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Alloy nanoparticles on oxide supports are widely used as heterogeneous catalysts in reactions involving oxygen. Here we
discuss the oxidation behavior of Pd-Rh alloy nanoparticles on MgAl,O4(001) supports with a particle diameter from 6 - 11
nm. As an in-situ tool, we employed high energy grazing incidence x-ray diffraction at a photon energy of 85 keV. We find
that physical vapor deposited Pd-Rh nanoparticles grow epitaxially on MgAl,O4(001) with a truncated octahedral shape over the
whole concentration range. During our systematic oxidation experiments performed at 670 K in the pressure range from 103
to 0.1 mbar, we observe for Rh containing nanoparticles the formation of two different Rh oxide phases, namely RhO; and a
spinel-like Rh3O4 phase. PdO formation is only observed for pure Pd nanoparticles. This oxidation induced segregation behavior
is also reflected in the oxidation induced enlargement of the average nanoparticle lattice parameter towards to value for pure Pd.
Our results have ramifications for the phase separation behavior of alloy nanocatalysts under varying reducing and oxidizing

environments.

1 Introduction

Alloy nanoparticles play an important role in heterogeneous
catalysis because they may exhibit higher activity than cat-
alysts composed of the individual materials, as reported re-
cently for a number of systems!?>. For Pd-Rh nanoparticles
it was shown that the turnover frequency for CO oxidation
is highest at a composition of PdsoRhsg and it was proposed
that Pd-Rh interfaces play an important role in this enhanced
activity >*. Because of the complex heterogeneity of the in-
volved materials at different length scales it is however un-
clear, what the microscopic origin of such enhanced activity
may be: novel electronic states at alloy surfaces, particle size
and shape dependent segregation behaviour or substrate in-
duced segregation and strain effects. For alloys such as Pd-
Rh and Pt-Rh bulk equilibrium phase diagrams predict phase
separation below temperatures of about 1000-1200 K over a
wide concentration range; experimentally this equilibrium is
difficult to obtain and the formation of samples with mixed
fcc structure is reported>®. Catalyst nanoparticles are typi-
cally prepared and operated at temperatures significantly be-
low the phase separation temperature, which makes it likely
that phase separation occurs during their operation, transform-
ing them from a mixed alloy into a bimetallic system with
unknown spatial distribution of the elements. In technolog-
ically relevant processes like CO oxidation in car exhausts,
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Pd-Rh or Pt-Rh particles are exposed to alternating oxidative
and reductive conditions. In this case preferential oxidation
and surface segregation of the more reactive component may
take place’?, triggering phase separation and the formation
of Pd-Rh boundaries exposed to the surface with specific mor-

phology.

To elucidate the concentration dependent oxidation be-
havior of Pd-Rh we grew epitaxial Pd-Rh nanoparticles on
MgAl,04(001) with varying composition in a particle size
range from 6 nm to 11 nm. The use of epitaxial nanoparticles
on single crystal oxide supports as model systems has the
advantage of a more uniform shape and size distribution
and a well defined interface to the support, as compared
to wet-chemically prepared powder catalysts'®.  Using
grazing incidence x-ray diffraction as an in-situ tool allows
us to obtain information on nanoparticle size, shape, lattice
constants, as well as on the formed oxide phases under
relevant near atmospheric oxygen pressures and elevated
temperatures |12, The use of photon energies in the 80 keV
regime in combination with a large 2D detector gives in
addition the opportunity of a distortion-free exploration of a
large section of reciprocal space without sample or detector
scanning '>!4. Auxiliary scanning electron microscopy after
the oxidation confirms the nanoparticle morphology of the
sample and gives information upon the lateral particle size
distribution and the average particle diameter.

As we will demonstrate, Pd-Rh nanoparticles on
MgAl,04(001) grow predominantly with cube-on-cube
epitaxy over the whole concentration range in the form of
truncated octahedral nanoparticles. The oxidation process
itself is governed by the formation of two different epitaxial
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Rh oxides for Rh containing particles, involving Rh surface
segregation. Only for pure Pd nanoparticles the formation
of PdO is observed. From the change of the average lattice
parameter we deduced the oxidation induced change in Rh
concentration in the metallic particle core. The paper is
organized as follows: in the first section we will present the
experimental details and the principles of our combinatorial
high energy x-ray diffraction approach. Subsequently, the ex-
perimental data will be presented together with a quantitative
analysis of the particle morphology and an assignment of the
formed oxide phases. Moreover, our analysis of oxidation
induced changes in concentration will be considered. The
paper closes with the discussion and conclusion section.

