transferring into the in situ sample environ-
ment. Therefore, several cycles of cleaning were performed to remove surface oxides. This
consisted of oxidation in approximately 1 x 10~% mbar O, pressure and subsequent reduction
by heating to 973 K in UHV after the oxygen was pumped out of the chamber. The cleaning
cycles were performed until changes in the X-ray scattering signal were observed upon oxi-
dation and reduction, which indicated that the NPs’ shapes were responding to the oxygen
exposure. The following data presented in this section were collected on cleaned Pd NPs at
710 K in a UHV pressure of 6 x 1072 mbar, at a chemical potential below the formation of
surface oxides."’

Epitaxial NPs deposited with MBE on atomically smooth single crystal supports typically
exhibit an angular distribution of 1° to 3° around the surface normal. In order to characterize
the in-plane mosaic spread of the Pd NP ensemble, a rocking scan around the surface normal,
w, of the Pd 111 Bragg peak was performed. This is shown in Figure (a). The main central
peak arises from Pd NPs with a cube-on-cube relation with respect to the MgO support,
i.e. the main crystal axes of NP and MgO are aligned, in agreement with previous results
concerning the epitaxy Nolte et al.®® As can be seen in Fig. (a), the mosaicity of the
sample is not a single component but it has two prominent features at +3.7° on either side
of the main peak. The shoulder peaks are indicative of an epitaxially favorable orientation;
a significant proportion of particles in the ensemble have a £3.7° rotation in-plane with
respect to the cubic MgO lattice sites. The cube-on-cube oriented NPs will be denoted as
Pd[CoC] and the rotated NPs as PA[R+3.7]. By comparing the intensity of the central peak
with the shoulders, it is estimated that the Pd[R+3.7] particles make up approximately
1% of the NP ensemble. Both epitaxies result in coincidence lattices at the interface, as
illustrated in Supplementary Information Figure S1. The Pd[CoC] epitaxy leads to 14 x 14

Pd unit cells on 13 x 13 MgO unit cells, while the +3.7° rotation of the Pd lattice results



in a coincidence of 8 x 8 Pd unit cells on 7 x 7 MgO unit cells. Using the lattice constants
of 3.89 A and 4.21 A for Pd and MgO, respectively, leads to a tensile interfacial strain of
0.5% for the Pd[CoC] particles and 5% compressive strain for the £3.7° Pd[R%3.7] ones.
From the positions of the Bragg peaks, which are found to not deviate significantly from
those expected for bulk Pd, it is concluded that the interfacial strain state is quickly relaxed
within the particles. Considering geometrical arguments, like the fact that the bottom facet
of the particles consists of a nearly square (001) facet, it follows that the bonding at the

triple phase boundaries of the two types of particles must be different.
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Figure 1: (a) Sample rotation, w, rocking scan around the Pd 111 reflex for the NP mosaicity.
The Pd 111 reflex is located at w = 0, the two shoulders are indicative of coherent scattering
of particles which are rotated by a fixed amount in-plane, w = £3.7° as indicated by the
dotted line, from the expected cube-on-cube [001] epitaxy on MgO. (b) SEM micrograph of
the Pd NPs, inset, histogram of the particle size distribution consisting of three Gaussian
components. Red lines shows the fitted distribution with three components shown as the
dotted red lines.

The average diameter of the Pd[CoC] and Pd[R43.7] NP ensembles was determined from
post experiment ex situ scanning electron microscopy imaging. Figure (b) is a SEM image

of the Pd NPs. The particle size distribution can be well described by three Guassians with



average diameters of 6.9 £ 0.3, 10.7 = 0.8 and 13.8 £ 2.3 nm. The particle coverage estimated
from the SEM image was around 22 %. Observation of the NP diameter heterogeneity is
readily seen in the SEM imaging.

While SEM indicates three NP sizes, X-ray scattering patterns around the Pd 111 reflex
only reveal two distinct types of particles. The morphology of these two types of particles was
examined by analysis of the X-ray line scans across the Pd 111 reflex in different directions.
The coordinate system in the X-ray line scans are in reciprocal lattice vectors, units of
reduced lattice units [r.l.u.] relative to the dominant Pd[CoC] epitaxy unit cell with a lattice
constant of 3.89 A. The height and diameter of the two types of NPs were determined by
the Pd 111 diffraction peak’s full width at half maximum (FWHM). The average diameter
of the Pd[CoC] particles yielded 14.2 4+ 0.3 nm and the height 9.3 + 0.2 nm. The average
diameter of Pd[R+3.7] particles was determined to be 16.8 + 0.1 nm and the height to be
8.2 £ 0.4 nm. The X-ray diffraction patterns used to determined these particle dimensions
are shown in the Supplementary Information Figure S2.

