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Nanoscale

Tracking the Emergence of Epitaxial Metal-oxide Interfaces from
Precursor Alloys

Yu Wen,?b Hideki Abe,d Kazutaka Mitsuishi,® Ayako Hashimoto *abe

Heterointerfaces with an epitaxial relationship, self-assembled nanocomposties of Pt(111)/Ce0,(111) 60°, were successfully
formed by simple oxidation of Pt;Ce alloy. Oxygen dissolution into the alloy causes spacial periodic compositonal
perturbation by atomic segregation, specifically, by local diffusion of Pt and Ce atoms. A striped pattern of Pt and CeO, with
a 4-5 nm peridicity formed through phase transformation of the Pt-rich alloy and oxidation of the Ce-rich alloy, respectively.
Notably, a fully epitaxial relationship between the Pt and CeO, phases was observed even in the initial stage. With continued
annealing, the crystals rotated into an energetically favorable orientation with respect to the remaining (111)Pt//(111)CeO,.
The alloy oxidation and its resulting nanoscale phase-separation behavior was verified in an ex-situ annealing experiment of
an alloy specimen, which has been first thinned by a focused ion beam. Changing the oxygen partial pressure to the reaction
interface may alter the orientation relationship between the hexagonal close-packed PtsCe structure and face-centered
cubic Pt/Ce0, structure, thereby altering the growth direction of the separated phases. These findings present a pathway
for the self-assembly of epitaxial Pt(111)/Ce0,(111) interface and are expected to assist the structural design of metal—oxide

nanocomposites.

1. Introduction

Owing to its facile reducibility, ceria (CeQ,) is an attractive
option for fuel cells and catalysts in exhaust-free vehicles.1> The
reduction of two Ce** cations to Ce3* provides an oxygen
vacancy which plays crucial roles in ionic oxygen
transportation®> and catalytic reactions®’. Doped ceria and
cerium-based hybrids with rich oxygen defects are great
photocatalysts for photo-thermal reactions.?1° Furthermore,
ceria is an important support or supported object of metal
components in heterogeneous catalysis.!’-13 Strong interactions
at the metal-oxide interface specific
performances than mono-component counterparts.’* The
interface effect between Pt and CeO, has been widely studied
because Pt/CeO, catalysts are promising for water-gas shift
reaction®® and low temperature CO oxidation®17, Theoretical
studies!®19 have revealed that electron transfer from Pt to CeO,
and oxygen-vacancy formation at the interface contribute to
the high catalytic activity of Pt/CeO,. Therefore, to achieve
highly active of Pt/CeO, catalysts, we require a rational design
of the interfacial structure.
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To boost the catalytic activity, researchers have developed
two strategies for enhancing interactions at the Pt-CeO,
interface. The first strategy tunes the exposed surface planes of
the metal and ceria to match the oxygen vacancies density with
the electronic perturbation, which typically lie in different
orientations. As a model system, a Pt/CeO, catalyst with an
epitaxial interface on the (111) plane contains a relatively high
Ce3* concentration?® and facilitates charge transfer from CeO,
to Pt?1. The second strategy controls the configuration of Pt and
CeO, to increase the surface area of the interface and present
more active reaction sites.?22* Although the interface effect has
been extensively engineered for fundamental study and
commercial application, the preparation methods of controlled
Pt/CeO, catalysts, such as deposition-precipitation?2> and
electrodeposition?6?7, are generally complex and high-cost.
However, the PtsCe surface alloy can be post-oxidization,?8
suggesting that Pt/CeO, composites with an epitaxial interface
can be prepared by simple oxidation of arc-melted PtsCe alloy.?®

