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The phase stability of rhodium oxides formed during the aging
of model α-alumina supported rhodium in air at temperatures of
500, 850, and 1000◦C is investigated using high resolution trans-
mission electron microscopy. The observed phases of rhodium ox-
ides are similar to those predicted by bulk thermodynamics, with
the RhO2 phase formed at 500◦C and the orthorhombic III-Rh2O3

phase formed at 1000◦C. However, in some instances, the epitaxy of
the rhodium oxide particles with the underlying α-alumina support
appears to influence the phases formed, causing the presence of the
hexagonal I-Rh2O3 phase at 500 and 850◦C. Epitaxial stabilization
of rhodium oxide phases is examined from the perspective of lattice
matching at the oxide–support interface and minimization of the
total oxide particle free energy. c© 1998 Academic Press

INTRODUCTION

Rhodium is a key component of current three-way au-
tomotive emissions control catalysts and is used primarily
to catalyze the reduction of NO (1). To maintain a high
dispersion, Rh is supported on γ -alumina. Increasing re-
quirements on the performance and durability of automo-
tive converters (2) have stimulated an interest in under-
standing the microstructural changes occurring during the
aging and deactivation of γ -alumina supported Rh (1). Ag-
ing in air below 650◦C results in the formation of highly
dispersed rhodium oxide moieties (3–5), recently identi-
fied as two dimension rafts of RhO2 (6), and upon pro-
longed heating, small particles of RhO2 and orthorhombic
Rh2O3 (4–6). Above 650◦C, large particles of orthorhombic
Rh2O3 are observed (4–6), together with smaller particles
of RhO2 (6). Recent studies conducted with Rh supported
on α-alumina have demonstrated that superior thermal sta-
bility can be achieved relative to what is observed using
γ -alumina as the support (3, 7, 8). For example, signifi-
cant loss in catalytic activity of α-alumina supported Rh
occurs upon aging above 900◦C, whereas the onset of loss
in catalytic activity of γ -alumina supported Rh occurs upon

aging above 650◦C (3, 8). The superior thermal stability of
α-alumina supported Rh has been attributed to factors such
as the weaker interaction of the Rh on the α-alumina sup-
port (3) and the ability to maintain higher dispersion of
Rh on α-alumina (7). However, the nature of the rhodium
oxides formed during aging in air is still unclear. Most re-
cently, XPS results reported by Lakis et al. (9) suggest the
presence of mixed oxide states for Rh, after calcination of
Pt-Rh/γ -alumina at 500◦C followed by reduction at 300◦C.
It is important to note that within these aging temperatures
(500–1050◦C), there are several known thermodynamically
stable bulk rhodium oxide phases (10–16).

An interesting finding of thermal aging studies has been
the observation that the phase of rhodium oxide observed
after aging at a given temperature does not necessarily coin-
cide with that expected on the basis of bulk-phase thermo-
dynamics. For example, orthorhombic Rh2O3 is observed
at 500◦C (4, 5), whereas bulk-phase thermodynamics pre-
dicts that only tetragonal RhO2 should be stable (10–16).
Likewise, particles of RhO2 are observed following aging
at 1000◦C (6) where orthorhombic Rh2O3 particles are ex-
pected on the basis of bulk-phase thermodynamics (10–
16). While it has been suggested that interactions between
the alumina support and the particles of rhodium oxide
may contribute to the stabilization of unexpected rhodium
oxide phases (6), confirmation of this interpretation has
been encumbered by the concurrent phase transforma-
tion of γ -alumina during thermal aging. For this reason,
we have undertaken an investigation of the thermal aging
of Rh supported on α-alumina. The goal of this work is
to identify the role of the support in stabilizing phases of
rhodium oxide different from those anticipated from bulk-
phase thermodynamics and in particular to establish the
extent to which oxide–support epitaxy and the size of the
dispersed oxide particles affect the stabilization of rhodium
oxide phases. The work is conducted with a sample of 15%
Rh/α-alumina aged in air at temperatures of 500, 850, and
1000◦C. Microstructural characterization of the rhodium
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TABLE 1

Crystallographic Data of Known Rh Oxides

a0 b0 c0 Space
Composition Structure (Å) (Å) (Å) group Ref.

