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High-temperature-aging-induced deep encapsulation of metal
particles by the support material in supported-metal catalysts, re-
cently observed in ceria-zirconia-supported Pd catalysts, is also
found in comparable Rh catalysts but not Pt catalysts. Aging tem-
perature and Pd loading thresholds to encapsulation are compared
for supported Pd catalysts made from ceria—zirconia of varying sur-
face area stability and composition.  © 1999 Academic Press

INTRODUCTION

The deep encapsulation of metal by support material ina
supported-metal catalyst due to aging-induced collapse of
the support is a particularly serious mode of catalyst deacti-
vation because of its permanence. An example of this phe-
nomenon, in which about one-quarter of the 2.25 wt% Pd
loaded onto high-surface-area Ces5Zry50, was effectively
lost on aging at 1050°C, has recently been documented (1).
Because of the relevance of these materials and aging condi-
tions to current automotive exhaust catalysts (2), this study
was extended to include the other important metals, Pt and
Rh. The new findings, as well as additional results for Pd
on ceria-zirconia where Pd loading, ceria-zirconia surface
area stability and composition, and aging conditions were
varied, are presented here together with a more detailed
analysis of the stress imposed by ceria-zirconia on encap-
sulated metal particles.

EXPERIMENTAL DETAILS

Some of the supported Pd catalysts were obtained from
commercial suppliers, in powder form, and others, as well
as supported Pt and supported Rh catalysts, were made
in-house using commercially available ceria—zirconia pow-
ders. The catalysts made in-house were prepared by impreg-
nation of aqueous solution of metal compounds (chloro-
platinic acid, palladium nitrate or palladium tetraamine
dinitrate, and rhodium nitrate, all from Alpha) to incipient
wetness, followed by drying for 12 h at 55°C and calcination
at 600°C for an additional 12 h in a standard muffle furnace.
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The sources, ceria-zirconia compositions, metal loadings,
and other relevant data are summarized in Table 1.

Specific surface areas (BET method) and X-ray diffrac-
tion (XRD) patterns (using CuKe radiation) were obtained
with Micromeritics ASAP 2400 and Scintag X1 instrumen-
tation, respectively, following various aging and subsequent
thermal treatments of the catalyst. Typically, aging was per-
formed by 12 h of heating at 1050 or 1150°C in a flowing
gas mixture containing 1 mol% CO/H, ([CO]/[H.] =3/1)
alternating every 10 min with 0.5 mol% O,; the remainder
of the mixture consisted of 0.002 mol% SO,, 10 mol% H-0,
and balance N,. This “redox’ aging ended with the oxidizing
portion of the cycle, followed by 30 min of natural cooling,
to about 500°C, under N, followed by further natural cool-
ing under air. In a few cases, aging was performed by 12 h
of heating at 1050, 1150, or 1250°C in air.

RESULTS

As has been previously reported (1), high-temperature
aging of ceria-zirconia-supported Pd catalysts may result
in deep encapsulation of sintered Pd metal particles as the
surface area of the support decreases. These encapsulated
particles cannot participate in catalysis since they are inac-
cessible to gas-phase molecules, a fact clearly demonstrated
by their absolute resistance to bulk oxidation, as revealed
most simply by thermogravimetric measurements. Direct
visual confirmation of encapsulation was also recently ob-
tained by analytical electron microscopy (3). Here, the sim-
ple, though indirect, method of XRD, employed in the prior
study (1), is again used to probe for encapsulation of Pt and
Rh.

The basis for the XRD method is the change in lattice
constant of ceria-zirconia between its partially reduced
state, which exists at the high temperatures where sintering
of both metal and support take place, and its fully oxidized
state, which usually exists under ambient conditions. It is
possible to somewhat preserve the partially reduced state,
however, by cooling from moderate to room temperature
under Hy, as illustrated by the XRD patterns in Fig. 1. The
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TABLE 1

Summary of Catalysts

Surface area

. . (m?lg)
Composition Loading (metal)

Designation (wt%) (wt%o) Fresh  Aged
ESC100®  100% CeO; 0 77t 1.4°
9 (Pd) 114° 2.0

JM625° 70% CeO,-30% ZrO, 2.25 (Pd) — 3.89
DsCI¢ 73% CeO,-27% ZrO, 0 88° 6.59
0.9f

2 (Pd) — —

4 (Pd) 130° 5.99

1.8

8 (Pt) — —

4 (Rh) — —

cz3d 70% CeO2-30% ZrO; 0 75° 7.18
2.1

2 (Pd) 79° 7.49

4 (Pd) — —

ESC25?2 25% CeO,-75% ZrO; 0 63¢ 5.09
9 (Pd) 52¢ 5.49

@ Support and catalyst provided by Engelhard.

b Catalyst provided by Johnson Matthey.