Recently, oxidation of binary alloy has been considered as
a possible route towards stable and active metal-oxide
nanocomposites for catalysis.3%3! We previously showed that
the morphology of the self-assembled Pt/CeO, nanocomposites
from PtsCe alloys can be controlled to tailor the oxygen ion
conductivity.3? Moreover, various metal/oxide nanocomposites
as catalysts (Ni/Nb,Os, Rh/Nb,Os, Ru/CeO,, etc.) having
superior performances were prepared via the same alloy
oxidation method.33-3¢ Therefore, by thoroughly understanding
the oxidation process in the binary alloy, we could control the
interface effect of their corresponding nanocomposites.
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In the present work, we track the oxidation process of
PtsCe alloy that leads to a self-assembled Pt/CeO,
heterostructure, whose framework is composed by
polycrystalline Pt embedded by nanocrystalline CeO, with
epitaxial Pt(111)/Ce0,(111) interface. Completely and partially
oxidized samples were characterized at the atomic scale using
combined high-resolution transmission electron microscopy
(HRTEM) and atomic-resolution high-angle annular dark field
scanning transmission electron microscopy (HAADF—STEM).
The oxidation-inducing phase-separation behavior was then
elucidated, and the fully epitaxial relationship of Pt and CeO,
phases was derived from the atomic segregated alloy. The
epitaxial type (111)rt//(111)ce0, 60° was found at the final stage
after crystal rotation. The nanoscale phase-separation behavior
of the alloy was verified in an ex-situ annealing experiment on
a firstly-focused ion beam (FIB)-thinned alloy.

2. Experimental

2.1 Specimen preparation

PtsCe alloy was prepared by arc melting of the elemental
metals in a pure argon atmosphere. Alloy powders with an
average particle size of 50 um were then obtained by grinding.
The alloy precursor was transferred to a reactive gas furnace
(containing mixed CO and O, at a molecular ratio of 2:1) for
phase separation. The bulky powder alloys were first annealed
for 30 min and 12 h to form partial and complete phase-
separated structures, respectively. For the ex-situ experiment,
the firstly-FIB-thinned alloy specimen was prepared by FIB
milling (JEOL-9420, Japan) of 30-KeV Ga ions. The firstly-FIB-

(d)1]pt //{111]Ce0,
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thinned specimen was annealed for only 10 min at 400 °C to
observe its phase-separation behavior.

2.2 Transmission electron microscopy

The morphologies of the three kinds of specimens were
investigated by a field emission microscope (JEOL JEM-2100F)
operated at 200kV. The atomic analyses (HRTEM and HAADF)
and energy dispersive X-ray spectroscopy (EDS) mapping of
specimens were carried out in a JEOL JEM-200ARMF equipped
with double Cs-correctors and a Schottky-filed emission gun. To
highlight the lattice fringes in the atomic HAADF-STEM images,
the images were processed by a smooth—filter which is freely
available as a plug-in for the DigitalMicrograph.3” The Fast
Fourier transformation (FFT) patterns were also obtained using
the DigitalMicrograph software package (Gatan, Pleasanton,
CA). The lattice strain maps were calculated from HAADF-STEM
images by a geometric phase analysis (GPA) plug-in38. HAADF-
STEM simulations were performed using the Dr.probe
software,3? implementing the multislice method to calculate
the quasielastic forward scattering of the incident high-energy
electron probes from the sample.

3. Results and discussion

3.1 Epitaxial the

nanocomposites

relationship in self-assembled Pt/CeO,

As reported in our previous work,32 phase-separation and
self-assembly in oxidized PtsCe alloy leads to an interwoven
structure of Pt and CeO,. Atomic STEM characterizations of the
Pt/CeO, nanocomposites annealed for 12h at 400°C are shown in
Figure 1. In the nanostructure, the bright-contrast phase of Pt

