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The oxidation of CO by oxygen over two alumina-supported Pt—Rh catalysts has been studied
using FTIR and an in situ flow reactor cell. The catalysts we,¢ tested under light-off conditions
(300-573 K) over a wide range of O,:CO ratios (0.25-35:1). Invariance in the linear carbonyl
stretching frequency during reaction was used as an indicator of the presence of ensembles contain-
ing only platinum atoms. Catalysts which were heated in CO at 573 K and rereduced prior to
reaction showed an improvement in performance as a result of the formation of particulate rhodium
at the expense of the inactive gem-dicarbonyl centres. This agglomeration of the dispersed rhodium
phase was responsible for the incorporation of rhodium atoms into Pt or Pt—Rh particles. This led
to the elimination of platinum only ensembles and subsequently to the formation of mixed CO/O
adlayers during the reaction over catalyst prepared by coimpregnation of the metal salts. Ensem-
bles containing only platinum atoms existed after these treatments for catalyst prepared by sequen-

tial impregnation of salts.

INTRODUCTION

Current three-way catalysts for pollutant
gas emission control from automobile ex-
haust systems utilise both platinum and
rhodium dispersed on an alumina washcoat
(/). Platinum is the main component for CO
oxidation, although rhodium is known to
contribute to the overall catalysts perfor-
mance especially during the warm-up pe-
riod (/). Although the CO/O; reaction over
the individual components has been exten-
sively studied by infrared spectroscopy (2
10), less attention has been given to the bi-
metallic catalyst system (//, {2). This is
surprising given reports that certain combi-
nations of these metals may exhibit im-
proved activity relative to the individual
metals or to physical mixtures of the com-
ponents (/3, 14). There is evidence for the
formation of bimetallic Pt—Rh particles in
fresh and engine-aged catalysts (/3, 15, 16)
which may be influential in determining the
overall catalytic activity. For example, it is
known that CO oxidation over platinum oc-
curs at the boundary between CO and O
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islands. As the heats of adsorption of O, on
platinum and rhodium are significantly dif-
ferent, preferential adsorption of the reac-
tant molecules may occur. If bimetallic par-
ticles contain a homogeneous mixture of Pt
and Rh sites then this may result in easier
mixing of the CO and O on the alloy surface
with a possible faster reaction at lower tem-
peratures (/7). In the present paper the
state of adsorbed CO and the rate of forma-
tion of CO, have been measured simulta-
neously during conditions similar to those
during catalyst light-off in an attempt to re-
late catalytic activity of Pt—Rh/Al,Oy cata-
lysts to particle morphology and arrange-
ment of component metals on the catalyst
surface.

METHODS

Platinum-rhodium catalyst [Pt—Rh(sim)]
(0.5 wt% in each metal) was prepared by
single-stage impregnation, which involved
aqueous slurries of H,PtCly and Rh(NO),
with Degussa C y-AlO;. Sequentially im-
pregnated [Pt—Rh(step)] catalyst (0.5 wt%
in each metal) was prepared by a two-stage
impregnation sequence, which involved ad-
dition of Rh(NO3); solution to a Pt/AlLO;
sample which had been precalcined in oxy-
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gen at 673 K. Samples were dried in air at
383 K and stored in vials in an evacuated
desiccator until required. Catalyst samples
for infrared spectroscopy were presented in
the form of self-supporting discs (25 mm
diameter, ca. 100 mg) formed by compress-
ing the impregnated alumina between two
polished stainless-steel dies (50 MN m2).
Samples were placed in a standard glass
vacuum apparatus and heated in a flow of
oxygen (60 cm® min~') for 1 h at 673 K be-
fore evacuation at the same temperature for
15 min and then cooling to ambient temper-
ature under dynamic vacuum. Samples
were subsequently transferred to a high-
temperature stainless-steel infrared cell,
which also functioned as a flow reactor, and
were evacuated overnight at ca. 300 K. Cat-
alyst discs were held between two alumin-
ium plates in which a cutaway section was
positioned opposite the inlet and outlet
ports thereby forcing the gases to sweep
both faces of the disc before leaving the
cell. Gas-phase flushing time was signifi-
cantly shorter than the shortest interval
used between the recording of consecutive
spectra. Reduction was achieved by heat-
ing (2 h, 573 K) in a flow (150 ¢cm® min ') of
3.5 vol% hydrogen in argon, and followed
by evacuation at the high temperature for
15 min. Samples were then cooled to 293 K
in dynamic vacuum. Hydrogen-argon was
purified by passage through a commercial
Deoxo unit followed by a 4A molecular
sieve. Reduced catalysts were exposed to
the reactant gases in a flow (50 cm® min™!,
101 kN m~2) with nitrogen making up the
balance and heated in a linear temperature
program ramp (10 K min~'). IR spectra (4
cm™! resolution, average of 4 scans, 12 s)
were recorded using a Perkin—Elmer 1710
FTIR and 7500 computer.

