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The effect of high-temperature oxygen aging on the local structure of Rh oxide particles in a
Rh/ALL O, catalyst has been characterized using X-ray absorption fine structure (XAFS) measure-
ments. Thermal aging of the catalyst was performed at various temperatures and for different
lengths of time at selected temperatures. Following treatment in 5% oxygen at or above 500°C,
the supported Rh is completely oxidized to orthorhombic Rh,0,. The coordination of the dominant
shells in the radial distribution function increases with treatment temperature, reaching a maximum
at 800°C. Above this treatment temperature, the coordination in these shells decreases dramatically
with increasing treatment temperature. Treatment in 5% oxygen at temperatures near 800°C for
an extended period results in an increase in coordination of the first three dominant shells. Most
of this increase takes place during the initial 1-2 h of treatment, but proceeds more slowly thereafter.
Extended treatment at lower temperatures (600°C) results in slow and gradually increasing coordina-
tion in these shells, while at much higher temperatures (1000°C) the coordination initially increases
but then decreases over extended treatment periods. The latter behavior is coincident with an
apparent change in the structure as well. Since XAFS provides insight about single crystallite
domains, the results suggest that at 800°C, Rh,0; crystallite growth or consolidation is more favored
than at lower or higher temperatures. The behavior of the supported Rh,0O; at high temperatures
indicates a strong interaction with the support; however, this interaction does not appear to involve
formation of a spinel or dissolution of Rh cations into the alumina lattice. Alternative explanations

for these observations are discussed.

INTRODUCTION

In automotive emission control catalysts,
the efficient use of the noble metals is desir-
able because of their limited supply and high
cost. This is particularly true of the Rh com-
ponent, which piays an important role in the
reduction of nitrogen oxides as well as the
oxidation of hydrocarbons and carbon mon-
oxide (/-3). Unfortunately, the operation of
three-way catalysts at elevated tempera-
tures causes a variety of changes in the char-
acter of the supported metal, which gener-
ally leads to loss of catalytic activity (4, 5).
Thus, the understanding of the process in-
volved in thermal degradation of the catalyst
is important and has been the subject of
numerous studies of the behavior and mech-
anisms involved in thermal aging of cata-
lysts (4-7).
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Some knowledge concerning the behavior
of RWALQ,; in high-temperature environ-
ments has been gained from previous stud-
ies. When Rh/ALLQ, is thermally aged in a
reducing environment, Rh metal particles
generally sinter, resulting in a loss of metal
surface area available for catalytic reaction
sites (4, 6, 7). Thermal aging of Rh/ALO; in
an oxidizing environment causes not only
the oxidation of supported Rh particles (2,
8-10), but at relatively high temperature
also results in the formation of an oxidized
form of Rh which is subsequently difficult
to reduce to the metal (//-16), and hence
difficult to reactivate. In contrast, Rh,0; can
be easily reduced to Rh metal in a reducing
environment at 200°C (/7, 18). This aspect
of the behavior of supported Rh has been
the subject of a number of studies (10-17,
19-25), and several mechanisms have been
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proposed to explain this behavior. One of
these mechanisms involves the formation
of an oxide of Rh on the surface of the
support which as yet to be structurally
characterized, but is unlike the known
forms of Rh,0, or RhO, (23). An alternate
mechanism involves a strong interaction
between the metal and the support which
results in the formation of two dimensional
Rh oxide moieties (/5), or even the forma-
tion of a spinel on the surface or within
the bulk of the support lattice (22, 24).
These mechanisms have been suggested
on the basis of chemisorption and activity
measurements, but not from more direct
structural analysis. These moieties appear
to lack any significant domain size and
are difficult to characterize using X-ray
diffraction techniques, and have only re-
cently been the focus of TEM studies. The
XAFS technique has the unique ability to
characterize the local structure in materials
which consist of very small particles or
domains (25), and thus can be used to gain
a better understanding of the nature and
structure of Rh/ALO; as a function of treat-
ment in high-temperature environments. In
this work, the local structure of Rh/Al,O,
thermally aged in an oxidizing environment
was determined for a range of treatment
temperatures (500 to 1100°C). For selected
treatment temperatures, changes in the lo-
cal structure of the supported Rh oxide
were studied as a function of exposure
time.

EXPERIMENTAL

Sample Preparation and Treatment

The 1 wt% Rh/ALO; catalyst lot used in
this study was prepared in the following
manner. First, 200 g of alumina spheres
{W. R. Grace low bulk density alumina,
3.2 mm diameter, 100 m?*/g, 1.1 ml/g pore
volume) were combined with a solution of
6.11 g Rn(NH;),Cl; in 200 ml of water. The
spheres were air dried overnight and then
calcined in flowing air (460 ¢cm?/min) for 4 h
at 500°C. This material was then ground into
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a powder and sieved using a 100 mesh sieve.
The Rh dispersion of this catalyst was mea-
sured as 0.45 using chemisorption of H,.
Each of the catalyst samples was prepared
in the following way prior to obtaining an
X-ray absorption measurement. A 3-g sam-
ple was inserted in a 60-cm length of round
quartz tubing having an outer diameter of
14 mm and a wall thickness of | mm. For
one series of experiments, each sample was
treated in 5% O,/N, flowing at 50 sccm at a
chosen temperature in the range of 500 to
1100°C for 2 h. At the end of the treatment,
the sample was cooled in the gas flow to
25°C, and then the ends of the tube were
sealed by collapsing and closing the glass
tube quickly with a torch. Using this pro-
cess, the treatment gas remains in the tube.
Several samples were treated at one particu-
lar treatment temperature (500, 600, 800,
and 1000°C), but for various times (1, 2, 4,
and 15 h).