[011]Pt // [011]CeO,

Figure 1. (a) HAADF-STEM image of the PtsCe bulk sample annealed at 400°C for 12 h showing the completely separated
Pt/CeO, composites. (b)-(c) Enlarged filtered HAADF-STEM images of the boxes in (a), indicating the incoherent
relationship between Pt and CeO,. (d) HAADF-STEM image of another site on the same sample showing the epitaxial
relationship in the [111] zone axis. (e) Schematic of the 4:3 lattice structure of (111)Ce0, on (111)Pt (top view) and the

corresponding simulated HAADF-STEM image, revealing that the bright spots connected by red dashed triangles in (d) are
produced by overlapped Pt and Ce atoms. (f) Side view along the [01-1] direction of the Pt/CeO, epitaxial interface, which

has a 60° rotational relation with (111)Pt//(111)Ce0,.
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alternated with the dark-contrast phase of CeO, (Figure 1[a]), as
confirmed by the EDS mapping shown in Figure S1. The average
periodicity of approximately 50 stripe structures was 4.6 nm (see
histogram in Figure S2(a) for details). To clarify the orientation
relationship between the Pt and CeO, structures, the
heterointerfaces between the two phases enclosed in boxes A and B
in Figure 1(a) are magnified in Fig. 1 (b) and (c), respectively. As
shown in Figure 1(b), the Pt and CeO, crystals were exactly on the
[110] zone axis but the interface was incommensurate. The angle
between the (200) planes of Pt and CeO, was approximately 57° and
the (1-11)ce0, and (11-1)rt planes were almost parallel. Figure 1(c)
consolidates the parallel relationship between the (111) planes of Pt
and CeO, crystals on different zone axis. Due to the lattice misfit (~38
%), several edge dislocations were found at the heterointerface.
However, the relationship was fully epitaxial along the direction of
the [111] zone axis (see Figure 1[d]). The brightest spots (connected
by red triangles in Figure 1[d]) were deduced as overlapped Pt and
Ce atoms. More specifically, the calculated lattice-constant ratio
between (111)ceo, and (111)prt was 1.38, between the verified lattice
constant ratio of 4:3 and 7:5.%° The lower and upper parts of Figure
1(e) present a structural model of the observed structure based on
the calculated 4:3 CeO,/Pt model and a simulated HAADF-STEM
image along the [111] direction, respectively. The simulation results
confirm that the Pt and Ce atoms overlapped at the brightest
projection spots (enclosed by the dashed red circles in the model).
Integrating the relationships observed in Figure 1 (b)-(d), the lattice-
matching relationship between Pt and CeO, that maintains
(111)pt//(111)ce0, is a certain angle of rotation. From Figure 1(d), the
rotation angle was deduced as 60°, that is, the orientation
relationship between Pt and CeO, is Pt(111)//Ce0,(111) 60°. This kind
of rotated epitaxial relationship was already reported in thin-layers
of Rh/Ce0,*, MoS,/5**43, etc., but firstly found in Pt/CeO,
composites here. Owing to the sixfold symmetry axis of (111) planes,
a 60° rotation of (111)rt plane parallel to a (111)CeO, plane retains
the epitaxial relationship, but other planes are crystallographically
non-equivalent. Figure 1 (f) illustrates the side view along [01-1]
direction of the structure model in Fig. 1(e). The atomic arrangement
between Pt and CeO, matches that of Figure 1(b). Since the fully
epitaxial Pt(111)/CeO,(111) and the epitaxial type of Pt(111)/CeO5(111) 60°
are much similar in the atomic arrangement at the metal-oxide
interface perimeter that plays a central role in catalysis, no
prominent difference would be expected on the performance.

3.2 Phase separation behavior during the oxidation of Pt;Ce alloy

How the special epitaxial relationship of (111)rt//(111)ce0, with
a 60° rotation evolves in the self-assembled Pt/CeO, composites
must be elucidated. For this purpose, we prepared a partially
oxidized powder specimen containing the reaction interface
between the PtsCe precursor and the phase-separated Pt/CeO,
nanocomposites. By analyzing the reaction interface structure, we
can understand the early stage of the phase-separation behavior.
Figure 2(a) displays HAADF-STEM image of the powder
precursor heated for 30 minutes, projected along the
[0001]ptsce direction. The reaction interface between the upper
PtsCe alloy and lower Pt/CeO, nanocomposites is marked by the
black dashed line. The corresponding FFT images of two regions
enclosed in the yellow-edged squares are shown on the right