RESULTS AND DISCUSSION
Catalyst Characterisation

Following impregnation and drying but
prior to calcination and reduction, Pt-
Rh(sim) and Pt—Rh(step) gave BET areas of
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86 and 94 m? g~' with average pore diame-
ters of 30 and 28 nm with 1.7 and 4.29% mi-
croporous areas, respectively. Following
calcination, Pt-Rh(sim) and Pt-Rh(step)
exhibited photoelectron spectra with bind-
ing energies (eV) relative to Al 2s, of 309.7
and 310.1 for Rh 3ds», 314.8 and 314.9 for
Rh 3d5,, and doublets at 315.8, 319.3 and
316.0, 320.0 for Pt 4dsn, respectively. The
presence of doublets for the Pt 4ds,» signal
would indicate the formation of both metal
and oxide following heating in O, at 673 K,
the presence of the former being in accor-
dance with the thermal instability of PtO,
under these conditions (/3). Surface atomic
ratios of Rh: Pt as determined by XPS were
2.3:1 for simultaneous impregnation and
2.4:1 for stepwise impregnation. Calcined
samples, when reduced in TPR experi-
ments, gave maxima in H- uptake at 373
and 413 K for Pt—Rh(sim) and at 418 and
458 K for Pt—Rh(step), while monometallic
catalysts were reduced at 333 K (Rh) and at
403 and 448 K (Pt).

CO on Pt—-Rh/ALO5 as a Function of
Temperature

In order to facilitate the interpretation of
spectral features while heating in C0O/0;
mixtures, samples were treated under iden-
tical conditions in the absence of oxygen.
For the sake of brevity, only spectra for the
Pt—Rh(step) catalyst are shown here. Spec-
tra for Pt—Rh(sim) were of a similar form
although displaying differences in fine de-
tail. Spectra of Pt—Rh(sim), Rh/Al,O;, and
Pt/Al,O; recorded as a function of tempera-
ture in CO have been reported elsewhere
(18).

Spectra recorded at 303 K [Fig. 1(a)]
were dominated by the twin bands at 2098
and 2029 cm™! due to the rhodium gem-di-
carbonyl species, Rh(CO); (19, 20), with a
weaker, broad maximum centered at 1854
cm~! due to bridging carbonyls. Bridged
carbonyl species gave maxima at 1860 (6,
18) and 1850 (7, 18) in experiments con-
ducted under equivalent conditions for Rh/
Al,O; and Pt/AlO;, respectively, suggest-
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F1G. 1. Spectra of Pt—Rh(step) heated at 10 K min ' in CO(1%)/N, recorded with the sample at (a)
303, (b) 323, (c) 348, (d) 373. (e) 398, (f) 423, (g) 448, (h) 473. (i) 498, (j) S08, (k) 518, (1) 525, (m) 530, (n)
548, and (0) 573 K. Evacuation at 573 K for (p) 1 min.

ing that neither metal gave complete
coverage of the particle surfaces.

As the sample temperature was in-
creased, the relative intensities of the pair
of dicarbonyl bands changed in favour of
the lower frequency component of the
asymmetric stretching mode. This was ac-
companied by a shift of ca. 5 cm™' to lower
frequencies over the 300 K temperature
range, consistent with previous reports (7.
20). Both of these phenomena were re-
versed on cooling the sample in CO and are
attributed to changes in coupling interac-
tions between the carbonyls and the sup-
port and with the gas phase, the latter of
which also results in a change in absorptiv-
ity (6) explaining the initial increases in
band intensities.