2 Experimental Details

For the sample preparation we used MgAl,O4 (001) substrates
with a size of 10 x 10 mm? and edges cut along (100) direc-
tion. The substrate had the normal spinel structure with a lat-
tice constant of 8.086 A3, The oxide support was treated in
an ultrahigh vacuum (UHV) preparation chamber by repeated
sputtering with 1 keV Ar ions and annealing at 1300 K under
1 x 10~7 mbar oxygen atmosphere in order to obtain a chem-
ically clean and atomically smooth surface'®. Rhodium and
palladium were deposited simultaneously by electron beam
evaporation under UHV conditions at a substrate temperature
of 693 £5 K. The composition was varied by adjusting the
individual material fluxes and it was cross-checked by x-ray
reflectivity measurements as described below. Using a slit
mask in front of the sample a combinatorial sample with well-
defined stripes of different Rh-Pd composition and nanoparti-
cle size was grown. The 1 mm wide stripes were separated by
a distance of 1.5 mm. We deposited five stripes of epitaxial
alloy nanoparticles running along the substrate (011) direc-
tion with varying compositions (Rh, Rhg ¢Pdg 4, Rhg 34Pdg 66,
Rhg 15Pdg g5 and Pd). The nanoparticle diameter D varied
from 6 -11 nm for pure Rh and Pd, respectively. For the in situ
oxidation experiment the sample was mounted inside a mo-
bile high pressure compatible UHV x-ray diffraction chamber
and cleaned by hydrogen treatment at 1 x 10~> mbar H, and
570 K7, Post-oxidation experiments by scanning electron mi-
croscopy (SEM) were performed using a ZEISS MERLIN in-
strument at an electron energy of 2.5 keV combined with N,
charge compensation.

The measurements were performed at the Deutsches
Elektronen-Synchrotron (DESY, Hamburg), PETRA III, using
a hard x-ray microbeam at the Physics hutch of the high energy
materials science beamline PO7 equipped with a diffractome-
ter for grazing incidence diffraction'®. A photon energy of 85
keV was employed and an energy resolution of % =2x1073
was obtained by a Si(111) double crystal monochromator in
bent Laue geometry. The beam was focused by a set of 72

compound refractive lenses (CRL) which produced a verti-
cal and horizontal beam size (FWHM) of 3um x 40 um at the
sample position, limiting the footprint of the beam onto one
individual stripe. A schematic drawing of the experimental
setup is shown in Fig. 1. The sample was translated perpen-
dicular to the beam to probe stripes of different concentration
under identical temperature and pressure conditions.

beam
stop é) rocking angle o

incident angle
area detector *=%

Fig. 1 Sketch of the experimental setup. To suppress the direct
beam and powder rings from the beryllium window we used a beam
stop and a circular mask directly behind the chamber. By moving
the sample perpendicular to the beam (along x), different stripes
with varying composition and particle size were probed.

We employed grazing incidence x-ray reciprocal space
mapping using a two-dimensional (2D) Perkin-Elmer XRD
1621 detector. X-ray reflectivity data were recorded by a scin-
tillation point detector equipped with a slit system and an au-
tomatic absorber system. The reflectivity data were deadtime,
counting time and absorber corrected. For the reciprocal space
mapping the incident angle was set to the critical angle for to-
tal external reflection of MgAl,O4 at 85 keV (o, = 0.026°), in
order to reduce the signal from the substrate and to enhance
the nanoparticle scattering signal. During the experiment the
sample rocking angle @ was tuned to maximize the nanopar-
ticle (111) Bragg signal, which is located in the reciprocal
(001)/(110) plane.