The discrepancy between the observed distribution particle sizes in the SEM imaging
compared to the particle diameters of the two types of particles determined from XRD can
be understood by considering the following. Microscopy techniques give an area average
while diffraction techniques render a volume average, which results in a systematic shift
to larger values. Additionally, shadowing of the nanoparticles in the SEM image can also
contribute to the size discrepancy. While two distinct types of particles were observed in the
X-ray scattering patterns, three distributions are observed in the SEM imaging. One to one
assignment can not be made between the epitaxial relations of the Pd[CoC] and Pd[R+3.7]
particles to the different size distributions observed in the SEM image. It is likely the NPs
in the diameter 10 - 15 nm range can have either Pd[CoC] or Pd[R43.7] epitaxy. The small
number of 6.9 nm diameter particles seen in the SEM was not observed as a different type
of particle in the X-ray scattering but rather they are likely to be similar to and averaged

out with the Pd[CoC] particles, as observed in previous studies, similar sized NPs have a



Pd[CoC] epitaxy.83 High resolution XRD is able to separate the Pd[CoC] and Pd[R+3.7]
particles in angular space, allowing the particle dimensions of the different epitaxy types of
particles to be determined, which is otherwise indistinguishable with microscopy techniques.

Under equilibrium conditions with Oy partial pressure < 1 x 10~% mbar at 700 K
calculated that (112), (113) and (331) facets are stable on Pd NPs at this O,
adsorption chemical potential.®? By utilizing the NP dimensions determined from XRD, the
stability of different facets and minimizing surface energies, the theoretical shapes of the Pd
NP were postulated. Figure [2| shows several views of atomistic sketches of the proposed NP
shape and faceting of the Pd[CoC] particles (blue) and the larger PA[R+£3.7] particles (green)
from the measured NP dimensions under equilibrium conditions. The particle is expected to
be truncated predominately by (100), (111) facets along with (112), (113) and (331) facets

along the edges of the (100) and (111) facets.

a) c)
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Figure 2: Atomistic 3D sketches of the postulated NP shapes from XRD determined particle
dimensions in different angles, (a) from the side and (b) top view. The different facets
of the NPs are highlighted in (¢). The cube-on-cube epitaxial particles (blue) and £+3.7°
rotated particles (green) on a MgO(001) substrate are illustrated. The cube-on-cube particles
are slightly taller while the +3.7° rotated particles have a larger diameter. The degree of
truncation of the +3.7° rotated particles is larger with an height to diameter aspect ratio of
0.49 compared to the cube-on-cube particles’ aspect ratio of 0.66.

The degree of truncation of the NP on the particle-substrate interface is used to estimate

Nr—Np
Nt

the adhesion energy for truncated octahedral shaped particles, given by E,qs = Y100 -

from the Wulff-Kaichew construction.®8 Here, v190 represents the surface energy of the (100)
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facets, y100 = 1.51 J/m2.%? N7 and Ny are parameters denoting the number of atomic layers
on the top and bottom part of the particle. The difference between Np and Np describes
the degree of truncation. The adhesion energy was determined to be E,q, ~ 1.03 J/m?
for the Pd[CoC] particles, higher than reported values in past experiments and theory, in
the range from 0.5 to 0.9 J/m?.293340 The adhesion energy for the Pd[R43.7] particles was
determined to be E,4s &~ 1.54 J/m% The degree of truncation of the bottom part of the
Pd[R+3.7] particles is large, these particles are likely truncated pyramid shaped rather than

1.4Y The larger adhesion energy and higher degree of truncation of the

truncated octahedra
Pd[R#£3.7] particles compared to the Pd[CoC] particles is explained by the smaller number
of unit cells in the coincidence superlattice of the Pd-MgO interface. The Pd-MgO interface
of the smaller Pd[CoC] particles contains a higher density of dislocation defects from the

lattice mismatch leading to the truncated octahedral shape 2

Nanoparticle Shape and Faceting

The faceting and shape of the nanoparticles were investigated in detail by analyzing the
X-ray diffraction signal around the Pd 111 Bragg peak. Figure 3|a) shows an example of a
model truncated-octahedral-shaped NP from the Wulff construction for particle shape on a
substrate.“**% This idealized model particle shape has only (001) and (111) facets to illustrate
the location and direction of the diffracted signal from the facets in reciprocal space. The
corresponding diffraction pattern in the [+AH, FAK, AL] reciprocal plane centered around
the (111) reflex is depicted above. The directions of the facet scattering streaks are used to
determine the facets present on the NPs. These signals emanate in directions perpendicular
to the facets’ surface planes, analogous to crystal truncation rods from surfaces.t®3 To
a good approximation, the integrated intensity of the facet scattering close to the Bragg
reflex is proportional to their area. The area of the facets is not easily quantified due to
the low scattering signal and disentangling the background signals from the Bragg reflex

and nanoparticle mosaicity. However, the relative change in intensity can be used to infer



relative change in the facet area. The particle depicted in Figure [3(a) consists of (001) and
(111) facets, scattered signal from the (001) facets are along the [11L] direction indicated by
the dark green arrow and lines. The (111) facets are indicated by the dark blue arrow and
corresponding lines above.