Rh2O3-I Hexagonal 5.13 — 13.85 R-3c 11
Rh2O3-II Orthorhombic 5.14 5.44 14.69 Pbca 12
Rh2O3-III Orthorhombic 5.17 5.38 7.24 Pbna 13
RhO2 Tetragonal 4.49 — 3.09 P42/mnm 14

oxide particles is done exclusively by high resolution trans-
mission electron microscopy (HRTEM) because of the su-
perior spatial resolution it affords, as needed for detailed
assessment of small particle and interfacial characteristics.

EXPERIMENTAL

Alpha-alumina supported rhodium (15 wt.%) is pre-
pared by incipient wetness impregnation of dried α-alu-
mina (Meller Optics, 2 m2/g) with an aqueous solution of
rhodium(III) trichlorohydrate (RhCl3 · 3H2O) (Johnson-
Matthey). The catalyst is then dried at 120◦C for 2 h, cal-
cined in air flowing at 100 cm3/min at 400◦C for 4 h, and
reduced in H2 at 400◦C for 4 h. The reduced catalyst is then
passivated by exposure to 1000 ppm O2/He at room tem-
perature for 20 min. Samples of the catalyst are aged in air
for 71 h at 500◦C, for 50 h at 850◦C, and for 5 h at 1000◦C.

TEM specimens are prepared by crushing the catalyst be-
tween two glass slides and dry-dispersing the catalyst onto
a holey-carbon covered TEM grid. HRTEM is performed
on a Topcon 002B electron microscope operating at 200 kV,
with a nominal point-to-point resolution of 1.9 Å. Rhodium
oxide phases are identified by Fourier analysis of HRTEM

FIG. 1. (a) HRTEM image of RhO2 particle formed after aging 71 h at 500◦C; (b) diffractogram of particle, indicating the [111] orientation of the
RhO2 structure; (c) diffractogram of support, revealing the [202̄1] orientation.

images, from which precise determination of lattice spac-
ings and interplanar angles can be made. Table 1 shows a
summary of the crystallographic data for the known phases
of rhodium oxide (10–16). HRTEM images are also used to
characterize the interface between the rhodium oxide par-
ticles and the α-alumina support. The interfaces are clas-
sified into one of three different types: coherent, semico-
herent, and incoherent (17). Fully coherent interfaces are
observed when two lattices are continuous across the in-
terface. To fulfill this requirement, both phases must be
oriented such that their interatomic spacings and configu-
rations are perfectly matched across the interface. When
the interatomic spacings differ, coherency across the inter-
face can be maintained by straining one or both lattices. The
effective lattice misfit across the interface is defined by d=
(a2− a1)/a1 where a1 and a2 are the lattice parameters of the
unstrained lattices of the support (a1) and the particle (a2).
When the lattice misfit increases (0< d< 0.25), it becomes
energetically favorable to form semicoherent interfaces in
which misfit dislocations are formed across an interface to
relieve the coherency strains. These misfit dislocations that
relieve coherency strains comprise a series of dislocations
with equilibrium spacing, D, given by D = a1/d, for a2> a1.
In cases of poor matching across the interface (d> 0.25), an
incoherent interface may be formed.