In addition to the catalyst samples, mea-
surements were also obtained for selected
chemical compounds of known structure.
These compounds include Rh foil (25 um
thick), orthorhombic Rh,0,, and RhO,, all
obtained from Alfa. Two additional sam-
ples, untreated Rh black and Rh black
treated in 5% O,/N, at 900°C for 24 h,
were also examined. The radial structure
functions for each of these compounds
appears in Fig. 1, while the known struc-
tural parameters obtained using crystallo-
graphic measurements are reviewed in Ta-
ble 1. For each compound except the foil,
a thin powder bed about 100 um in thick-
ness was prepared and sandwiched in Kap-
ton tape. The identity and crystallinity of
these compounds were confirmed using
X-ray diffraction mesurements. Note that
the radial structure functions obtatined by
Fourier transforming the corresponding x
functions are shown without correction for
phase shifting (corrections for phase shift
were performed when the individual shells
were analyzed). Therefore, the radial struc-
ture functions shown in the figures do not
correspond to the actual radial distance.
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FiG. 1. Radial structure functions obtained for the
Rh Foil, orthorhombic Rh,O;, and RhO, reference
compounds. As noted in the text, the spectra as repre-
sented in this figure have not been corrected for phase
shift.

X-Ray Absorption Measurements

Following treatment and sealing in the
quartz tubes, the catalyst samples and refer-
ence compounds were transported to the
National Synchrotron Light Source (NSLS)
at Brookhaven National Laboratory for
measurement of the x-ray absorption in the
region of the Rh K-edge (23.160 to 25.040
keV). Measurements were obtained using
beamline X-11A equipped with a two
(Si(111) crystal monochromator which was
detuned by 20% to suppress harmonic con-
tributions to the spectra. For all measure-
ments, the X-ray ring operated at an energy
of 2.5 GeV and at a stored beam current in
the range 40-120 mA. The Rh K-edge at
23.220 keV (26) obtained by absorption
through the Rh foil was used to calibrate the
monochromator. Measurements obtained
with the other reference compounds and
treated catalyst samples were then refer-
enced to this calibration. All X-ray absorp-
tion spectra were obtained at 25°C using a
transmission detection configuration. Aper-
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tures of | mm X 5 mm were positioned in
front of the first detector ({;), in front of the
catalyst sample, and in front of the second
detector (/). Detection of the X-ray flux was
obtained using ion chamber detectors filled
with Ar or Ar/N, mixtures (27). Prior to
measurement, each of the sealed quartz
sample tubes was placed on end and tapped
such that the catalyst powder filled one end
of the tube in a packed bed. The tube was
then placed in a sample holder such that the
long dimension of the beam cross-section
(5 mm) was aligned with the center axis of
the tube. Using this configuration, all of the
X-ray photons that reach the second detec-
tor pass through a catalyst bed of relatively
uniform thickness (12.0 = 0.2 mm). Absorp-
tion spectra for the reference compounds
were obtained by placing the sandwiched
powders behind the aperture opening on the
sample holder.

The method used to analyze the XAFS
data is consistent with methods used by
other researchers and is described as fol-
lows (28, 29). The absorption coefficient
function w(E), defined as In(/y/l), was ob-

TABLE 1

Reference Compound Structural Information

Compound Shell Interaction N R (A), mean
Rh Foil” Ist Rh(0)~-Rh(0) 12 2.687
2nd  Rh(0)-Rh(0) 6 3.80
3rd Rh(0)-Rh(0) 24 4.65
4th Rh(0)-Rh(0) 12 5.37
RhO% Ist Rh(IV)-0O 6 1.96
2nd  Rh(IV)-RhdV) 8 na
Rh,0, (hex) Ist Rh(I11)-O 6 2.05
2nd  RWIID-Rh(IID 4 2.95
Rh,0;(ortho)?  1st RKIIN-0O 6 2.06
2nd  Rh(IID-RWID 4 3.03
3rd Rh(IID-Rh(IDH 10 3.67

¢ Values determined from crystallography (47). Only the first
four significant shells are listed.

b Calculated from reported RhO, lattice constants and space
group (32, 42). Only the two most intense shells are listed. The
Rh(1V)-Rh(IV) distance has not been reported.

¢ Values determined from crystallography (43—45). Only the
most intense shells are listed, and the radial distance represents
a mean of a distribution of scattering distances.

