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a  b  s  t  r  a  c  t

An  active  challenge  in  heterogeneous  catalysis  is  to  minimize  the  quantities  of  the  expensive  platinum
group  metals  used  without  causing  degradation  of  the  overall  catalytic  efficiency  in a chemical  reaction.
To achieve  this  goal,  a thorough  atomic-scale  understanding  of  these  materials  under  reactive  conditions
is  required.  This  will enable  the  design  and  production  of  “nano-engineered”  catalysts,  optimised  for
cost,  stability  and  performance.  In this  study,  the  oxidation  and  reduction  behaviour  of  a  Pt–Rh  alloy
eywords:
t–Rh
xidation
eduction
tom-probe tomography
iffusion

between  873  and  1073  K  was  investigated  by atom-probe  tomography  (APT).  Detailed  observations  of
the concentration  profiles  at the oxide/metal  interfaces  show  that  the  growth  of  Rh2O3 oxide  is  limited  by
diffusion  of  Rh  in the  alloy.  By varying  the  oxidation  conditions,  it was  possible  to  calculate  the activation
energy  for  Rh  diffusion  in  Pt–Rh  as  236  ±  41  kJ/mol,  together  with  diffusion  coefficients  for  Rh  for  a range
of  temperatures.  Reduction  of  the  oxide  phase  left  a  thin,  almost  pure,  layer  of  the  most  reactive  (and
expensive)  element,  Rh, on the surface  of  the  specimen,  suggesting  a simple  route  for  engineering  the
formation  of  the  core–shell  structure  Pt–Rh  nanoparticles.
. Introduction

Platinum and rhodium are two important metals in hetero-
eneous catalysis, extensively utilized together, for example in
utomobile exhaust emission control and ammonia oxidation.
hese elements, along with other platinum group metals (PGMs)
re highly successful catalysts in a wide range of applications owing
o their superior activity and stability in harsh operating environ-

ents. These environments can often be strongly oxidizing, and the
atalytic performance can be heavily influenced by the oxidation
tate of the PGM surface. Additionally, the atomic-scale structure
nd surface composition of the catalyst may  be altered during the
arious stages of a reaction. Investigating how the environment can
rive changes on catalyst surfaces is therefore critically important,
oth for a fuller understanding of these important materials and
o enable catalyst manufacturers to produce future performance
mprovements. In this study, we have investigated the changes to
 Pt–Rh alloy following exposure to oxidizing/reducing environ-
ents using atom-probe tomography (APT), a unique method for

robing the chemical structure of materials at the atomic scale.

∗ Corresponding author. Tel.: +44 1865 273 711; fax: +44 1865 273 789.
E-mail address: tong.li@materials.ox.ac.uk (T. Li).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.03.046
© 2011 Elsevier B.V. All rights reserved.

PGMs can demonstrate markedly different catalytic proper-
ties when oxidized [1–3]. At a fundamental level, the surface
composition of alloy catalysts can often differ from the bulk,
and these changes can be driven in often opposing directions by
thermal effects or adsorbates. Previous studies of PGM oxidation
have mainly focused on the investigating the stoichiometry, struc-
ture and volatility of oxides phases formed using conventional
characterization techniques. These techniques include gravimetric
analysis [4,5], X-ray diffraction [6],  low energy electron diffrac-
tion (LEED) [7],  X-ray photoelectron spectroscopy (XPS) [8,9] and
scanning electron microscopy (SEM) [10]. However, in order to bet-
ter control the behaviour of platinum group metal nanoparticles
under catalytic conditions, a more detailed understanding of oxi-
dation processes at the atomic scale is required, which will provide
a basis for how the catalyst surfaces can be modified. Oxygen-
induced Rh surface segregation in Pt–Rh alloys has been seen using
a range of surface science techniques including auger electron spec-
troscopy (AES), XPS, and low energy ion scattering (LEIS) [9,11–16].
Field ion microscopy (FIM) experiments have revealed catalytic
oscillations in the reaction of gases on nanosized PGM surfaces

[17–19], while scanning tunnelling microscopy (STM) studies have
also shown that these type of oscillations in reactive environments
can reconstruct the metal surfaces [20]. Moreover, industrial cat-
alysts have also demonstrated significant reconstruction during
operation [21,22].

dx.doi.org/10.1016/j.cattod.2011.03.046
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:tong.li@materials.ox.ac.uk
dx.doi.org/10.1016/j.cattod.2011.03.046
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Early atom-probe studies revealed the deep level of under-
tanding of the crystallographic and spatial aspects of surface
xidation and segregation that is obtainable by using atomic-scale
ethods [23–25].  More recent APT studies by the Oxford group

eported surface composition changes to Pt–Rh, Pt–Rh–Ru and
t–Rh–Ir alloys after oxidation, with the extent dependent on the
rystallographic surface investigated [26–29].  In many of these
xperiments, the oxidation conditions were constrained to lower
emperatures/pressures due to practical limitations. Thus a quan-
itative, atomic-scale investigation of surface composition changes
o platinum alloys at high temperatures, up to those relevant to
mmonia oxidation [30], is desired in order to understand how
atalyst particles may  be modified during service in commercial
ystems.