RESULTS

After samples were aged for 71 h at 500◦ C, HRTEM im-
ages reveal particles of both tetragonal RhO2 and hexag-
onal I-Rh2O3 that exhibit epitaxy with the underlying
α-alumina support. Figure 1a shows two RhO2 particles.
The particle on the left has a diameter of 69 Å and the
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FIG. 2. (a) HRTEM image of RhO2 particle formed after aging 71 h at 500◦C; (b) diffractogram of particle, indicating the [1̄11] orientation of the
RhO2 structure; (c) diffractogram of support, revealing the [202̄1] orientation.

one on the right has a diameter of 58 Å. Both particles
are about 24 Å high. The diffractogram of the rhodium ox-
ide particle on the right (Fig. 1b) reveals reflections corre-
sponding to the (101̄)and (011̄) planes, which are character-
istic of the RhO2 phase, as viewed along its [111] zone axis.
The measured angle between the (101̄) and (011̄) planes is
46.7◦, which is close to the calculated angle of 47.3◦. The
α-alumina support is viewed along its [202̄1] zone axis, and
the diffractogram (Fig. 1c) of the α-alumina support re-
veals reflections corresponding to the (011̄2) and (11̄02) α-
alumina planes, which have interplanar spacings of 3.48 Å.
The measured angle between the (011̄2) and (11̄02) planes
is 93.9◦, which is close to the calculated angle of 94.0◦. The
(1̄21̄0) planes of theα-alumina support and the (011̄) planes
of the RhO2 particle are parallel, indicating epitaxy of the
RhO2 particles on the support. The (1̄21̄0) α-alumina (011̄)
and RhO2 planes have interplanar spacings of 2.38 and 2.55
Å, respectively, and the mismatch between these planes,
given by (dRhO2−dAl2O3/dAl2O3 ), is 7.1%. However, since the
(1̄21̄0) α-alumina and (011̄) RhO2 planes occur at an angle
of approximately 15◦ from the interface normal, the effec-
tive lattice mismatch between the heterostructures, given by
the difference in parallel interplanar spacings of the indi-
vidual phases that occur normal to the interface, is approx-
imately 7.4%. The observation of periodic strain fields at
the particle-support interface, separated by approximately
70 Å intervals, indicates the presence of misfit dislocations.
These dislocations relieve the coherency strains associated
with the large lattice mismatch, causing the formation of a
semicoherent interface between the particle and support.
This lattice mismatch is also partially accommodated by

a compressive strain in the rhodium oxide particle, which
causes a slight contraction of the (011̄) RhO2 planes such
that the interplanar spacings decrease from 2.55 Å (bulk)
to 2.52 Å (measured).

A RhO2 particle that forms a different interface with the
alumina support is displayed in Fig. 2a. This particle is ap-
proximately 73 Å in diameter and 18 Å high. The diffrac-
togram of the rhodium oxide particle (Fig. 2b) reveals re-
flections corresponding to the (101) and (110) planes, which
are characteristic of the RhO2 phase, as viewed along its
[1̄11] zone axis. The measured angle between the (101) and
(110) planes is 68.5◦, which is close to the calculated angle
of 66.0◦. The α-alumina support is viewed along its [(202̄1)]
zone axis, and the diffractogram (Fig. 2c) of the α-alumina
support reveals reflections corresponding to the (011̄2) and
(11̄02)α-alumina planes, which have interplanar spacings of
3.48 Å. The measured angle between the (011̄2) and (11̄02)
planes is 92.7◦, which is close to the calculated angle of
94.0◦. In this case, the (11̄02) planes of the α-alumina sup-
port and the (01̄1) planes of the RhO2 phase occur in almost
the same direction with a 10◦ rotation, but deviate from
the [1̄011] interface direction. By using the orientation re-
lationship (01̄1)RhO2 //(1̄21̄0)Al2O3 and [1̄11]RhO2 //[1̄101]Al2O3

determined from other RhO2-α-alumina interfaces, it can
be shown that normal to the [1̄00] interface are the (122̄)
RhO2 planes and the (202̄8) α-alumina planes. Hence, the
lattice misfit across the interface, given by the difference
between the (122̄) RhO2 planes with interplanar spacings
of 1.22 Å and the (202̄8) α-alumina planes with interplanar
spacings of 1.28 Å, is −4.7%. In this instance, the forma-
tion of an epitaxial interface between the RhO2 particle and
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FIG. 3. (a) HRTEM image of hexagonal I-Rh2O3 particle formed after aging 71 h at 500◦C; (b) diffractogram of particle, indicating the [202̄1]
orientation of the hexagonal I-Rh2O3; (c) diffractogram of support, revealing the [202̄1] orientation.

the α-alumina support results in a smaller lattice mismatch
across the interface.