4 Values determined from crystallography (44—46). Only the
three most intense shells are listed, and the radial distances
shown represent a mean of a distribution of scattering dis-
tances.
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tained and a preliminary background was
removed by least-squares spline fitting a
quadratic background function to w(E). The
edge jumps were then normalized to unity
and a final background was estimated using
a polynomial fit in k-space. This resuiting
x(k) function was then k* weighted to em-
phasize the signal of interest and Fourier
transformed over the largest possible range
in k-space (Ak ~ 2.3-20.0 A~! for Rh,0,
and RhO,, Ak ~ 2.17-22.0 A~ for Rh foil,
and Ak ~ 2.3-20.0 A~ ! for the catalyst sam-
ples) to produce the raw radial structure
function, |p(r)|. Each limit in k-space was
chosen at a node in the XAFS spectrum.
The XAFS spectra were analyzed using
experimentally obtained phase shift func-
tions and backscattering amplitudes from
reference compounds. The structural pa-
rameters associated with each shell in the
reference compounds were obtained from
crystallographic data (Table 1). The nearest
neighbor shells in the catalyst samples were
relatively well resolved and identified with
scattering from the nearest oxygen anion
shell surrounding the Rh cation scatterer.
These shells were analyzed by first filtering
and inverse transforming the peak of inter-
est in the |p(r)| function using limits which
coincide with nodes in the imaginary part
of the Fourier transform function (typically
in the range of 1.11 to 2.01 A for the first
shell (oxygen anions), 2.36 to 3.05 A for the
second shell (Rh cations), and 3.05 to 3.81
A for the third shell (Rh cations), then least-
squares fitting the corresponding x (k) func-
tion derived from the same coordination
shell in the reference compound (26). For
consistency, the phase and amplitude func-
tions obtained from the reference com-
pounds were compared with those gener-
ated by McKale et al. using curved wave
models for scatterers of the same identity
(30). The crystallographic data for the ox-
ides of Rhreflect the characteristic asymme-
try of their structures, thus a given shell
typically consists of a distribution of scatter-
ing distances. However, the structure of the
Rh oxide in the catalyst samples was charac-
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terized by a relatively narrow distribution
of scattering distances in a particular shell;
thus, their structures were more symmetric
than bulk Rh,0,. For the purpose of this
study, then, we found that choosing a single
““mean’’ distance in fitting these shells pro-
duced satisfactory fits to the x functions,
with consistently negative Debye—Waller
terms, again indictive of greater symmetry
in the Rh oxide structures in the catalyst
samples. Higher order shells in the catalysts
were also assumed to contain overlapping
contributions from both Rh cation and oxy-
gen anion scatterers. Therefore, we com-
bined contributions from Rh and O ampli-
tude and phase functions (heavily weighted
in the Rh contribution) and allowed the am-
plitudes, phases, and relative contributions
to vary to obtain a least-squares fit to the x
function for these two shells. The best fit
always contained a relatively small contri-
bution from oxygen (less than 15% in the
2nd dominant shell, and less than 8% in the
third dominant shell) which was expected
since oxygen is a much weaker scatterer
than Rh at these distances. We found that
the inclusion of oxygen improved the fit to
the x function only in the region of low k
values, which is consistent with the maxi-
mum in the amplitude function of oxygen at
~3 A~!. However, when these shells were
fit using only a contribution from Rh, the
quality of the best fit to the x functions was
only marginally worse, and the resulting co-
ordination and radii information were not
significantly affected. For consistency,
then, we used only contributions from Rh
amplitude and phase functions in fitting
these higher order shells, and chose the best
fit to x(k) in the region above 6 A '

In all of the radial structure functions ob-
tained for the oxidized catalyst samples, a
low frequency component was present in
the absorption spectra which gives rise to a
peak in the corresponding radial structure
functions occurring at an unusually low ra-
dius. Although the phase and amplitude
functions of this feature were similar to an
oxygen anion, the best fit produces a radial
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Fi1G. 2. The near-edge spectra obtained for Rh foil,
orthorhombic Rh,0;. RhO,, and catalyst samples
treated at 500, 900, and 1100°C.

distance which is too small (<1.5 A, appar-
ent) to be rationalized as a physical shell
involving Rh(III) and oxygen. This feature
is usually well resolved from the dominant
oxygen anion shell and for the purpose of
this study is taken to be an artifact from
residual background.

RESULTS AND DISCUSSION

In the first part of this work, the effect of
aging the 1 wt% Rh/AlLO; catalyst in 5% O,/
N, at a variety of temperatures was investi-
gated. The near-edge X-ray absorption
spectra (23.16 to 23.40 keV) obtained for
Rh/Al, O, catalyst samples treated at 500,
900, and 1100°C are compared with near-
edge spectra obtained for Rh foil, ortho-
rhombic Rh,0, and RhO, in Fig. 2. Note
that the near-edge structures of the treated
catalyst samples are more like that of the
Rh,0, reference compound than that of
RhO, or the Rh metal. This comparison was
performed in a more quantitative manner by
fitting the near edge spectra to the sum of
the standard formula (1/7)tan™'[2(E-¢ )/8],
which assumes a constant density of final
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states and matrix elements, and Lorentzian
functions corresponding to the 4°, d%, and
d’ configurations corresponding to Rh(0),
Rh(1D), and Rh(V) (37). Contributions
from each configuration were estimated by
taking the integrated amplitudes of the
Lorentzian peaks. The resulting best fits to
the near edge spectra obtained for the
treated catalyst samples were dominated by
contribution of Rh(Iil), in all cases at least
90%. This comparison of the near edge
structure indicates that the Rh oxide in the
treated catalyst samples is dominated by
Rh,0O, rather than Rh(0) or RhO,.

