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Dramatic changes in the microstructures of Rh and Rh/Ce supported on Si0, and AlLO; occur
after treatments in NO + CO at temperatures as low as 300°C. Silica-supported Rh was nearly
completely volatilized by treatment in NO + CO at 300°C, but the addition of Ce was found to
retard this effect. Examination of the effects of the individual gases showed that NO alone disperses
Rh over the Si0; and CO alone volatilizes the dispersed Rh formed by treatment in NO. However.
heating in CO alone had no effect on undispersed Rh. The activity of Rh on porous SiQ. for
NO + CO at 200°C decreased by a factor of five after heating overnight at 300°C due to loss of Rh.
On alumina, heating in NO + CO had much less effect and only a few smaller particles disappeared
even after extensive treatment at 400°C. Heating in NO alone, however, did disperse the Rh into
small (~20 A) particles on the ALO,. Similar changes were observed for Rh/Ce. The NO + CO
activity on alumina actually increased slightly by heating at 300°C for extended time. XPS indicates
the presence of small amounts of oxidized Rh on both supports after heating in NO + CO. but
cannot identify whether this is the dispersed Rhor the oxidized surface of Rh particles. We speculate
that dispersion may be through the formation of a mobile nitrosyl complex and volatilization by

formation of volatile carbonyls.

INTRODUCTION

Rh and Ce are used to remove NO and
CO from exhaust in the automotive catalyst.
Rh is the metal primarily responsible for
NO, removal, and Ce addition has been
shown to have beneficial effects on catalyst
performance. While Ce is generally inac-
tive, Ce addition to Rh improves selectivity
and rate of CO + NO on alumina (/, 2},
improves oxygenate selectivity (3) and the
rate (4) of CO hydrogenation, but has little
effect on ethane hydrogenolysis activity (4).
The dispersion of Rh on SiQ, measured by
H, chemisorption was increased by Ce addi-
tion, but no effect was observed on Al,O,
(2).

We have previously characterized the mi-
crostructure of Rh/Ce on SiO, (5) and AL,O,
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(6) in oxidizing and reducing environments
using TEM, HREM, EELS, and XPS. On
SiO,, Ce was transformed between Ce ™ * in
H, and CeO, in O,, and Rh dispersion was
significantly altered by this heating cycle.
However, on Al,O, heating in H, did not
reduce the Ce from CeQ- . and the Rh parti-
¢les were immobile. All the treatments stud-
ied in previous work were at relatively high
temperatures (>600°C) and under extreme
conditions of pure H, or O, to simulate the
effects on microstructure of long term expo-
sures to actual reaction environments.

In this paper we have investigated the ef-
fects of treatment in NO and CO on the
microstructure and reactivity of silica and
alumina supported Rh and Rh/Ce. The
NO + CO treatments studied here were at
much lower temperatures, typically 300 to
400°C.

Before discussing the results, it is useful
to review the effects of oxidation—reduction
cycling on the microstructure of Rh on SiO,
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(7) and Al,O, (6). After heating in H,, highly
faceted 100-200 A diameter Rh metal parti-
cles form on the support. Heating in air at
500°C oxidizes the Rh to Rh,0;, and the
particles assume rougher and slightly larger
outlines as the oxide wets the silica. Heating
in H. at successively higher temperatures
first reduces the Rh,0O; back to many small
metal crystals (~300°C) which sinter into
larger particles identical in size to the initial
Rh particles (~600°C). The interesting ob-
servations to compare with the results pre-
sented here are that (1) Rh particles are not
mobile or volatile under these conditions
and (2) the microstructure is unchanged
after high-temperature oxidation-reduction
cycling.

An interesting phenomenon which was
first reported by Yang and Garland in the
1950s (8) and has received much attention
lately from several groups (9-12) is the dis-
ruption of small Rh clusters on SiO- or Al,O,
into isolated Rh atoms by room-temperature
treatment 1in CO. This has been inferred
from IR, XPS, and EXAFS, but to our
knowledge has not been directly observed.
Indeed. detection of such small clusters by
TEM is difficuit, and disruption of larger
particles does not occur due to energetic
considerations. Solymosi has shown that
addition of NO to CO greatly enhances the
rate of disruption (/3) and that Ce addition
to Rh stabilizes the disrupted phase (/4).
However, increasing the temperature even
to 100°C, hinders disruption since CO re-
duces the Rh! gem-dicarbonyl formed by the
isolated atoms. Catalytic disruption has
some similarities to the transformations we
report here, but several important differ-
ences exist. We observe dispersion of much
larger Rh particles on SiO, at realistic reac-
tion temperatures by treatment in NO alone
and their subsequent volatilization by treat-
ment in CO. Significantly less volatilization
was observed for Rh on ALO;.

