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The interactions of NO with Rh/TiO; and TiO,-promoted Rh/SiO, were studied by temperature-
programmed desorption spectroscopy. The room-temperature chemisorption of NO was observed
to decrease with increasing catalyst reduction temperature in a manner similar to that found for H,
and CO. However, the adsorption capacity for NO was always substantially greater than that for
H; or CO. The suppression of NO, CO, and H, chemisorption with increasing catalyst reduction
temperature is attributed to the blockage of Rh adsorption sites by TiO, moicties transferred from
the support. The higher adsorption capacity for NO relative to H, and CO is ascribed to NO
adsorption at anionic defects on portions of TiO; adjacent to Rh particles. NO desorption is
accompanied by decomposition to form N,O and N, the extent of decomposition increasing with
decreasing Rh dispersion. While N,O appears to be formed on the exposed surfaces of Rh particles,

N, formation occurs on both Rh particles and the surface of the support.

INTRODUCTION

The activity of Group VIII metals for the
synthesis of hydrocarbons from CO and H,
has been shown to be significantly higher
when these metals are supported on titania,
rather than on silica or alumina (/-8). A
similar enhancement in activity has also
been reported recently for NO reduction
with either H, or CO (9). In both cases, the
increased activity of the titania-supported
metal has been ascribed to the occurrence
of metal-support interactions. While the
exact nature of these interactions is not yet
fully understood, there is an increasing
body of evidence indicating that the
changes in catalytic properties of small
metal particles are due to a decoration of
their surface by TiO, moieties transferred
from the TiO, support (10-19). These spe-
cies physically block adsorption sites and
may alter the adsorptive properties of the
uncovered metal sites.

A large number of studies have been re-
ported concerning the adsorption of H; and
CO on titania-supported Group VIII metals
(20-23), but relatively little is known about
the interactions of NO with such catalysts.
Recently, Fang and White (24) examined
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NO chemisorption on Pt/TiO, using
infrared spectroscopy and volumetric
chemisorption. They observed that NO
chemisorption is suppressed following
high-temperature reduction of the catalyst.
This phenomenon was attributed to a trans-
fer of electronic charge from the support to
the Pt. In the present study, temperature-
programmed desorption spectroscopy has
been used to investigate the interactions of
NO with Rh/TiO, and TiO;-promoted
Rh/Si0;. These catalysts are of consider-
able interest since they exhibit very high
activity for NO reduction (9, 25). The
results of this study show that while the
chemisorption of NO decreases with cata-
lyst reduction temperature in a manner sim-
ilar to that for H, and CO chemisorption,
the amount of NO adsorbed is always
greater than that of H, or CO. This and
other features of NO adsorption and de-
sorption are attributed to the interactions of
NO with Rh, TiO, moieties covering the Rh
particles, and the TiO, support itself.

EXPERIMENTAL

Catalyst Preparation
The supported catalysts were prepared
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using RhCl; - 3H,0 (Aldrich Chemicals) as
the metal precursor. The support materials
used were Cab-0O-Sil HS-5 Silica (BET sur-
face area, 300 m?/g) and Degussa P25 titania
(BET surface area, 50 m?/g). Samples of ap-
proximately 4 wi% Rh were prepared by
incipient wetness impregnation of the sup-
port with a solution of RhCl; dissolved in
deionized water. In addition, a sample of
0.5% Rh/TiO, was prepared by ion ex-
change using the method of Resasco and
Haller (26). Following introduction of
RhCl;, each sample was dried overnight in
a vacuum oven at 338 K, and calcined in a
21% 0O,/He mixture at 773 K for 1 h.

A TiO,-promoted Rh/SiO, sample was
prepared in the following manner. A 4 wt%
Rh/SiO; catalyst, prepared by impregnation
of SiO, with a solution of RhCl;, was dried
but not calcined. This material was then im-
pregnated with Ti(OCHs), (Alfa Chemicals)
dissolved in 1 N HCI, by dropwise addition
to the point of incipient wetness. The
amount of Ti(OCH,), added corresponded
to a Ti weight loading of 5%. A sample of
TiO,-promoted Rh black was prepared in a
similar manner. The amount of Ti(OCHj3),
added to the Rh black (Aldrich Chemicals,
99.99% Rh), corresponded to a Ti weight
loading of 1%. Both samples were dried
overnight in a vacuum oven at 338 K, and
then calcined in a 21% O,/He mixture for 1
h. The TiO,-promoted Rh black sample was
calcined at 573 K and the TiO;-promoted
Rb/Si0, sample was calcined at 773 K.