First, we will discuss results from the clean Pd NPs. The location of the scattering from
different facets was observed in reciprocal space on the [+AH, FAK, AL| plane, denoted as
[H,K =2 —H, L] in absolute r.l.u. around the 111 reflex of the Pd[CoC] NPs as sketched
in Figure (b)I. The location of scattering signal of different facets are represented by the
straight lines intercepting the 111 Bragg peak in different directions. The 111 reflexes of
Pd[R£3.7] particles are located at (H=0.92, K=1.08) and (H=1.08, K=0.92) denoted by
111g. While these particles are also expected to be faceted, the intensity of their side facet
signal is on the order of 100 times weaker and was not observed over the background of
scattering from the Pd[CoC]| particles. The only information on the Pd[R+3.7] particles’
faceting is from the scattering along the (11L) CTRs which contains information of the
(001) facets, shown as the green dashed line labeled (001)g. The circular lines represents
the positions of isotropic Debye-Scherrer scattering arising from the {111} and {200} lattice
planes of randomly oriented particles. Panels IT and III of Figure 3[b) are the X-ray line
scans in the reciprocal space map in order to investigate the NP shape and faceting, indicated
as the dashed and dotted lines in Figure [3(b)L.

The line scans at L = 0.65, 0.75 and 0.85 are shown in panel IIT of Figure [3(b), their
location in reciprocal space is indicated with the dotted lines of the same color in (b)I. Open
circles represent the acquired data and the red lines are the fitted multiple pseudo-Voigt
models. The scattering direction of the particles’ (001) top facets are in the L direction
and corresponds to the (11L) CTR. The (11L) CTR of the Pd[CoC] particles in the center
dominates the line scans at (H = 1, K = 1) while the (11L) CTRs and signal from (001)g
facets of PA[R+3.7] particles are located at (H = 0.92, K = 1.08) and (H = 1.08, K = 0.92),

indicated by the green arrow in Figure [3|(b)ILI.
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Figure 3: (a) bottom, sketch of model truncated octahedral Pd NP on a substrate and
above, the corresponding simulated diffraction pattern expected around the Pd 111 reflex.
The (001) and (111) facets are indicated with the green and blue arrows respectively. (b)I
Reciprocal space map of the [+AH, FAK, AL] plane around the Pd 111 reflex. Locations
of scattering observed in the experiment are illustrated on the map; the Pd 111 reflexes
(dots), facets (straight lines) and Debye-Scherrer scattering (curved lines). The dotted and
dashed lines shows where in reciprocal space the corresponding data shown in panels IT and
IIT were acquired. (b)II shows the [L] scattering pattern along [H = 0.92, K = 1.08], circles
are the data points and red line is the fitted model, with components in solid color lines
corresponding to the colors in (b)I. (b)III shows three line scans along [H,K =2 — H] at L
= 0.85, 0.75 and 0.65. The circles are the data points and reds line are the fitted models.
Arrows indicate peak assignment according to (b)I. (c¢) depicts particle cross sections showing
possible faceting for the Pd[CoC] particles; (c¢)I consisting of (001), (111) and (112) facets
or (¢)II consisting of (001) and (553) facets. (c)III depicts Pd[R+£3.7] particles with smaller
aspect ratio, primarily consisting of (111) side facets.
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Scattering arising from the (111) facets is evident in these line scans, located along
[AH = —AK = AL] in this plane, as indicated by the dark blue arrows in Figure 3|(b).
Between the scattering signal of the (11L) CTR and (111) facets there is broad scattering
arising from (112) facets of Pd[CoC] particles overlapping with the Pd[R+3.7] particles (11L)
CTR for L values closer to 1. This signal cannot be neglected for the scattering data to be
fitted satisfactorily. Signal from (553) facets should also be observable in this direction,
however it becomes weaker the further away in [AH, —AK] from the 111 peak. Therefore,
line scans along L at (H = 0.92, K = 1.08) were used to investigate the (553) facets.

Shown in Figure [3(b) Panel II is a L line scan at (H = 0.92, K = 1.08). This line
scan coincides with the (11L) CTR across the 111 Bragg peak of the Pd[R+3.7] particles.
The different components fitted to the data are the solid color coded lines corresponding to
the various scattering signals in this plane as shown in Figure (b)I. The peak observed at
L = 1.4 arises from the tail of the Pd 002 peak of [110] oriented particles, in which a small
minority are present, elongated particles in the SEM image Figure (b) and see Supporting
Information. In addition to the 111 Bragg peak of the Pd[R£3.7] particles, the shoulders
at higher and lower L consist of three components associated with the (111), (112) and (553)
faceting of the Pd[CoC] nanoparticles. From these line scans we conclude that in addition
to the expected (111) and (001) facets from the Wulff construction of a model truncated
octahedral particle, the clean particles exhibit other facets, namely (112) and (553) facets,
which were observed in the scattering patterns and are also depicted in Figure [3(b)L. The
existence of all these facets cannot occur on one particle, rather the Pd[CoC] particles in
the ensemble is made up of particles having either (111) and (112) facets or (553) facets, see
Figure [3(c).

The asymmetry observed in the structure factor between larger and smaller momentum
transfer around the Bragg reflex is an indication of strain in the outer atomic layers of the
nanoparticles.#**4 For small compressive strain, the structure factor is larger at momentum

transfers above the Bragg peak compared to below. This phenomena is further illustrated
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in the Supporting Information, Figure S5. The higher intensity observed for momentum
transfers L > 1 in Figure [3(b)II indicates that the facets of the clean NPs experience a
compressive strain and this is more pronounced for the (553) facets as compared to the
(111) facets.

