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The morphologyof rhodium particles in a 5 wt% Rh/Ceg 5Zry 502
catalyst subjected to different treatments is investigated by EXAFS,
HREM, and H; chemisorption. Despite the high Rh loading, highly
dispersed metal particles are observed in the sample. In the pres-
ence of NO and CO, the Rh particles are easily oxidized to give small
Rh oxide clusters, and the high rhodium dispersion is retained even
after a further reduction at 773 K. Comparison with an Rh/Al,0O3
prepared under identical conditions clearly suggests that the pres-
ence of the Ceg5Zry 50, support favors high dispersion of rhodium
particles. Despite the fact that RhCl3 - nH,0 has been employed as
precursor, no chloride could be detected in the Rh nearest-neighbor
shell, suggesting its migration over the support.  © 2000 Academic Press

Key Words: rhodium catalysts; ceria-zirconia mixed oxides;
Rh/Ce0,-ZrO; solid solutions; rhodium chloride; Rh catalysts,
EXAFS analysis of; three-way catalysts.

1. INTRODUCTION

State-of-the-art automotive three-way catalysts (TWCs)
nowadays contain ceria-zirconia mixed oxides due to their
high efficiency in promoting the so-called oxygen storage
capacity (OSC) and their high thermal stability (1). OSC
is the ability of CeO,-based promoters to act as an oxy-
gen buffer under exhaust conditions by releasing/acquiring
oxygen through redox processes involving the Ce*+/Ce3*
couple. In addition, CeO; has been known to promote a
variety of noble metal (NM)-CeO, interactions, resulting
in highly efficient TWCs (2). In a previous paper we in-
vestigated the effects of CeO,—ZrO; mixed oxides on the
reduction of NO with CO and disclosed a promotional ef-
fect of the support upon the activity of rhodium (3). In
addition, IR evidence for an active role of the CeO,-ZrO,
mixed oxides in stabilizing high dispersion of the rhodium
particles was reported since in the presence of CO the gem-
Rh'-dicarbonyl was observed up to 523 K and no reductive
agglomeration of Rh particles could be detected (3). This
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was an interesting observation since it is well known that
above approximately 400 K the gem-Rh'-dicarbonyl is re-
ductively agglomerated (see, for example, (4)). This pro-
cess is inhibited in the presence of NO and it occurs around
500 K, according to the nature of the support (5-7). Here
the effect of a Ceg5Zrp50, mixed oxide upon the dispersion
of rhodium particles is analyzed. Evidence is reported that
even at very high Rh loading, highly dispersed metal parti-
cles can be obtained, which remain highly dispersed after
treatments in H, or NO/CO atmospheres.

2. EXPERIMENTAL

2.1. Catalyst Preparation

The Ceps5Zrp50, mixed oxide was synthesized by a ho-
mogeneous gel route from Ce(acac), and Zr(O-Bu), pre-
cursors (Aldrich) according to a previous report (8). It con-
tained about 8% of a CeO,-rich impurity (8). The support
was calcined at 773 K in air for 5 h. The y-Al,O3 was from
Alfa Products. Metal impregnation was carried out by the
incipient wetness method using a solution of RhCl; - nH,O
to obtain an Rh nominal loading of 5 wt%. The catalyst was
dried at 393 K overnight and calcined at 773 K for 5 h.

2.2. Volumetric Adsorption Experiments

H, chemisorption and BET surface area measurements
were conducted using a Micromeritics ASAP 2000 analyzer.
In the chemisorption experiments, the samples (ca. 1.0 g)
were first reduced in a flow of H, (25 ml min~?) at a heat-
ing rate of 10 K min~! up to the selected temperature (473
and 773 K). After 2 h at this temperature, the samples were
evacuated at 673 K for 5 h and cooled under vacuum to the
adsorption temperature (193 K). Typically, an equilibration
time of 10 min was employed. Adsorbed volumes were de-
termined by extrapolation to zero pressure of the linear part
of the adsorption isotherm. A chemisorption stoichiometry

H:Rh=1:1 was assumed.
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2.3. In Situ EXAFS Characterization

Experimental data were recorded in transmission mode
at LURE (Orsay, France) using an EXAFS-I11 line installed
on a DCI storage ring, operating at the energy of 1.85 GeV
with a typical stored current of 300 mA,; a double-crystal
monochromator (Si 311), in connection with two ionization
chambers filled with argon, was used; at least four spectra
were collected for each sample in the energy interval 23050—
24100 eV with steps of 2 eV; each point was counted for 2 s.