Table 1 lists the Rh content and disper-
sion of Rh for all of the samples. The Rh
weight loading of each sample was deter-

TABLE 1
Metal Content and Dispersion of Supported-Rh
Catalysts
Catalyst % Rh Dispersion
Rb/SiO, 4.60 0.55
RWTiO, 4.33 0.26
RW/TiO, 0.51 0.55
TiO,-Promoted Rh/SiO, 4.70 0.25
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mined by X-ray fluorescence. The Rh dis-
persion was measured by volumetric che-
misorption of H, at room temperature on
samples which were reduced overnight at
573 K.

Temperature-Programmed Desorption,
Reduction, and Oxidation

The interaction of nitric oxide with the
Rh catalysts was studied by temperature-
programmed desorption. The apparatus
used for these experiments has been de-
scribed previously (27). A 30-mg sample of
the catalyst was placed in a quartz micro-
reactor and reduced in H, for at least 2 h at
a temperature in the range of 523-773 K.
The catalyst was then evacuated and
ramped under vacuum to 823 K, to remove
any adsorbed hydrogen. The sample was
subsequently cooled under vacuum to room
temperature. The microreactor was repres-
surized with helium, and NO was pulsed
to the reactor to achieve saturation cover-
age. The catalyst was then ramped to 823 K
at a linear heating rate of 1 K/s in a helium
stream flowing at 50 cm?/min. This proce-
dure was repeated for successively higher
reduction temperatures, and from the mea-
sured amount of NO, N;O, and N, de-
sorbed, the initial coverage of the adsorbate
was determined as a function of catalyst re-
duction temperature. The above procedure
was followed on all of the samples with the
exception of the Rh black powder and the
TiO-promoted Rh black powder. Due to
concern that the unsupported metal pow-
ders would sinter if evacuated to 823 K, the
powders were evacuated at the sample re-
duction temperature and then cooled under
vacuum to room temperature.

Temperature-programmed reduction was
performed on the samples after calcination
in a 21% O,/He mixture at 623 K for 2 h.
The sample was cooled to room tempera-
ture and a mixture of 1000 ppm H,/He was
flowed through the reactor at 50 cm®/min.
The sample was then ramped to 823 K at a
linear heating rate of 1 K/s and the rate of
H, consumption was monitored.
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FiG. 1. NO TPD spectrum for 4.6% Rh/SiO, after
reduction at 573 K.

Temperature-programmed oxidation was
performed on the samples after reduction in
H, at 573 K overnight. The sample was
cooled to room temperature and a mixture
of 1000 ppm O,/He was flowed through the
reactor at 50 cm’/min. The sample was then
ramped to 823 K at a linear heating rate of 1
K/s and the rate of O, consumption was
monitored.
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Fi1G. 2. NO TPD spectra for TiO, support reduced at
523 K (a), 773 K (b), and 1073 K (c).
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RESULTS

4.6% Rh/SiO, Catalyst

The NO desorption spectrum for the Rh/
SiO, catalyst reduced at 573 K is shown in
Fig. 1. The appearance of N,O and N, in
addition to NO, is indicative of NO decom-
position. Single peaks are observed for NO
and N,O, centered at 425 and 475 K, re-
spectively. The spectrum for N, is com-
prised of two components, a narrow peak at
475 K and a broad peak centered at 550 K.
The initial coverage of NO was determined
from the total quantity of nitrogen contain-
ing products desorbed and corresponds to
60 = 0.61.

TiO, Support

TPD spectra taken after reduction of the
TiO, support at 523, 773, and 1073 K are
shown in Fig. 2. The spectrum obtained fol-
lowing reduction at 523 K shows (Fig. 2a)
peaks for both NO and N,O. The presence
of N,0 is indicative of NO disproportiona-
tion. Two broad peaks are observed for
NO, centered at 425 and 675 K. N,O forma-
tion reaches a maximum rate of 660 K, but
a small N,O peak centered at 333 K is also
apparent. When the support reduction tem-
perature is increased from 523 to 773 K
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FiG. 3. Effect of catalyst reduction temperature on
the adsorption capacity of H,, CO and NO for 0.5%
RW/TiO,.
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FiG. 4. NO TPD spectrum for 0.5% RW/TiO, after
reduction at 573 K.

(Fig. 2b), the amount of NO adsorbed de-
creases from 1.73 x 1075 to 3.24 x 10~¢
mol/g. The TPD spectrum is also altered by
reduction at 773 K. As seen in Fig. 2c,
nearly equivalent peaks for NO, N,0, and
N, are now observed near 353 K. A smaller
N,O peak still appears though at 575 K.
Raising the reduction temperature to 1073
K reduces the uptake of NO to 2.05 x 10~
mol/g. In this case, the TPD spectrum
shows no evidence for desorbed NO, and
N>O and N; are the only nitrogen-contain-
ing products observed. The temperatures at
maximum rate of N,O and N, formation are
353 and 385 K, respectively.