The (110) facets are not observable in the [H, K = 2 — H, L] plane. Therefore to investi-
gate the presence of (110) facets, a 2D reciprocal space map was acquired in the [H, K, L = 1]
plane, this is shown in Figure[6fa) in the latter section. The scattering signals from the (100)
and (110) side facets were observed around the Pd(111) reflex in this map. In UHV con-
ditions at 700 K [Mittendorfer et al.| predicted the presence of (112) and (331) facets.” In
our experiments in UHV conditions consisting of 6 x 1072 mbar of residue gases at 710 K,
(331) facets were not distinctly observed in the scattering signal but rather (110) facets were
observed. However, Mittendorfer et al|notes the energy difference for stability is so small for
the (331) and (110) facets and one cannot with certainty predict (110) facets are unstable,
thus these experimental results remain consistent with theory.

In order to describe the shape of the Pd[CoC] particles, the presence of facets determined
from the aforementioned X-ray scattering data in combination with the particle height and
diameter was used to construct possible projected shapes as shown in Figure (c) The
combination of the scattering patterns along [H, K =2 — H], [L] and in-plane [H,K,L = 1]
around the Pd(111) reflex provides information on the faceting between the (001) and (110)
facets. The surface plane connecting the (001) and (110) facets can either be combination of
(111) and (112) facets as predicted by Mittendorfer et al*2 (Figure [3(c)I) or by (553) facets
(Figure [3|(c)II). Steeper (553) facets were also detected in the X-ray scattering patterns
which are constructed of monolayer (111) faceted steps for every five atoms wide on (111)
terraces.®* The NPs studied in this work are a heterogeneous ensemble and it is expected
to be a combination of the two aforementioned extremes rather than one or the other. We
assume the PA[R+£3.7] particles are shaped as predicted with the Wulff construction and in

past experimental studies making up of primarily (111) facets on the sides as sketched in
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Figure ((:)111.17=28=33=41 The higher aspect ratios of the Pd[CoC] particles of 0.64 makes it
energetically more favorable for steeper (110) or (553) facets to form. While the Pd[R+3.7]
particles have a relative lower aspect ratios of 0.50 it is energetically more favorable to form

(111) facets.

Nanoparticle Oxidation and Reduction

The following section covers the response of the Pd NPs to different oxidation and reduction
conditions. It was investigated upon exposure to O, at two different pressures, 1 x 10~%
and 5 x 1073 mbar. The reversibility of changes in the NPs dimensions and facets upon
reduction was investigated by pumping out the O, and subsequent heating for a reducing
environment under UHV. Reduction of the nanoparticles was also investigated by introduc-
ing Hy after removing the Oy out of the chamber. The oxidation-reduction experiments
consisted of obtaining X-ray scattering patterns as described in the preceding sections, with
the temperature maintained at 710 K during data acquisition. Initially in an UHV pressure
of < 5 x 107 mbar, afterwards, subsequent leaking of O, into the chamber. Afterwards the
O, was pumped out of the chamber and the sample was annealed at 973 K for 30 minutes to
reduce the NPs. A set of X-ray scattering data was obtained after returning to 710 K. Then

1 x 10~* mbar of O, was introduced to the sample environment and the final step consisted

of pumping out the O, and introducing 1 x 10~° mbar of H,.

Table 1: Sequence of nanoparticle dimensions in diameter, d, height, h and their ratio
in different oxidizing and reducing environments determined from the FWHM across their
Bragg peaks.

Introduced gas Pd[CoC] particles Pd[R4£3.7] particles
pressure [mbar] d [nm] h [nm]  Ratio | d [nm] h [nm]  Ratio
0 1424003 9.3+£0.02 0.66 |16.8£0.11 824043 0.49
po, =1 x107% || 14.0£0.03 - - 16.24+0.15 81+£0.13 0.5
po, =5 x 1073 || 13.54£0.03 - - 159+£0.1 81+£02 0.51
0 14.740.03 9.4+0.03 0.64 | 16.7£0.16 824+0.24 0.49
po, =1 x107% || 13.940.02 8940.03 0.64 | 159+0.15 80402 0.51
p, =1 x107* | 14.44£0.03 9.3+£0.02 0.65 | 16.54+0.12 7.841.16 0.47
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Observation of the the peak width broadening elucidates changes in the nanoparticle di-
mensions upon oxidation and reduction. Table [1| summarizes the dimensions of the Pd[CoC]
and Pd[R£3.7] NPs obtained from the Bragg peak FWHM in the oxidation-reduction envi-
ronments explored. As it is shown in Table[l] under oxidizing conditions, 1 x 10~* mbar of
O, the particles’ dimension decrease both in diameter and height for two types of particle
epitaxy in the ensemble and decreases further in higher O, pressure of 5 x 1072 mbar. Upon
reduction by annealing in UHV or in Hy the particle dimensions recover.

Upon oxidation a surface oxide layer may form on the particles. These can have different
super cells, like (v/5 x v/5)R27° on (100) facets and (v/6 x v/6) on (111) facets.Z3547 These
surface oxide phases reduce the number of metallic lattice planes and hence broaden the
Bragg peak in the corresponding direction, yielding smaller apparent particle dimensions.
The PA[R+3.7] particles show greater change in their diameter relative to their height during
the oxidation-reduction cycle. In contrast, for the Pd[CoC] particles the proportional change
in their diameter and height is similar. The response of the Pd[R+3.7] is different from the
observation made by Kasper et al., where the particles became flatter initially then reduced
in size laterally in this Oy pressure range.®® This can be explained because the Pd[R+3.7]
particles here were already initially flatter in UHV conditions, yielding a larger change in
their diameter compared to their height.