Rh/Ce5Zrp50,, in the form of powder, was loaded in a
BN holder and mounted in an in situ EXAFS cell.? Sam-
ple weight was adjusted in order to obtain approximately
a 2.5 total absorption coefficient immediately after the Rh
K-edge. Please note that the Rh K-edge jump obtained un-
der our experimental conditions was only 0.2. All spectra
were collected at room temperature (RT), keeping the sam-
ple in a controlled atmosphere as described below.

The sample was submitted to the following treatments;

1. The sample was degassed in He (10 mI min~%) for 0.5 h
at RT and then measured (FRESH sample).

2. 1t was reduced for 2 h under H, (10 ml min~1) from
RT up to 473 K (5 K min~!) and then cooled down under
hydrogen to RT, where the spectra were collected (LTR
sample).

3. The sample was degassed in He for 0.5 h up to 473 K
(5 K min~1) and then treated in a CO (1%)/NO (1.4%) in
He mixture (total flow 8 ml min~?) for 4 h at 473 K. The
sample was then cooled to RT under He atmosphere and
EXAFS spectra were measured (NC473 sample).

4. The treatments described in step 3 were repeated us-
ing a reaction temperature of 523 K (NC523 sample).

5. Finally the sample was reduced at 773 K under the
gas-flow conditions used for step 2 with a heating rate of
2.5 Kmin~! (HTR sample).

EXAFS spectra of Rh metal foil, Rh,O3, and RhCl; were
measured at RT as standards of known crystallographic
structure.

2.4. EXAFS Data Analysis

We performed the analysis using the Fourier filtering
method (FFT) with the package written by A. Michalowicz
“EXAFS pour le Mac” and experimental standards to ob-
tain accurate data on the first Rh-neighbor shell (9). The
EXAFS spectra were extracted from experimental data us-
ing the AUTOBK program on the mean absorption spec-
trum (10). Spectra were k3-weighted and the Fourier trans-
forms were performed in the interval (2-12 A‘l) using a
Kaiser window (t = 2.5); the main peak was filtered and
reconstructed using experimental phases and amplitudes

2 A full description of the in situ EXAFS cell can be found at
http://www.dsch.univ.trieste.it/~crevatin/exafs/index.html.
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deduced from standard compounds. The following known
crystallographic reference structures were used, in terms of
number of first neighbors (CN) and interatomic distances
(R): Rh metal, CN=12, R=2.69 A; Rh,0O3, CN =6 (oxy-
genatoms), average R =2.05 A (3at2.03 Aand3at2.07 A);
RhClI3, CN =6 (chlorine atoms), R =2.30 A. Avalue 0f0.07
was used for the Debye-Waller (o) term in the amplitude
calculation for the above samples, so the reported o values
for all the samples have a relative meaning.

2.5. TEM Studies

Electron micrographs of Rh/Ceys5Zros0,, Rh/IAIL,O3
(both reduced at 773 K, HTR) and, for the sake of compar-
ison, bare Ce5Zr;50, were obtained with a Jeol 2000EX
microscope equipped with polar piece and top entry stage.
Before the introduction in the instrument, the samples, in
the form of powders, were ultrasonically dispersed in iso-
propyl alcohol, and a drop of the suspension was deposited
on a copper grid covered with a lacey carbon film. The his-
tograms of the metal particle size distribution for the HTR
Rh/Ce5Zrp50, and Rh/AI,O3 samples were obtained by
counting onto the micrographs at least 300 particles. The
mean particle diameter (dn,) was calculated by using the
formula dm = > _dini/>_nj, where n; was the number of par-
ticles of diameter d;. The counting was carried out on elec-
tron micrographs taken at 200,000 magnification, and the
observed particles were arranged by classes differing by
0.5 nminsize.