0.5% Rh/TiO, Catalyst

The total uptake of NO on 0.5% Rh/TiO,
was determined by integration of the spec-
tra for nitrogen-containing products pro-
duced during temperature-programmed de-
sorption. The results are shown in Fig. 3, as
a function of catalyst reduction tempera-
ture. The dashed curve represents a correc-
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FiG. 5. NO TPD spectrum for 0.5% RWTiO, after
reduction at 673 K.
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FiG. 6. NO TPD spectrum for 0.5% Rh/TiO, after
reduction at 723 K.

tion of the total NO uptake to account for
NO adsorbed on the support itself. Curves
for the uptakes of H, and CO, reported pre-
viously (I1), are also shown for compari-
son. It is immediately evident that while the
uptakes of NO, CO, and H; all decrease in a
similar manner with increasing catalyst re-
duction temperature, the uptake of NO is
substantially greater than that of CO and H,
in all cases. This distinctive feature of NO
chemisorption is evident most clearly for
reduction at 773 K, at which point H, and
CO chemisorption are completely sup-
pressed but 0.55 of a Rh monolayer of NO
is still chemisorbed.

TPD spectra taken after reduction of the
0.5% Rh/TiO, sample at 573, 673, 723, and
773 K are shown in Figs. 4 through 7. Peaks
for NO, N,O, and N, are observed in each
of these figures. For reduction at 573 K, two
NO peaks are seen, centered at 353 and 458
K. The N,O spectrum shows a small peak
at 353 and a large peak at 493 K, which has
a tail extending to higher temperatures. The
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Fi16. 7. NO TPD spectrum for 0.5% RWTiO, after
reduction at 773 K.
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N; spectrum exhibits two small peaks at 353
and 823 K, a medium-sized peak at 493 K,
and a large, broad peak at 633 K. As the
catalyst reduction temperature is in-
creased, the two NO peaks coalesce, the
N,O peak at 493 K diminishes while that at
353 K grows, and the center of mass of the
N, spectrum shifts to higher temperatures.
The recovery of NO adsorption capacity
was also examined. After reduction of the
catalyst at 773 K, it was stored in a dessica-
tor at room temperature for over a month.
The sample was then reduced at 523 K. The
TPD spectrum for adsorbed NO is shown in
Fig. 8. The positions, shapes, and relative
intensities of all of the features seen in Fig.
8 bear much more resemblance to those
shown in Fig. 4, than to those in Fig. 7. It is
also evident from the tabulated data that
the NO adsorption capacity of the high-
temperature reduced sample was partially
restored by long-term exposure to air.

4.3% RAhTiO; Catalyst

The desorption of NO from the 4.3% Rh/
TiO, catalyst was studied as a function of
catalyst pretreatment. This sample was not
reduced at successively higher reduction
temperatures, but instead was cycled from
high-temperature to low-temperature re-
duction with intermediate calcination at 773
K. The purpose of this procedure was to
determine if calcination of the catalyst
would cause it to regain its initial capacity
for NO adsorption. Table 2 summarizes the
results as a function of catalyst pretreat-
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FiG. 8. NO TPD spectrum for 0.5% Rh/TiO, initially
reduced at 773 K, exposed to air at room temperature
for one month, and then reduced at 523 K.

TABLE 2
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Effect of Pretreatment on NO Adsorption Capacity
for 4.3% Rh/TiO,

Pretreatment BRo
Reduced at 573 K 1.15
Reduced at 673 K 0.45
Calcined at 773 K (1 h) and reduced at 623 K 0.48
Calcined at 773 K (1 h) and reduced at 573 K 0.74

ment. It is evident that after high-tempera-
ture reduction, pretreatment of the catalyst
by high-temperature calcination and subse-
quent reduction at low temperature only
partially restores the NO chemisorption ca-
pacity. The NO desorption spectra for the
4.3% RhW/TiO; catalyst taken after reduction
at 573 and 673 K are shown in Figs. 9 and
10, respectively. The N, peak tails out to
higher temperatures and the N,O peak de-
sorption is shifted to lower temperatures
when the reduction temperature is raised
from 573 to 673 K. This is the same trend
that was observed for the 0.5% Rh/TiO, cat-
alyst.