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. (a) HAADF-STEM image of the PtsCe bulk sample annealed at 400°C for 30 min
showing the interface area between the PtsCe alloy and Pt/CeO, composites. The two
FFT images were calculated in the areas within the yellow frames. In front of the dashed
line, the contrast was caused by the atomic segregation. (b) Higher-magnification
HAADF-STEM image at the reaction interface, showing the orientation relationship
between the PtsCe and Pt/CeO, composites. Right panel shows the corresponding
structure model.

side of Figure 2(a). These images clarify the different crystal
structures of the alloy and nanocomposite. In the PtsCe
precursor, a periodical compositional contrast is visible within
10-20 nm from the interface. All spots in the FFT image were
attributable to the PtsCe structure, confirming the absence of
precipitates; that is, the contrast was caused by atomic
segregation. Meanwhile, the nanocomposites presented stripy
patterns with alternating dark CeO, and bright Pt. The
periodicity of the stripes was 4.6 nm, identical to that in the
completely phase-separated nanocomposites. The statistical
data are displayed in Figure S2 (b). It appears that the
periodicity of the separated phase is independent of the
annealing duration. Focusing on the near-interface region, one
observes that CeO, stripes in the composites were connected
with the dark-contrast phase in the precursor alloy. Moreover,
the stripes were almost perpendicular to the reaction interface,
indicating that the nanocomposites growth pointed toward the
reaction interface (white arrows in the Fig. 2[a]). The Pt and
CeO, structures viewed from the [-112] direction were
identified by indexing the FFT pattern of the nanocomposites.
Evidently, the Pt and CeO, grains shared a fully epitaxial
relationship, unlike that of the completely oxidized sample
[(111)pt//(111)ce0, 60°]. The orientation relationship between
the PtsCe alloy and self-assembled nanocomposites was derived
as (1-100)rtsce//(220)Pt/ce0,, [0001]ptsce//[-112]Pt/Ce0,. This

J. Name., 2013, 00, 1-3 | 3
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result is the first observed orientation relationship between
hexagonal closest packed (hcp) and face-centered cubic (fcc)
structures during a phase transformation. Another pronounced
feature is the growth direction of the nanocomposites, which
was parallel to the [110] direction. The fast growth rate of the
(220) plane in [110] direction caused the
preferential orientation of the Pt and CeO, phases in the
composites, consistent with the x-ray diffraction (XRD) result
(see Figure S3). In the XRD pattern, the relative intensity of the
(220)prt plane was much stronger than the referenced XRD
powder data [JCPDS No. 04-0802].

To clarify the reaction interface structure between the
PtsCe alloy and Pt/CeO, nanocomposites, the HAADF-STEM
image was magnified at the reaction interface. The image is
displayed in Figure 2(b). A hexagonal arrangement of atoms was
projected along the [0001] zone axis in the PtsCe structure. The
reaction interface was uneven and facilitated phase separation
in certain stages. The arrows indicate the terraces lying exactly
on the (220) plane of the nanocomposite. Based on the above-
described orientation relationship between the alloy and the
precipitates, the atomistic structures of the phases were
derived and are displayed in the right panel of Figure 2 (b). As
shown in the structural model, the plane spacing of (11-20) in
the alloy was approximately twice the plane spacings of (111) in
the Pt precipitates. The lattice misfit of the (111) planes of fully
epitaxial Pt and CeO, was calculated as 36 % against Pt crystal,
similar to that of the completely oxidized sample.