3. RESULTS

3.1. Hydrogen Chemisorption and Textural Properties

Fresh Rh/Ceq5Zr50; features a relatively high BET sur-
face area of 86 m? g~* as detected by N, adsorption at 77 K.
Rh/Al,O3 features a BET surface area of 99 m? g%, which
is comparable to the value measured on the Ceys5Zrp50,—
containing sample.

The hydrogen chemisorption measurements were con-
ducted at 193 K. In fact, at higher temperatures hydrogen
spillover from the metal to the ceria-zirconia support may
be effective (11, 12). At 193 K, spillover is effectively ar-
rested and the measured H/Rh ratios reflect the metal dis-
persion as, in that case, hydrogen should be Rh-adsorbed
only. Notice that the use of Cl-containing precursors intrin-
sically hinders hydrogen spillover, since traces of residual
chloride would act as an efficient hydrogen spillover killer
(13). Despite the high rhodium loading, the H/Rh ratio af-
ter reduction of the sample at 473 K is 0.86, indicating a
high metal dispersion. After reduction at 773 K, the H/Rh
ratio decreases to 0.78, suggesting a very limited sintering
of metal particles and/or some particle encapsulation due
to loss of surface area. In fact, the total surface area de-
creased to 65 m? g ! after this treatment, which is somewhat
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TABLE 1 os5f
Results of Volumetric H, Chemisorption and BET Surface Areas RhCl,
Obtained on Rh/Ceq 5Zrp 50, and Rh/Al,O5% 0.4
Reduction Rh surface Calculated BET surface 0.3
temp. area H/Rhyot particle size area
(K) (m*g™) (%) (nm)° (m*g™) =

= 0.2
473 175 0.86 1.3 86

473¢ 10.0 0.45 2.3 99 0.1
773 17.1 0.78 14 65
773° 10.4 0.47 2.2 89

@ Consecutive experiments; catalyst evacuated at 673 K for 4 h before
chemisorption measurement, H, adsorption isotherms measured at 193 K.

b Calculated assuming a spherical geometry of Rh particles.

¢ Catalyst Rh/Al,Os3.

lower than that of the fresh sample. The comparison with
Rh/Al,O3 (Table 1) clearly indicates that under identical
catalyst preparation conditions, high dispersion may be ob-
tained when Ceg5Zro50; is employed. In fact the H/Rh
ratio measured on LTR Rh/Al,O3 (H/Rh =0.45) is nearly
half that of LTR Rh/Ce(5Zry50, (H/R =0.86), resulting in
a significant difference in the calculated Rh particle size for
the two samples (2.3 and 1.3 nm, respectively). Notice that
both supports have a similar BET surface areas indicating
that the variation of the dispersion should be related to
the chemical nature of the support, rather than to a phys-
ical effect. After reduction at 773 K the ratio H/Rh of the
Rh/Al,O3; remains constant, even if some decrease of sur-
face area occurred.

3.2. EXAFS Analysis

All the data concerning the results of the fitting EXAFS
data are reported in Table 2. Figure 1 reports the EXAFS
signals and moduli of Fourier transform (FT) for the RhClj,
Rh,03, Rh/Ce5Zrp50,-FRESH, NC473, and NC523 sam-
ples. A visual inspection of Fig. 1 suggests the absence of

TABLE 2

Results of the Fitting of the EXAFS Signal at the Rh K-edge
of the Rh/Ceg5Zrq50, Samples: Effects of Pretreatments?