TiOy-Promoted 4.7% Rh/SiO, Catalyst

The NO adsorption capacity for the TiO,-
promoted 4.7% Rh/SiO, catalyst is shown
in Fig. 11 as a function of catalyst reduction
temperature. The uptakes of H; and CO re-
ported previously (/1) are also shown. The
change in adsorptive capacity with reduc-
tion temperature for this catalyst is very
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FiG. 9. NO TPD spectrum for 4.3% Rh/TiO, after
reduction at 573 K.
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Fi1G. 10. NO TPD spectrum for 4.3% Rh/TiO, after
reduction at 673 K.

similar to that seen in Fig. 3 for 0.5% Rh/
TiO,. Here again, the capacity for NO ad-
sorption decreases with increasing reduc-
tion temperature, but is always larger than
the adsorption capacity for CO or H,.

Figure 12 shows the NO TPD spectrum
for the TiO,-promoted 4.7% Rh/SiO, cata-
lyst after reduction at 523 K. Most of the
adsorbed NO desorbs as N, in two overlap-
ping peaks centered at 498 and 548 K. Small
peaks for NO and N,O are also seen at 423
and 483 K, respectively. As the catalyst re-
duction temperature increases, the peaks
for NO and N,O disappear completely, and
the N, spectrum extends out to higher and
higher temperatures. These trends are
clearly seen in Fig. 13.
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Fi1G. 11. Effect of catalyst reduction temperature on
the adsorption capacity of H,, CO, and NO for TiO,-
promoted 4.7% Rh/SiO,.
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Fi16. 12. NO TPD spectrum for TiO,-promoted 4.7%
Rh/SiO, after reduction at 523 K.

Rh Black and TiO,-Promoted Rh Black

The interactions of NO with Rh black
and TiO,-promoted Rh black were also in-
vestigated. TPD spectra taken following ad-
sorption of NO are shown in Fig. 14. In
contrast to the supported-Rh catalysts, N,
is the only product observed. For Rh black,
the N; peak is at 453 K but is shifted to 753
K for TiO,-promoted Rh black. The amount
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Fi1G. 13. NO TPD spectra for TiO,-promoted 4.7%
Rh/Si0, after reduction at 573 K (A), 623 K (B), 673 K
(C), and 773 K (D).
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F1G. 14. NO TPD spectra for Rh black (A) and TiO,-
promoted Rh black (B) after reduction at 523 K.

1000

of NO adsorbed on Rh black is 2.54 x 10-¢
and 9.57 x 1077 mol/g for TiO,-promoted
Rh black. Since both samples were reduced
at the same temperature, 523 K, the ob-
served differences in N, peak position are
directly due to the influence of TiO, on the
Rh-black particles.

Temperature-Programmed Reduction and
Oxidation

Temperature-programmed reduction of
the TiO, support showed no evidence for
H, uptake over the entire temperature
range. Temperature-programmed oxidation
was performed on the TiO, support after
reduction in H; overnight at 523 K. Oxygen
consumption was noticeable starting at 473
K and continued up to 823 K. Since it was
suspected that this oxygen uptake might be
due to oxygen deficiencies in the TiO; lat-
tice, temperature-programmed oxidation
was performed on an untreated TiO, sam-
ple. Oxidation was observed starting at 473
K and continued up to 823 K; the support
consumed 1.5 X 1075 mol Oy/g TiO, (1.2 X
1073 mol O,/mol TiO,). It should be noted
that O, consumption was measured only up
to 823 K. O, was still being consumed at
this temperature. These results indicate
that the untreated TiO, support is not fuily
oxidized.

Figure 15 shows the results for tempera-
ture-programmed reduction of the 4.6% Rh/
SiO, sample and the 0.5% Rh/TiO, sample.
A single sharp H, consumption peak is seen
at 373 K for the Rh/SiO, sample. Prior to
temperature-programmed reduction of the
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Rh/SiO, catalyst, the sample was calcined
in a 21% O,/He mixture for 2 h at 623 K.
Under these conditions, all of the rhodium
should be converted to rhodium oxide. If it
is assumed that because of the rapid heat-
ing rate (1 K/s) during temperature-pro-
grammed reduction only the surface of the
oxide particles are reduced and that an H
atom remains adsorbed on each surface Rh
atom, the following stoichiometry will be
obeyed:

Rh203 + 4H2 — 2Rh—H + 3H30

Thus the H, consumption should be 2H; per
Rh surface site. The sample used for the
temperature-programmed reduction experi-
ment contains 7.28 X 107% mol of surface
Rh sites. So theoretically, the H, consump-
tion should be 1.46 X 1075 mol H.. The
experimentally measured H, consumption
was 1.48 X 107 mol H,. The excellent
agreement between these latter two figures
indicates that the sharp H, consumption
peak corresponds to reduction of surface
rhodium oxide to rhodium metal. A sharp
H, consumption peak is also observed for
the Rh/TiO, sample, this time at 393 K.
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FiG. 15. H; consumption during TPR of calcined
4.6% Rh/Si0, and 0.5% RW/TiO,.
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However, in addition, there is a broad H,
consumption peak starting at 473 K and
centered at about 673 K. Assuming that the
first low-temperature peak corresponds to
reduction of surface rhodium oxide, the
theoretical H, consumption should be 8.34
x 1076 mol H,. The measured H, consump-
tion is 7.37 x 107® mol H,, in reasonable
agreement with that predicted. The broad,
high-temperature H; consumption peak,
not observed for the Rh/SiO; catalyst, is as-
sumed to be due to reduction of the TiO,
support. This peak corresponds to a H;
consumption of 0.84 equivalents of a Rh
monolayer. It should be noted that there
was no H, consumption for temperature-
programmed reduction of the TiO, support
by itself, so it appears that the presence of
the Rh metal is essential for reduction of
the TiO; support. In this connection, it is
important to recognize that the transmis-
sion electron microscopy studies, selected-
area electron diffraction and X-ray diffrac-
tion have confirmed that the support of a
Rh/TiO, catalyst does not undergo bulk re-
duction for temperatures up to 1073 K (11).
Thus, it appears that the role of the Rh
metal particles is to produce a source of H,
which can then reduce TiO, in the vicinity
of the metal particles, thereby forming TiO,
species.

Temperature-programmed oxidation of
the Rh/SiO, sample showed no oxygen
consumption over the entire temperature
range, but it was noticed that the oxygen
signal dropped considerably when a 1000
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FiG. 16. O, consumption during TPO of reduced
0.5% Rh/TiO,.
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F1G. 17. H, consumption during TPR for 4.3% Rh/
TiO, following NO TPD.

ppm O,/He mixture was flowed over the re-
duced catalyst at room temperature. It is
assumed that the reduced metal takes up a
monolayer of oxygen at room temperature
and that there is no further oxidation. In
contrast, the temperature-programmed oxi-
dation of the 0.5% Rh/TiO, sample showed
O, consumpfion at room temperature as
well as during the ramp in 21% O,/He. Fig-
ure 16 shows the resulting O, consumption
spectrum. There is a broad peak centered at
623 K and O, is still being consumed even at
823 K. The measured O, consumption was
1.56 x 107° mol Oy/g catalyst. This corre-
sponds closely to the O, uptake of the TiO,
support in the absence of Rh.

Temperature-programmed reduction ex-
periments were also used to verify that oxy-
gen released during the temperature-pro-
grammed desorption of nitric oxide from a
Rh/TiO, catalyst is taken up by partially re-
duced titania. Figure 17 shows the results
for temperature-programmed reduction of
the 4.3% RWTiO, catalyst following a NO
TPD experiment. A large H, consumption
peak is observed at room temperature,
which is attributed to the reduction of O
atoms on the Rh metal at room temperature.
In addition, as shown in Fig. 17, a broad H,
consumption peak is evident starting at 473
K. The area under this peak corresponds to
0.75 equivalents of a Rh monolayer. The
results of temperature-programmed reduc-
tion experiments on prereduced Rh/TiO,
have shown that there is no further reduc-
tion, thus it is concluded that the peak ob-
served in Fig. 17 is due to the reduction of
titania which was oxidized during the NO
TPD process.
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DISCUSSION

Unsupported Rh

The interactions of NO with unsupported
Rh have been investigated previously by a
number of authors (28-35). The results ob-
tained with polycrystalline samples and
with various single crystal surfaces are
qualitatively similar. For low coverages
(6no < 0.5), NO adsorbs dissociatively and
the only product observed in the TPD spec-
tra is N,. At higher NO coverages, a small
amount of NO is observed to desorb prior
to the formation of N,. The N, signal is
composed of two overlapping peaks. It has
been proposed that the low-temperature
peak is due to the process N, + NO, — N,
+ 0, + S, whereas the high-temperature
peak is due to the process 2N, — N, + 28.
With the exception of Castner and Somorjai
(29), none of the authors working with un-
supported Rh have reported the formation
of N,O. Castner and Somorjai (29) ob-
served the appearance of a small amount of
N,O in studies carried out with Rh (331)
and Rh(S) — [6(111) X (100)] surfaces. It
was proposed that N>O might form via re-
actions such as 2NO, — N0 + O, + S and
N. + NO, = N,O + 28.

The shape of the N, spectrum for Rh
black presented in Fig. 14 is quite similar to
that reported by Campbell and White (34)
for polycrystalline Rh foil. The absence
of NO or N,O during temperature-pro-
grammed desorption suggests that the dis-
sociation of NO on Rh black is very effi-
cient.