The radial structure functions obtained
for the same set of catalysts are shown in
Fig. 3. A number of general trends can be
observed in these functions. First, the radial
structure functions (RSFs) suggest a crys-
tallite domain size substantially smaller than
that of the bulk form of Rh,O;, primarily
because of the smaller intensities of the 2nd
and third dominant shells in these functions.
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FiG. 3. Radial structure functions obtained for all
catalyst samples treated in 5% O,/N, for 2 h at various
temperatures.
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However, the dominant peaks in the RSFs
occur at roughly similar radial distances as
in bulk Rh,0O;, again suggesting the Rh parti-
cles in the catalyst samples are dominated
by this orthorhombic structure. Second, we
qualitatively note that the intensities of the
2nd and 3rd dominant shells in the RSFs
generally increase with increasing treatment
temperature up to 800°C, but decrease with
further increases in treatment temperature
up 1100°C. Qualitatively, this trend can be
interpreted as an increase in the size of the
domains of crystalline Rh,0; with increas-
ing treatment temperature up to 800°C, but
a decrease in the size of crystalline domains
with further increasing treatment tempera-
ture up to 1100°C.

The dominant features in the RSFs were
individually filtered and analyzed according
to the procedure described in the Experi-
ment section, and the resulting coordination
numbers, mean radial distances, and mean
square displacements obtained for this se-
ries of data are summarized in Table 2. The
first or nearest neighbor shell in the treated
catalyst samples was identified as an oxygen
anion shell from the character of its phase
and amplitude functions. The dependence
of the amplitude function in particular on the
atomic number has been well characterized
and is discussed elsewhere (25, 26—30). This
shell was analyzed using phase and ampli-
tude functions extracted from the first oxy-
gen anion shell in orthorhombic Rh,0;. For
all samples, a single Gaussian shell (all scat-
terers in the shell are equally displaced from
the central atom) was used in the fit. At-
tempts to fit the data using two or three
gaussian shells with displacements more ac-
curately reflecting the crystallographic
structure of Rh,0; resulted in marginal, if
any, improvement in the fit, and was thus
not used to obtain coordination and dis-
placement information. Two higher order
shells also dominated the RSFs of the
treated catalyst samples. These shells con-
sist mostly of a contribution from Rh(III)
cations with some residual contribution
from oxygen anions as we have discussed
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TABLE 2

Analysis of Individual Coordination Shells for

Rh/AL,O; Following Oxygen Aging at Various
Temperatures
Treatment Shell N R (Ay Ao’
500°C, 2 h Ist Rh-O 6.1 1.92 —0.001
2nd Rh-Rh 1.1 3.05 -0.001
ird Rh-Rh — — —
600°C, 2 h Ist Rh-O 6.1 1.95 —0.002
2nd Rh-Rh 1.5 3.02 —0.003
3rd  Rh-Rh 0.5 3.69 —0.003
700°C, 2 h Ist Rh-O 6.2 1.97 —0.002
2nd Rh-Rh 2.2 3.01 -0.004
3rd Rh-Rh 1.2 3.68 —0.003
800°C, 2 h tst  Rh-O 6.1 1.99 -0.002
2nd Rh-Rh 3.4 3.03 -0.005
3rd Rh-Rh 23 3.68 -0.004
900°C. 2 h st Rh-O 6.2 2.00 -0.002
2nd Rh-Rh 1.6 2.96 —0.004
3rd  Rh-Rh 2.6 3.68 -0.004
1000°C, 2 h Ist  Rh-O 5.1 2.00 —0.001
2nd Rh-Rh 1.6 3 -0.002
3rd Rh-Rh I.1 3.79 -0.003
1100°C, 2 h Ist Rh-O 2.1 1.9 —-0.003
2nd Rh-~Rh 1.1 3.13 —-0.004
ird Rh-Rh 0.8 3.80 —0.003
Rh Black Ist  Rh-0O 6.3 2.05 —0.001
(900°C, 12 h) 2nd Rh-Rh 39 3.01 -0.002
3rd Rh-Rh 8.9 3.65 —-0.002

“ Error was typically =1.0 units for the Ist shell, 0.5 units
for the second shell, and +1.0 units for the third shell.

b Error was typically £0.02 units for the first shell, 0.02
units for the second shell, and =0.3 units for the third shell.

in an earlier section. Coordination values
and mean radial displacements were also
obtained for these shells using a single
gaussian shell resulting in very good fits to
the x(k) functions above 3 A~! for cases
in which the resulting coordination number
was greater than unity.

The structural parameters summarized in
Table 2 are consistent with our qualitative
observations about the behavior of the
Rh,0, crystal domain size as a function of
treatment temperature. The coordination
values for each of the three significant shells
of the supported Rh oxide are shown in Fig.
4 as a function of treatment temperature and
are consistent in following this trend. As the
treatment temperature was increased from
500 to 800°C, the nearest neighbor oxygen
anion shell remained fully sixfold coordi-
nated, but the coordination in the two
Rh(IIl) cation shells increased, consistent
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F1G. 4. Coordination numbers of the first three shells
in the Rh,0; structure obtatined for all catalyst samples
treated for 2 h in Oy/N,. Values are expressed as the
fraction of the full shell value.