Note that the nanoparticles exhibit an angular distribution
Aw around the surface normal of several degrees. This re-
sults in a scan in reciprocal space of considerable momentum
transfer AQ because of the high photon energy employed '*.
As a consequence, for a sample with defined rotational dis-
order and finite crystalline domain size not only one spot in
reciprocal space is probed, but a significant region around this
spot. This implies for our sample that the crystal truncation
rod signal from the particle facets or oxide phases with the
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same azimuthal orientation but slightly different d-spacing can
be probed simultaneously without rotating the sample around
its surface normal. This diffraction scheme was recently suc-
cessfully employed to determine single crystal surface struc-

tures during chemical reactions 4.

3 Experimental Results

3.1 Determination of the sample morphology

We performed x-ray reflectivity measurements to calibrate the
surface coverage of the substrate. From the fit of the reflec-
tivity data the electron density profile was determined. It con-
tains as main information the averaged height of the particles
and the average electron density of the nanoparticle containing
layer, from which in turn the particle surface coverage and the
amount of deposited material were determined!!. Note that
the integrated density profile representing the amount of de-
posited material is found to be independent from the details of
the profile.

As an example, the x-ray reflectivity for the stripe with 34%
Rh and 66% Pd is shown in Fig. 2a. The obtained electron
density profile (inset Fig. 2a) is composed of two layers, rep-
resenting well the true density profile given by the nanoparti-
cle shape and their height distribution. By integration of the
profile we yield a coverage of 36%.

Post experimental scanning electron microscopy experi-
ments (as an example for nanoparticles with Rhy 5Pdj g5 com-
position, see Fig. 2b) evidence the presence of nanoparticles
on the surface with an average lateral size of 11 nm and a
large size distribution of 70%, which may be to some extent
the result of the oxidation process (see below). Table 1 sum-
marizes the results from the reflectivity measurements. The
total coverage of the probed Pd-Rh compositions ranges from
33-40 %, and appears to be neither correlated with the alloy
concentration nor the particle height.

Table 1 Summary of the fit results for the reflectivity measurements
recorded at 670 K after hydrogen treatment and annealing under
UHV conditions at a temperature of 870 K. As average particle
height the sum of the thicknesses of layer 1 and 2 is given. Overall
error bars are about 10% for both, composition and coverage.

nanoparticles height (nm) coverage (%)
Rh 3.1 39.5
Rhg ¢oPd.40 5.6 33.0
Rhg 34Pd 66 5.8 36.3
Rh()_]sPd()‘gS 6.3 335
Pd 8.5 34.8
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Fig. 2 (a) X-ray reflectivity from Rhg 34Pd( ¢¢ nanoparticles at T =
670 K after hydrogen treatment and annealing under UHV
conditions to 870 K (dots: experimental data, solid line: fit).
Electron density profile with two layer box model (inset). (b) Size
distribution determined from SEM image (inset) for Rhg 15Pd g5
nanoparticles after oxidation in the mbar regime.

3.2 Nanoparticle epitaxy

During the experiment high energy reciprocal space maps
were recorded with the sample rotation @ adjusted to the
nanoparticle (111) Bragg reflection in the (001) / (110) recip-
rocal lattice plane of Rh, see Fig. 3 (a) and (b). Fig. 3 (c)
gives an overview of the different reflections observed after
annealing the sample at 870 K. The map in Fig. 3 (c) is dom-
inated by the (111) reflections of (001) oriented nanoparticles
in cube-on-cube epitaxy on the MgAl,O4 (001) surface for the
whole concentration range under investigation. In addition,
rod like diffraction streaks are detected in line with the trun-
cated octahedral shape of this type of particles . The faint-
ness of signals from (111) and (110)-oriented particles and the
absence of Debye Scherrer rings from randomly oriented par-
ticles further confirm the well-defined particle epitaxy. More-
over, diffraction signals from internal twinning of the (001)
as well as (111) oriented particles along {111} type of planes
are detected!3. The observation of (111) and (110) oriented
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10),