Sample? CN (and type of atoms) R (A) o (A) AE (eV) Ning Nit

FRESH 6.3 (0) 205 0.097 15 9

LTR 1.1 (0) 213 0.134 65 11
5.3 (Rh) 269 0096 —1.0

NC473 55 (0) 208 0.31 37 9 8
1.2 (Rh) 267 0116 —50

NC523 5.4 (0) 208 0.117 6.4 9 8
1.0 (Rh) 269 0.082 0.0

HTR 5.4 (Rh) 268 0079 -10 10 4

2 For sample denomination and pretreatment, see Experimental.

0.0+

NC473
NC523
0 1 1
0 1 2 3 4
R(A)
FIG. 1. Experimental EXAFS spectra measured at the Rh K-edge

(a) and moduli of the Fourier transform (FT) of the experimental data
(R Space) (b) of RhC|3, Rh203, Rh/CeOI5Zr0_5OZ-FRESH, NC473, and
NC523 samples. Note that the signals obtained for RhCl; and Rh,O3 are
divided by two.

Cl atoms around Rh in all samples, except for the standard
RNCls. In fact the position of the first peak (CI contribu-
tion) in the FT of this compound is clearly shifted to high R
compared to the Rh,O3 (O contribution). Notice the posi-
tion of the first peak in the FT of the FRESH, NC473, and
NC523, which is very close to that of the Rh,Os. This fact
will be commented on below.

Figures 2a and 2b report, respectively, EXAFS signals
and moduli of FT for Rh metal, LTR, and HTR samples.
The fits were performed using the minimization capabilities
of the MINUIT program (14); the number of fitting parame-
ters Nsi; was always smaller than the number of independent
points Nj,g, calculated on the basis of the formula (15)

2ARAKk

+21

ind =

where AR is the inverse FT interval from R to k space and
Ak is the actual interval where the fit is performed.
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FIG.2. Experimental EXAFS spectra measured at the Rh K-edge

(a) and moduli of the Fourier transform (FT) of the experimental data
(R space) (b) of Rh metal, LTR, and HTR samples. Note that the signal
obtained for Rh metal is divided by two.

The fit of the first peak filter of the FRESH sample (0.82—
2.16 A) is shown in Fig. 3; the numerical results are re-
ported in Table 2. We tried to add a contribution of chlorine
atoms but no reliable fitting which includes such contribu-
tion could be obtained. This indicates that no detectable
chlorine neighbors are present in the first shell of Rh after
the initial calcination of the as-prepared sample.

The filtered signal (1.46-3.02 A) obtained after the first
reduction step (LTR sample) shows a typical shape due to
the presence of heavy atoms as neighbors (see Fig. 4); never-
theless a reconstruction with only Rh neighbors was unsat-
isfactory. Addition of an oxygen contribution proved nec-
essary to obtain reasonable fitting, but the Debye—Waller
term for oxygen is very high, suggesting a broad distribu-
tion of distances (Table 2). Modeling of the signal using two
oxygen shells did not improve the fitting appreciably. The
overall picture of this sample indicates that reduction at
473 K leads to highly dispersed Rh particles in a close inter-
action with the support, which are partly oxidized. Notice,
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0.2
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-0.1
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FIG. 3. Back-FT of the first peak and the corresponding fit at the Rh
K-edge of FRESH Rh/Ce(5Zr;50,: (H) experimental, (—) fit.

however, that the Rh—Rh bond length is close to that of
the metal, indicating that on average the oxidation state
of Rh should be close to zero. The analysis of the sam-
ple after the NO + CO treatment at 473 K (NC473 sam-
ple), disclosed that under reaction conditions Rh particles
undergo an oxidative disruption leading to a further frag-
mentation of the metal clusters. Consistently, the CN of
Rh-neighbors is about 1, indicating that oxidative disrup-
tion induced by the presence of the two reactants has oc-
curred (3, 7). The fit of the 1.23-2.80 A region isreported in
Fig. 5.

The effect of heating NC743 under reaction conditions at
523 K, in the presence of NO and CO, did not change the
EXAFS spectra to a measurable extent. Both NC473 and
NC523 samples appear virtually identical, even though it
should be mentioned that the quality of the fit for these two

0.05 ;

-0.05

10
kA

FIG. 4. Back-FT of the first peak and the corresponding fit at the
Rh K-edge of LTR Rh/Cey5Zr;50,: (H) experimental, (---) fit with Rh
neighbors, (—) fit with Rh and O neighbors.
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FIG.5. Back-FT of the first peak and the corresponding fit at the Rh
K-edge of NC473 Rh/Ce(5Zr;50,: (H) experimental, (—) fit.

treatments is poorer than for the other cases. Moreover,
the o values indicate the presence of a strong structural
disorder.