with our earlier suggestion of an increase in
the Rh,0O; crystal domain size. Note that
the coordination number of the second shell
(first Rh(1I1) cation shell) nearly reaches the
bulk value of 4 following the 800°C treat-
ment. The third shell (second Rh(III) cation
shell) reaches a maximum value of 2.5, sub-
stantially lower than the bulk value of 10.
The decrease in the domain size with in-
creasing treatment temperature from 900 to
1100°C is dramatic. The loss of coordination
in the Rh(IlI) cation shells and particularly
in the nearest neighbor oxygen anion shell
following treatment at 1000°C and higher is
distinct from the behavior at low tempera-
ture where the closest oxygen anion shell
remains fully coordinated. The comparison
of the behavior of Rh/ALO, with the behav-
ior of bulk Rh oxide in high temperature
environments containing a partial pressure
of oxygen provides some insight to explain
this behavior. The behavior for bulk Rh ox-
ide has been investigated as a function of
temperature for various partial pressures of
0, (32, 33). Focusing on the behavior of Rh
oxide as the temperature is increased, one
finds hexagonal Rh,O, is thermodynami-
cally favored between ~700 and ~900°C,
while orthorhombic Rh,0; is favored be-
tween ~900 and ~1030°C. Above this latter
temperature, metallic Rh is favored. In this
study, we found the supported noble metal
in all of the treated catalysts to be fully oxi-
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dized and in a form similar to orthorhombic
Rh,0; polymorph. At present we believe the
apparent decrease in the crystal domain size
of the supported Rh oxide particles with
treatment temperature above 900°C, and
particularly the decrease in the coordination
of the oxygen anion shell, to suggest a pre-
cursor to the formation of Rh metal, perhaps
through a suboxide intermediate. The rea-
son this transition appears to begin at a tem-
perature below that observed for the bulk
material (1030°C) is not known but may be
related to the relatively low partial pressure
of oxygen used in these experiments (5%
of atmospheric pressure, or about 38 Torr).
Note, however, that the oxidation state of
the Rh does not appear to change signifi-
cantly after treatment at these high tempera-
tures, as indicated by the near-edge struc-
ture in Fig. 2, and no Rh(0)-Rh(0) metal
shell is detectable. The possibility of the
formation of isolated Rh atoms can also be
discounted, since no evidence of a
Rh(0)-oxygen anion shell was found. This
type of oxygen anion shell has been ob-
served in other studies of highly dispersed
Rh/ALO; following treatment in hydrogen
and is positioned at a radius of 2.68 to 2.71
A from the central Rh(0) scatterer (34, 35).

The mean radii determined for the three
main shells in the radial structure functions
obtained for the treated catalysts (Table 2)
are also of interest to compare with the bulk
form of Rh,0,. Focussing on the first oxy-
gen anion shell, note that the mean radial
distance is in the range 1.9 to 2.01 A for
all of the catalyst samples. These displace-
ments are shorter than the mean oxygen
anion distance of 2.05 A in hexagonal Rh,0,
and 2.06 A in orthorhombic Rh,O;, but
slightly longer than the distance of 1.96 A
in RhO,. To check the validity of the shell
analysis, the mean shell distance was also
obtained using a sample of Rh black treated
in flowing 5% 0O,/N, at 900°C, which is
known to produce large orthorhomic Rh,0O;
crystallites from X-ray powder diffraction
measurements. The mean radii of the oxy-
gen anion shell obtained for the treated Rh
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black was determined to be 2.05 A, consis-
tent with the crystallographic values deter-
mined for bulk Rh,O;. The observation of a
contracted oxygen anion shell in the catalyst
samples has also been observed for Rh/
MgO, where it was attributed to a supported
RhO, structure (36). Since the near-edge
spectra for these treated catalysts do not
resemble that of the RhO, reference com-
pound (Fig. 2), but are more characteristic
of Rh,0,, the relatively short first shell dis-
tance is not attributable to an oxide struc-
ture like RhO,. At present we suggest that
the relatively short displacement of the oxy-
gen anion shell is related to a particle size
effect. In all of the catalyst samples treated
at or below 900°C, the nearest neighbor oxy-
gen anion shells are fully coordinated. In
small particles, this suggests that some of
the oxygen anions are terminally bound on
the surface of the Rh,O; moiety, leading to
a contracted Rh(I1I1)-O displacement for
these anions. Further studies of the particle
size effect on bond distances are needed
to better understand these observed shell
contraction phenomena.

The second and third observed shells in
all of the catalysts treated at 600°C and
above were sufficiently intense to allow
measurement of the mean radial distance.
The mean radii of the second shell obtained
for catalysts treated at a temperature of
900°C or lower ranged from 3.01 to 3.04 A,
in agreement with the value determined for
the bulk form of Rh,0,. 3.03 A. Analysis of
the third shells obtained for samples treated
at 600°C and above also yielded radii in gen-
eral agreement with the corresponding shell
in bulk Rh,O;. The resulting Debye-Waller
factors, however, suggest a slightly greater
degree of uniformity in the radii for the
Rh,0; domains in the treated catalysts than
in the reference compound. When the cata-
lyst was exposed to flowing oxygen at 1000
or 1100°C, however, the resulting radii of
both Rh(Ill) cation shells were longer than
the corresponding values obtained for the
bulk Rh,O,. The error in the measurement
of the radii is greater than normally encoun-
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tered because of the low population of this
shell (N ~ 1), but the increase in the mea-
sured radii is sufficiently large to be consid-
ered a real effect. This observation coin-
cides with the dramatic loss of coordination
in the first oxygen anion shell. We also note
that the Debye—Waller factors determined
for all shells in these latter two samples are
generally higher than for those samples aged
at lower temperatures. These observations
point to a change in the structure of the
supported Rh oxide from orthorhombic
Rh,0; to another form, as well as a decrease
in the crystallite domain size.