A low temperature, low pressure (LT, LP) hexagonal I-
Rh2O3 phase particle exhibiting a semicoherent interface
with the underlying α-alumina support is shown in Fig. 3a.
This particle, as viewed along its [202̄1] zone axis, is ap-
proximately 60 Å wide and 20 Å high. The diffractogram of
the rhodium oxide particle shown in Fig. 3b reveals reflec-
tions corresponding to the (1̄102̄) and (011̄2) planes, which
have interplanar spacings of 3.74 Å characteristic of the
LT, LP hexagonal I-Rh2O3 phase. The measured angle be-
tween the (1̄102̄) and (011̄2) planes is 87.8◦, which is close
to the calculated angle of 86◦. The diffractogram of the
α-alumina support shown in Fig. 3c illustrates the [202̄1]
zone axis with reflections corresponding to the (1̄102̄) and
(011̄2)α-alumina planes, which have interplanar spacings of
3.48 Å. As indicated by the HRTEM image and the diffrac-
togram, the (1̄102̄) planes originating from the α-alumina
and the hexagonal Rh2O3 particle occur in the same ori-
entations, indicating an epitaxial relationship between the
rhodium oxide and the α-alumina support. The lattice mis-
fit between the (1̄21̄0) α-alumina and (1̄21̄0) hexagonal I-
Rh2O3 planes, which have interplanar spacings of 2.38 and
2.56 Å, respectively, is 7.6%. In this case, both the hexag-
onal I-Rh2O3 particle and the hexagonal α-Al2O3 support
are observed in the same orientation, obeying the orienta-
tion relationship (101̄0)Rh2O3 //(101̄0)Al2O3 and [0001]Rh2O3 //
[0001]Al2O3 .

HRTEM images indicate that after aging for 50 h at
850◦C large Rh2O3 particles are formed, exhibiting substan-
tial interfacial contact with the support. Figure 4a reveals
an example of such a particle, which is 75 Å in diameter

and 30 Å high, as viewed along its [1̄101̄] zone axis. The
diffractogram of the rhodium oxide particle (Fig. 4b) reveals
reflections corresponding to the (022̄2̄) and (202̄2) planes,
which have interplanar spacings of 1.96 Å, characteristic
of the LT, LP hexagonal I-Rh2O3. The measured angle be-
tween the (022̄2̄) and (202̄2) planes is 69.0◦, which is close
to the calculated angle of 68.7◦. The diffractogram (Fig. 4c)
of the α-alumina support reveals reflections corresponding
to the (022̄2̄) and (202̄2) α-alumina planes, as viewed along
the same orientation, the [1̄101̄] zone axis. The 1.74 Å lattice
spacings originating from the (22̄04) planes of α-alumina
and the 1.86 Å fringes originating from the (22̄04) planes of
Rh2O3 occur in the same direction, from which it is deduced
that (101̄0)Rh2O3 //(101̄0)Al2O3 and [0001]Rh2O3 //[0001]Al2O3 .
The effective lattice misfit in this case is 7.4%. As seen
in Fig. 4a, the Rh2O3 particle forms interfaces with the α-
alumina support along three of the particle edges, suggest-
ing that the formation of the interfaces leads to a decrease
in the surface free energy in spite of the strain energy asso-
ciated with lattice misfit across the interface.