EXPERIMENTAL

TEM sample preparation has been de-
scribed in detail elsewhere (4). About 200 A
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thick films of Si0, or AL, O, were prepared
by vacuum evaporating Si or Al onto form-
var coated gold TEM grids and heating in
0O, to decompose the formvar and oxidize
the metal. Amorphous silica samples were
prepared by heating at 800°C, and crystal-
line y-alumina was prepared by heating at
600°C. About 20 A films of Rh and Ce were
vacuum evaporated on top of the support,
and the grid was heated in H, usually at
650°C to disperse the Rh film into 100-200
A diameter particles. Ce wets the Si0O, and
Al,O; except that some samples with ~ 100
A Ce formed interconnected island struc-
tures.

Several Rh/Ce ratios were prepared on a
single grid by selectively shielding regions
of the grid during evaporations. This en-
sured that multiple loadings prepared on the
same grid received identical heat treat-
ments. TEM was performed on a Philips
CM30 (point-to-point resolution of 2.2 A)
and the same areas were examined repeat-
edly after successive treatments and trans-
fer in air between the furnace and TEM.
While exposure to air may affect the micro-
structure of very highly dispersed particles,
no such evidence has been observed by this
group in this and similar studies on 100-200
A particles.

Reactivity measurements were per-
formed on powder catalysts prepared by
standard aqueous impregnation techniques.
Appropriate amounts of RhCl;-3H.O and
Ce(NO,); - 3H,0 solutions were added to
Aerosil 200 silica (200 m*/g) or Aesar y-alu-
mina (100 m*/g), and the slurry was dried in
N, at 100°C overnight before calcining for 4
hr in O,. Silica catalysts were calcined at
650°C and alumina catalysts at 500°C. About
200 mg of catalyst was placed in a Pyrex
U-tube reactor, and activity was measured
between 200 and 300°C.

Unless otherwise indicated, TEM sam-
ple treatments and reactivity measure-
ments were made for 5% NO, 5% CO, and
5% NO + 5% CO from room temperature
up to 500°C. The diluent was ultra-high pu-
rity He, and the CO was passed through a
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molecular sieve trap to remove any metal
carbonyls. Compositions of feed streams
and products were determined by gas chro-
matography.

Samples for XPS were prepared and
treated similarly to the TEM grids, except
that an oxidized silicon wafer (with ~500 A
of Al deposited on top for alumina samples)
was used as the support. XPS was per-
formed on a PHI 5400 spectrometer, and
peak energies were referenced to adventi-
tious carbon at 284.6 eV to correct for
charging.

MICROSTRUCTURE
Rh on SiO,

NO + CO. The effects of successive
treatments in NO + CO at 300°C on the
microstructure of Rh on SiO, are shown in
Fig. 1. After the initial treatment in H, at
650°C for 10 hr (Fig. la), Rh is present as
~150 A diameter metal particles and sig-
nificant faceting is observed in many of the
particles. Heating in NO + CO for 20 hr
produced several changes in the microstruc-
ture (Fig. Ib). First, several smaller parti-
cles disappeared. Two such particles are
indicated by vertical arrows in Figs. la and
1b. Second, a lower contrast shell has
formed around the perimeters of many of
the larger particles and the high contrast
metal core has decreased in size. In most
cases, the diameter of shell and core com-
bined is unchanged from Fig. la. Finally,
dispersion of Rh on the SiO, surface is also
observed. One such area is indicated by
horizontal arrows in Figs. la and 1b. Over-
all, the contrast of the Rh particles observed
after treatment in NO + CO is lower than
after H, treatment.

Figure 1¢ shows the microstructure of the
same area after treatment for a longer time
in NO + CO. All of the particles, even some
as large as 300 A in diameter, have disap-
peared leaving only faint outlines. Thus, the
Rh has either been completely dispersed on
the SiO, surface or has formed a volatile
compound and evaporated. Figure 1d shows
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the microstructure of the same area after
heating in H, at 650° for 6 hr. A dispersed
film of Rh would be expected to reform
Rh particles by heating in H,, but only small
(<50-A diameter) particles are observed,
and only sintering of nearby particles was
observed after more extensive treatment in
H,. The Rh loading has thus decreased dra-
matically by heating in NO + CO at only
300°C, and comparison of Fig. la with Fig.
Id shows that only about 3% of the Rh re-
mains.