Fig. 3 (a) Schematic view of a Rhg goPdy 49 particle, the CTR signal
of the different facets is indicated by arrows. (b) Reciprocal lattice
of truncated octahedral nanoparticles in the (110)/(001) plane; the
dashed lines indicate truncation rods from the {111} and {001} type
nanoparticle facets. (c) High energy reciprocal space map for pure
Pd nanoparticles recorded at T = 670 K. In addition to the (111)
reflection from the particles also the (002) reflection is observed
because of the wide orientation distribution of the particles. The
additional reflections belong to MgAl,Oy4 (squares), (111)-oriented
particles (hexagons), (110)-oriented particles (triangles) and internal
twinning of (001) and (111) oriented particles (circles).

particles can be explained by a particle size dependent stabi-
lization of different epitaxial relationships and growth direc-
tions'°. The well defined epitaxy and predominant (001) par-
ticle orientation is maintained over the whole concentration
range up to pure Rh, as recognized from inspection of Fig. 4,
first line. The only apparent difference is the gradual disap-
pearance of the signal from (111) oriented particles; from the
present data it can, however, not be concluded if this behav-
ior is due to the concentration variation or differences in the
average particle size.

The average nanoparticle diameters D and heights H were
determined by fitting of the linescans through the (111) Bragg

reflections along the (111) and (001) directions; the results
are summarized in Fig. 5. The full width at half maximum
AQ (in A=) of the line scans is connected by B = i% to
the corresponding real space dimension B. The particles ex-
hibit after annealing to 870 K heights and diameters between
6 nm and 11 nm, according to the varying amount of mate-
rial deposited. The ratio H/D decreases systematically with
increasing Pd concentration from 0.84 (pure Rh) to 0.74 for
Rhy 15Pdy g5, but then it jumps back to 0.82 for pure Pd. This
observation may be taken as an indication for Pd surface seg-
regation in alloy particles under UHV annealing conditions.
For Pd the difference between (100) and (111) surface ener-
gies is smaller, as compared to Rh, explaining a flatter particle
shape. In the case of pure Pd, an increase in the interfacial
energy can be held responsible for the change towards a more
three-dimensional shape.

Furthermore, from the H/D ratio an upper limit of the adhe-
sion energy E,; for Pd and Rh on MgAl,04(001) can be esti-
mated. The adhesion energy is related to the height Hr p of the

top and bottom part of the particle via Egg=7i00 - - TH; s where

Y100 denotes the surface energy of the (100) surface '>2°. For
octahedral particles, the maximum ratio Hy/D is 1/ V2, result-
ing in an upper limit for E,; for Rh of 125 meV/A? and for Pd
of 82 meV/AZ, both in good agreement with adhesion energy
values reported for Rh and Pd on MgO(001) 122!,

3.3 Ogxidation induced shape changes and bulk oxide for-
mation

During the subsequent oxidation diffraction patterns were
recorded for different oxygen pressures at a constant temper-
ature of 670 K (see Fig. 4). The evolution of the average par-
ticle size, shape and lattice parameter was obtained from the
fitting of linescans as described above. At 1072 mbar and 670
K first changes were observed in the diffraction patterns: for
the pure Pd particles a reduction in the {111} and {001} type
facet truncation rod signal is observed, which is in line with
a previously reported rounding of the particles and the forma-
tion of {112} type facets>!. For the Rhg ;5Pdj g5 particles only
slight changes are visible. For higher Rh concentrations novel
diffraction peaks can be observed in line with the formation
of thicker bulk oxide layers or oxide nanoparticles. This ob-
servation is in agreement with a lowering of kinetic barriers
for bulk oxide formation for Rh rich particles. It can, how-
ever, not be excluded that this more pronounced oxidation is
partially related to the reduction in average particle size.