Figure 5a shows another hexagonal I-Rh2O3 particle
which is 105 Å in diameter and 35 Å high, viewed along
its [1̄101̄] zone axis. The diffractogram of the rhodium ox-
ide particle (Fig. 5b) exhibits reflections corresponding to
the (022̄2̄) and (202̄2) planes, which have interplanar spac-
ings of 2.11 Å and are characteristic of hexagonal I-Rh2O3.
The measured angle between the (022̄2̄) and (202̄2) planes
is 67.5◦, which is close to the calculated angle of 68.7◦. The
diffractogram of the α-alumina support shown in Fig. 5c
reveals reflections corresponding to the (022̄2̄) and (202̄2)
α-alumina planes, as viewed along its (1̄101̄) zone axis. This
particle exhibits the same epitaxial relationship with the
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FIG. 4. (a) HRTEM image of hexagonal I-Rh2O3 particle formed after aging 50 h at 850◦C; (b) diffractogram of particle, indicating the [1̄101̄]
orientation of the hexagonal I-Rh2O3 structure; (c) diffractogram of support, revealing the [1̄101̄] orientation.

support observed for the hexagonal I-Rh2O3 particle shown
in Fig. 4.

After aging for 5 h at 1000◦C, both the high tempera-
ture, high pressure (II) and high temperature, low pressure
(III) orthorhombic Rh2O3 phases are observed. In many
instances, the rhodium oxide-alumina interface is semico-
herent, as evidenced by the presence of misfit dislocations.
Figure 6a shows a particle of HT, LP (III) orthorhombic
Rh2O3 which is 260 Å in diameter and 143 Å high. The

FIG. 5. (a) HRTEM image of hexagonal I-Rh2O3 particle formed after aging 50 h at 850◦C; (b) diffractogram of particle, indicating the [1̄101̄]
orientation of the hexagonal I-Rh2O3 structure; (c) diffractogram of support, revealing the [1̄101̄] orientation.

diffractogram of the image (Fig. 6b) reveals reflections cor-
responding to the (020) HT, LP Rh2O3 planes, which have
interplanar spacings of 2.72 Å, and the (101̄4) α-Al2O3

planes, which have interplanar spacings of 2.55 Å. In this
case, the 2.55 Å lattice spacings originating from the (101̄4)
planes of α-alumina and the 2.72 Å fringes originating from
the (020) planes of HT, LP III-Rh2O3 are parallel, indi-
cating the formation of an epitaxial interface. The effec-
tive lattice misfit across the interface is 6.7%. The lattice
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FIG. 6. (a) Lattice image of HT, LP orthorhombic III-Rh2O3 particle formed after aging 5 h at 1000◦C; (b) diffractogram of particle and support,
revealing the (020) orthorhombic III-Rh2O3 reflections and the (101̄4) reflections.

mismatch across this interface is accommodated by a regu-
lar series of misfit dislocations.

Figure 7a shows an orthorhombic HT, HP II-Rh2O3

particle which is 160 Å in diameter and 80 Å high. The
diffractogram of the image (Fig. 7b) reveals reflections cor-
responding to the (021) HT, HP II-Rh2O3 planes, which
have interplanar spacings of 2.52 Å, and the (112̄0) α-
Al2O3 planes, which have interplanar spacings of 2.38 Å.

In this case, the 2.38 Å lattice spacings originating from
the (112̄0) α-alumina support and the 2.52 Å fringes orig-
inating from the (021) HT, HP II-Rh2O3 phase are par-
allel, again indicating the formation of an epitaxial inter-
face. The lattice misfit across the interface is 5.9%. This
lattice mismatch across the interface is accommodated by
irregularly spaced misfit dislocations, identified by the white
arrows.
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FIG. 7. (a) Lattice image of HT, HP orthorhombic II-Rh2O3 particle formed after aging 5 h at 1000◦C; (b) diffractogram of particle and support,
revealing the (021) orthorhombic II-Rh2O3 reflections and the (112̄0) reflections.
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FIG. 8. (a) HRTEM image of HT, HP orthorhombic II-Rh2O3 particle formed after aging 5 h at 1000◦C; (b) diffractogram of particle, indicating
the [001] orientation.
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FIG. 9. HRTEM image of disordered HT, HP orthorhombic II-Rh2O3 particle formed after aging 5 h at 1000◦C.