¢ Support provided by Degussa; catalysts made in-house.

4 Support provided by Rhodia (Rhone-Poulenc); catalysts made in-
house.

¢ Calcined at 600°C for 12 h.

f Redox aged at 1150°C.

9 Redox aged at 1050°C.
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FIG. 1. XRD patterns obtained from a catalyst consisting of 4 wt%

Pd on DSCI (73 wt% CeO,-27 wt% ZrO,), “redox™ aged at 1150°C and
subsequently reduced and oxidized. The shift to lower angle of the ceria—
zirconia diffraction peaks in the reduced catalyst relative to the oxidized
catalyst refects a change in lattice constant.
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top pattern, labeled “reduced,” was obtained from a ceria—
zirconia-supported Pd catalyst which had first been aged at
1150°C and then reduced by heating at 500°C for 30 min
followed by cooling to room temperature in 0.5 mol% H;
(balance Ny). The bottom pattern, labeled “oxidized,” was
obtained from the same aged catalyst but following an addi-
tional 2 h of heating at 700°C in air, which ensures that both
the unencapsulated Pd and the ceria-zirconia are fully oxi-
dized. The shift in position of the ceria—zirconia diffraction
peaks between the two patterns, corresponding to a change
in lattice constant of 1%, reflects the presence of some Ce**
cations (which are about 10% larger than Ce**) in the re-
duced catalyst. As a consequence of the ceria—zirconia con-
traction, from its high-temperature partially reduced state,
where encapsulation of Pd particles takes place, to its am-
bient fully oxidized state, the encapsulated Pd particles are
subjected to a compressive stress which causes a measur-
able change in their lattice constant as well. This is illus-
trated by the XRD patterns in Fig. 2, which are expanded
regions from Fig. 1. The peak at 40.1° in the top pattern is
from the Pd(111) reflection, and it appears at its expected
position in the reduced catalyst. The peak at 40.5° in the
bottom pattern is also from the Pd(111) reflection, but it
is shifted by an amount that corresponds to a 1% decrease
in lattice constant. (The compressive stress applied by the
ceria—zirconia in this case is 5.5 GPa, according to an anal-
ysis given in the Appendix.) The relative intensities of the
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FIG. 2. Enlarged region about the Pd(111) diffraction peak position,

taken from the XRD patterns of Fig. 1, illustrating stress-induced shift
caused by encapsulation of a fraction of the Pd particles. The broad feature
centered near 42° in the bottom pattern is due mostly to the PdO(110)
diffraction peak at 41.9° but is also partly due to a weak diffraction peak
from ceria—zirconia at 41.6°.



230

TABLE 2

Summary of Material Properties

Young’s modulus Thermal expansion

Material (GPa) Poisson’s ratio (K™
CeO,? ~165 ~0.3 ~11x 107°
Zro,2 ~190 ~0.3 —

Pt¢ 168 0.377 8.8 x107°
Pd° 121 0.390 11.8 x 107¢
Rh® 375 0.260 8.2x107°

2 Ref. (5).

b Ref. (6).

¢ Ref. (7).

(111) peaks between the top and bottom patterns provide
a measure of the encapsulated fraction of Pd. Most of the
broad peak at 41.9° in the bottom pattern is from the PdO
(110) reflection.

The mere presence of the Pd metal phase in the oxi-
dized catalyst of Fig. 2, like the thermogravimetric mea-
surements, provides solid evidence for encapsulation. A
similar test could also be applied to a Rh catalyst. The
shift in peak position, however, is essential to applying the
method to a Pt catalyst, since formation of bulk Pt oxides
under corresponding conditions would not occur. Given the
roughly similar material properties of Pt, Pd, and Rh, listed
in Table 2, stress-induced shifts in the position of their (111)
diffraction peaks should be comparable, according to the
analysis given in the Appendix. As shown in Fig. 3, there
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FIG. 3. XRD patterns obtained from comparably loaded, aged, and
subsequently treated Pt, Pd, and Rh catalysts showing no evidence of
encapsulation of Pt but comparable levels of encapsulation of Pd and Rh.
The XRD pattern from the reduced (re) Pt catalyst was identical to that
from the oxidized (ox) Pt catalyst.
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is a shift of about 0.5° in the case of Rh but none in the
case of Pt, where no difference between the XRD patterns
produced by reduced and oxidized catalysts could be de-
tected. For comparison, XRD patterns from the Pd catalyst
of Fig. 2 are reproduced in Fig. 3. Since all three catalysts
contain nearly the same molar concentration of supported
metal, and the Pt pattern has already been scaled down by
a factor of 3 to account for its larger X-ray scattering cross
section, the similar intensities obtained from the reduced
catalysts indicate that all of the metal is being observed in
each case. The fraction of Rh encapsulated is apparently
about the same as that of Pd, roughly 30%. Judging from
the widths of the diffraction peaks, the Pt and Rh particles
are of comparable size, although somewhat smaller than
the Pd particles.