APT is ideally suited for the atomic-scale analysis of metal/oxide
ystems in a wide range of materials [31]. The geometry of the
pecimen is advantageous, as the needle-shaped apex has a radius
f curvature of <100 nm.  The apex region is therefore a good
odel for a catalyst nanoparticle; approximately double its size

nd with a similar curved structure. In this paper, we  report on
he severe oxidation of a Pt–Rh alloy at temperatures between 873
nd 1073 K. We  also determine an activation energy and diffusion
oefficients for Rh diffusion in the Pt–Rh alloy. Finally, we study
he structure of oxidized samples following reduction in hydrogen,
emonstrating that such treatments could be used as a method
f nano-engineering catalyst surfaces with different compositions
rom the bulk alloy.

. Materials and methods

A Pt–22 at.% Rh alloy in the form of as-drawn wire (0.1 mm diam-
ter) was obtained from Alfa-Aesar. APT specimens were prepared
y electropolishing using a molten salt mixture of 4:1 NaNO3:NaCl
eated in an electrical salt pot to 700–750 K. The specimens were
ubsequently cleaned of any residual surface oxide by field evapo-
ation of the first few atomic layers before being exposed to any
xidizing treatment. For all specimens, the [1 0 0] direction was
arallel to the specimen axis. Following preparation and clean-

ng, specimens were oxidized at 873 K, 973 K or 1073 K for 5 h
n 1 bar of oxygen at a flow rate of 35 cm3/min. In a separate
et of experiments, several specimens were oxidized at 1073 K
or 1 h in oxygen, and then reduced at 673 K for 1.5 h in 1 bar of
ydrogen.

Transmission electron microscopy (TEM), carried out using a
hilips CM20 microscope operated at 200 kV, was used to observe
elected specimens pre- and post-oxidation. Specimens were char-
cterized by APT using a Cameca LEAP 3000X-HRTM instrument.
everal specimens were analysed for each unique thermal/gas
xposure. The analyses were carried out in laser pulsing mode
ith a specimen temperature of 55 K, target evaporation rate of

 ions per 1000 pulses, pulse rate of 160 kHz, pulse energy of 0.5 nJ
nd a laser spot size of approximately 10 �m.  The standing volt-
ge was automatically increased in order to maintain a constant
vaporation rate. Compositional analyses of the as-received mate-
ials by APT yielded a Rh content of 22.6 ± 0.42 at.% compared with
he nominal composition of 22.07 at.%. The different reconstruction
arameters (image compression factor, evaporation field, radius
nd field factor) can have a significant influence on the scale and
spect ratio of the 3D reconstructions and therefore any quantita-
ive measurement of distances. In this study, the values of the image

ompression factor and the field factor were kept as the default
alues (1.65 and 3.3) of the reconstruction procedure. The evapo-
ation field was set at 30 V/nm, by considering the observed ratios
f Pt1+:Pt2+. The scaling errors affecting length scale measurements
nd introduced by inaccurate reconstruction parameters were esti-
Fig. 1. (a) TEM images of oxidized atom probe specimens and (b) schematic rep-
resentations of oxidation process on APT specimens at 873–1073 K. Dashed lines
indicate approximate analysis volume in APT.

mated assuming a possible 20% variation in the estimation of the
specimen end radius.