Aging at 1000◦C not only results in the formation of the
orthorhombic Rh2O3 polymorphs, but also causes interest-
ing changes in the microstructure of the oxide particles.
In several instances, the rhodium oxide particles straddle a
grain boundary separating two alumina grains. An example
of such a Rh2O3 particle is shown in Fig. 8a. This particle
is 267 Å in diameter and 200 Å high. The diffractogram
of the rhodium oxide particle (Fig. 8b) exhibits reflections
corresponding to the (110) and (11̄0) planes, which have
interplanar spacings of 3.73 Å, characteristic of the HT, HP
II-Rh2O3 phase. The measured angle between the (110) and
(11̄0) planes is 86.0◦, which is close to the calculated angle of
88.4◦. Structurally disordered rhodium oxide particles are
also observed, as shown in Fig. 9. This HT, HP orthorhom-
bic II-Rh2O3 particle is approximately 267 Å in diameter
and 27 Å high. Several families of (111) and (121) planes
are observed in this particle, indicating polycrystallinity.

DISCUSSION

The results of this study clearly show that many of the
rhodium oxide particles formed upon aging of α-alumina
supported rhodium exhibit epitaxy with the support. At
low temperatures (e.g., 500◦C), the oxide particles are small
and the particle-support interfaces are either semicoherent
or fully coherent. Higher aging temperatures (e.g., 850◦C)
result in the formation of larger oxide particles and a semi-
coherent interface, with misfit dislocations that relieve the
interfacial strain arising from lattice mismatch across the

interface. When aging occurs at very high temperatures
(e.g., 1000◦C) the particles of rhodium oxide grow further in
size and the oxide-support interface becomes increasingly
incoherent.

It is notable that the rhodium oxide phases observed at
different aging temperatures are not fully consistent with
those that would be expected from bulk thermodynamics.
Based on the phase stability studies of Carol and Mann
(15) and Muller and Roy (14), one would expect RhO2 to
be the thermodynamically favorable phase at 500◦C and
orthorhombic III-Rh2O3 to be the stable phase at 850 and
1000◦C. Our HRTEM results indicate that both the tetrag-
onal RhO2 and hexagonal I-Rh2O3 phases are formed at
500◦C, the hexagonal I-Rh2O3 phase is formed at 850◦C,
and the HT, HP (II) and HT, LP (III) Rh2O3 phases are
formed at 1000◦C. The observation of hexagonal I-Rh2O3

particles at 500 and 850◦C on (101̄4)α-alumina surfaces and
of tetragonal RhO2 particles at 500◦C on (1̄21̄0) α-alumina
surfaces suggests that the interface may be responsible for
the stabilization of these phases.

The contribution of interfacial interactions to the ther-
modynamic stability of small metal oxide particles can be
described (assuming a coherent interface and isotropy of
the surface and interface free energy) in terms of

G = G0V + Asurfγsurf + Aintγint − Aintγsupp, [1]

where G0 is the free energy per unit volume of the un-
strained bulk phase; V is the volume of the particle; γ surf,



          

EFFECTS OF SUPPORT INTERACTION 31

γ int, and γ supp are the free energy per unit area of the oxide-
gas surface, the oxide-support interface, and the support-
gas surface; and Asurf and Aint are the surface areas of
the oxide-gas and oxide-support surfaces, respectively. G0,
γ supp, and γ surf depend solely on the properties of the bulk
oxide phases, whereas γ int depends on the properties of the
bulk oxide phase and the oxide-support interactions. The
interfacial free energy per unit area, γ int, comprises two
contributions, chemical bonding and strain:

γint = γchem + γstrain. [2]

The formation of chemical bonds between the oxide par-
ticles and the support will lower the value of γ int whereas
lattice strain will raise the value of γ int. A close match be-
tween the interatomic spacings of the oxide particle and
the support at the oxide-support interface should con-
tribute to a reduction in the value of γ int due to the for-
mation of chemical bonds and the minimization of lattice
strain.