Only at a higher oxygen pressure of 10~! mbar bulk oxide
formation sets in also for pure Pd and Rhg 15Pdg g5 particles.
In the case of pure Pd the particle reflections were detected at
different positions as compared to Pd,Rh;_, and pure Rh par-
ticles. For Rh containing particles the intensity of the reflec-
tions observed at lower pressures increased but no additional

4| Journal Name, 2010, [vol]1—10

This journal is © The Royal Society of Chemistry [year]

Page 4 of 10



Page 5 of 10

Physical Chemistry Chemical Physics

(a) (b) (©

100 120 0.88 a
90|g—o—®—¢ 110e—e—®—_,| 0.86/Rh
100 * 12" RhgoPdso/®)
80 0.84 A
— 90| V—y—__ ] @,
— 70| v—uy. 00.82
< X‘V—V‘Vs 80la—a 4 Y= ,de ]
T 60/A—j o 70 £0.80], P
T °— Al 0.78{ N\Rh34Pdge
504 l\.\ 60 -\o\ 0.76 \A
_%—e 50 ® -19]
401 ~a—n .\.:: 0-74’%1&:@85

40, , . u . .
UHV 10° 10% 10" UHV 10° 10* 10"

oxygen pressure [mbar]

30 3 -2 El
UHV 10° 10° 10

Fig. 5 Average nanoparticle height H (a) and diameter D (b) and
ration H/D in (c) determined from reciprocal space maps as a
function of oxygen pressure at 670 K. Data symbols correspond to:
pure Rh (squares), Rhg goPdg 49 (circles), Rhg 34Pdg g6 (upward
triangles), Rhg 15Pd g5 (downward triangles), pure Pd (diamonds).

reflections were observed indicating that no additional oxide
phase or orientation was formed. Since the oxide reflections
are at identical positions for pure Rh and Pd,Rh;_, particles,
we argue that Rh oxide formation is the dominating process
by oxygen induced outward segregation of Rh atoms. This
assumption is moreover underlined by the fact that the ox-
ide reflections are progressivley stronger for particles with in-
creasing Rh concentration. Surprisingly, pronounced Debye-
Scherrer rings from powderlike oxide with random orienta-
tion are absent for all compositions and oxygen pressures, in-
dicating that oxide domains form either in epitaxy with the
nanoparticle facets or with the spinel substrate.

The evolution of the nanoparticle average diameter and
height during oxidation and the height to diameter ratio are
presented in Fig. 5. For pure Pd particles they stays almost
constant, while as a general trend it is observed that the oxida-
tion induced relative decrease in particle size is enhanced for
higher Rh concentrations and oxygen pressures, in line with
the increase of the oxide signal discussed above. For the pure
Rh as well as 60% and 34 % Rh rich nanoparticles the H/D ra-
tio first decreases, as expected for an increase of the top (001)
facet area. This observation can be explained by the energet-
ically more favorable nucleation of surface oxide on Rh(100)
as compared to Rh(111)1%%0

For the highest oxygen pressure of 10~! mbar this effect is
reversed presumably due to higher oxidation rate of the (111)
facets or anisotropic Rh segregation behavior. For the 15%
Rh containing particles the relative decrease in H and D is
much smaller and the ratio H/D is increasing as a function of
oxygen pressure. Pure Pd shows a partially different behav-
ior: initially a slight increase in the absolute values of H and
D is observed (accompanied by a small decrease of the max-
imum Bragg peak intensity), which is in agreement with the
preferential oxidation of smaller particles, shifting the average
particle size to larger values'3. For pure Pd the increase in
H/D with increasing oxygen pressure is in agreement with the

Table 2 Experimental d-spacings and the d-spacings of the different
rhodium oxides. Labels according to Fig. 6

Label

in Figure | e (A) Rh,0, RhO, Rh,0,

1 3.012

2 3011 —T—(006)

3 2.558 _

4 2.554 —(1074)

2 2546 4 (102)—(101)—(1120)

7 2365 —+ L

g | 33 F—aonl_—09=9939

9 2284 | (110 (5052

10 2243

11 1.731 _

I 534 STue @iyl (129
3% L _(0012)=< (017 8

14 1522 — T 200)=(0118)

15 152 =<0 P00 (3030

oxygen induced formation of {112} type facets as mentioned

above, giving rise to a rounder particle shape?'.

3.4 Identification of bulk oxide phases

As a next step, possible candidates for the bulk oxide phases
compatible with the diffraction patterns observed for Rh con-
taining and pure Pd particles are identified. As mentioned
above, the diffraction patterns differ significantly for these two
cases. We first discuss the diffraction pattern for Rhy¢Pdg .4
particles after oxidation at 670 K and 0.1 mbar O, pressure,
which is representative for Rh containing particles (see Fig.
6a). The majority of the oxidation induced, additional reflec-
tions (compare to the UHV situation in Fig. 3) can be ex-
plained by the formation of a specific Rh oxide phase growing
perpendicular to the low index (100) and (111) type facets in
identical orientation, respectively, as pictured schematically in
Fig. 6b.