Figure 4| shows the evolution of the line scans in the [H, K = 2 — H] direction at L. = 0.85
in different atmospheres. The corresponding plots at L. = 0.75 and 0.65 can be found in
the Supporting Information, Figure S6. The response of the (001), (111), (112) and (553)
facets of the Pd[CoC] particles, and the (001) facets of the Pd[R43.7] particles upon ox-
idation and reduction were observed in this region of reciprocal space. Figure [4[a) shows
the line scans for the different gas conditions while Figure [f{(b) shows the difference in the
scattering intensities between treatment steps. The most prominent change observed here
is the substantial reduction of the Pd[R£3.7](11L) CTR located at [+AH, FAK] = +0.08

[r.1l.u.] upon introduction of 1 x 10~* mbar of Oy. The signal decreased further when the
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Figure 4: (a) Evolution of X-ray scattering patterns in different sample environments in the
[H,K = 2 — H] direction at L. = 0.85. Circles are the data points, red lines are the fitted
model, and black lines are the individual pseudo-Voigt components of the fitted model. The
data was acquired sequentially from bottom to top. The fitted parameters can be found in
the the Supporting Information, Table S1. (b) are the sum normalized difference in scattered
intensity between the various steps in the experiment. Vertical colored lines and dots depict
where signal from the corresponding facets is expected.

15



O, pressure was raised to 5 x 1072 mbar. Averaging the fitted intensities over the different
experiments and oxygen pressures (see table S1 for the numerical values) results in a signif-
icant loss of approximately 50-70 %, of the (001) facet signal. Upon reduction by annealing
or introduction of Hy, the sharp peak recovers. This response of the PA[R+3.7](11L) CTR is
directly related to the (001) top facets becoming smaller upon oxidation, leading to rounder
particles, possibly with (112) facets forming as previously reported by Nolte et al..** The
exact shape under oxygen, however, cannot be determined, because the signal of higher or-
der facets of the Pd[R43.7] particles is too weak and in the background of the signal from
Pd[CoC] particles to be reliably distinguished. The response of the Pd[R+3.7](11L) rod is
similar to what was observed in the previous work of |[Nolte et al.| and it can be postulated
that they form (112) facets on the edges between (100) and (111) type facets.™

For the Pd[CoC] particles, a slight decrease of the (001) facet signal was also observed
but the change is not as significant (approx. 0-10 %, see table S1 for the numerical values).
In contrast to the work by Nolte et al| no appreciable increase in the scattering signal
associated with the (112) facets was observed. However, the region of scattering from (112)
facets is expected to be broad and overlaps with the Pd[R43.7](11L) rod, which cannot be
easily disentangled. The reduction and formation of facets during the oxidation-reduction
steps can be identified in the intensity difference between the steps plotted in Figure (b)
Rather than forming (112) facets upon oxidation, the increase in scattering further away from
the Bragg peak suggests higher order facet formation such as (331) and (221) accompanied
by a reduction of the (001) and (111) facet area. This result is consistent with theoretical
studies. Mittendorfer et al.| predicted the formation of (331) facets upon oxygen adsorption
and Westerstrom et al.| also showed that (553) surfaces rearrange to (332) facets, a closely
indexed facet. The increased X-ray scattering at locations associated with these higher order
facets indicate that during the oxidation process the particles becoming more rounded. The
top most panel of Figure (b) shows the intensity differences between an oxidation step and

subsequent reduction in H,, the symmetry in the relative changes in scattering intensity
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between the oxidation and reduction steps demonstrates the reversibility of the NP shape

changes in oxidizing and reducing conditions.
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Figure 5: (a) Evolution of X-ray scattering patterns in different sample environments along
the [L] direction at (H = 0.92, K = 1.08). Circles are the data points, red lines are the fitted
model, and black lines are the individual pseudo-Voigt components of the fitted model. The
data was acquired sequentially from bottom to top. The fitted parameters can be found in
the Supporting Information, Table S2. (b) are the difference in scattered intensity between
the various steps in the experiment. Vertical colored lines depict where signals from the
corresponding facets occur.

More information about the facetting process is obtained from L scans. Figure[5|shows the
X-ray line scans along [0.92,1.08, L]. Along this line in reciprocal space the Pd[R+3.7](11L)
CTR is superimposed with contributions from different facet signal of the Pd[CoC] particles.
The signal from the Pd[R+3.7](11L) CTR is several orders of magnitude smaller and the
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changes in the signal observed here are primarily from the facets of the Pd[CoC] particles.
Similar to the scattering patterns in the [H,K = 2 — H] direction, the scattered intensity
associated with the (112) facets decreases upon oxidation as shown in the intensity differ-
ences under different gas conditions, Figure (b) A similar behavior is observed during the
oxidation of Pd(112) single crystal surface.®® Also correlating with the change in scattering
intensity in the [H, K = 2 — H] direction, the (331), (221) and (553) facets scattering inten-
sity does not decrease significantly. The scattering signals from these facets are located close
together near the central PA[R+3.7] 111 peak, thus are difficult to disentangle with their
finite peak width. While not clearly evident in the intensity difference, the fitted pseudo-
Voigt component associated with the (111) facets show a decrease in intensity upon oxidation
in agreement with changes observed in the [H,K = 2 — H] direction, fitted parameters are
available in the Supporting Information, Table S2.