RA/SiO;

The TPD spectrum for 4.6% Rh/SiO, pre-
sented in Fig. 1 is similar to that reported
by Chin and Bell (36) for a 5% Rh/SiO, cat-
alyst. The principal difference is that Chin
and Bell (36) observed a higher proportion
of the adsorbed NO (~85%) decomposed to
N, upon elevation of the catalyst tempera-
ture. This difference can be ascribed to the
much lower Rh dispersion (16.4%) of the
catalyst used by Chin and Bell compared to
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that used in the present studies (55%). As
will be discussed below for Rh/TiO,, the
fraction of adsorbed NO decomposing to N,
increases with decreasing dispersion. Fur-
ther supporting this conclusion is the obser-
vation that on Rh black, which has a disper-
sion of 0.35%, all of the adsorbed NO
decomposes to Ns.

In their study, Chin and Bell (36) demon-
strated that the TPD spectrum for NO de-
sorption and decomposition can be inter-
preted using the following reaction
sequence:

(1) NO,2 NO + S

2) NO, + S—= N, + 0,

(3) NO, + N, — N,O + 2§

4 NO,+ N,—» N, + 0, +8

(5) 2Na— N; + 28
Rate parameters for each elementary steps
were determined by fitting simulated TPD
spectra to those observed experimentally.

Structure and Composition of Rh/TiO,
and TiO»-Promoted Rh/SiO,

The physical and chemical characteris-
tics of titania-supported Group VIII metals
have been studied extensively with the aim
of explaining what causes the suppression
of H, and CO chemisorption following high-
temperature reduction of such catalysts
(10-19, 22, 37-40). The most convincing
interpretation is that derived from AES ob-
servations which suggests that the loss of
chemisorption capacity is due to the deco-
ration of the supported-metal crystallites by
TiO, moieties. These species modify the
metal surface not only by physical blockage
but also through a change of the electronic
properties of metal atoms near the TiO,
moieties (10—19).

Recent electron microscopy studies of
RW/TiO, and TiOz-promoted Rh/SiO;, re-
ported by Singh et al. (I1), lend further
support to the decoration model. Regions
of amorphous titania were observed at the
periphery of Rh particles supported on
TiO,, following high-temperature reduc-
tion. Likewise, micrographs of TiO,-pro-
moted Rh/SiO, showed evidence of crystal-



146

line TiO, platelets after such catalysts were
reduced at 773 K. Platelet formation ap-
peared to be nucleated by the Rh particles
and did not occur in the absence of the
metal. Defocussing experiments confirmed
that the TiO, platelets were situated on top
of the Rh particles. Based on these obser-
vations it was concluded that the suppres-
sion of H, and CO chemisorption for Rh/
TiO, and TiO,-promoted Rh/SiO, is due to
the deposition of an amorphous layer of
TiO, over the particles, which upon heating
in H, is converted to crystalline TiO,.
While studies by Baker and coworkers
(10, 37-40) have indicated that TiO, under-
goes partial reduction to TisO; in the pres-
ence of supported Group VIII metals, se-
lected-area electron diffraction and X-ray
diffraction of the catalysts used in this
study showed no evidence for such trans-
formations (/7). In fact, the only changes
seen were a gradual conversion of anatase
to rutile when the reduction temperature
was 1073 K. The TPR spectra presented in
Fig. 15 show, however, that a portion of the
support does lose oxygen upon reduction
above 500 K. Since no loss of oxygen was
observed from TiO,, it is concluded that Rh
is required to promote the reduction of
TiO,, in agreement with previous studies
(37, 41—44). The portion of the TiO; under-
going reduction cannot be defined unam-
biguously. We propose, however, that it is
the TiO, moieties covering the Rh particles
or portions of TiO, adjacent to the Rh parti-
cles. Elevation of the reduction tempera-
ture, thus, appears to have two effects—
one is to increase the coverage of Rh
particles by TiO, and the second is to in-
crease the extent of reduction of the TiO,
species in the proximity of the Rh particles.

NO Adsorption on TiO,

The TPD spectra in Fig. 2 clearly demon-
strate that NO will adsorb to a small degree
on TiO, in the absence of Rh. The influence
of TiO, reduction temperature on the distri-
bution of products formed during desorp-
tion provides indirect evidence of a change
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in the composition of the support surface,
even though no bulk reduction occurs (I1).