The only rings observed in electron dif-
fraction patterns after each treatment in Fig.
I were from fcc Rh metal and diffuse scatter-
ing from the amorphous Si0,. No Rh rings
were observed after the second NO + CO
treatment, but spotty rings returned after
heating in H,. The low-contrast regions sur-
rounding the Rh core and the dispersed Rh
observed in Fig. 1b, however, may be either
amorphous or too thin to detect.

Disappearance of Rh appears to occur
faster for Rh,O, than for Rh metal. Figures
2a and 2b show the same area after first
heating in O, at 600°C for 4 hr and then after
heating in NO + CO at 300°C for 24 hr.
Heating in O, oxidizes the Rh to Rh,0, as
expected. After the single treatment in
NO + CO, several of the smaller particles
(indicated by arrows) have completely dis-
appeared and the large particles have shrunk
significantly while forming a wide shell
around their perimeters. The 300 A diameter
particle in the right center, for example,
has decreased to about half its original size,
and a low-contrast ring is visible around its
perimeter. Significantly more disappear-
ance of Rh was observed on oxidized sam-
ples than on reduced samples after identical
treatments.

CO only. No changes in microstructure
other than slight sintering of adjacent Rh
particles were observed after Rh samples
were treated in CO (not shown); this was
observed for extensive treatments at several
different temperatures up to 500°C (includ-
ing room temperature) and for treatment in
pure CO. Even the smaller particles were



VOLATILIZATION OF SUPPORTED Rh AND Rh/Ce 427

¢) NO + CO, 300°C d) H,, 650°C

FiG. 1. Microstructure of Rh on SiQ), after heating in NO + CO at temperatures indicated. Vertical
arrows indicate Rh particles which have disappeared after the first treatment, and the horizontal arrow
indicates the area where Rh has dispersed on the SiO,.

still observed after extensive heating in CO. NO only. Figures 3a-3c illustrate the ef-
No changes were observed in the diffraction  fect of heating in NO on the microstructure.
patterns. Treatment in CO appears to have  Rh particles formed after the initial H, treat-
very little effect on the microstructure of Rh - ment at 650°C for 10 hr are shown in Fig.
particles. 3a. The same particles are shown in Figs.
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a) 0,, 600°C b) NO + CO, 300°C

¢) 0,,600°C d) NO, 400°C

FiG. 2. (a). (b) Microstructure of oxidized Rh after heating in NO + CO. Disappearance of Rh is
greater than for similar treatments of Rh metal. Arrows indicate several 100 A particles which have
disappeared. (c). (d) Microstructure of oxidized Rh on SiO, after heating in NO at temperatures
indicated. Shells form around particles similar to Rh metal.
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a) H,, 650°C

c) NO, 400°C

d) H,, 650°C

e) NO, 300°C

r

f) NO + CO, 400°C

FiG. 3. (a)=(c) Microstructure after heating in NO. Shells form around Rh particles, arrows indicate

area with substantial Rh dispersion. (d)-(f} Microstructure after heating in NO followed by NO + CO.
Shells and Rbh cores formed by heating in NO shrunk after heating in NO + CO.

3b and 3c after successive treatments in NO
at 300°C for 30 hr and at 400°C for 10 addi-
tional hr. Even after treatment at 300°C, a
low-contrast shell has formed around the
perimeters of all the particles, and the shells
of the adjacent particles in the center have
intersected (indicated by arrows). The shells
are ~20 A wide. After further heating in
NO, the shells have grown to ~80 A in width
and most of the high contrast cores have
shrunk significantly. The Rh is being dis-
persed on the SiO, as evidenced by the in-

creased overlap of the shells of the adjacent
particles. Only Rh metal was detected by
electron diffraction after each treatment.
The high contrast Rh metal particles reform
after heating in H,. indicating that signifi-
cant volatilization has not occurred. Thus
treatment in NO, even at temperatures as
low as 300°C, disperses Rh particles on
SiO,.

The effects of NO treatment on oxidized
Rh are shown in Figs. 2c and d. After heating
in O, at 600°C for 4 hr, Rh has been com-
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pletely oxidized to Rh.O; as expected (Fig.
2¢). Treatment in NO at 400°C for 10 hr
produced significant dispersion of the Rh,
as evidenced by the poorly defined edges of
the particles and their reduced contrast in
Fig. 2d. Further treatments indicate that the
rate of Rh dispersion by heating in NO is
comparable for previously oxidized and re-
duced Rh.