Raising the sample temperature also led
to the resolution of a band attributed to lin-
early adsorbed carbonyls, present as a
shoulder at 2075 cm™! with the sample at
323 K [Fig. I(b)], and progressively shifting

in frequency to give a band at 2048 cm~! at
573 K [Fig. 1(0)]. The effect of heating in
the presence of the gas led to an initial in-
crease in intensity of this band, reaching a
maximum in intensity in spectra of the sam-
ple at 448 K [Fig. 1(g)]. Gem-dicarbonyl
bands were also initially enhanced on in-
creasing the sample temperature, reaching
a maximum intensity at 423 K {Fig. 1(f)].
These were then gradually diminished up to
498 K, although above this temperature,
and in particular within the range 498-518
K, gem-dicarbonyl maxima were rapidly at-
tenuated, and were undetectable in the IR
spectra at 530 K.

The elimination of these species at ele-
vated temperature in CO has been docu-
mented for Rh/ALLO; (I8, 21, 22) and Rh/
SiO; (23) in the absence of platinum and
may be attributed to the agglomeration of
the dispersed rhodium phase and the resul-
tant formation of particulate rhodium. This
process is therefore normally accompanied
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by the growth in intensity of the linear car-
bonyl band in spectra of supported Rh (/8,
21, 22), although here this effect was mini-
mal. For example, on increasing the tem-
perature from 498-518 K, the dicarbonyl
maxima were drastically reduced without
enhanced intensity of the band due to lin-
early bound carbonyls. However, as shown
in Fig. 2, in this temperature range a dra-
matic shift in the band frequency occurs,
which, when compared with the frequency/
temperature plots for Rh alone and Pt
alone, indicates that within this tempera-
ture range linearly bound Rh carbonyls be-
gin to contribute to the spectra. Addition-
ally, the form of the plot when compared
with those of rhodium alone and a physical
mixture of Pt/Al,O; and Rh/AlLO; (individ-
ual discs of Pt/Al,O; and Rh/ALO; placed
in series in the spectrometer showed an
identical frequency/temperature shift to the
physical mixture) would suggest that in ad-
dition to agglomeration of dicarbonyl sites
to form rhodium particles, agglomeration
also results in the incorporation of these at-
oms into existing Pt containing particles re-
sulting in a ‘‘rhodium-like’’ frequency/tem-
perature dependence of the linear carbonyl
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maximum. This process would be analo-
gous to the coalescence of tiny rhodium
crystallites into Rh—Pt particles on heating
between 373 and 573 K in hydrogen as mon-
itored by microscopy and XPS (24).

At temperatures below 508 K, the band
maximum for both Pt-Rh(step) and the
physical mixture of Pt/AlO; and Rh/AlQ;
lay below the value for Pt/Al,O; but above
the value for Rh/ALQ; (see Fig. 8), indicat-
ing that both types of linear carbonyl spe-
cies contribute to the observed maximum,
again indicating that neither metal com-
pletely covers the other. The elimination of
bands due to the gem-dicarbonyl species al-
lowed the identification of an additional
type of linearly adsorbed carbonyl species.
This was first detected as a shoulder at 2077
c¢cm~! with the sample at 508 K, shifting to
lower wavenumbers in accordance with the
position of the dominant linear maximum,
and finally giving a shoulder at 2069 ¢cm ™! in
spectra at 573 K [see Fig. 4(0)]. As argued
in the case of Pt/ALO; (6, 8), the higher
frequency of this maximum probably indi-
cates adsorption of CO at surfaces with
more extended terraces.

A previous study distinguished between
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FiG. 2. Frequency (cm™') of the linear carbonyl band as a function of temperature while heating in
CO(1%)/N, for Pt—Rh(step) ([J), Pt/Al;O;—Rh/A)Ox(physical mixture) (@), Pt/Al:O; (O), and Rh/

ALO; (W),
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the formation of linear and bridging car-
bonyl sites following the agglomeration of
the dicarbonyl sites (7). The formation of
sites for the former species would be con-
sistent with the growth in both band width
and intensity of the band attributed to
bridging carbonyls. In addition, this maxi-
mum showed a progressive shift in fre-
quency to lower values with a maximum at
1822 cm~' at 573 K. At temperatures above
523 K, it is likely that the bridging carbonyl
band represents only those species ad-
sorbed at rhodium sites, as these carbonyls
are much more weakly adsorbed on plati-
num (25) and were absent in spectra re-
corded above this temperature for Pt/Al,O,
in the absence of rhodium (/8). These
bridging carbonyls were readily removed
by evacuation at 573 K [Fig. 1(p)], leaving a
band at 2044 and 2062 (sh) cm~! due to the
linearly adsorbed carbon-monoxide.