Turning now to comparisons among Pd catalysts made
with differing ceria—zirconia support materials, Fig. 4 con-
tains XRD patterns obtained from three sets of catalysts, all
made with ceria-zirconia of nearly the same composition,
approximately 70 wt% CeO, and 30 wt% ZrO,, but exhibit-
ing different encapsulation behavior. In all cases the cata-
lysts were heated at 700°C for 2 h in air (i.e., oxidized) after
aging. The top two patterns show the effect of aging tem-
perature, 1050 versus 1150°C, on a catalyst of 2.25 wt% Pd
loading. The middle two patterns show the effect of Pd load-
ing, 2 and 4 wt%, at a fixed aging temperature of 1150°C.
In this case, there was no evidence for encapsulation with a
Pd loading of 1 wt%. Furthermore, there was no evidence
for encapsulation with any of the Pd loadings when aged at
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FIG. 4. Pairs of XRD patterns from three sets of Pd catalysts made
from different support materials of comparable composition (approxi-
mately 70 wt% CeO,-30 wt% ZrO;) showing different aging temperature
and Pd loading threshold behaviors with respect to Pd encapsulation. In
all cases, the catalysts had been oxidized after aging.
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1050°C. The bottom two patterns, on the other hand, show
no effect of Pd loading when aged at 1150°C. In this case,
as well, there was no evidence for encapsulation with either
loading when aged at 1050°C. Overall, this series of XRD
patterns thus illustrates differences in tendency toward Pd
encapsulation, by way of distinct aging temperature and Pd
loading threshold behaviors, between comparable support
materials. There does appear to be some correlation be-
tween the tendency toward Pd encapsulation and the sup-
port surface area stability, with the most resistant material
retaining the highest surface area, according to Table 1, but
the differences in surface area after aging are very slight.

Finally, effects of ceria-zirconia composition and aging
environment are illustrated by the XRD patterns shown in
Fig. 5. Again, in all cases the catalysts were heated at 700°C
for2hinair (i.e., oxidized) after aging. The three patterns at
the top were all obtained from catalysts consisting of 9 wt%
Pd loaded onto pure CeO,. Roughly 5% of the Pd has been
encapsulated after “redox” aging at 1150°C, but there is an
indication of some, though less, encapsulation after air aging
at 1150°C, as well. Air aging at 1250°C results in two forms
of encapsulation, the usual one in which Pd is under stress
and a new one in which Pd resists oxidation but apparently
is under little or no stress. The pattern at the bottom of
Fig. 5 shows that Pd encapsulation also occurs in catalysts
made from ZrO,-rich ceria-zirconia support material. The
broad feature centered near 42.5° in this pattern is due to
diffraction from the tetragonal structure of this particular
ceria-zirconia composition.
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FIG.5. XRD patterns from Pd catalysts made from pure CeO, and
ZrO,-rich ceria-zirconia support materials showing evidence of Pd encap-
sulation. Again, all the catalysts had been oxidized after aging. The broad
feature centered near 42.5° in the bottom pattern is due to a diffraction
peak from the ceria—zirconia.
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DISCUSSION