The reduction process at 773 K re-forms small Rh clusters
on the support surface; however, the degree of reduction
of the sample seems higher compared to that of the LTR,
since all attempts to introduce an oxygen contribution to
the EXAFS signal failed. Fitting parameters for the added
oxygen were physically inconsistent, and an F-test (16) ap-
plied to the residual values did not allow us to discriminate
between the two models. The fit of the 1.68-3.07 A region
is reported in Fig. 6.

Cube-octahedron symmetry has been inferred from
HREM studies as the preferred geometry of the Rh par-
ticles supported on CeQO; (17). Given the high dispersion
and the absence of other types of neighbors, we tried to
model the Rh particles as small clusters of 13 atoms. There-

0.10

0.05

k x(k)

0.00

-0.05

-0.10

FIG. 6.

Back-FT of the first peak and the corresponding fit at the Rh
K-edge of HTR Rh/Ceg5Zr(50,: (B) experimental, (—) fit.
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fore, using the FEFF 7.0 program (18), we have modeled
the EXAFS signal by assuming that the cube—octahedron
(19) is formed by one rhodium central atom surrounded by
twelve first neighbors at the distance of 2.69 with a Debye—
Waller term of 6> = 0.07 A2, For this model the average CN
and bond distances are 5.5 atoms at 2.69 A, 1.7 at 3.80 A,
3.7 at 466 A, and 0.9 at 5.38 A. A particle size of 8.1 A
is calculated for this cluster. As suggested by a referee,
other cluster geometries were tested, such as decahedron
and icosahedron ones. Figure 7 reports the FTs of the cal-
culated signals compared to the experimental FT. Even if
there is an approximation in our models, since Rh—-Rh dis-
tances are kept constant with respect to the metal and an
average o2=0.007 A? was assumed, a perusal of Fig. 7 re-
veals that only a cube-octahedral model can reasonably re-
produce the experimental signal. Notice the zone indicated
by the arrows in Fig. 7. Accordingly, we suggest that the
rhodium clusters are present mainly in the form of 13-atom
clusters, indicating a remarkably high dispersion of the Rh
metal.

Due to the small size of the Rh clusters, an asymmet-
ric distribution could be expected, as reported in other
studies on small clusters (20). We therefore used the cu-
mulants expansion series up to the fourth term and per-
formed the calculations with Feffit 2.32x (21) and FEFF
7.0 (18) codes. Both third and fourth cumulants were close
to zero, suggesting that no correction to the Gaussian distri-
bution was necessary to model the signal of the first neigh-
bor of Rh.

3.3. HREM Analysis

The TEM image of the HTR Rh/Ceq 5Zry 50, shows very
small particles, well distributed onto larger micro-crystals
(Fig. 8, top). Such features are absent in electron micro-
graphs of the bare support taken at the same magnification
and with similar focus conditions, so they can be attributed
to Rh bearing clusters. In fact, a separated temperature-
programmed oxidation experiment showed that adsorbed
carbon species, which could interfere in the particle size
analysis, are practically absent in the system. A statistical
analysis of the dimension of these particles resulted inavery
narrow size distribution with mean diameter d,,=1.2 nm
(Fig. 9). This result is in good agreement with the mean
metal particle diameter provided by analysis of EXAFS
data and H, chemisorption measurements (Table 1). How-
ever, it must be noticed that the HTR sample was re-
exposed to air before introduction to the microscope. As
a consequence some re-oxidation of the system could oc-
cur under these conditions, and therefore partly oxidized
Rh-supported particles could be observed by TEM instead
of metallic Rh clusters.