Light-Off Temperatures as a Function of
O, Concentration

Experiments were performed in which
the inlet gas composition was maintained
while increasing the temperature in a linear
programmed manner. These were con-
ducted over a wide range of O, concentra-
tions (0.25-35%) and a constant CO con-
centration of 1%. These results are
summarised in Fig. 3 for the two bimetallic
catalysts and the monometallic catalysts
and are shown in the form of the tempera-
ture required to obtain 50% CO conversion
as a function of oxygen concentration in the
gas stream. All samples show an initial im-
provement in performance with an increase
in O, concentration, consistent with mecha-
nistic studies of the reaction which indicate
that at low temperatures the catalyst sur-
face is covered with CO which acts to im-
pede the reaction (26). The effect is consid-
erably greater for Pt than for Rh at the
highest CO/O, ratio. From kinetic modeling
studies, Rh is expected to show the lower
light-off temperatures (LOT) due to a com-
bination of its higher CO desorption and
surface reaction rates (27). Results here for
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F1G. 3. Temperature required to obtain 505 CO con-
version in a flow containing 1% CO as a function of
oxygen concentration for Pt (), Rh (A), Pt-Rh(step)
(O), and Pt-Rh(sim) (@).

0,/CO ratios below 8:1 are in agreement
with this expectation, and furthermore are
consistent with previously reported results
in which Rh exhibited the lowest light-off
temperatures and where the Pt—Rh samples
gave values between those of the monome-
tallic catalysts (28).

No evidence was found for a synergistic
enhancement in CO oxidation activity for
the Pt—Rh catalysts relative to the mono-
metallic components, in agreement with
certain studies (28, 29) but in contrast to
results reported by Oh and Carpenter (/4),
where only sequentially prepared samples
exhibited this phenomenon. One possible
explanation for the absence of this effect
here and elsewhere (28) for sequentially im-
pregnated samples is that deposition of one
of the metal salts using acetone (/4) is nec-
essary. Alternatively, the presence of NO
in the gas stream may have played an im-
portant role.

On increasing the O,/CO ratio above
8:1, the LOT of Pt/Al,O4 continues to de-
crease while values for Rh/AlLO; begin to
rise above this minimum. This oxygen inhi-
bition effect for rhodium catalysts may be
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attributed to the formation of the relatively
inactive oxide under these extreme oxidis-
ing conditions (7, 14). Plots of 80% conver-
sion show this deactivation more dramati-
cally due to the form of the light-off curves
obtained under these conditions (7).

CO/0> on Pt—-Rh/AL O as a Function of
Temperature

Infrared spectra obtained in a flow of CO/
0, (1:16) as a function of increasing tem-
perature are shown in Fig. 4. Spectra are
shown in this example for Pt—-Rh(sim), but
where differences exist between the spectra
of the two Pt—Rh catalysts, these will be
detailed in the text. Spectra obtained under
all net-oxidising conditions contained simi-
lar spectral features to those shown in Fig.
4 although the presence and intensities of
band maxima at a given temperature or per-
centage conversion were dependent on the
oxygen content of the gas stream. The four
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main differences between spectra obtained
ina CO/0O; flow and a flow containing CO in
the absence of oxygen were as follows.

(1) Bands due to linearly adsorbed and
bridge-bonded CO were eliminated. This
occurred only under net-oxidising condi-
tions and these species were eliminated at
progressively decreasing temperatures as
the concentration of O, was increased. Un-
like spectra of Pt/Al,0O; where adsorbed CO
was detected following attainment of 100%
conversion of CO in the flow (6, 8), spectra
of Pt-Rh/AlLO; were devoid of linear and
bridged forms of adsorbed carbonyls at
temperatures corresponding to complete
CO conversion

(2) There was failure to eliminate com-
pletely bands due to the gem-dicarbonyl
species under net-oxidising conditions. At
stoichiometry or in a CO excess, these spe-
cies were eliminated albeit at higher tem-
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FiG. 4. Spectra of Pt—Rh(sim) heated at 10 K min-

Vin CO(1%)/0,(16%2)/ N, recorded with the sample

at (a) 303, (b) 348, (c) 375, (d) 398, (e) 423, (f) 448, (g) 463, (h) 473, (1) 498, (j) 523, (k) 548, and (1) 573.
Catalyst subsequently held at 573 K for (m) 3 min in the gas mixture and then for {n) 1, (0) 2, (p) 3. (q) 4,
(r) §, (s) 6, (1) 7, and (u) 10 min after switching off the supply of O,.
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peratures than those required while heating
in the absence of oxygen.