When the TiO, is reduced at 773 and 1073
K, the desorption of N,O and N, occurs at
much lower temperatures than when the
support is reduced at 523 K. It is also evi-
dent that the fraction of adsorbed NO
appearing as N,O and N, increases with
increasing reduction temperature. These
observations suggest that a small amount of
the TiO, surface does undergo reduction in
H; even in the absence of Rh, and that dis-
sociative adsorption of NO can occur at
these partially reduced centers.

NO Adsorption on Rhi/TiO, and
TiO,-Promoted Rh/SiO,

The data presented in Figs. 3 and 11 dem-
onstrate that the room-temperature chemi-
sorption of NO on 0.5% Rh/TiO, and TiO»-
promoted 4.7% Rh/SiO, decreases as the
catalyst reduction temperature increases.
However, the amount of NO adsorbed al-
ways exceeds the amount of H, or CO
chemisorbed by a fixed quantity. This pat-
tern can be explained by assuming that NO
adsorbs both on the exposed portions of Rh
crystallites (i.e., those not covered by TiO,)
and on partially reduced titania present in
the vicinity of the Rh particles. Since the
amount of NO absorbed in excess of CO or
H, is greater for the 0.5% Rh/TiO, catalyst
than the TiO,-promoted 4.7% Rh/Si0, cata-
lyst, the concentration of reduced titania
must be greater for the former catalyst. It
should also be noted that NO adsorption on
the TiO, moieties covering the Rh particles
does not appear to occur, for if it did, the
extent of decrease in NO adsorption with
reduction temperature would not be as
large as that seen in Figs. 3 and 11.

The interactions of NO with silica- and
titania-supported Rh are quite different.
For example, while the 4.6% Rh/SiO, and
the 0.5% Rh/TiO, samples have the same
dispersion, the fraction of nitrogen contain-
ing species desorbed as NO, following re-
duction at 573 K, is much larger for the
titania-supported catalyst. The position and
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shapes of the N, spectra are also different
for the two catalysts. For 0.5% Rh/TiO,,
and N, spectrum exhibits large peaks at 493
and 633 K and smaller peaks at 353 and 823
K. The N, spectrum for 4.6% Rh/SiO; has a
large peak at 475 K which overlaps a broad
peak centered at about 550 K. The absence
of N, peaks above 573 in the spectra for Rh
black and Rh/SiO, reported here, strongly
suggests that the N, peaks appearing at 633
and 823 K in the spectrum of 0.5% Rh/TiO,
are due to the desorption of nitrogen atoms
attached to Ti ions rather than Rh atoms.
Moreover, it is conceivable that the 633 K
peak may be associated with Ti ions in con-
tact with Rh surface atoms and the 823 K
peak, with Ti ions not in contact with Rh
surface atoms. The attribution of these two
high-temperature peaks to nitrogen atom
adsorption on Ti ions is supported by the
shift in the N, peak for Rh black from 453 to
753 K when the sample is promoted with
TiO, (see Fig. 14). By contrast to what is
observed for N;, the spectra for N,O pro-
duced over 4.6% Rh/SiO; and 0.5% Rh/
TiO, are remarkably similar in position and
shape. This suggests that most of the N,O is
produced on the Rh particles for both cata-
lysts.

Figures 4-7 demonstrate that the spectra
of nitrogen-containing products observed
for 0.5% Rh/TiO; change substantially as
the catalyst reduction temperature in-
creases. For a reduction temperature of 573
K, the NO spectrum is made up of two
overlapping peaks centered at 353 and 458
K. With increasing reduction temperature,
the intensity of the second peak diminishes
somewhat, while that of the first remains
nearly constant. Inspection of Figs. 1 and 2
suggests that the peak at 458 K in Fig. 4 is
attributable, at least in part, to NO desorb-
ing from Rh particles, whereas the peak at
353 K is due primarily to NO desorption
from the TiO, support. The decrease in in-
tensity of the peak at 458 K with increasing
reduction temperature can then be ascribed
to a progressive increase in the fraction of
Rh particles covered by TiO, moieties.
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The N,O spectrum seen in Fig. 4 has a
small peak at about 353 K and a large, well-
defined peak at 493 K. As the reduction
temperature increases, the high-tempera-
ture feature rapidly disappears, whereas
the low-temperature feature grows. This is
particularly evident for reduction tempera-
tures above 700 K. The coincidence of the
N-,0 and NO peaks near 353-373 K, follow-
ing high-temperature reduction of 0.5% Rh/
TiO, is similar to that observed in the spec-
tra of TiO; (Fig. 2) suggesting that the N,O
peak at 353 K is due to N,O formation on
the partially reduced support. As noted
above, the similarity of the positions and
shapes of the N,O peak seen at 475-493 K
in the spectra of 4.6% Rh/SiO; and 0.5%
Rh/TiO; indicates that this feature arises
from the process N, + NO, — N,O + 2S
occurring on the surface of Rh particles.
The decrease in intensity of the N,O peak
with increasing reduction temperature ob-
served in the spectra for 0.5% Rh/TiO; is
ascribed to the progressive coverage of the
Rh particles by TiO,.