In light of the preceding discussion, it is conceivable that
for small oxide particles, interfacial interactions can reduce
the overall free energy of the system, so that thermody-
namically unfavorable bulk oxide phases are stabilized. The
stabilization of such dimensionally restricted oxide phases
would depend as well on the plane of the support being con-
sidered. The proposed epitaxial stabilization of metastable
or competing bulk structures is known to occur for met-
als and semiconductor compounds (18–21). For example,
Sands et al. (21) have observed the influence of substrate
orientation on phase formation. Under the same processing
conditions, on the hexagonal CdS substrate, the thermody-
namically favored low pressure chalcocite Cu2S is formed
on surfaces inclined to the basal plane, while the high pres-
sure tetragonal Cu2S polymorph is formed on basal-plane
oriented CdS surfaces (21).

As noted earlier, the (101̄4) surface stabilizes hexagonal
I-Rh2O3, whereas the (1̄21̄0) surface of the α-Al2O3 stabi-
lizes RhO2. To understand why this occurs, it is useful to
examine the possible arrangement of the atoms in both the
oxide and the support at the oxide-support interface. As
shown in Fig. 10, the (101̄4) plane has a pseudo-hexagonal
arrangement of oxygen atoms, separated by distances of
3.95 and 4.76 Å. It is evident from Fig. 10a that there is
a good match between the oxygen atoms of the (101̄4)
α-Al2O3 plane and those of the(101̄4) Rh2O3 plane, which
has a pseudo-hexagonal arrangement of oxygen atoms,
separated by distances of 4.19 and 5.15 Å. The closest ori-
entational relationship that could be established between
the (101̄4) surface of α-Al2O3 and RhO2 would be with the
(100) surface of the latter oxide. As shown in Fig. 10b, the
(100) RhO2 and (101̄4) α-alumina surfaces are very poorly
matched, and hence, one would not expect the (101̄4) sur-
face of alumina to be conducive to the stabilization of RhO2

particles. By contrast, Fig. 11a shows that the oxygen atoms

FIG. 10. Interfacial arrangement of oxygens for hexagonal I-Rh2O3-
α-alumina interface shown in Fig. 3. (a) A good matching is observed
upon overlaying the pseudo-hexagonal arrangement of oxygens for (101̄4)
hexagonal I-Rh2O3 on the (101̄4) α-alumina. (b) A poor matching is
observed upon overlaying the rectangular (100) RhO2 arrangement of
oxygens on the pseudo-hexagonal arrangement of oxygens for (101̄4)
α-alumina.

of the (101) surface of RhO2 show good registry with oxy-
gen atoms in the α-alumina surface. The (1̄21̄0) plane of
α-alumina has a pseudo-rectangular arrangement of oxy-
gen atoms that are separated by distances of 2.53–2.86 and
4.34 Å (Fig. 11a), whereas the (101) surface of RhO2 has a
pseudo-rectangular arrangement of oxygen atoms that are
separated by distances of 2.77 and 4.49 Å (Fig. 11a). While
Fig. 11b also suggests reasonably good registry between the
oxygen atoms in the (1̄21̄0) surface of hexagonal I-Rh2O3

and the (1̄21̄0) surface of α-alumina, the degree of lattice
matching is not as good as that between the (101̄4) planes
of I-Rh2O3 and (101̄4) planes of α-alumina. The surface of
the (1̄21̄0) I-Rh2O3 has a pseudo-rectangular arrangement
of oxygen atoms that are separated by distances of 2.68–
3.03 and 4.69 Å (Fig. 11b). Arguments similar to these can
be used to explain the observation of hexagonal I-Rh2O3

after aging at 850◦C, whereas orthorhombic III-Rh2O3 is
the thermodynamically favored bulk phase.