From previous experiments on the near atmospheric pres-
sure oxidation of Rh(100) surfaces, we know that at inter-
mediate pressures and temperatures a transient epitaxial Rh
oxide phase forms, which is neither compatible with rutile
RhO; (a=3.09 A and ¢ = 4.49 A) nor corundum Rh, 03 (a=5.13
A, ¢=13.85 A, from ref.22). Instead, it can be described
by a hexagonal unit cell with a = b =6.16 A, ¢ = 17.7 A,
a = B =90° and y = 120°23. Table 2 summarizes the d spac-
ings of the reflections labeled in Fig. 6a and those of known
Rh bulk oxide phases. The diffraction pattern is in line with an
”ABC” stacking of the hexagonal closed-packed oxygen and
partially occupied metal ion layers inside the unit cell, similar
to a spinel structure in (111) orientation with a = b = 6.15 A,
¢ =18.07 A, close to the values observed for the Rh(100) sur-
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(b) C

Fig. 6 (a) 2D diffraction pattern of Rhg ¢Pd( 4 nanoparticles at 0.1
mbar of oxygen and a temperature of 670 K with reciprocal lattices
and reflections for Rh3O4 and RhO;. Strong reflections according to
the bulk structure factors are indicated by larger circles. (b) sketch
of a (001)-oriented particle showing the orientation of the Rh oxide
reciprocal lattice with respect to the corresponding facets. Small
circles indicate reflections from RhO;. (c) hexagonal unit cell of a
spinel like Rh oxide with lattice parameters a = 6.15 Aand ¢ = 18.07

A

face. The found unit cell parameters match with an in-plane
spinel structure with typical cubic lattice constants between
7.7 —9A%*. In out-of- plane direction the lattice is, however,
expanded by 10 % as compared to the (cubic) spinel lattice
constant that is derived from the in-plane lattice constants.
Apparently, reflections 10 and 13, corresponding to d=2.24 A
and d=1.54 A cannot be explained within this scheme. Com-
paring with d-spacings of reported bulk Rh oxide structures
(see Table 2), it becomes evident, that the reflection labeled
with 5 agrees well with the (1120) d-spacing of @-Rh,O3 with
corundum structure, or with the (101) reflection of RhO, with
rutile structure. We argue that the formation of Rh,O3 can be
ruled out because in this case additional reflections from a high
symmetry reciprocal space plane containing the (1120) reflec-
tion would be expected, which are absent. On the other hand,
formation of RhO; with (001) direction perpendicular to the
spinel substrate surface is compatible with the extra diffrac-
tion spots, as visualized by the RhO, reciprocal lattice (101)
plane drawn in magenta in Fig. 6b.

For pure palladium nanoparticles the diffraction pattern
looks distinctly different, as discussed above. The diffraction
pattern presented in Fig. 7 obtained after oxidation at 670 K
and 0.1 mbar O, pressure can be explained on the basis of
tetragonal PdO with the lattice constants a = 3.03 A and ¢ =
5.33 A2, In this structure Pd atoms sit on positions of a body
centred tetragonal (bct) lattice and oxygen atoms occupy tetra-
hedral sites, resulting in a fourfold coordination of oxygen as
well as Pd (see Fig. 7d). The reciprocal lattice of PdO is
characterized by strong reflections dominated by the Pd bct
sublattice, for which h+k+1 (sum of PdO reciprocal lattice in-
dices) yields an even number. In addition, weak reflections
from the oxygen sublattice exist, for which h+k+] results in an
odd number, while 1 is even?.