The distinctive difference in the scattering data observed between the Pd[R+£3.7] and
Pd[CoC] particles, is the different response of (001) facets in an oxidizing environment. In
Figure [ it is shown that the reduction of the top (001) facets of the Pd[R+3.7] particles
is significantly more pronounced compared to the Pd[CoC] particles. This is an indication
that the mass transport on the Pd[R+3.7] particles is enhanced compared to the Pd[CoC]
particles. Thus the Pd[R+3.7] particles are able to form high index facets more readily.

Qualitative observation of the asymmetric changes in intensity with respect to the Pd
Bragg peak along L shows the nanoparticles experience a tensile strain during oxidation and
relaxes back to initial conditions when reduced. This is observed with the greater reduction
in intensity at higher L, indicating the lattice spacing of the (001) facets increases, becoming
more substantial at 5 x 1073 mbar of O,. Removal of the oxygen atoms with reduction of the
nanoparticles shows the asymmetrical relaxation back inwards of the top layers with larger
change in intensity at higher L.

In-plane [H,K] meshes were measured at L = 1 around the Pd 111 reflex, under UHV

conditions and also in 1 x 10~* mbar of Q5. The meshes were used to observe the changes
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Figure 6: (a) X-ray scattering map of the [H,K] plane at L = 1, obtained in UHV conditions.
Dot-dashed lines indicate the boundary of where the X-ray scattering map was obtained.
The dashed line shows the location of the radial [H,K] X-ray scattering patterns across the
Pd[R£3.7] 111 reflex shown in (c). (b) shows the normalized scattering intensity difference
on the [H,K] plane at L = 1 under Oy vs. UHV conditions. (c), X-ray scattering patterns in
the radial [H,K] direction at L = 1 across the Pd[R£3.7] 111 reflex in different gas conditions.
Left, two oxidation steps and right, oxidation and reduction. Circles are the data points, the
red lines are the fitted model, and black lines are the individual pseudo-Voigt components
of the fitted model. The experiments were performed sequentially from bottom to top.
The fitted parameters can be found in the the Supporting Information, Table S3. (d) are
the corresponding difference in scattered intensity shown in (c), black line is the difference
between 1 x 107* mbar and UHV conditions for both left and right panels. Red (left) shows
the difference between 1 x 1072 mbar and UHV. Red (right) shows the difference at 1 x 107
mbar of Hy vs. 1 x 10~* mbar of O,. Vertical colored lines and dots depict where signal from
the corresponding facets occur.
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of the in-plane (100) and (110) facets of the Pd[CoC] particles. Figure[f[a) shows the mesh
on the [H,K] plane at L = 1 of the sample in UHV conditions, (b) is the difference between
the scattered intensity in 1 x 10~* mbar of O, compared to UHV conditions. Figure @(c)
shows the radial X-ray line scans across the Pd[R+3.7] 111 reflex, as indicated by the dashed
line in the [H,K] mesh in Figure[6j(a). The scattering pattern predominately consists of four
components, the 111 Bragg peak of the Pd[R+3.7] particles, and (100), (010) and (110)
facet signal of Pd[CoC] particles. The (110) component is broad, indicating the facets are
very small, overlapping with the Pd[R43.7] 111 peak and the (100), (010) facets.

Under oxidation conditions, there is a decrease in the scattered signal associated with
the (110) facets, as evident in the X-ray scattering patterns shown in Figure @(c) (fitted
peak profile parameters can be found in the Supplementary Information, Table S3). The sum
normalized intensity differences shown in Figure[f[(d) also shows this decrease. However, this
decrease is not observed in the difference mesh shown in Figure @(b) because the sampling of
the data points was a factor three smaller and the different background levels of the meshes
contribute to the concealment of the very broad (110) component. It is noted that the zero
position in the scattering difference in the mesh and line scans are heavily dependent on small
changes in the sample alignment and background. As the (110) facets are reduced in O,
(331) facets form, which are observed in the line scans in different directions, Figures {4 and
. The broad decrease in intensity attributed the (110) facets explains the apparent shift
of the features in intensity differences to lower momentum transfer shown in [6(d) compared
to facet signal locations depicted by the coloured vertical lines. The intensity differences
presented Figure [6[(d), left panel, shows reduced scattering from the in-plane (100) facets in
O, indicating these facets become smaller as higher order Miller index facets are formed,
rounding the particles in agreement with observations in the line scans in other directions.