When alloys containing noble metals are oxidized, the
noble metal phase separates from the oxide of the less noble
metal. This phase separation is driven by the large discrepancy
in the oxygen affinities of the noble and non-noble
constituents.** Unlike nanoscale alloy particles,?® which form
oxidized,

core-oxide shell structures when the

(@)

metal

Precursor
&
&

microcrystalline Pt—-Ce alloy in the present study formed a
spatially periodic striped pattern similar to a Turing pattern.
Such periodic structures have been found in the oxidized alloys
based on silver,*® nickel,*® and other metals undergoing internal
oxidation. In this scenario, one alloy component is selectively
oxidized but cannot reach the surface quickly enough to form
an oxide layer.#” Alloy diffusion is thought to be negligibly
slower than the inward oxygen movement, so the oxidation
process is diffusion controlled.*® The oxide in internal oxidation
reactions can be spherical, facetted crystalline, dendritic, or
some other shape.?® In the striped structure observed here, the
CeO, precipitates were constrained in their growth direction by
the cerium and oxygen supplies. Consequently, the distance of
oxygen diffusion to the immobile unreacted cerium was
minimal, and the separated phase grew (on average) in the
direction normal to the reaction interface. As oxygen must be
transported through the CeO, phase to reach the reaction
interface and Pt and Ce have different oxygen affinities, it was
inferred that oxygen dissolution into the alloy contributed to
atomic segregation in front of the reaction interface. CeO, and
Pt phases were then epitaxially formed by oxidation of the Ce-
rich alloy and transformation of the Pt-rich alloy, respectively.
Moreover, the Pt-CeO, interface facilitated the oxygen diffusion
from the surface to the inner PtsCe alloy**, thereby accelerating
the oxidation process. The diffusion path of each element in the
alloy and oxide is schematized in Figure S4. Owing to the low
misfit between the (111) plane of Pt and the (11-20) plane in
PtsCe alloy, the phase transformation with the described
orientation relationship, namely, (1-100)ptsce//(220)pt/Ce0,,
[0001]Ptsce//[-112]Pt/ce0,, beneficially minimizes the lattice
strain. In contrast, the epitaxy (111) planes of Pt and CeO, are
largely mismatched and cannot be solely compensated by
inducing misfit dislocations. As the remaining lattice strain

T "
.0@@_— (220)Pt “(1171)pt
B 7 0 (111)6e0,

g (230)Ge0,

- -

. ¢
1 & [0001]Rt,Ce

Figure 3. Characterization of nano-phase separation in PtsCe alloy. HAADF-STEM images and corresponding SAED patterns along the [0001] PtsCe zone

axis of (a) PtsCe alloy precursor and (b) the firstly-FIB-thinned specimen ex-situ annealed at 400°C for 10 min. (c) HAADF-STEM image of the interface

area containing the alloy precursor and separated phases, and corresponding elemental maps of O, Ce and Pt.
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relaxes, the fully epitaxial relationship of Pt and CeO, at the
early phase-separation stage should change to an epitaxial type
of (111)pt /(111)ce0, 60° in the final stage.

3.3 Ex-situ experiment for tracking the phase-separation behavior

Although characterizing the samples prepared at different
annealing times revealed the phase-separation behavior
induced by oxidation, observing the whole process in a single
sample would provide more conclusive results. For this purpose,
we studied the phase-separation stages in an ex-situ
experiment of the firstly-FIB-thinned alloy specimen. The ex-
situ specimen was annealed for 10 min while the other
synthesis conditions were those of the bulky powder sample.

Panels (a) and (b) of Figure 3 show the HAADF-STEM
images and corresponding selected area electron diffraction
(SEAD) patterns of the PtsCe alloy precursor and the as-
annealed alloy of the firstly-FIB-thinned specimen, respectively.
The observed PtsCe alloy precursor with about 300 x 300 nm?
area presented a single hcp phase along the [0001] zone axis
(Figure 3[a]) with no evidence of precipitates. After heating the
initial PtsCe alloy specimen ex situ to 400°C for 10 min, two
interconnected phases with stripy patterns were continuously
formed from the edge of the specimen (white and gray phases
in the STEM image of Figure 3[b]). In a statistical analysis of the
phase-separated region, the periodicity of the two-phase
stripes was determined as 4.5 nm (see Figure S2[c]). The black
arrows in Figure 3(b) indicate the growth direction of the striped
structure. The stripes proceeded perpendicular to the alloy
interface (dashed line in the figure). The SEAD pattern showed
an additional two pairs of arc-shaped reflections. Based on the

g ,ﬁ) CeO,
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.