(3) There was absence of linearly bound
rhodium species generated concurrently
with the diminishing intensities of the gem-
dicarbonyl bands under conditions of O, ex-
cess. Under net-reducing or stoichiometric
conditions, adsorption sites for linear car-
bonyl species were produced during the de-
pletion of the dicarbonyls, although the
overall contribution that this maximum
made to the spectrum was less significant
than while heating in the absence of O-.

(4) A band appeared at ca. 2125 cm™’.
This was identified in all sets of spectra ob-
tained under net-oxidizing conditions, but
was absent for net-reducing and stoichio-
metric ratios. It was initially detected at
progressively lower temperatures as the ox-
ygen concentration was increased, and was
of a greater relative intensity under the
most extreme oxidising conditions. This
band was also observed under similar con-
ditions in spectra of Pt/Al,O; (6, 8) and Rh/
AlO; (7) and probably indicates adsorption
of CO at sites of cationic nature. The dis-
tinction between sites of this nature on Rh
or Pt would be difficult to make and the
band here probably reflects adsorption at
both types of ionic centre.

Following a short period during which
the CO/0O; flow was maintained at 573 K
[Fig. 4 (I, m)], the O, supply was halted,
while maintaining the flow of CO in nitro-
gen at the same temperature. The first spec-
tral change observed was the growth of
maxima at 2027 and 2098 (sh) cm~'. As in
the case of Rh/Al,O; (7), the rapid reestab-
lishment would indicate that a proportion of
the Rh+ sites responsible for adsorption in
the dicarbonyl mode remain unreduced and
unagglomerated during heating in CO/O,
and that CO desorption from these sites di-
rectly into the gas phase occurs. That is,
the presence of excess oxygen in the gas
stream results in CO desorption from the
dicarbonyl sites rather than an agglomera-
tion process, thereby maintaining the dis-
persed Rh phase. After extended periods of
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time, CO adsorbed in the linear mode was
detected, firstly as a shoulder at 2051 ¢cm ™!,
and then moving to 2052 and 2057 cm™! as
the intensity increased [Fig. 4 (s)-(w)]. A
broad band at 1820 cm™! due to bridge-
bonded carbonyls was also detected during
this period. The relatively slower develop-
ment of linear/bridged maxima compared
with dicarbonyl bands on switching off the
O, supply would suggest that removal of
adsorbed oxygen was required before rees-
tablishing adsorbed carbonyl species in the
former modes. During growth of the linear
maximum, bands due to the gem-dicarbonyl
were gradually diminished in intensity, in-
dicating that in the absence of oxygen, ag-
glomeration of the sites responsible for
such species was allowed to proceed. The
band at 2125 cm! also diminished as a
function of time in the absence of oxygen,
indicating some degree of reduction of the
cationic sites while heating in CO. How-
ever, in agreement with previous reports (3,
6, 7, 11), oxygen associated with such spe-
cies was not readily removed in CO, even
after extended periods of time at elevated
temperatures. The possibility that such spe-
cies are stabilised by the presence of resid-
val chloride in the support, should not be
discounted.

CO/0> on Rereduced Pt—-Rh/ALOx as a
Function of Temperature

Following removal of adsorbed oxygen in
the manner described above, catalysts were
cooled in a flow of N> and rereduced ac-
cording to the standard reduction proce-
dure. The resultant spectra for the sample
Pt—Rh(sim) in a flow of 165 0,/1% CO, are
shown as a function of temperature in Fig.
5. As indicated by the difference in absorb-
ance scales in Figs. 4 and 5, the rhodium
gem-dicarbonyl bands were considerably
attenuated during the pretreatment sched-
ule. This would indicate that following ag-
glomeration of the sites responsible by
treatment in CO at 573 K, the disruption in
CO at 300 K?' [Fig. 5(a)] is only partially
successful in redeveloping these adsorption
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F1G. 5. Spectra of Pt—Rh(sim) for a sample previously used in Fig. 4. rereduced as described in text
and heated at 10 K min ' in CO(192)/0,(16%¢)/N, and recorded with the sample at (a) 303. (b) 348. (¢)
373, (d) 398. (e) 414, (f) 448, (g) 473, (h) 498, (i) 523, (j) 548, and (k) 573 K.