A distinctive feature observed in Figure @(b) is the relative change in intensity at higher
compared to lower [H,K] with respect to the Pd 111 reflex. The greater degree of change

at lower momentum transfer is an indication the spacing of the surface atomic layers of
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the (100) facets increased in an oxygen atmosphere. The surface strain of the Pd[CoC]
nanoparticle (100) facets is characterized by comparing the scattered intensities between the
(100) and the (010) facets along the dashed line in Figure @(a). As observed in the line
scans, Figure @(c), in UHV the scattering from the (100) facet has higher intensity at lower
momentum transfer compared to the (010) facets, this indicates the surface atomic layers
of the (100) and the (010) facets type are under a tensile strain. This is in contrast to the
(111) type facets observed in the scattering pattern along [0.92,1.08,L]. As O, is introduced
to the system, the intensity difference associated with the (TO 0) facets at lower Q is greater
than that of the (010) facets at higher Q. This is seen in Figure[6|(b), where there is a larger
intensity difference observed at momentum transfers below the Pd 111 reflex. The line scan
differences, Figure [6[d) also show the same at locations indicated by the vertical colored
bars. This indicate additional tensile strain in Oy as a consequence of oxygen adsorbed onto
the surface. The asymmetric behavior of the change in the intensity during the oxidation
and reduction processes are similar for Pd[R+3.7] and Pd[CoC] type NPs in the ensemble.
This includes the (001) facets of both types of particles, and the (111) and (001) facets of the
Pd[CoC] particles. The increase in the spacing of the surface atomic layers during oxidation
is attributed to the formation of a single surface oxide layer or chemisorbed oxygen entering
the lattice.®%#™48 The right panel of Figure [6[d) shows the recovery in intensity after the
subsequent reduction step in Hy, showing that the change in in-plane surface strain and
formation of new facets are also reversible.

The minimization of Gibbs free energy, explicitly including the adsorption of oxygen, is
the driving force for the observed phenomena. Higher order facets such as the (112) facet
contain an increased number of fourfold coordinated adsorption sites compared to threefold
sites on the (111) surface.®** With the formation of high index facets, the nanoparticles
become rounder providing more adsorption sites on the nanoparticle surface for oxygen
species to be adsorbed. Fourfold coordination sites for oxygen at high index facets are

energetically more favorable.
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Conclusion

In this work we report on the response of Pd nanoparticle facets upon oxidation and reduction
in a heterogeneous ensemble. Pd nanoparticles with similar truncated octahedral shape but
with different epitaxial relations were observed. The sample consisted of predominately a
cube-on-cube Pd[100]//MgO[100] relation along with a smaller proportion (approx. 1%) of
nanoparticles rotated £3.7° around the surface normal from the cube-on-cube relationship.
The Pd[R+3.7] particles within the ensemble show relatively more pronounced shape changes
upon redox cycling, as observed in situ from changes in the X-ray scattering signals. It is
concluded that the mass transport on the Pd[R43.7] particles is enhanced compared to the
Pd[CoC] particles, resulting in a large reduction of the top (001) facet and formation of
other high index facets. The shape changes observed were completely reversible either by
annealing or reducing in Hs.

This work also demonstrates the ability of using X-ray scattering in situ to observe the
atomic surface strain of different facets on metal nanoparticle ensembles. The difference in
the asymmetric scattered intensity from surface truncations between oxidation and reduction
cycles was used to qualitatively infer relative changes of the surface strain experienced on
the nanoparticle facets. We observed an increased surface tensile strain on the (001) facets
in an oxidative environment which is relaxed again upon reduction.

The nanoparticle shape changes observed takes place at low Oy pressures compared to
real redox reactions in heterogeneous catalysts.*®4%48 However, under real redox conditions
the nanoparticles are exposed to a flow of a gas mixture and the reactions takes place
continuously. In real catalytic systems with kinetics and mass transport taking place, the
local oxygen coverage can be similar to our experimental conditions at low pressures.

In summary, we have shown a correlation between epitaxy and shape response upon
oxidation in a heterogeneous ensemble of Pd nanoparticles on MgO(001) substrates. This
implies that the exact metal-support interface structure plays a role for the facets being

exposed under catalysis-relevant conditions. It remains unclear to what extent the strain

22



state and/or the triple phase boundaries, which differ for various epitaxial relationships,
need to be taken into account. These results show how the interfacial bonding geometry
and resulting epitaxy can play a role for metal particles’ heterogeneity, shapes and sizes.
Such information is important for disentangling and understanding the catalytic response of

supported epitaxial metal nanoparticle ensembles.

Experimental Methods

Sample Preparation and Pre-Synchrotron Characterisation

The Pd nanoparticle samples were deposited on a MgO(001) substrate by means of electron
beam evaporation in an UHV chamber, with a base pressure of 1x107° mbar. The MgO(001)
substrate was prepared by cleaning in an ultrasonic bath of isopropanol and ethanol for 15
minutes each, then annealing in a tube furnace in air at 1273 K (1473 K/h ramp up and
down) for 1 hour prior to introducing it to the UHV system. The substrate was degassed
for 1 h at 770 K, followed by two cycles of Ar ion sputtering for one hour and annealing
in oxygen. Ar ion sputtering was performed at room temperature with an argon partial
pressure of 7 x 107% mbar and an ion energy of 1 keV (0.6 keV for the second cycle). The
sample was annealed for one hour, at 770 K at an oxygen partial pressure of 1 x 107° mbar.

Prior to Pd evaporation, Auger electron spectra and low energy electron diffraction pat-
terns were recorded to confirm the MgO surface termination and absence of contaminates,
(see Figure S7 in Supporting Information). Directly following the surface preparation, the

equivalent of 10.5 (001) monolayers of palladium was deposited over for 12 min at 500 K.