Two principal changes occur in the N,
spectrum with increasing reduction temper-
ature. The peak at 573 K decreases, while
that at 823 K increases in intensity. As dis-
cussed earlier, the first of these peaks is
attributed to N, formation involving species
adsorbed on the Rh particles, whereas the
second peak is attributed to N, formation
involving N atoms attached to Ti cations.
The absence of the 823 K peak from the
spectrum observed for reduced TiO, (Fig.
2) suggests that the Ti cations may be those
associated with TiO, moieties covering the
Rh particles. Such an interpretation would
be consistent with the change in relative in-
tensity of the peaks at 573 and 823 K with
increasing reduction temperature.

The spectra of nitrogen-containing prod-
ucts observed for 4.3% Rh/TiO; are qualita-
tively similar to those observed for 0.5%
Rh/TiO,. The primary difference is that a
smaller fraction of the initially adsorbed
NO is released as NO. This would suggest
that more of the NO dissociates upon ad-
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sorption on 4.3% Rh/TiO, than on 0.5% Rh/
TiO,. The most plausible interpretation is
that the extent of NO dissociation increases
with decreasing Rh dispersion. As shown in
Table 1, the dispersion of 0.5% Rh/TiO; is
55%, while that for 4.3% Rh/T10, is 26%.

The spectra obtained for TiO,-promoted
4.7% Rh/SiO, very closely resemble the
spectra for 4.3% Rh/TiO, but differ signifi-
cantly from those for 4.6% Rh/SiO,. This
gives strong evidence of the influence of
TiO, moieties interacting with Rh on the
adsorption/desorption behavior of NO. The
low proportion of nitrogen-containing prod-
ucts appearing as NO or N,O again sug-
gests that a substantial portion of the NO
adsorbed initially is dissociated. This inter-
pretation is supported by the prominence of
the N, peak at 548 K relative to that at 498
K. As discussed earlier, the first of these
peaks is due to 2N, — N, + 2S, whereas the
latter is due to N, + NO, —» N, + O, + S.
Once again, the change in the shape of the
N, spectrum with increasing catalyst reduc-
tion temperature can be attributed to a pro-
gressive decoration of the Rh particles by
TiO,.

The suppression of NO chemisorption
following high-temperature reduction of
RW/TiO, catalysts can be partially restored
by oxidation of the catalyst (see Table 2).
Moreover, comparison of Figs. 4 and 8§
demonstrates that room-temperature oxida-
tion of Rh/Ti0O, after reduction at 773 K
results in a restoration of the TPD spectrum
observed upon reduction at 573 K. The
mechanism by which the adsorption capac-
ity is partially restored via oxidation has
not yet been established. One possibility is
that upon raising the oxygen content of the
TiO, moieties covering the Rh particles,
these structures no longer wet the Rh parti-
cles as effectively. Contraction of the TiO,
moieties or their migration back to the sup-
port would result in a large fraction of the
metal surface being exposed.

CONCLUSIONS
The results of the present study demon-
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strate that NO chemisorption is suppressed
with increasing catalyst reduction tempera-
ture for Rh/TiO, and TiO,-promoted Rh/
SiO,. While this trend is similar to that ob-
served for H, and CO chemisorption, the
amount of NO adsorbed is significantly
larger than the amount of H, or CO ad-
sorbed. The suppression of NO chemisorp-
tion with increasing reduction temperature
is believed to result from physical blockage
of rhodium surface sites by TiO, moieties
transferred from the support. Such struc-
tures also block the chemisorption of CO
and H,. The higher adsorption capacity for
NO relative to CO and H; is ascribed to NO
adsorption on partially reduced sites
present on portions of titania immediately
adjacent to rhodium crystallites. These ad-
sorption sites are formed by spillover of
atomic hydrogen from rhodium crystallites
onto the support and subsequent reduction
of a portion of the support surface.
Desorption of NO from Rh/TiO, and
TiO,-promoted Rh/SiO; is accompanied by
decomposition to form N,O and N,. The
extent of decomposition increases with de-
creasing Rh dispersion. While N,O appears
to be formed primarily on the exposed sur-
faces of rhodium particles, N, formation
takes place on both the rhodium particles
and the support. The latter process is be-
lieved to involve the recombination of ni-
trogen atoms bound to titanium ions.
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