Because for PdO the ratio c/a is very close to V/3, the mo-
mentum transfer for certain reflections from the Pd sublattice
is very close to each other (such as (002) and (101)). The
orientation of the PdO lattice can therefore only be unambigu-
ously deduced from the observation (or missing) of weaker
(100) type reflections of the oxygen sublattice. Inspection
of the diffraction pattern in Fig. 7 yields (100) reflections in
pure in-plane and out-of-plane directions, which is compatible
with (100) oriented PdO domains, either with in-plane (010)
or (001) orientation, as pictured in Fig. 7b for reciprocal space
and in Fig. 7d for real space. Most of the other PdO reflec-
tions can be explained by (100) oriented domains, which for
this case turns out to be the predominant orientation. In ad-
dition, in the out-of-plane direction a weaker reflection is ob-
served, which can be indexed as (002) or (101), corresponding
to either (001) or (101) oriented domains. The (101) labeled
reflection fits also to this orientation. Since we do not observe
the corresponding (100) signal, which would be expected for
(101) oriented domains (for comparison see Fig. 7c) we con-
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~

Fig. 7 (a) Experimental diffraction map for pure Pd nanoparticles at
670 K and 0.1 mbar oxygen pressure. Superimposed are reciprocal
lattices from 2 inplane rotated (100) domains (orange and gray) and
a (001) domain (magenta). (b) schematic representation of the
reflections expected for (100) and (001) oriented domains, as shown
in real space in (d). (c) superposition of reciprocal lattices of (001)
and (101) oriented domains.

~

aMgA|204 incident beam

3,954

3,90+

3,851

lattice parameter a [A]

O 20 40 60 80 100
atomic fraction Rh [%]

3,80

Fig. 8 Average lattice parameter as a function of the nominal
composition. Squares: before oxidation, triangles: after oxidation.
The solid line is a linear fit to the data before oxidation, the dashed
line corresponds to Vegard’s law for bulk Pd-Rh at 670 K. The bulk
lattice constants of Pd and Rh at 670 K are 3.909 Aand 3.816 A,
respectively. The arrows indicate the nanoparticle metallic core
composition after oxidation.

clude, that as second but minor orientation PdO (001) domains
are present.

The observation of predominantly (100) orientated domains
differs from our previous results on the oxidation of Pd
nanoparticles of similar size on MgO(100), during which we
observed (001) oriented domains only '3, This supports our
previous hypothesis, that PAO growth mainly takes place in
contact with the substrate and not on the facets of the parti-
cles, mediated by an oxygen induced Pd diffusion process and
/ or complete oxidation of smaller particles. Accordingly, we
did not observe oxide reflections corresponding to epitaxial
oxide formed on top of the low index {111} facets of the Pd
nanoparticles, at variance to the Rh containing particles.

3.5 Evolution of the particle composition during oxida-
tion

Vegard’s law describes the dependence of the lattice parame-
ter on the alloy composition as a linear relationship, which is
fulfilled in very good approximation for the system Pd-Rh?®,
The nominal composition of our samples was cross-checked
by x-ray reflectivity measurements, yielding the total amount
of material deposited for each stripe, as described in section
3.1. The deposition rate for the individual components was
determined from the pure Rh and Pd stripes, respectively. The
lattice parameter was deduced from the peak maximum of the
radial scans through the (111) reflection using Bragg’s law. In
Fig. 8 the lattice parameter is plotted as a function of the ini-
tial composition before oxidation (filled squares) along with

This journal is © The Royal Society of Chemistry [year]
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a least mean square fit to the data, in good agreement with a
linear relationship (solid line). This linear relationship does
not exactly follow Vegard’s law for bulk PdRh (dashed line
in Fig. 8, including thermal expansion®’-?8, *), which might
be related to residual epitaxial strain more pronounced for the
smaller Rh nanoparticles.

After oxidation at 0.1 mbar and 670 K, an intriguing evo-
lution of the nanoparticle lattice parameter is observed for the
alloy nanoparticles (see Fig. 8). Taking into account the linear
relationship between the particle composition and the lattice
parameter, the increase of the average lattice parameter upon
oxidation can be interpreted in terms of a depletion in Rh,
which is in line with the observed predominant formation of
Rh oxide for all alloy nanoparticles. Notably, the Rhg 15Pdg g5
particles adopt after oxidation the Pd lattice parameter, within
the error bars of our experiment. This implies that after ox-
idation their pure Pd core is surrounded by a Rh oxide shell,
preventing further oxidation. For pure Pd and Rh, no oxida-
tion induced change of the lattice parameter is observed.