[ 001],pt;’,ge j

el 4 e

Nanoscale

ARTICLE

to diffractions of the (111) and (220) planes of the Pt and CeO,
phases. The positions of the diffraction spots suggest an almost-
epitaxial relationship of the (111)pt and (111)ceo, planes, but
with a slight swing in the same direction. Figure 3(c) shows the
elemental maps of the interface-contained regions. The
concentrations of O atoms differed on both sides of the
interface, suggesting an oxidation- induced phase separation.
Within the phase-separated regions, the white and gray stripes
were apparently rich in Pt and Ce, respectively, confirming that
the phase-separated composed of Pt/CeO,
composites.

region is

As explained in subsection 3.2, oxidation of PtsCe alloy
produces not only a Ce metal oxide, but also an fcc structure of
Pt metal, which emerges through a matrix phase
transformation. Moreover, the (111) planes of Pt and CeO,
shared a parallel relationship. A striped pattern with the same
periodicity was observed both in the bulky powder sample and
the firstly-FIB-thinned sample, suggesting that the metal atoms
diffused laterally regardless of the sample geometry. In the
present case, the absence of the oxide layer at the surface
further verified the slow diffusion of alloy components and the
resulting predominant oxidant diffusion. Because oxidation
started at the surface and progressed inward, the front and
back positions (marked as positions 1 and 3 in Figure 3(b),
respectively) at the interface should indicate the initial and late
phase-separation stages, respectively. Therefore, to extract
more information on the oxidation-induced phase-separation
behavior, three regions at different separation stages (enclosed
within the yellow-edged circles in Figure 3[b]) were further
analyzed by HRTEM and HAADF-STEM.

)

Figure 4. (a) HAADF-STEM image of the initial separation stage (region 1 in Figure 1[b]) showing atomic segregation along the [0001]pt;ce axis, (b)FFT pattern of (a), (c) IFFT image

of PtsCe (10-10) extracted from (b) to highlight the lattice fringe image along {10-10}pt,ce (yellow symbol indicates the edge dislocation), and (d) strain component €xx of (a) obtained
in a GPA analysis: X II' [10-10]ptsce, ¥ I [1-210]ptsce. (e) HAADF-STEM image of another site in region 1 of panel 4(b), showing the Pt and CeO, crystals with a [0001]pPtsCe zone axis,
and (f) corresponding FFT pattern (red- and green-edged circles enclose diffraction spots from the Pt and CeO, phases, respectively). (g) and (h) IFFT images displaying the Pt and
CeO, distributions, obtained by extracting the six red circles and six green circles in (f), respectively.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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Figure 4(a) is a HAADF-STEM image of the initial separation
stage corresponding to Region 1 in Figure 3(b). The Pt-rich and
Pt-poor nanoclusters are distinguished by their Z-contrast
intensities. Figure 4(b) displays the corresponding FFT patterns
along the [0001] orientation of the PtsCe alloy precursor.
Besides the reflections of Pt;Ce, two pairs of weak reflections
suggested an ordering of the nanoclusters. The inverse-FFT
(IFFT) patterns of both pairs of reflections confirmed their
emergence in different regions (see Figure S5). The spots
enclosed by the green- and red-edged circles in Figure 4(b) were
identified as CeO, and Pt-rich alloys, respectively. After
extracting the {10-10}rt.ce reflections (enclosed by the yellow-
edged circles in Figure 4[b]), an edge dislocation was identified
in the {10-10} plane (Figure 4[c]). This dislocation resulted from
lattice distortion and strain relaxation after component
segregation, which would contract or expand the lattice. To
visualize the degree of lattice distortion, the local lattice strain
was mapped using GPA. Figure 4(d) shows the strain component
Exx of Figure 4(a). A small lattice strain appeared around the
segregation areas. The obvious strain field around the edge
dislocation implies a compressive strain in the Pt-poor
nanoclusters and a tensile strain in the Pt-rich nanocluster,
which resulted from the larger atomic radius of the Ce atoms
than the Pt atoms. The compositional contrast in Figure 4(a) at
the same dislocation position (white-edged square) affirms this
conclusion.