3. Results

3.1. Morphology observations

The formation of oxide phases was  identified by both APT and
TEM at the three chosen oxidizing temperatures. After oxidation at
873 K for 5 h, the oxide phase nucleated on the surface of the spec-
imens in the form of small islands, as revealed by the TEM image in
Fig. 1a. A thin oxide layer also formed on the surface of the speci-
mens, which is captured by the APT analysis (Fig. 2a). In these atom
maps, each dot represents an individual ion or ionic species, with
those at the top of the map  coming from the apex of the specimen.
The maps are divided into three separate volumes to highlight the
different oxygen species, oxides and metallic ions detected. Note
that due to the limited field of view of the atom probe instrument,
only the central part of the specimen is examined. To aid explana-
tion of the APT data, Fig. 1b shows a schematic representation of
the oxidation process at the three different temperatures. The blue
dashed lines in the schematics of Fig. 1b represent the volumes
analysed by APT. The oxide regions evaporate in the form of O ions
and molecular ion complexes (RhOx and PtOy). After oxidation at
973 K, oxide crystals formed with slightly larger sizes (∼30 nm),
and appear to protrude from the surface with elongated shapes
(Fig. 1b). Some of the oxide islands have also grown inward suf-
ficiently to be captured within the APT field of view. The analysis
shown in Fig. 2b suggests the presence of two  main islands of oxide,
on the apex and the shank. At the highest oxidation temperature
of 1073 K, specimens showed an even greater level of oxidation, as
revealed by the TEM image in Fig. 1c. A thicker oxide region is also
noticeably evident in the atom probe data of Fig. 2c.

In these experiments, we  are mainly interested in the devel-
opment of the oxide/metal interfaces within the near surface or

bulk regions of the specimens. However, it is certainly possible that
under the oxidation conditions employed diffusion of oxide species
across the specimen surface is also occurring, for example from the
shank to the apex. This behaviour has been previously identified
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Fig. 3. Proximity histogram obtained from a specimen oxidized at 873 K for 5 h. The
iso-concentration surface is located approximately 2.9 nm from the Pt–Rh surface.

Table 1
Rh and Pt concentrations in the oxide layer.

with the lowest Rh concentration to where the nominal Rh con-
centration was  recovered (Fig. 5). The Rh depleted layers after the
oxidation treatment for 1.25 h, 2.5 h and 5 h were therefore 6.70 nm,
9.65 nm and 14.50 nm in depth, respectively.
ig. 2. APT reconstructions of oxidized atom probe specimens showing the spa-
ial distributions of RhOx , PtOy , Rh and Pt ionic species for the three oxidation
emperatures: (a) 873 K (b), 973 K and (c) 1073 K.

32], while the complex diffusion of atoms over the apex itself has
lso been explored using APT [26,27]. In the current study however
e believe these processes will have little influence on the nature

f the oxide/metal interfaces formed here. Finally, note that PtOx

pecies were sometimes detected preferentially at the oxide/metal
nterface. These are thought to be artefacts of evaporation as previ-
usly reported in oxide/metal systems [33] but they do not change
he measured compositions.

.2. Composition of oxide phases

Detailed analyses of the oxide phase and the oxide/metal
nterface were performed using proximity histograms [34]. A rep-
esentative histogram for a specimen oxidized at 873 K for 5 h is
hown in Fig. 3, calculated based on an iso-concentration surface
f 35 at.% O. An iso-concentration surface is a planar construct,
ocated at the metal–oxide interface. The proximity histogram is
erpendicular to this plane, and classifies species through the iso-
oncentration surface by chemical identity. For clarity, we choose
o group species as Rh, Pt, and O, independent of the PGM oxi-
ation states. Three distinct regions are visible: the oxide phase
n the right-hand side, the bulk alloy region (Pt–22 at.% Rh) on

he left-hand side and a 2–3 nm thick intermediate Rh-depleted
egion approaching the oxide/metal interface. The composition of
he oxide phase changes slightly with temperature. Decreasing
evels of Pt are apparent with increasing oxidation temperature.
able 1 summarizes the oxide compositions. For all temperatures,
Temperature (K) 873 973 1073

Rh (at.%) 35.57 ± 0.70 38.39 ± 0.46 40.54 ± 0.16
Pt  (at.%) 6.61 ± 0.30 2.02 ± 0.11 0.04 ± 0.01

the measured stoichiometry is consistent with that of M2O3 where
M = Rh + Pt.

With increasing oxidation temperature, the depth of the Rh
depleted region at the oxide/metal interface increases sharply.
Fig. 4 shows the profiles for the Rh concentration near the
oxide/metal interface for all three oxidation temperatures. At
1073 K, the width of the depleted region is larger than the length
of the atom probe analysis.

3.3. Time-dependence of oxide formation

A number of Pt–Rh specimens were oxidized at 973 K for 1.25 h,
2.5 h or 5 h to follow the kinetics of oxide growth. Based on proxim-
ity histograms, the Rh concentration in the oxide layer showed little
deviation over 1.25 h, 2.5 h and 5 h, remaining around 37–39 at.%.
However, the depths of the Rh-depleted layers clearly differed, and
these were quantified by measuring the distances from the point
Fig. 4. Rh concentration profiles at the oxide/metal interfaces (from proximity his-
tograms) after oxidation at 873, 973 and 1073 K for 5 h. The black box in Fig. 2b
illustrates the corresponding (fixed) sampling volume for 973 K.
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ig. 5. Rh concentration profiles at the oxide/metal interfaces (from proximity his-
ograms) after oxidation at 973 K for 1.25, 2.5 and 5 h.