centres. That is, the disruption—-agglomera-
tion process is only partially reversible. In
further contrast with Fig. 4, spectra of the
catalyst recorded at 300 K, clearly resolve
the band due to linear carbonyl species at
2083 ¢m~!. This band was no longer visible
as a resolved maximum in spectra of the
catalyst at 414 K [Fig. 5(e)], in contrast
with the behaviour of this species in the
fresh catalyst where a temperature of 448 K
[Fig. 4(f)] was required. The elimination of
bridge-bonded CO from the spectra in the
same temperature range left maxima at
2024 and 2095 cm™! due to the gem-dicar-
bonyls and at 2125 cm™! due to CO at ex-
posed sites of cationic nature, consistent
with the negligible reactivity of CO at these
centres. Bands due to the latter species
were still dominant in spectra recorded at
573 K [Fig. 5(k)], whereas gem-dicarbonyl
maxima were progressively diminished by
increasing the temperature from 448 to 573
K. and were undetectable at the highest

temperature. These species could be rees-
tablished by switching off the supply of ox-
ygen in the stream.

50% CO Conversion Temperatures for
Rereduced Catalysts

The effect on catalyst performance of re-
reduction following reaction is summarised
in Fig. 6, where the temperature for 50%
CO conversion may be compared with the
performance of the fresh catalysts. The
50% conversion temperatures for Pt and
both Pt—Rh catalysts at 16:1 O,/CO were
identical for the fresh catalysts. Treatment
in CO at 573 K followed by rereduction had
minimal effect on the LOT of Pt/Al,O; (8),
but led to significant improvements for rho-
dium containing catalysts with between 20
and 30 K reduction in LOTs. This treat-
ment was apparently more effective for Pt—
Rh than rhodium alone, with the rereduced
Pt—Rh(sim) catalyst almost as efficient as
rhodium alone. These results for rhodium-
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F1G. 6. Comparison of the effect of heating in CO at
573 K and then rereduction on the 30% CO conversion
temperatures in CO(1%)/0.(16%) for the bimetallic
and monometallic catalysts.

containing catalysts are consistent with
data reported by Taylor (/) and D Aniello
et al. (28) which show that several run-ups
are required to obtain a Rh/Al,O; catalyst
with a stable LOT, and that considerable
improvements were obtained between the
first and last run-up (28). However, it
should be emphasised that such improve-
ments are only obtained following reaction
under CO-rich conditions, or when pre-
treatment has included a period in which
the catalyst was heated in CO alone, allow-
ing agglomeration of rhodium to occur.
When a third run-up was performed follow-
ing reaction under net-oxidising conditions,
and then rereduced in H., no improvement
in LOT was obtained. However, if this
third run-up was preceded by a treatment
which included heating in CO at 573 K, fur-
ther reduction in LOT occurred.

These results are consistent with those
reported for Pt—Rh/Ce0,-AlLO; in which
exposure to a rich mixture during an initial
run-up resulted in a subsequently reduced
LOT for run-up 2, whereas exposure to a
lean mixture resulted in a relatively less ac-
tive catalyst in the subsequent run-up (30).
However, Nunan er al. (30) attributed this
activation in a rich mixture to the presence
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of hydrogen, whereas here, the reactant gas
which had the most significant effect on
LOT is CO. In further disagreement, Pt was
thought to be the key noble metal compo-
nent, which, according to the conditions
during the run-up, was responsible for the
most dramatic changes in subsequent LOT
(30). Results here [Fig. 6] clearly indicate
that rhodium is the more influential in dic-
tating LOT. Studies of the alumina-sup-
ported monometallic components (7, §)
show that the form of the light-off curve in
second and subsequent run-ups is steeper
(greater change in %CO conversion within
the same fixed temperature range) than for
the first run-up, and this was considered as
characteristic of a more “‘metal-like” cata-
lyst (32). For Pt—Rh catalysts here [Fig. 7],
gradients were equivalent in first and sec-
ond run-ups despite the shift in the LOT
between them. This contrasts with the form
of light-off plots reported by Nunan et al.
(37), where the fresh catalyst exhibited a
slow rise in conversion with temperature
while the second run-up displayed the
steeper gradient. However, as catalysts
were aged in air/H,O (31) as opposed to
prereduction as used here, these differ-
ences are to be expected. Fresh Rh/AlLO;
catalysts under net-oxidising conditions
were shown to exhibit multipeaked rate/