It is interesting to note that the observed epitaxial re-
lationships between RhO2 and α-alumina, and hexago-
nal I-Rh2O3 and α-alumina, are not the most favored
with respect to lattice misfit. For example, in the hexag-
onal I-Rh2O3-α-alumina system, it is observed (Fig. 4) that
the (22̄04) hexagonal I-Rh2O3 planes, which have inter-
planar spacings of 2.56 Å, are parallel to the (22̄04) α-
alumina planes, which have interplanar spacings of 1.74 Å,
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FIG. 11. Interfacial arrangement of oxygens for tetragonal RhO2-
α-alumina interface shown in Fig. 2. (a) A good matching is observed
upon overlaying the pseudo-rectangular arrangement of oxygens for the
(101) tetragonal RhO2 on the pseudo-rectangular arrangement of oxygens
for the (1̄21̄0) α-alumina. (b) A slightly worse matching is observed upon
overlaying the rectangular (1̄21̄0) Rh2O3 arrangement of oxygens on the
pseudo-rectangular arrangement of oxygens for (1̄21̄0) α-alumina.

resulting in a large lattice misfit of 7.4%. A smaller lat-
tice misfit of 1.1% would have been possible if the (112̄6)
hexagonal I-Rh2O3 planes, which have interplanar spacings
of 1.72 Å, were parallel to the (22̄04) α-alumina planes. It
is conceivable that the latter arrangement of planes is not
observed because it would lead to a higher contribution
to Asurf γ surf, while lowering the value of Aint γ int in Eq.
[1]. This suggests that thermodynamic control of rhodium
oxide microstructure forces rhodium oxide particles to as-
sume structures that minimize the total free energy of the
particle.

The absence of fully coherent interfaces between rho-
dium oxide and α-alumina at higher temperatures is at-
tributable to two factors. The first is the smaller ratio of
interfacial surface area to particle volume and the second
is the enhanced rate of forming misfit dislocations due to
the higher aging temperature. Both factors contribute to a
reduction in the contribution of the interfacial free energy
to the total free energy of the particle (see Eq. [1]). For
very large particles, the effects of interfacial free energy
become insignificant and the distribution of oxide phases is
now dominated by bulk thermodynamics.

Based on the present discussion, it is expected that the
nature of the rhodium oxide phases that could be stabilized
on other phases of alumina would differ from those ob-

served for α-alumina. This might explain why in an earlier
aging study conducted with γ -alumina supported rhodium
(6), we reported the observation of both the orthorhom-
bic II-Rh2O3 and RhO2 phases at 500◦C, the orthorhom-
bic II-Rh2O3 phase at 850◦C, and the orthorhombic II-
and III-Rh2O3 phases at 1000◦C. In that study, the support
also underwent phase transformation from the γ -alumina
phase to its thermodynamically stable α-alumina phase.
At 500◦C, the dominant phases were γ - and δ-alumina,
whereas at 850◦C, most of the alumina had transformed to
δ- and θ -alumina, and at 1000◦C, the dominant phase was
α-alumina.

CONCLUSIONS

The distribution of the rhodium oxides formed during the
aging of α-alumina supported rhodium in air is affected by
epitaxy between the oxide particle and the support. Based
on thermodynamics, tetragonal RhO2 is predicted to be the
most stable phase of rhodium oxide at 500◦C. The concur-
rent appearance of hexagonal I-Rh2O3 at this temperature
is attributed to the stabilization of this phase in epitaxy with
the support. Epitaxial stabilization of hexagonal I-Rh2O3,
rather than the thermodynamically preferred orthorhombic
III-Rh2O3 phase, is observed when aging occurs at 850◦C, as
is the appearance of orthorhombic II-Rh2O3 when aging oc-
curs at 1000◦C. Analysis of the present results demonstrates
that epitaxial stabilization of a phase is most pronounced
when the rhodium oxide particles are small (<100 Å) and
there is a good match between a facet of the oxide particle
and one of the exposed facets of the support.
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