It is clear from this study that the deep encapsulation of
metal particles by collapsing ceria—zirconia in a supported
metal catalyst is a general phenomenon, not limited to Pd,
and it thus should be possible to construct a qualitative
picture of how it happens on catalyst aging. Viewed se-
guentially, the overall process begins with the simultaneous
sintering of metal and support. The relative rates of these
individual processes should certainly be important in de-
termining the end result, and the mode of metal trans-
port could be one of the distinguishing factors involved.
For example, the vapor pressure of Pd is quite high, about
107 Torr, at 1000°C, and thus vapor-phase transport of Pd
within the pore structure of the ceria-zirconia could be
significant relative to transport via surface diffusion. The
vapor pressures of Pt and Rh, on the other hand, are sev-
eral orders of magnitude lower. Vapor-phase transport of
volatile platinum oxides might also occur, but only in an
oxidizing aging environment. (This raises the question of
whether the outcome for the Pt catalyst would be affected
by changing the aging environment to exclusively reducing
or even inert, but this was not tested. The possibility that
volatile platinum chlorides might participate in the present
study was rejected after also examining samples in which
chloride remnants from the precursor were eliminated from
the fresh catalyst by a low-temperature H; treatment before
aging.)

It is, perhaps, more remarkable than not that only a frac-
tion of the metal has become encapsulated by the time the
support surface area has fallen by a factor of one to two
orders of magnitude. At this stage, the metal particles are
relatively large and probably even more susceptible to en-
capsulation because of their limited mobility, but the rate
of support surface area loss has also diminished. All three
of the metals should be metallic in their condensed state
under the most extreme aging conditions used, but differ-
ences in surface energy and affinity for oxygen (or metal-
support interaction) could produce differences in wetting
of the particles by the support material, thus affecting how
the particles respond to further collapse of the support. A
hypothetical, though reasonable [since the endpoints are
consistent with actual XRD and TEM observations (1-3)],
Pd particle diameter (solid line) is drawn in Fig. 6 as a func-
tion of aging temperature (rather than time) to show how
it tends to converge with the average pore diameter (ris-
ing dashed line) measured for DSCI. Also shown is the
average pore volume (falling dashed line) measured for
DSCI, which may be compared with a Pd volume of about
1072 cm®g of catalyst for each wt% Pd loading. Ultimately,
as the support material approaches its theoretical density
through continued sintering, its pore volume will match
that of any metal that has not migrated to an external sur-
face. These rough comparisons are suggestive of how small
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FIG. 6. Average pore diameter (rising dashed line through open cir-
cles) and pore volume (falling dashed line through open squares) of DSCI
as functions of aging temperature. The solid line is a hypothetical, though
reasonable, depiction of average Pd metal particle diameter as a function
of aging temperature.

differences in support material properties could have a
large effect on the extent of encapsulation near threshold,
as illustrated in Fig. 4.

CONCLUSIONS

The deep encapsulation of metal particles by reducible
support material in supported metal catalysts due to col-
lapse of the support on high-temperature aging is sensitive
to both metal (Pt exhibiting greater resistance than both Pd
and Rhinthe case of one particular ceria—zirconia material)
and support material. Surface area stability, ceria—zirconia
composition, and aging conditions can all influence the
extent of Pd encapsulation.

APPENDIX

Compressive Stress Applied by Ceria—Zirconia
to Encapsulated Metal Particles

The change in lattice constant of ceria—zirconia-encap-
sulated metal particles arises from a compressive stress ap-
plied to the particles by the ceria-zirconia. This stress is
due to a differential contraction that occurs primarily be-
cause of the change in oxygen content of the ceria—zirconia
between high temperature and room temperature. An addi-
tional source is the possible difference in thermal expansion
coefficients.

In analyzing this situation, it is convenient to use a for-
mula derived for stress and strain in the case of a thick-
walled spherical vessel with uniform internal or external
pressure (4). [The choice of spherical geometry is consis-
tent with observations of encapsulated particles made by
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electron microscopy (3).] In its unstrained state, the vessel
has an outer radius a and an inner radius b. The vessel ma-
terial is characterized by its (Young’s) modulus of elasticity
E and Poisson’s ratio v. Application of a uniform internal
pressure g to the vessel causes its inner radius to increase
by an amount Ab given by

Ab=(gb/E)[(1 — v)(@® +2b%) /2@ - b%) +v]. [1]
In the limit a>> b, this equation becomes
Ab=(gb/E)[(1 + v)/2]. [2]

It is assumed that this relation describes ceria-zirconia in
its fully oxidized state at room temperature.