100 -
80 4
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5 0]
n
=
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=
s 40 A
o
[0}
O 20
0 T — T T T
300 350 400 450 500 §50

Temperature/K

Fic. 7. Light-off curves for fresh () and rereduced
(@) Pt—-Rh(sim) catalysts heated at 10 K min ' in
CO(19)/0:(16%).
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temperature plots (7) consistent with the
behaviour of Rh(100) (33). Rereduced Rh/
Al,O; catalysts (7) and Rh(111) (33) do not
display this phenomenon. Although Pt-
Rh(100) is known to produce multipeak
rate/temperature plots (/7), this was not
apparent here [Fig. 7]. This may indicate
that following the initial reduction, the plat-
inum-rhodium catalysts are in a more ‘‘me-
tallic-state’” (32) (i.e., lower dispersion)
than for the monometallic component cata-
lysts, exposing more {l11}-type planes, and
resulting in steeper light-offs. Consistent
with this proposal, a previous study reports
that Pt—Rh catalysts contained particles of
a considerably greater particle size than
those present in the monometallic catalyst
(34).

Shift in v(CO) during Catalytic Reaction

To obtain information regarding the na-
ture of the metal particle composition, the
frequency of the linear carbonyl species
was followed as a function of temperature
during reaction. Reaction between CO and
oxygen over an initially CO-covered plati-
num surface takes place at the boundary
between the adsorbed phases (26). This re-
action between islands of CO and O gives
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rise to invariance in the frequency of the
linear carbonyl band during reaction (2-6,
35) whereas reaction on an initially oxygen-
covered platinum surface results in a con-
stant shift of »(CO) due to reaction occur-
ring within a mixed CO/O ad-layer (35).
Results for experiments conducted in a
1:16 CO/O, flow are shown in Fig. 8. As
shown in previous studies for Pt/AlO; un-
der nonisothermal conditions (6, 8), the
carbonyl band frequency shows an initial
decrease in frequency followed by a period
of invariance before elimination of the spe-
cies at a temperature above which 100%
CO conversion in the stream occurs. As
concluded previously (8), the actual fre-
quency and the range of conversion during
which invariance occurs will be determined
by the size of the CO island created, and
hence will be directed by the heterogeneity
of the particle surface. The fresh Pt/Al,O;
sample [Fig. 8] shows invariance at 2064
cm ™! and during a temperature range equiv-
alent to 80 to 100% CO conversion (6). In
contrast, invariance at 2076 c¢cm™! for the
rereduced catalyst extends over the con-
version range of 10 to 100% (8). For rho-
dium, the linear carbonyl maximum shows
a continual decrease in frequency, consis-
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FiG. 8. Frequency (cm"') of the linear carbonyl band as a function of temperature while heating in
CO(19:)/04(16%) for fresh catalysts (unfilled symbols) and rereduced catalysts (filled symbols) for Pi—
Rh(step) (O, @), Pt—Rh(sim) (<>, @), Pt/ALO; (0. W), and Rh/ALO, (O, #).
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tent with previous reports (7, 9) and indica-
tive that reaction is occurring within a well
mixed CO/O» adlayer.