The comparison with the results obtained on the Rh/
Al,O3 is striking (Fig. 8, bottom). In this case large
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Comparison of moduli and the imaginary part of the FT of the experimental data at the Rh K-edge of HTR Rh/Cey5Zr;50, and the

corresponding modelled data using Rh particle models: (a) cube—octahedron, (b) icosahedron, (c) decahedron, (---) experimental, (—) model.

supported particles, easily distinguishable from the sup-
port, are present. Their size is distributed over a broad
range (1-6 nm), with a significant fraction of particles as
large as 6 nm, while particles smaller than 0.5 nm are ab-
sent (Fig. 9). The average particle diameter is about twice
that of HTR Rh/Ceq5Zr50,, again in a good agreement
with the value calculated from the H, chemisorption results
(Table 1).

4. DISCUSSION

Addition of ZrO, to the NM/CeO; catalysts with forma-
tion of a CeO,—ZrO; solid solution has represented a major
improvement in TWCs in the 1990s and has been thought to
contribute mainly to their high oxygen capacity and thermal
stability (1). Recent work, however, disclosed that other
effects seem to be present in these materials; in particular,
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FIG.8. TEM images of HTR Rh/Ce5Zr50; (top) and HTR Rh/Al,O3 (bottom).

CeO,-ZrO; mixed oxides were suggested to promote the
NO reduction using CO as reductant (3). It was also shown
that the CeO,-ZrO; support stabilizes the presence of
Rh species under NO/CO/O, mixture under the reaction
conditions (22). On the other hand, it is well known that Rh
particles easily undergo in the presence of CO an oxidative
disruption to give Rh(l) species. The reverse process, e.g.,
reductive agglomeration of Rh(l) species, is promoted by
CO at high temperatures. When Rh is supported on Al,O3
the latter process occurred at 500 K (7), while it was not
observed up to 523 K in Rh/Cey5Zry50;.

The present data clearly shows that despite the com-
parable surface areas of the two supports employed—it
is somewhat higher in the Al,O3 sample—and the same
preparation methodology, the dispersion of Rh is greatly
enhanced in Rh/Ceys5Zrg50, compared to Rh/Al;O3. In
fact, in the fresh samples, we observed that H/Rh is al-
most double in the former catalyst. All the techniques em-
ployed here clearly indicate that very high dispersion and
uniform distribution of the Rh particles centered around
1 nm are obtained using the Ce5Zr; 50, support, and they
are retained even after reduction at 773 K. It is worth
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FIG.9. Supported particle size distribution for the HTR Rh/
Cep5Zro50;2 (dm=1.2 nm) and HTR Rh/Al,O3 (dm = 2.5 mm) samples.

noting that the presence of cube-octahedron metal clusters
of similar dimension have been inferred for an industrial
Pt/Al,O3 catalyst at metal loadings below 0.6 wt% (19).
We guess that the presence of the CeO,-based support is
able to stabilize the Rh dispersion in a way similar to that
observed for CeO,, which is known to promote NM-O-
Ce interaction, leading to stabilization of the metal disper-
sion.

In agreement with this interpretation, we detected by the
in situ EXAFS measurements oxidized rhodium species un-
der reaction conditions, which do not undergo the reductive
agglomeration. This might be an indirect indication that the
above-reported type of interaction might be present in our
system.

Another interesting observation is that Cl has not been
detected by EXAFS around the Rh center in any of the
samples investigated. This is rather remarkable, keeping
in mind that chloride is generally rather difficult to re-
move. This result suggests that chloride, although not de-
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tected, could be located essentially on the support. Cerium
oxychloride species have indeed often been detected in
the CeO,-based catalyst prepared from chloride-containing
precursors, and they were shown to posses high thermal sta-
bility (23, 24).

In summary, we have shown that use of CegsZry50, as a
support favors high dispersion of Rh particles with a rather
narrow distribution of particle sizes, a 13-atom cluster be-
ing suggested as mainly present on the mixed oxide surface.
The particle morphology is hardly affected by reduction at
473-773 K. In contrast, in the presence of NO and CO,
Rh particles are easily oxidized and further disrupted. Fi-
nally, conditions for H, chemisorption are reported which
should give reliable measurements of the Rh dispersion in
the Rh/CeO,-ZrO, catalysts. Work is in progress on this
point.
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