Figure 4(e) shows another HAADF-STEM image in Region 1
along the [0001]ptsce direction. The corresponding FFT pattern
in Figure 4(f) demonstrates that Pt and CeO, crystals were
formed in the PtsCe alloy. In addition to the FFT spots of PtsCe
alloy, spots attributed to [011]pt and [011]ce0, (enclosed within
the red- and green-edged circles, respectively) were identified
by calculating the interplanar spacings. Panels (g) and (h) of
Figure 4 show the IFFT patterns determined from the Pt and
CeO; spots in Figure 4(f), illustrating the distributions of the Pt
and CeO, phases, respectively. The patterns re-confirm that the
bright and dark contrasts in HAADF-STEM in Figure 4(e) are
related to the Pt and CeO, phases, respectively. As the oxidation
process occurred after atomic segregation, it was inferred to be
governed by inward diffusion of the dissolved oxygen.
Moreover, stress in the atomic segregation area promoted the
oxidation®° and phase transformation processes,>! accelerating
the penetration into the phase-separation zone.

HRTEM images of the middle and late separation stages
(Regions 2 and 3 in Figure 3[b]) are displayed in Figure 5. Figure
5(a) shows the interface area of Region 2, which contains both
the PtsCe alloy and the phase-separated Pt/CeO, composites in
the [0001]ptsce orientation. The growth direction of the Pt and
CeO; stripes (indicated by the white arrows in Figure 5[a]) was
explained earlier. In the corresponding FFT pattern (Figure
5[b]), the red and green-edged circles mark the Pt and CeO,
spots, respectively. Clearly, the epitaxial relationship between
Pt and CeO, was established in this separation stage. Moreover,
the growth direction of the Pt/CeO, composites is consistent
with the [111]pt/ce0, direction. Considering the phase
transformation of PtsCe alloy with an hcp structure to Pt with

6 | J. Name., 2012, 00, 1-3
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Figure 5. (a) HRTEM image with [0001]pt,ce zone axis and (b) corresponding FFT of the
middle separation stage (region 2 in Fig. 3(b)) showing the interface area between PtsCe
alloy and Pt/CeO, composites. (c) HAADF-STEM image of the boxed area in (a), and (d)
atomic structure model of each phase in the interface area. (e) HRTEM image along the
[0001]pt.ce zone axis and corresponding FFT of the late separation stage (region 3).

an fcc structure, the orientation relationship between the two

phases was obtained as  {10-10}prtsce//(1-11)Pt/Ce0,,
[0001]ptsce//[011]Pt/ce0,, Which differs from the typically
reported phase relationship in PtsCe surface alloy

transformation, i.e., {0001}prt;ce//{111}pPt.28 Figure 5(c) is an
enlarged atomic STEM image of the region enclosed by the
square in Figure 5(a). This image confirms the above-derived
orientation relationships between the Pt;Ce alloy and the
Pt/CeO, composites. The atomic structure model of phase
separation in this system is shown in Figure 5(d). In the direction
nearly normal to the growth direction of the precipitates, the
lattice spacing of the (10-10) plane of the PtsCe alloy was twice
that of the (111) plane of Pt crystals. This perfect alignment
favors phase separation. In the (111) planes, the ratio of the Pt
to CeO, lattice vectors was 1.38 with an approximate misfit of
38%. Judging from the large misfit at the coherent interface, the
epitaxial relationship between Pt and CeO, was probably
unstable to further reactive heating.