NO followed by CO. The effects of treat-
ment in NO followed by treatment in CO
were also studied (micrographs not shown).
Low contrast shells ~50 A in diameter
formed around the particles after heating in
NO at 500°C for 10 hr. The size of the Rh
cores decreased as the Rh is dispersed over
the support by NO treatment as discussed
above. After heating in CO at 300°C for 10
hr, the shells disappeared or shrunk, while
their Rh cores were unaffected. The Rh par-
ticles have shrunk after successive treat-
ments in NO and CO.

NO followed by NO + CO. Figure 3d
shows Rh particles on another sample after
heating in H, at 650°C for 10 hr. Shells about
50 A in diameter formed around the particles
after heating in NO at 300°C for 30 hr and at
400°C for 10 additional hr (Fig. 3¢). Figure
3f shows that after heating in NO + CO
at 300°C for 10 hr, most of the shells have
disappeared, but the Rh cores have contin-
ued to shrink. This contrasts with the micro-
structure observed after heating in NO fol-
lowed by CO only described above, where
the shells disappeared but the cores were
unchanged or even grew slightly.

Rh/Ce on SiO,

NO + CO. The microstructure of Rh/Ce
on Si0, after heating in NO + CO at 300°C
is shown in Fig. 4. The region shown is on
the same grid as the Rh only region shown
in Fig. | and has undergone exactly the same
heat treatments. After initial H, treatment
at 650°C for 10 hr, highly defected Rh parti-
cles are observed. The Ce is present as a
Ce " film wetting the silica as we have char-
acterized previously (5). Heating in NO +
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CO for 20 hr has much less effect on Rh/Ce
than on Rh only. The smaller Rh particles
are still present in Fig. 4b and most of the
larger particles have not changed signifi-
cantly. A few of the larger particles have
formed small regions of very high contrast
within their interiors, two such examples
are indicated by the arrows. Treatment for
10 additional hr (Fig. 4¢) resulted in the for-
mation of craters from the disappearance of
these dark regions, but most of the particles
are still unchanged. This treatment caused
nearly complete loss of Rl in samples with-
out Ce (Fig. 1), but even the smaller parti-
cles remain when Ce is present. Ce appar-
ently masks most of the Rh particles, except
the larger ones where the dark regions can
form in exposed areas. The perimeters of
the Rh particles, even those which lost sig-
nificant Rh from their interiors, are largely
unchanged. Heating in H, caused the larger
particles which lost Rh to sinter into smaller
particles, while many of the smaller parti-
cles which lost Rh have broken into two
even smaller particles (most easily seen in
the upper right of Fig. 4d). Except for the
particles which formed craters, the Rh load-
ing appears comparable to that after the ini-
tial H, treatment.

A much larger effect was observed when
oxidized Rh/Ce was heated in NO + CO.
Fig. 5a shows a region after heating in O, at
600°C for 4 hr. As reported previously (4)
the Ce coalesces from a film into crystalline
CeO, particles, uncovering much of the Rh.
Heating this sample in NO + CO at 300°C
for 24 hr (Fig. 5b) caused significant loss
of Rh from all of the particles, but the Rh
appears to have volatilized without forming
a dispersed film. This can be seen for two
particles indicated by arrows in the figures.
These particles have receded from the sur-
rounding CeO,, exposing the SiO,. All of
the Rh particles have well-defined edges and
little evidence of a shell is observed, con-
trasting with the shells observed in samples
without Ce.

NO only, NO followed by NO + CO. The
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a) H,, 650°C b) NO + CO, 300°C

FiG. 4. Microstructure of Rh/Ce on Si0, after heating in NO + CO at temperatures indicated.
Disappearance of Rh is hindered by the addition of Ce. Arrows indicate two particles which lose Rh

from their interiors.

effects of these treatments on Rh/Ce are on top of the Ce structures after initial H,
shown in Fig. 6. The Ce film, present in treatment at 650°C for 10 hr (Fig. 6a). Heat-
a higher loading than in Fig. 4, formed an ing in NO at 400°C for 10 hr (Fig. 6b) and 20
interconnected island structure on the SiQ, additional hr (Fig. 6¢) caused the Rh parti-
and Rh formed ~200 A diameter particles cles to disperse similar to samples without
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a) H,, 650°C b) NO, 400°C

¢) NO,400°C

d) NO + CO, 300°C ¢) H,, 600°C

FI1G. 5. (a). (b) Microstructure of oxidized Rh/Ce on Si0, after heating in NO + CO at temperature
indicated. Rh disappearance was greater than on reduced Rh/Ce; arrows indicate two particles which
lost significant Rh after this treatment. (c), (d) Microstructure of oxidized Rh/Ce after heating in NO.
Some Rh dispersion is observed similar to reduced Rh/Ce.