4 Discussion and Conclusions

We have demonstrated that truncated octahedral, (001) ori-
ented Pd-Rh nanoparticles can be grown over the full con-
centration range on MgAl,04(001) at 670 K by physical va-
por deposition. In the bulk the system Pd-Rh is predicted to
exhibit a miscibility gap below 1200 K over the whole con-
centration range?® which is supported to some extent by ex-
perimental results’. On the other hand, the concentration de-
pendence of the bulk lattice parameter was determined from
samples prepared at ~ 1600 K in the solid solution phase af-
ter quenching them to room temperature in order to maintain
the state2®, which is only possible when the driving force for
phase separation is low. At the surface of Pd rich alloy single
crystals the segregation of Pd was reported after annealing un-
der UHV conditions?° in line with the lower surface energies
of Pd as compared to Rh?°. Thus, our PdRh alloy nanopar-
ticles likely exhibit Pd surface segregation after annealing at
870 K prior to oxidation.

The tendency for phase separation in this system facilitates
the observed oxygen induced Rh surface segregation and the
formation of Rh bulk oxide, despite of the presumably initial
Pd segregation. Likewise, Rh surface segregation is observed
for Pd-Rh nanoparticles under CO oxidation conditions 3.
After oxidation of RhysPdg s nanoparticles with a diameter
of 15 nm at 133 mbar and 493 K, x-ray photoemission gave
evidence for the dominant formation of Rh oxide and some
Pd oxide?, which we did not observe in our study for Rh con-
taining particles. This may be related to the lower oxygen

* The alloy thermal expansion was calculated as a concentration dependent lin-
ear superposition of the thermal expansion coefficients of the individual con-
stituents.

pressures and / or to the smaller particle sizes employed in our
study.

In a recent atom probe tomography study a PdRh alloy tip
(6.4 at. % Rh) with ~50 nm diameter was investigated af-
ter oxidation at 873 K and 1 bar oxygen pressure!. Mainly
the formation of PdO and some mixed Pd-Rh oxides was ob-
served, at variance to our observations. We may conlude again
that the difference in oxidation conditions plays an important
role, but also the difference in size and geometry between the
50 nm atom probe tip and our 10 nm particles allowing much
easier exchange processes of atoms in the near surface region.

Finally we address the thermodynamics of the observed
bulk oxide phases. The heat of formation of PdO, RhyO3
and RhO, are 1.22 eV, 1.23 eV and 1.24 eV / oxygen
atom, respectively, corresponding to oxygen pressures in the
10~> mbar regime at 670 K3>34, This implies that Rh, O3,
RhO; and PdO are expected to form in equilibrium under
very similar conditions. Experimentally we find that the
formation of a Rh304 spinel like phase and RhO; sets in at
~ 1073 mbar, whereas the formation of PdO for the pure
Pd nanoparticles starts only at 0.1 mbar oxygen pressure,
as also previously observed for different Pd single surfaces
and Pd nanoparticles ''3%35-37 " This points to an enhanced
kinetic barrier for the formation of PdO as compared to the
Rh oxides, which we argue is the reason for the selective
oxidation observed for Pd-Rh alloy nanoparticles. We may
speculate that these different kinetic barriers prevent Pd from
oxidation during catalytic oxidation / reduction cycles. The
observed spinel like Rh304 phase as well as RhO; may play
an important role as active, oxygen supplying phase under
reaction conditions, whereas RhyO3 is not present under the
conditions applied in this study.
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10° mbar NO oxygen

0.1 mbar

Fig. 42D diffraction patterns of the different nanoparticle stripes for UHV, 10~ mbar O, and 10~ mbar O, at T = 670 K. The counting time
for the images ranged between 60 and 100 s. During oxygen exposure additional Bragg reflections appear, allowing for the identification of
corresponding rhodium and palladium oxide phases.

10| Journal Name, 2010, [vol], 1-10 This journal is © The Royal Society of Chemistry [year]