.4. Oxidation/reduction on Pt–Rh

Following the oxidation treatment at 1073 K for 1 h, three sepa-
ate specimens were subsequently reduced in H2. After reduction at
73 K for 1.5 h, a 2 nm thick, an almost pure Rh-rich outer metallic

ayer was observed, as illustrated in Fig. 6. This result was consistent
ver all oxidation/reduction experiments under these conditions.
ote also that the depth of the Rh enriched region is in qualita-

ive agreement with that identified for the oxidation at 973 K for
.25 h (proxigram shown in Fig. 5). In this a Rh enriched oxide layer
f approximately 3–4 nm was apparent. A small amount of atomic
xygen remains on the surface of the reduced specimen, which may
e due to chemisorption during transfer of the specimen from the
xidation furnace to the atom probe analysis chamber. The com-
osition of the reduced layer is 99.6 ± 1.3 at.% Rh–0.4 ± 0.1 at.% Pt.
espite the retention of the Rh-enriched layer at the surface, note

hat the Rh-depleted region at the oxide/metal interface is no longer
bserved (Fig. 7).

. Discussion

.1. Oxidation behaviour

According to the heats of oxide formation reported in the lit-
rature (167 kJ/mol for PtO2 [35], 142 kJ/mol for PtO [36] and
65–405 kJ/mol O2 for Rh2O3 [37]), oxidation of the Pt–Rh alloy
hould lead to the presence of Rh O with perhaps some PtO
2 3
n the Rh-depleted region immediately beneath this, although Pt
xide has been seen to decompose above ∼750 K [38]. Previous
tudies considering Pt–Rh oxidation have identified oxides heavily
nriched in Rh [9,11–16,24], in agreement with the results shown

ig. 6. APT reconstruction after oxidation at 1073 K for 1 h and reduction at 673 K
or  1.5 h.
Fig. 7. Proximity histogram obtained from specimen shown in Fig. 6. The iso-
concentration surface is located approximately 3.2 nm from the Pt–Rh surface.

here. The morphologies of the oxide phases observed by TEM also
agree with previous published results. Carol and Mann reported
that a thin layer of Rh oxide was formed at 873 K with a hexag-
onal crystal structure [39]. At 973 K, a duplex oxide morphology
comprising of a thin layer of hexagonal crystal structure and a
thicker layer of orthorhombic crystal structure was  found using
X-ray diffraction, which is consistent with the greater extent of
oxidation apparent at 973 K vs. 873 K demonstrated in Figs. 1 and 2.

4.2. Diffusion of Rh in Pt

Two main controlling mechanisms are usually considered for
oxide growth: diffusion of oxygen through the oxide layer reacting
with the metallic species at the oxide/interface, or metal diffusion
through the oxide layer so the oxide layer grows at the top oxide
surface. In the present case, the development of a Rh depleted layer
at the Rh2O3/metal interface indicates that the diffusion of Rh on
the metal side to the oxide/metal interface is the controlling mech-
anism for oxide growth. Oxygen diffusion through the oxide layer
must therefore occur faster than Rh diffusion in the alloy. The width
of the Rh depleted zone provides a measure of the Rh diffusion coef-
ficient in Pt. A basic model for the diffusion of planar interfaces is
used [40] and is illustrated in Fig. 8. It is based on the approxima-
tion of a static interface, and assumes a mass balance, so the two
shaded regions in Fig. 8 are equal:

(CB − C0)X = L(C0 − Ce)
2

(1)

where CB and Co are the Rh concentrations in the oxide phase and

metal phase respectively, Ce is the (minimum) Rh concentration at
the oxide/matrix interface on the metal side, X is the oxide thick-
ness, and L is the diffusion length, i.e. the overall depth of the
depleted region within the metal. The flux of Rh atoms across the
interface determines the velocity of the interface and is controlled

Fig. 8. Schematic diagram illustrating simplified diffusion model.
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Table 2
Diffusion coefficients at different temperatures.
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Temperature (K) 873 973 1073