Ce. Little change is observed in areas of the
SiO, not covered by Ce islands, indicating
that the Rh appears to disperse preferen-
tially on the Ce. Heating in NO + CO at
300°C for 10 hr (Fig. 6d) caused some loss
of contrast from the dispersed Rh, indicating
that some volatilization has occurred. A few
Rh particles return after heating in H, at
600°C for 10 hr (Fig. 6e), but many do not,
further indicating that Rh was lost during
the NO + CO treatment.

Oxidized Rh appears to be less easily dis-
persed by treatment in NO when Ce is pres-
ent. Figures 5¢ and d show the microstruc-
ture of Rh/Ce after heating in O, at 600°C
for 4 hrand in NO at 400°C for 10 hr, respec-
tively. This sample has a lower Ce loading
than the sample discussed above. Heating
in O, oxidized the Rh to Rh,O; and the Ce
to CeO,, as expected (Fig. 5¢). Most of the
Rh has been exposed by the coalescence of
the Ce film into CeO, particles, but treat-
ment in NO resulted in only slight dispersion
of the Rh.

CO only. Heating for long times in CO at
temperatures up to 400°C caused insignifi-
cant change in the microstructure of Rh/Ce
on Si0O, (not shown). This is the same result
observed for treatment of Rh only in SiO,.

XPS on SiO,

XPS of samples heated in NO + CO at
300°C indicate the formation of Rh*? and

the oxidation of Ce** to Ce**. Figure 7
shows Rh 3d XPS spectra from (a) 20 A Rh
alone, (b) 20 A Rh/50-A Ce, and (c) 20 A
Rh/140 A Ce after heating in H, at 600°C for
4 hr, NO + CO for 10 hr, and NO + CO
for 10 additional hr. Spectra of Rh alone
show no evidence of oxide, only a doublet
from Rh® (Rh 3d;, at 307.4 eV). The Rh,0,
doublet (Rh 3d;,, at 309.5 eV) was detected
after Ce addition, particularly for the highest
loading. The intensity of the Rh signal was
attenuated by a factor of ~10 after addition
of 140 A Ce. The same results were ob-
served in spectra from samples treated in
NO (not shown).

We believe that Ce partially covers the
Rh, thus attenuating the signal from bulk Rh
particles and enhancing detectability of any
nonzero-valent surface species formed dur-
ing treatment in NO + CO. However, as-
signment of the shifted Rh peaks as the dis-
persed Rh phase is unclear for several
reasons. First, the signal may be from the
oxidized surface of Rh particles themselves.
Second, the shifted peaks appear in Rh/Ce
samples only and Ce may play a role in their
formation. Recall from Fig. 4 that Rh disap-
pearance was strongly hindered by the pres-
ence of Ce. Finally, the oxidation behavior
of Rh in a moderate temperature NO + CO
mixture will depend on temperature and gas
composition, and additional experiments in
this area may be interesting.
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a) 0,,600°C b) NO + CO, 300°C

F1G. 6. Microstructure of Rh/Ce on SiO, after treatments indicated. Rh particles are dispersed on
the thick Ce island structure by heating in NO. Some Rh is volatilized by heating in NO + CO, as
evidenced by the absence of Rh particles after reduction.



434 KRAUSE AND SCHMIDT
a Rh 3d XPS| 'y [rh3axps] ¢ Rh 3d XPS
Hjy H
5 2
I Hy
Z 600°C
=1
2
E
B Ist Ist
£ NO + CO NO +CO
2z 400°C 400°C
£
2nd
0 +CO 2nd
M NO + CO
400°C
Rh
h
Rh Rh203
Rh,0, Rh0,
305 310 315 305 310 315 305 310 315

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (2V)

Fic. 7. Rh 3d XPS spectra of (a) 20 A Rh, (b) 20 A Rh/50 A Ce. and (¢c) 20 A Rh/140 A Ce on SiOQ,
after treatments indicated.

Ce 3d XPS spectra are shown in Fig. 8.
After heating in H,, Ce is present in a mix-
ture of +3 and +4 valence states. After

heating in NO + CO, the ratio of Ce " */Ce **
increased, indicating oxidation of Ce under

these conditions.