Crystal domain size is not necessarily in-
dicative of Rh,O; particle size, due to the
possibilities that particles may be amor-
phous in character, or if crystalline, they
may have grain boundaries or twinned struc-
tures; thus, the value of using XAFS for
obtaining Rh,O; particle size is limited.
However, the information provided by
XAFS in elucidating the structural aspects
of very small particles cannot be accessed
by other techniques, such as powder X-ray
diffraction, and in some cases, even by high-
resolution TEM. The information provided
by XAFS is also of value in providing infor-
mation about the morphology of crystallites,
and in particular, distinguishing between
three-dimensional and two-dimensional
crystallites. Therefore, we compared the co-
ordination parameters of the three dominant
shells obtained for the oxygen-aged Rh/
Al O, catalysts with coordination parame-
ters predicted by model Rh,O; crystallites
of varying size and morphology in order to
estimate the mean crystallite domain size of
the supported Rh oxide. These estimates are
shown in Fig. 5 assuming three-dimensional
(solid) crystallites (attempts to compare the
catalyst data with two-dimensional crys-
tallite models resulted in very poor fits). The
domain size, represented in terms of the
number of Rh(I1l) cations in the crystallite,
increases with treatment temperature up to
about 800°C, but then declines as the tem-
perature increases further to 1100°C. At the
maximum size, we estimate that a single
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FiG. 5. Estimate of Rh.O; mean crystallite domain
size for all catalyst samples treated for 2 h in Oy/N,.
Basis of estimates are explained in the text.

Rh,0, crystallite containing between 15 and
20 Rh(I1l) cations is on the order of 10 A in
diameter, assuming solid particles based on
extension of the unit cell.

This behavior is in general consistent with
the Rh,O; structures observed in TiO,-sup-
ported Rh particle oxidation studies using
high resolution TEM (37, 38). In that study.
the authors observed the formation of a Rh
oxide shell which grows from the outside
toward the core of the Rh metal particle. It
was suggested that the oxide structure be-
gins as a suboxide (RhO), progresses to a
Rh,0, structure, then forms multiply
twinned or polycrystalline Rh.O; crystal do-
mains (37, 38). According to this model,
crystal domains in the Rh,O; particles would
increase as Rh,O; crystallites nucleate and
grow, but as long as the particles remain
polycrystalline, the ultimate domain size
would be limited, consistent with our obser-
vation of domains which grow to a maxi-
mum of 10-20 A. In a companion study, we
will present results which further support
this model.

For three selected treatment tempera-
tures (600, 800, and 1000°C), several catalyst
samples were aged, each for a different
duration (1, 2. 4, and 15 h). As an example,
the radial structure functions for catalyst
samples aged at 800°C are shown in Fig. 6.
The three dominant shells which appear in
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the radial structure functions of these
treated samples were individually analyzed,
and the structural parameters obtained from
this analysis are summarized in Tables 3,
4, and 5. For treatment at 600°C, extended
treatment results in a small increase in the
coordination values of the 2nd and 3rd domi-
nant shells (Table 3 and Fig. 7). The domain
size of the Rh oxide increases only slightly,
and even following the 15-h treatment, the
crystal domains remain below the size of
the Rh,O, unit cell, as shown in Fig. 8. The
relative lack of increase in domain size is
consistent with growth of Rh,O; species as
a film, as suggested by Burkhardt and
Schmidt for treatment of Rh/ALQO; in oxy-
gen at this temperature (39), although the
XAFS data is not as conclusive as the direct
TEM imaging method. For treatment at
800°C, note that the coordination numbers
for the second and third shells increase dra-
matically with treatment time within the two
hours of treatment, but further ordering pro-
ceeds at a slower rate (Table 4 and Fig.
7). The increase in the 2nd and 3rd shells

0.5}

800°C, 1h

800°C, 4h

800°C, 15h

[FT)

1 1 ! 1
0 2 4 6 8 10
R'A)

F1G. 6. Radial structure functions obtained for a fresh
sample and catalyst samples treated at 800°C for vari-
ous lengths of time.
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TABLE 3

Analysis of Individual Coordination Shells for Rh/
AlLO; Following Oxygen Aging at 600°C for Various
Times

BECK ET AL.

TABLE 4

Analysis of Individual Coordination Shells for Rh/
AlLO; Following Oxygen Aging at 800°C for Various
Times

Treatment Shell Ne R (AP Ac? Treatment Shell N¢ R (AY ba?
Fresh Ist Rh-O 6.2 1.92 —-0.001  Fresh 1st  Rh-O 6.2 1.92 -0.001
2nd Rh-Rh 1.1 3.05 -0.002 2nd  Rh-Rh (.t 3.05 —0.002
ird Rh-Rh — — — 3rd Rh-Rh — _ —
600°C, 1 h st Rh-O 6.1 1.95 ~0.002  &00°C,1h st Rh-O 6.1 1.98 ~0.002
2nd Rh-Rh 1.3 3.06 -0.002 2nd Rh-Rh 1.8 3.01 -0.002
3rd  Rh=Rh — — — 3rd Rh-Rh 0.9 3.67 -0.003
600°C, 2 h Ist Rh-O 6.0 1.94 -0.001  800°C, 2 h Ist Rh-O 6.1 1.99 -0.002
?2nd Rh-Rh 1.5 3.04 —0.002 2nd Rh-Rh 34 3.03 ~0.003
3rd Rh-Rh — — — 3rd Rh-Rh 2.3 3.68 -0.003
600°C, 4 h Ist Rh-O 6.0 1.95 —-0.001 800°C, 4 h Ist Rh-O 6.0 2.00 —0.003
2nd Rh-Rh 1.5 3.03 -0.002 2nd Rh-Rh 3.7 3.04 —0.003
ird Rh-Rh — — — 3rd Rh-Rh 32 3.68 ~0.004
600°C. 15h  Ist Rh-O 6.2 1.94 -0.001  800°C,ISh Ist Rh-O 53 2.00 —0.003
2nd Rh-Rh 1.8 3.04 ~0.002 2nd Rh-Rh 3.9 3.05 —0.005
3rd Rh-Rh 0.8 3.67 -0.003 3rd Rh-Rh 3.5 3.68 —0.006