The metal particle, with unstrained radius c at room tem-
perature and radius b + Ab under stress, may be regarded
as applying the pressure, g, which can also be expressed in
terms of its modulus of elasticity E, and Poisson’s ratio vn,
as

Ac = (q¢/Em)(1 — 2vm). [3]

Combining this relation with Eq. [2], to eliminate q, yields
Ac/c = (Ab/b)[2E(1 — 2vm)/Em(1 + v)]. [4]

At high temperature, under the most reducing environ-
ment, it is assumed that the metal particle and the ceria—
zirconia are in contact, but that they do not apply pressure
to each other. Their radii are thus equal. This condition may
be expressed in terms of their unstrained room-temperature
radii as

c(1 4+ kmAT) = b(1 + kAT +e), 5]

where kn, and k are the coefficients of thermal expansion
of the metal and the ceria-zirconia, respectively, AT is
the temperature difference between high temperature and
room temperature, and e is the fractional change in linear
dimension of the ceria-zirconia due to its change in oxygen
content between high temperature (where it is partially re-
duced) and room temperature (where it is fully oxidized).
Finally, by definition,

c—b=Ab+ Ac. [6]

Combining this relation with Egs. [4] and [5], to eliminate

b and Ab, yields

Ac/c = [2E(1 — 2vm)/Em(1 + V){(K — kn) AT + €}/
{[2E(L — 2vm)/Em(1 + W] + KAT + ) + (1 + knAT)}
= Ele+ (k—kn)AT]/[E + Em(Q +v)/2(1 — 2vy)], [7]

where the approximation involves dropping all terms

higher than first order in the small quantities, e, KAT, and
kmAT.
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Ingeneral, if E > Ep,, then Ab « Ac, according to Eq. [4],
and almost all of the total differential contraction goes into
Ac, according to relation [7]. This case corresponds to the
one in which the ceria-zirconia is relatively stiff and un-
yielding compared with the metal. In the opposite limit,
where the metal is by far the stiffer of the two materials, the
reverse istrue. Typically, however, the total differential con-
traction is more equally shared between the ceria-zirconia
and the metal, their individual strains varying inversely as
their respective elastic moduli. Further, the differential-
thermal-expansion term may either add to, or subtract from,
the term that reflects the change in oxygen content of the
ceria-zirconia, depending on the relative size of k and k.

Using the numerical values listed in Table 2, relation [7]
may be applied to particular cases, such as the Pd cata-
lyst in Fig. 2. Assuming that the elastic properties of DSCI
are essentially those of CeO, (which are not very different
from those of zirconia) and neglecting the difference in co-
efficient of thermal expansion between CeO, and Pd, the
value of e deduced from the observed Ac/c of 1% is thus
3.2%. Comparable values are obtained from dilatometry
measurements of ceria—zirconia (8). Taking this value for e
in the case of both the Rh and the Pt catalysts in Fig. 3 leads
to predicted values for Ac/c of 0.86 and 0.94%, respectively.
The observed Ac/c of the Rh catalyst is larger, 1.2%, but
the significance of this discrepancy is difficult to evaluate in
view of the various assumptions and approximations that
have been made in this analysis.

Variations in Ac/c that accompany variations in metal
loading or aging temperature, as shown in Fig. 4, may also
reflect other factors not explicitly considered here, such as
possible encapsulation at ceria—zirconia grain boundaries
(3), where stress could be somewhat relaxed. This is the
likely reason for encapsulation of unstressed Pd particles
in the case of Pd supported on pure CeO, after air aging
at 1250°C, as shown in Fig. 5. (The presence of stressed Pd
particles as well in this example also demonstrates that a
reducing environment is not required for partial reduction
of CeO; at such high temperatures.) The level of stress sup-
ported by the ceria or ceria-zirconia is remarkably high,
5.5 GPa in the case of the Pd catalyst and 9.4 GPa in
the case of the Rh catalyst in Fig. 3, according to Eq. [3].
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[A previous estimate (1) of this stress was smaller because
of an assumed Poisson’s ratio for Pd of 0.333.]

Finally, it is necessary to comment on the apparent dis-
parity between the value of e (3.2%) deduced for the Pd
catalyst in Fig. 2, which corresponds to the observed change
in Pd particle lattice constant, on the one hand, and the
fractional change in ceria—zirconia lattice constant (1%o)
observed on reduction of the catalyst in Fig. 1, which is ap-
parently enough to allow complete relaxation of the stress
imposed on the Pd particles, on the other hand. The res-
olution is thought to involve a possible softening of the
ceria-zirconia through the creation of oxygen vacancies,
effectively decreasing its modulus so that more of the orig-
inally imposed total strain (which is shared between metal
and ceria-zirconia) can subsequently be taken up locally
(i.e,, near the metal particles) by the ceria—zirconia. The
detailed picture of this situation could involve clustering of
vacancies around the Pd particles.
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