Sample Environment

After Pd deposition the sample was subsequently taken out of the UHV system and trans-
ferred into a portable in situ XRD UHV oxidation chamber. The in situ sample environment

consists of a Be cylinder with a wall thickness of 2 mm, used as an X-ray window. The cham-
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ber is pumped with a turbo pump and can achieve a base pressure of 5 x 107!Y mbar at
room temperature. The chamber has a ceramic heater and a dosing valve is used to leak
99.999% purity Os into the chamber for control of the sample environment. As the sample
and chamber was exposed to air during the transfer from the sample preparation system to
the portable chamber, the system was baked at 110 °C to be able to achieve UHV conditions

after introduction of the sample to the chamber.

PETRA III P23 In Situ X-ray Diffraction Experiments

The diffraction experiments were carried out at the beamline, P23 in situ and nano X-ray
diffraction beamline of PETRA IIT at DESY. The X-ray beam had an energy of 12 keV
and a beam size of 100 pm in the vertical and 500 pm in the horizontal. The experiment
was performed in grazing incidence geometry with an incidence angle of 0.18°, close to the
sample’s critical angle. A LAMBDA 750K 2D pixel detector with a GaAs sensor was used.
Line scans were acquired in the [+AH, FAK, AL| plane to avoid strong scattering from the
MgO 111 substrate peak which is located nearby in the [-AH, —AK] direction and overlaps
with the scattering originating from the nanoparticle facets. Acquiring the scattering pattern
along the [+AH, FAK] direction is also advantageous because it enables the integration of
the nanoparticles’ in-plane mosaic spread where the diffraction condition is fulfilled for a
range of rotated particles, providing better signal to background statistics of the particle

facets.4?

X-ray Scattering Data Processing

The features observed in the X-ray scattering data were fitted to pseudo-Voigt profiles using
least-square minimization using the trust region method. The fitting regions were addition-
ally weighted in respect to peak intensity and feature density. The X-ray scattering data
acquired in UHV were fitted first and used as starting points for the the fitting of the scatter-

ing patterns in different gaseous environments. The facets’ peak positions were constrained
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to a region of £0.05 in reduced lattice units from their expected positions and the position
of the symmetrically equivalent peaks were correlated by the same distance to the central
peak. In the case of the scattering patterns in the [H, K = 2 — H] direction, amplitude of the
symmetrically equivalent peaks were fitted to the same value.

The X-ray diffraction peak width is inversely proportional to the number of coherently
scattering lattice planes in the direction of the scattering vector. The height and diameter
of the nanoparticles were determined by the Pd 111 diffraction peak’s full width at half
maximum (FWHM), D = 27/AQ in different directions. The particle dimensions were
observed from the Pd[CoC] particles’ Bragg peak FWHM in the [+AH, —AK] direction and
the [+AH, +AK] direction for PA[R£3.7] particles when determining the particle diameter.
The [AL] FWHM was used to determine the particle height.

With the particle dimensions, the degree of truncation determined and used to estimate
the adhesion energy of the particles using the Wulff-Kaichew construction. For a free standing
isotropic particle the height equals diameter, H = D. In the [001] direction, H = Ng 4+ Nr
and Ny = D/2. In the case of a truncated particle, with Ah describing the degree of
truncation and defined as Ng = Ny — Ah. By comparing a free standing isotropic particle
with a truncated particle, the degree of truncation is given by Ah = D — H and therefore
Ng=D/2—(D—H).

The normalized intensity differences were calculated by normalizing the difference in

intensity with the sum of the two for each data point, (I — Iy) /(11 + Ip).

Post Experiment Fx Situ Characterisation

Scanning electron microscopy (SEM) was performed at the DESY NanoLab®" after the P23
oxidation experiments. A high resolution field emission SEM was used. It was observed
carbon deposited on to the samples from the electron gun in the SEM chamber can poison the
reactivity of Pd nanoparticles. Thus, SEM images were taken after the oxidation experiment

was performed. The software ImageJ - Fiji Package® was used to count the number of
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particles, and estimate the particles’ size and coverage.

The heterogeneity of the Pd NPs’ orientation on the substrate was further investigated
in post synchrotron experiments ez situ by performing w-scans at several Bragg reflexes and
with high energy X-ray diffraction, Figure S3 and S4 respectively in the Supporting Infor-
mation. While the Pd nanoparticle ensemble is dominated by a majority of [001] oriented
particles, it was observed that there also exist [111] and a variety of [110] oriented particles.
The shape response of the Pd[CoC] particles and Pd[R+£3.7] particles are the focal point
of this work. Grazing incidence in-plane sample rocking scans were performed at DESY
NanoLab utilising a Cu K, lab source. This was done to investigate the existence of par-
ticles of different orientations which were not directly scrutinized at P23, see Figure S3 in
the Supporting Information. High energy X-ray diffraction, at 73.7 keV was performed ez
situ at the PETRA III P07 High Energy Materials Science beamline®! after the oxidation
experiments. The high energy XRD patterns were taken with a Perkin Elmer 1621 flat
panel detector. A grazing incidence of 0.025° was used for this experiment, Figure S4 in the

Supporting Information.
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