4 Error was typically +1.0 units for the st shell, 0.5 units
for the second shell, and =0.5 units for the third shell.

* Error was typically =0.03 units for the first shell, +0.02
units for the second shell, and +0.03 units for the third shell.

indicates the growth of solid Rh,0O; (rather
than two-dimensional) crystallite domains,
which also is in agreement with the findings
by Burkhardt and Schmidt for Rh/ALO,
treated in oxygen at temperatures higher
than 600°C (39). The kinetic behavior of the
growth of Rh oxide crystallites at 800°C is
similar to that of the sintering growth of
supported Rh metal particles when treated
in a reducing environment (/6). However,
the crystal domain size of the Rh oxide parti-
cles treated in 5% 0,~N, is smaller (10 A at
the maximum) than the domain size reached
by Rh metal particles (between 15 and 40
A) characterized using the same catalysts
treated for the same duration in 5% H,/N,
reducing environments at the same tempera-
ture. This conclusion is supported by the
inability to detect Rh,0; crystal domains for
any of these treated samples using X-ray
diffraction measurements. Figure 8 shows
the estimated Rh,0; crystallite domain size
as a function of treatment time for the iso-
thermal experiments. As in Fig. 5, the mean
crystallite size was estimated by comparing
the coordination parameters with those pre-
dicted using a solid structural model of

@ Error was typically =1.0 units for the 1st shell, £0.5 units
for the second shell, and 0.5 units for the third shell.

» Error was typically +0.03 units for the first shell, +0.02
units for the second shell, and £0.03 units for the third shell.

€3 Yot sheli £9 2nd shell T 3rd shell

Coordination Number (Fraction of Full Sheli)

Treatment Time

FiG. 7. Coordination numbers of the first three shells
in the Rh,O; structure for samples aged at 600, 800,
and 1000°C as a function of treatment time. Values are
expressed as the fraction of the fuil shell value.
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TABLE 5

Analysis of Individual Coordination Shells for Rh/
Al O, Following Oxygen Aging at 1000°C for Various
Times

Treatment Shell N+ R (A sa?
Fresh Ist Rh-O 6.2 1.92¢ —-0.001
2nd Rh-Rh 1.1 3.05 —0.002
3rd Rh-Rh  — — —
1000°C, 1 h Ist Rh-O 5.5 2.00 -0.004
2nd Rh-Rh 19 3.08 —0.005
3rd Rh-Rh 1.7 3.71 -0.004
1000°C, 2 h Ist Rh-O 5.1 2.00 -0.004
2nd Rh-Rh 1.7 3 ~0.003
3rd Rh-Rh 1.1 3.79 -0.005
1000°C, 4 h 1st Rh-O 4.1 1.99 -0.003
2nd Rh-Rh 12 3.13 —0.002
3rd Rh-Rh 0.7 3.80 ~0.002
1000°C, 15h Ist Rh-O 1.6 2.00 —0.001
2nd Rh-Rh 08 3.15 -0.001
ird Rh-Rh  — — —

“ Error was typically 2 1.0 units for the Ist sheil, 0.5 units
for the second shell, and =0.5 units for the third shell.

* Error was typically =0.3 units for the first shell, £0.02
units for the second shell, and +£0.03 units for the third shell.

Rh,0;. The result of these estimates clearly
indicate the growth of Rh,0; crystallite do-
mains with increasing treatment duration,
but only to a maximum of approximately 10
to 15 A in diameter. The ratio of the 2nd shell
coordination to the 3rd shell coordination
is consistent with three-dimensional (rather
than two-dimensional) structure in these do-
mains.

For treatment at 1000°C, extended treat-
ment in 5% O,/N, results in an initial in-
crease in the coordination of the 2nd and 3rd
shells, followed by a steady and continued
decrease in the coordination number of all
three dominant shells, as shown in Fig. 7
and listed in Table 5. Even the coordination
of the nearest neighbor oxygen anions is
significantly reduced after 2 h of treatment.
Note also that the 2nd and 3rd shell radii
increase as a function of time at this treat-
ment temperature. Although not shown, the
near edge structure of the catalysts treated
for extended times compares more closely
to Rh(III) than to Rh(IV) or Rh(0), although
the quality of the fit using mostly d® charac-
ter is poorer than for catalysts treated at
lower temperatures. These observations
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suggest at extended treatment times, the
Rh,0; crystallite domains break down. Al-
though this behavior could be explained by
redispersion of the Rh oxide, we note that
when catalysts are prepared in such a way
as to yield very highly dispersed Rh oxide
particles, the first shell is near full coordina-
tion. An alternative explanation for these
observations involves a local structural
transformation to a suboxide form with
lower oxygen anion stoichiometry, such as
RhO. The structure of this moiety may be
poorly defined. We suggest the dramatic
loss of oxygen anion coordination observed
after 15 h may be indicative of the isolation
of Rh species, which may preclude forma-
tion of Rh metal. We note from direct obser-
vation that bulk Rh,0, treated in 5% O,/N,
for 15 h at 1000 and at 1100°C is converted
to mostly Rh metal, suggesting that in the
catalyst that a strong metal-support interac-
tion kinetically hinders the transformation
to form Rh metal. This form of Rh is difficult
to reduce to the metallic form using 5%
H,/N,, requiring a reducing treatment at a