Intensity (arbitrary units)

1

[ Ce 34 xps|

i

Ce 3d XPS

i / ¢

| | I J | ce l p I I | l c

880 890 900 910 920 880 850 900 910 920
Binding Energy (eV) Binding Energy (eV)

F16. 8. Ce 3d XPS spectra of (1) 20 A Rh/50 A Ce and (b) 20 A Rh/140 A Ce on SiO, after treatments

indicated.
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Rh and Rh/Ce on ALO; cles formed after initial H, treatment at
650°C for 10 hr are 100-200 A in diameter

NO + CO. Figure 9 shows the micro- (Fig. 9a). Very little change was observed
structure of Rh on AlLO, before and after after heatingin NO + CO at 300°C for 24 hr
extensive treatments in NO + CO. Rhparti- (Fig. 9b) and at 400°C for 10 additional hr

a) H,,650°C o b) NO + C0O,300°C

T
; %

¢) NO + C0,400°C d) NO + CO, 400°C

FiG. 9. Microstructure of Rh on Al:O; after heating in NO + CO at temperatures indicated. No
changes in microstructure are observed until the final treatment, where several smaller particles
(indicated by arrows) have disappeared.
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(Fig. 9¢). Note that these treatments caused
nearly complete loss of Rh supported on
Si0, (Fig. 1). A few smaller particles, indi-
cated by the arrows in Fig. 9d, have finally
disappeared after heating at 400°C for an-
other 10 hr, but Rh loss does not occur to a
significant extent on alumina.

Rh also does not detectably disappear
from samples with Ce on Al,O,. Figures
10a~10c show the microstructure of the
same Rh/Ce region after heating in H, at
650°C for 10 hr and after heating in NO +
CO at 400°C for 28 hr and 38 additional hr,
respectively. The Ce is present as CeO,
even after heating in H,, as reported pre-
viously (6), and the Rh forms larger particles
than without Ce. Two Rh particies are indi-
cated by arrows in the figures. The smaller
particles are crystalline CeO, which can be
observed on both the Al,O; and on the Rh
particles. Treatment in NO + CO causes
very little change in the Rh particles, but
several of the CeO, particles have disap-
peared and several new ones have formed,
indicating that this treatment causes some
changes in Ce oxidation states as observed
with XPS.

NO only, NO followed by CO. Heating in
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NO did produce significant changes in the
microstructure of both Rh and Rh/Ce on
AlLO;. Figure 11 shows the interface be-
tween Rh only and Rh/Ce regions prepared
on the same grid by shielding the area in the
left side of the figure during the Ce evapora-
tion. This sample has a large Ce loading (Ce/
Rh ~ 3). The sample was prepared from a
single Rh evaporation, deposited before the
Ce, therefore the Rh loadings are identical
in both the Rh and Rh/Ce regions. The inter-
face between no Ce and full Ce loading is
~2000 A wide. The figure shows the micro-
structure after initial heating in H, at 650°C
for 10 hr (Fig. 11a), after heating in NO at
400°C for 40 hr (Fig. 11b), and after heating
in CO at 400°C for 40 more hr (Fig. [lc).
Heating in NO caused the formation of
small (<~30 A) Rh particles from the edges
of the original particles. The particles were
observed in both the Rh and Rh/Ce regions
and are most prevalent near large Rh parti-
cles. A shell, surrounded by a ring of small
particles, is observed around the large Rh
particles, which have decreased in size. The
diameter of the shell and Rh core is the same
as that of the initial Rh particle. The remark-
able changes in microstructure observed

a) H,, 650°C

b) NO + CO, 400°C

©) NO + CO, 400°C

FiG. 10. Microstructure of Rh/Ce on Al O, after heating in NO + CO at temperatures indicated. No
changes in Rh particles, indicated by arrows, were observed, although some changes did occur in the
small CeQ, particles.
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a) H,, 650°C

Rh only interface

437

h/Ce

FiG. 11. Microstructure of Rhand Rh/Ce on ALO; after heating in NO followed by CO at temperatures
indicated. Many small Rh particles formed from the edges of Rh particles in both regions by heating
in NO. These particles disappeared after heating in CO. mostly by sintering back into the larger

particles.

after heating in NO are in strong contrast to
the lack of changes observed after heating
AlLO; supported Rh in NO + CO.
Heating in CO caused the disappearance
of the dispersed Rh particles and the shells
from both regions of the sample. Some of

the Rh appears to have sintered back into
large Rh particles, but many of the particles
are now slightly smaller than after the initial
H. treatment. It is difficult to ascertain
whether any Rh has been volatilized by this
NO — CO cycle.
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Intensity (arbitrary units)

a IRh3dXPS b

Rh
Rh 0 Rh,0,

IRh 3dXPS| c Rh 3d XIS

H,
600°C

Rh,0,

305 310 315 305 310

315 305 310 315

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

FiG. 12. Rh 3d XPS spectra of (a) 20 A Rh, {b) 20 A Rh/50-A Ce, and (c) 20 A Rh/140 A Ce on

ALQO; after treatments indicated.