In the late separation stage (close to the edge of the
thinned specimen, indexed as Region 3 in Figure 3[b]), the
situation was somewhat different. The HRTEM image of this
phase-separated area is shown in Figure 5(e). The composite

This journal is © The Royal Society of Chemistry 20xx
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structure of Pt and CeO, is clearly visible. The corresponding FFT
image is displayed in Figure 5(f). Comparing the reflections in
panels (b) and (f) of Figure 5, we find that some reflection spots
developed arc shapes in the late separation stage and the CeO,
crystals were shifted from the correct zone axis. The reflections
from CeO,(11-1) disappeared while those from (220) were
stronger than those in the interface area. It was deduced that
during the growth process, the CeO, crystals rotated through a
small angle while the epitaxial relationship was retained on the
(111) planes. Such rotational behavior is often found in largely
mismatched metal-oxide heterointerface systems because it
lowers the interface energy.>%>3 Given the large misfit between
the Pt and CeO, phases (38%), the crystal rotation was likely
enforced by strain relaxation.

Based on the above results, the phase-separation behavior
in the present samples was identical to that found in bulky
powder samples and proceeded in three steps. In the first step,
atomic segregation of Pt and Ce in the Pt;Ce alloy because of
their different oxygen affinity. As the oxygen continues to
diffuse into the Ce-rich regions, the self-assembled Pt and CeO,
stripy phases with a fully epitaxial relationship then become
separated from the alloy during the early stage. Owing to the
large misfit between the lattice constants of Pt and CeO,
phases, the crystals with an initially commensurate interface
tend to rotate along [111], and finally maintain the
(111)pt//(111)ce0, relation. The phase-separation behavior is
schematized in Fig. S6. It should be noted that although stripy
patterns of Pt and CeO, are kinetically favorable to minimize the
oxygen diffusion distance to the immobile unreacted cerium,
the stripes growth direction and the orientation relationship
between the stripes and the precursor alloy should be
energetically favorable because of the large internal surface
area. Therefore, the preferred growth direction and orientation
of stripes vary with the orientation of the precursor alloy and
annealing temperature. Moreover, different growth directions
([110] and [111], respectively) and orientation relationships
(see stereographic projections in Figure S7) in the bulky powder
and firstly-FIB-thinned specimens indicate the influence of the
oxygen partial pressure for the phase separation behavior. This
is because oxygen can more easily reach the reaction interface
on the surfaces of FIB-thinned samples than the inside bulky
powder samples. The stripes were assumed to be oriented
perpendicular to the growing interface between the alloy and
Pt/CeO, precipitants; accordingly, the growth direction is
closely related to the orientation relationship between PtsCe
and Pt/CeO,.

4. Conclusions

Self-assembled epitaxial interfaces of Pt/CeO,
nanocomposites were successfully formed by simple oxidation
of PtsCe alloy. Nanoscale stripy patterns of alternating Pt and
CeO, phases were observed and an epitaxial interface between
Pt and CeO, was identified on their (111) planes. Furthermore,
the oxidation-induced phase-separation process in a partially
oxidized sample was observed by atomic-scale TEM, and a
verification experiment was performed by ex-situ annealing of

This journal is © The Royal Society of Chemistry 20xx

Nanoscale

a firstly-FIB-thinned TEM specimen. The oxygen partial pressure
on the surface of the FIB-thinned specimen differed from that
inside bulky powder samples, affecting the growth direction of
the stripes and the orientation relationship between the PtsCe
alloy and Pt/CeO, composites. These findings suggest that
Pt/CeO, catalysts with an epitaxial interface can be
economically prepared for fundamental research and practical
applications. Furthermore, our results are expected to assist the
structural design of metal-oxide nanocomposites.
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