25 5
20 800C b

15 | -
10 |- -

25 -
20 1000C |

15 |
10 -

Rh203 Crystallite Domain Size (# Rh cations in Domain)

0 | 71
0 5 10 15

Treatment Time (h)

FiG. 8. Estimate of mean Rh;O, domain size for a
fresh sample, and for samples aged at 600, 800, and
1000°C as a function of treatment time.
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temperature of at least 900°C. In contrast,
supported Rh oxide produced by treatments
in 5% 0O,/N, at temperatures lower than
800°C can be easily converted to metal parti-
cles using reducing treatments below 500°C.
Thus, it is possible that the unusual Rh oxide
structures observed with extended treat-
ment at 1000°C are involved in the oxidative
deactivation of Rh which has been debated
in the literature (//-16). The observation of
an initial increase in Rh,0, crystallite size,
followed by a more gradual decrease incrys-
tallite size together with loss of first shell
coordination and expansion of the higher
order shells suggests that the growth of
Rh,0, crystallites is kinetically fast in com-
parison to the transformation to this latter
form of Rh, but the latter is thermodynami-
cally favored at the treatment condition
used.

As a final note, other researchers have
advanced explanations for the oxidative de-
activation of Rh on Al,O, supports which
involve reaction between Rh and the sup-
port (24), possibly forming a spinel-like
structure on the surface or resulting in disso-
lution of Rh into the Al,O, bulk, or which
involve partial encapsulation of Rh by
AlLO;. We conclude that for the conditions
used in this study, it is unlikely that Rh deac-
tivation involves formation of a spinel struc-
ture with ALO; or dissolution of Rh into the
bulk, because the observations and analysis
of the XAFS spectra are not consistent with
these suggestions. Specifically, these mod-
els would involve coordination between
Rh(III) cations and AI(III) cations at a radial
distance of ~2.7 A, assuming substitution
of Rh(III) for AI(11I) in the corundum Al,O,
structure, and although the coordination
number may be relatively small (perhaps as
low as 1), the intensity of the peak should
be detectable, based on the predicted scat-
tering cross-section of Rh(1I1)-AI(I1l) at a
distance of 2.7 A. None of the distinguish-
abie shells in the XAFS spectra of the cata-
lyst samples treated at the high tempera-
tures had corresponding phase and
amplitude functions consistent with Al cat-
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ions (30), even if Al was taken to be a minor
contribution to the shell, the balance of the
contribution being from Rh(III) or oxygen.
Therefore, we conclude that formation of a
spinel with ALO; or dissolution into the
Al,O; bulk is not significant. Rather, we sug-
gest deactivation of Rh in this environment
involves an alternate mechanism involving
a strong interaction between the Rh,O; spe-
cies and the support. The results obtained
in this study do not conclusively show evi-
dence for partial encapsulation or decora-
tion of Rh by the support, but it is not incon-
sistent with such a rationalization. Evidence
for this behavior has been observed for Rh
metal supported on an Al,O, thin film and
treated in vacuum at high temperature (40).

SUMMARY

In summary, the XAFS technique has
been used to characterize changes in the
local structure of Rh oxide and/or Rh metal
particles supported on alumina caused by
treatment in oxygen at various elevated tem-
peratures in the range 500 to 1100°C. A qual-
itative comparison of the near edge spectra
and of the individual shells in the radial dis-
tribution function reveals that in these cata-
lysts, Rh is completely oxidized to Rh,0,
following treatment at or above 500°C. The
Rh oxide particles clearly have a structure
similar to orthorhombic Rh,0;. The crys-
tallite domain size increases with treatment
temperature, reaching a maximum of
~10-20 A at 800°C. Above a treatment tem-
perature of 900°C, the local structure around
Rh changes in such a way as to suggest a
change in the structure from orthorhombic
Rh,0; to a less well defined structure which
is noncrystalline and has lower oxygen coor-
dination, such as RhO moieties suggested
by Dayte and co-workers (37, 38) and which
is thermodynamically favored under these
conditions. Evidence for formation of spinel
structures involving Rh(III) and AI(IlI) or
dissolution of Rh into the Al,O, bulk was not
found. However, our results are consistent
with a strong metal-support interaction
which inhibits sintering or growth of large



XAFS CHARACTERIZATION OF RhAILLO; AFTER HIGH-TEMP. OXIDIZING

Rh,0, crystallites at temperatures below
900°C, and which inhibits formation of Rh
metal predicted by the phase behavior at
temperatures above 1000°C. Further study
is needed to better characterize the nature
of this interaction and its effect on the activ-
ity of these catalysts,
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