DRh in Pt (m2/s) 1.6 ± 1.1 × 10−22 5.2 ± 2.2 × 10−21 7.3 ± 2.5 × 10−20

DPt in Pt (m2/s) from [38] 2.0 × 10−21 7.4 × 10−20 1.4 × 10−18

y diffusion in the metal side (1st Fick’s law). From Figs. 4 and 5,
he interface is sharp, therefore as derived in [40], the diffusion
oefficient of Rh in Pt can be expressed as:

 = (CB − Ce)L2

4(CB − C0)t
(2)

here L is the diffusion length, determined from the APT data at
emperatures from 873 to 1073 K data and t is the oxidation time.
he values of concentrations are obtained from the proximity his-
ograms allowing the diffusion coefficients for Rh in Pt at all three
xidation temperatures to be estimated. These values are shown in
able 2. At 973 K, an average value can be estimated from the three
xidation times, with the Rh depletion widths measured from the
roximity histograms shown in Fig. 5. From Eq. (2),  note that for

 fixed diffusion coefficient, the diffusion length L is proportional
o the square root of the oxidation time t. This relationship accu-
ately describes the relative changes in diffusion lengths as shown
n Fig. 5. The activation energy for Rh diffusion in Pt is obtained by
erforming this analysis at several temperatures and taking the
lope of log D vs. 1/T.  This yields an activation energy for diffu-
ion of Rh in a Pt–Rh alloy of 236 ± 41 kJ/mol. This value is in close
greement with activation energies for Rh diffusion into different
t crystal planes as determined from surface studies [41,42].

.3. Core/shell structure

Creating core/shell structures by surface segregation of one of
he components is limited by thermodynamic considerations. In a
inary alloy system heated in vacuum, surface segregation of one of
he components depends on its surface energy, heat of sublimation,
nd atomic size [43–45].  Based on these rules, Pt should segregate
o the surface in a Pt–Rh alloy in vacuum since the surface energy
f Pt (2.48 J/m2) is lower than for Rh (2.70 J/m2), while their atomic
adii and heats of sublimation are roughly similar [46]. This has
ndeed been seen experimentally in a number of earlier atom probe
tudies [23,25]. However, chemisorption of impurities of gaseous
pecies can dramatically change the surface composition. This has
lso been identified in previous atom probe work, showing that
race amounts of sulphur can lead to Rh enrichment at surfaces in
t–Rh, Pt–Ir and Pt–Ru alloys [23,25].  In practice, controlling the
atalysis environment to drive one or the other element to the sur-
ace is not trivial. The rational design of alloy metal nanocatalysts
rom fundamental principles has the potential to yield catalysts
f greatly improved activity and selectivity. A promising area of
esearch concerns the creation of near-surface metal or alloy com-
ositions different from the bulk, which can endow surfaces with
ovel catalytic properties [47]. The present work illustrates quan-
itatively a much more straightforward and robust way  to create
ore/shell structures using an oxidation/reduction cycle. The XPS
tudy of Wang and Schmidt demonstrated a Rh-rich surface on
t–50 at.% Rh alloy particles after an oxidation/reduction cycle
13], while a similar study on the reaction-driven production of
ore–shell structure nanoparticles was carried out on Rh–Pd and
t–Pd alloys [48]. The reduction temperature needs be chosen care-

ully as too low temperatures may  yield incomplete reduction, but
oo high temperatures or excessive exposure times may  lead to dif-
usion of Rh back into the bulk alloy, removing the Rh rich surface
ayer [13]. Note that the diffusion distance estimated by extrapo-
ating the Rh diffusion coefficient from 873–1073 K to 673 K cannot

[

[
[
[

175 (2011) 552– 557

explain the absence of the Rh depleted region at the oxide/metal
interface.

5. Conclusions

The oxidation between 873 and 1073 K and oxidation/reduction
behaviour of a Pt–22 at.% Rh alloy in the form of sharp needle
specimens was  studied using electron microscopy and atom probe
tomography. It was  found that oxide islands of Rh2O3 grow from the
apex and the shank of the specimens, and the growth rate is con-
trolled by diffusion of Rh from the bulk to the oxide/metal interface.
The Rh depleted region formed allowed the measurement of the
activation energy and diffusion coefficients of Rh in Pt. Subsequent
reduction of the oxidized specimens at 673 K created core/shell
structures consisting of a thin almost pure Rh layer at the surface,
above a “core” with the bulk alloy composition. The fundamental
study of the surface Rh concentration and quantitative study of Rh
diffusivity in Pt will be beneficial to the design of Pt–Rh nanopar-
ticles or pre-treatment of the particles to make the best use of the
precious platinum group metals used in heterogeneous catalysts.
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