XPS on ALO;

Rh 3d XPS spectra are shown in Figs.
12a—12¢ for 20 A Rh, 20 A Rh/50-A Ce, and
20 A Rh/140 A Ce on alumina, respectively,

after heating in H, at 600°C for 4 hr and two
successive heatings in NO + CO at 300°C
for 10 hr cach. Only Rh" is observed in the
sample without Ce. In contrast with the re-
sults on SiO., very little evidence of Rh

Intensity (arbitrary units)

a Hy [Ce 3d xPs

H .
b 2 Ce 3d XPS

1 | | l C‘cH

L |

||l |Ill ‘Cc*d

|,
880 890 900 910 920
Binding Energy (eV)

880 890 900 910 920
Binding Energy (e V)

F1G. 13. Ce 3d XPS spectra of (1) 20 A Rh/50 A Ce and (b) 20 A Rh/140 A Ce on ALO; after

treatments indicated.
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oxide formation is observed after Ce addi-
tion, even for the highest Ce loading. The
same results were obtained when samples
were treated in NO alone (spectra not
shown). Ce 3d XPS spectra (Fig. 13) also
show a different effect than on SiO,. Ini-
tially present as mostly Ce**, the Ce is re-
duced to predominantly Ce*? after heating
in NO + CO, indicating that Ce is providing
oxygen storage. This result is interesting
since previous work has shown that CeO,
on ALO; is not reduced by treatment in H,
(6). As discussed previously, the effects of
temperature and gas composition on Rh be-
havior may be an interesting area for further
study.
REACTIVITY

Rh on S5i0,

The activity of 5% Rh/SiO, reduced in H,
at 650°C for 4 hr for reaction of 592 NO + 5%
CO was examined to determine the effect on
reactivity of the dramatic microstructural
changes observed with TEM (Fig. 14a). In-
significant activity was observed below
200°C. NO and CO conversions at 200°C
were 10 and 7%, respectively, and N, selec-
tivity, defined as mol N-/(mole N, + mole
N,O), was about 30%. No changes in reac-
tivity were observed while heating at 200°C
overnight. The temperature was then in-
creased to 300°C for 15 hr, similar to the
TEM treatments, and 1009% conversions and
50% N, selectivity were measured. After
treating the catalyst at 300°C, the tempera-
ture was lowered to 200°C and activity mea-
sured again over a period of ~10 hr. As
shown in Fig. 14a, the activity decreased
by a factor of five compared to the original
activity at 200°C. Thus, treatment at 300°C
in NO + CO caused significant deactivation
of the catalyst, as would be expected from
the TEM results, while N, selectivity re-
mained at ~30%.

Rh on Al,O,

Results from the same experiment using
a freshly calcined 5% Rh/AlLO, catalyst are
shown in Fig. 14b. NO and CO conversions
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F1G. 14. Effects of treatment in NO + CO on reactiv-
ity of Rh on (a) Si0- and (b) AlLO;. Activity was mea-
sured at 200°C. catalysts aged overnight in NO + CO
at 300°C. and activity measured again at 200°C.

were less than 2% at 200°C and increased to
100% at 300°C. N, selectivity was about 20%
at 200°C and increased to 65% at 300°C.
After heating overnight at 300°C, the activ-
ity actually improved slightly, by a factor of
~2, consistent with the lack of Rh disap-
pearance observed with TEM and N, selec-
tivity remained at 20%.

DISCUSSION

The microstructures of Rh on SiO, and
ALO; in NO + CO are summarized sche-
matically in Fig. 15. On SiO,, heating in
NO + CO causes both the dispersion and
volatilization of 100-200 A diameter Rh par-
ticles. Subsequent treatment in H, sinters
any remaining Rh into small particles. The
loss of Rh is a combined effect of heating in
NO + CO: heating in NO disperses the Rh
particles and subsequent heating in CO vola-
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tilizes the dispersed Rh. No change in mi-
crostructure is observed when undispersed
Rh particles are heated in CO only. Preoxi-
dized Rh,0; particles are more susceptible
to volatilization in NO + CO than Rh metal,
suggesting that dispersion of reduced Rh
may involve oxidation as suggested by XPS.
The addition of Ce appears to inhibit Rh loss
by covering the particles; much less Rh is
lost after identical treatments from Rh/Ce
regions on the same grid as Rh only
regions.

We are unable to characterize the dis-
persed Rh phase produced by treatments in
NO and NO + CO, but we speculate that it
involves a highly mobile Rh nitrosyl com-
pound. Observed dispersion in the absence
of CO eliminates the possibility of mixed
Rh-C/N species such as isocyanate or cya-
nide. Rh nitrosyls are known to form on
silica at these temperatures (/3, 15, 16) and
the addition of NO has been shown to
greatly enhance the rate of CO-induced oxi-
dative disruption of small Rh clusters below

100°C (/3). The observation with XPS of Rh
binding energies similar to Rh™* is consis-
tent with this suggestion; carbonyls and ni-
trosyls with formal charges of only + | show
Rh 3ds;, binding energies in the range ex-
pected for Rh,0, (/7). Another possibility is
that Rh=-NO complex present in the dis-
persed phase is transformed to Rh,O, by
exposure to room temperature air.

Volatilization of Rh occurs in CO only,
but only for Rh previously dispersed by NO.
Treatments in NO or treatments of undis-
persed Rh particles in CO do not cause Rh
loss. This strongly suggests that volatiliza-
tion occurs by formation of a carbonyl with
a small number of Rh atoms, possibly
Rh,(CO);; or Rhy(CO),,. These have suffi-
cient stability and vapor pressure to be used
for preparation of Rh catalysts (/8). The
interaction between Rh in the dispersed
phase and the SiO, support is apparently
weak enough to permit volatilization
under these conditions, but probably not on
AlO;.
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Heating in NO + CO has less obvious
effects on the microstructures of Rh and Rh/
Ce on Al,O;; Rh particles are not dispersed
in this mixture as observed on SiO, . Heating
in NO only, however, does disperse Rh par-
ticles into very small (~20-A diameter) par-
ticles which may form from a dispersed film
upon exposure to room temperature air.
This is observed for both Rh only and Rh/
Ce. Heating this dispersed Rh in CO results
primarily in sintering back to larger parti-
cles, although some volatilization may
occur.

Reactivity measurements correlated well
with TEM observations. NO + CO activity
on SiO, decreased by a factor of five when
the catalyst was heated overnight at 300°C,
as would be expected if significant Rh loss
occurred. The decrease in activity is not
as large as TEM observations may suggest
because volatilized Rh can redeposit on
nearby SiO, in the porous supported cata-
lyst powder. On Al,O,, a slight increase in
activity was seen for the same catalyst treat-
ment, consistent with the absence of sig-
nificant volatilization but some dispersion
observed with TEM.

The obvious differences in microstructure
on the two supports suggest differences in
their interactions with Rh and with NO and
CO. Heating in NO only did disperse Rh on
AlLO,, but small particles were observed
instead of the film seen on SiO, after the
same treatment. It may be that a film formed
under NO, but transformed into energeti-
cally favorable small Rh crystals upon expo-
sure to air. These crystals are probably too
large to be volatilized and subsequent heat-
ing in CO simply resulted in sintering back
to larger particles. This explanation does
not, however, account for the lack of change
when Rh on AlLQ, is heated in NO + CO.
We suggest that CO-induced reduction and/
or sintering may be much faster on Al,O,
than on SiO,, thereby inhibiting dispersion
of Rh by NO.

The particles studied in this work are
much larger than the clusters used to study
CO induced disruption by IR described pre-
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viously (/9). We would not be able to ob-
serve 15-20 atom clusters with TEM, and
therefore are unable to directly observe this
phenomenon. However, we can discount
the formation of such clusters as the source
of Rh disappearance since, if they did not
volatilize, they would be expected to easily
sinter into particles upon heating in H,.

SUMMARY

Silica supported Rh is dispersed and vola-
tilized by low temperature treatment in
NO + CO. Treatment in NO alone disperses
Rh particles and subsequent treatment in
CO alone volatilizes the dispersed Rh, al-
though heating in CO alone has no effect on
undispersed Rh. Preoxidation increases Rh
disappearance, but Ce addition hinders Rh
loss. The activity of Rh on SiO, for NO +
CO at 200°C decreased by a factor of 5 after
heating overnight at 300°C, as expected if
Rh is lost from the catalyst.

On alumina, only a few small Rh particles
disappeared even after extensive treatment
in NO + CO, although heating in NO alone
did disperse the Rh into small (~20 A) parti-
cles on the Al,O,. Subsequent treatment in
CO resulted primarily in sintering of the dis-
persed particles. NO + CO activity on alu-
mina actually increased slightly by heating
at 300°C for extended time, consistent with
TEM observations.

It is important to note that these dramatic
changes in microstructure occur under con-
ditions that would be regarded as mild for
a working catalyst. Conventional wisdom
suggests that Rh is not mobile at 300°C and
certainly should not disappear under these
conditions. The application of techniques
sensitive to surface species should be useful
in further characterizing the dispersed and
volatile compounds.
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