When considering the fresh Pt—Rh cata-
lysts, both samples displayed evidence of
invariance in the carbonyl stretching fre-
quency during heating in the 1:16 CO/0O,
mixture. Unlike the case of platinum alone
{6) no correlation between a fixed CO con-
version temperature and the temperature at
which the onset of invariance occurred,
was found for the bimetallic catalysts (36).
This is attributed to the fact that at high O,/
CO ratios, fixed percentage CO conversion
temperatures above 509% were dictated by
platinum activity whereas at low ratios rho-
dium was the metal component which
mainly controlled the form of the light-off
curve. The invariance at 2064/5 cm™!
shown in Fig. 8 was independent of the CO/
O, ratio, as long as oxygen was in excess
(36). Invariance at 2065 = | cm™! for fresh
bimetallic catalysts and Pt would suggest
that the bimetallic catalysts contained ei-
ther Pt-only particles with a surface hetero-
geneity similar to that of the particles in the
Pt catalyst, or that bimetallic particles con-
tain ensembles of Pt atoms sufficiently large
to support such behaviour. Consistent with
the effect observed for Pt only, rereduction
of the Pt—Rh(step) catalyst resulted in an
increase in the frequency of the linear car-
bonyl species during the invariance period,
indicating an increase in the size of the CO
islands formed. The slightly lower fre-
quency (2072 c¢m™') during invariance,
when compared with Pt alone (2076 cm™'),
would suggest either that the platinum par-
ticles within the bimetallic catalyst were
less annealed by the pretreatment proce-
dure, or that growth of island size was re-
stricted by a boundary of rhodium atoms in
the case of bimetallic particles.

As shown in Fig. 8, the rereduced Pt-
Rh(sim) catalyst shows no period of invari-
ance, indicating that the reaction proceeds
in a mixed CO-0 adlayer. This would sug-
gest that no sufficiently large ensembles of
Pt atoms exist following the pretreatment
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carried out. It is not likely that this results
from a covering of the particle surface by
rhodium atoms since by comparing the plot
for rhodium with that of Pt—Rh(sim), the
carbonyl stretching frequency lies some-
what above that of rhodium, suggesting a
contribution from platinum carbonyls. Pre-
vious studies show that the linear carbonyl
band frequency for Pt—Rh catalysts lies be-
tween those of the monometallic compo-
nents (/8, 23, 34). It is more likely, there-
fore, that the Pt—Rh particles contain a
mixed metal surface which leads to forma-
tion of the mixed CO-0O adlayer. It has
been suggested (/7) that such a mixing of
CO and O on an alloy surface may result in
a faster reaction at a lower temperature.
However, as in that particular study and as
shown here in Fig. 6, only marginal differ-
ences were observed between the Pt-
Rh(sim) and (step) catalysts following rere-
duction despite differences in the manner in
which the reaction proceeds.

Nature of the Exposed Metal

Results here indicate that modification of
the Pt—Rh catalysts occurs in the presence
of the reactant gas mixture which, under
certain operating conditions, leads to an in-
crease in catalytic activity. Such a phenom-
enon has been described for the oxidation
of methane over Pd/Al-O; and attributed to
a decrcase in metal dispersion (37) and to a
restructuring of the metal surface (37, 38).
The latter process has been shown by infra-
red spectroscopy to occur for Pd/Al,O; cat-
alysts in the presence of CO (39).

As shown in previous studies of sup-
ported rhodium catalysts (7, I8, 2/-23),
heating in CO at 573 K is expected to re-
duce rhodium dispersion as a result of an
agglomeration of the gem-dicarbonyl sites
and the formation of rhodium particles with
linear carbonyl adsorption sites. This may
occur by two processes. In the first, heating
in CO incorporates the dicarbonyl-site rho-
dium atoms into an existing cluster, in-
creasing its size, and in the second a num-
ber of dicarbonyl site rhodium atoms come
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together to form small metal clusters (7,
22). From the form of the plots in Fig. 2, it
would appear that during heating in CO, the
original gem-dicarbonyl site atoms become
incorporated into Pt or Pt—Rh particles, re-
sulting in a much more rhodium-like behav-
iour of the carbonyl species. Although Fig.
2 shows only the frequency vs temperature
plot for the Pt—Rh(step) catalyst, the Pt—
Rh(sim) catalyst showed similar behaviour.

The question remains therefore that it
rhodium incorporation into existing parti-
cles occurs during heating in CO for both
samples, what is the reason for the differ-
ences in behaviour apparent for the CO oxi-
dation process for the two 573 K CO-pre-
treated samples? The reason may lie in the
differences between the original prepared
samples. As indicated in the description of
catalyst characterisation, TPR profiles for
the two samples show certain similarities
but also certain differences (/2). Reduction
maxima at 413 K [Pt—Rh(sim)] and at 418 K
[Pt—Rh(step)], are consistent with a single
maximum at 415 K for Pt—Rh/ALLO;, indic-
ative of the reduction of Pt and Rh in close
proximity, i.e., bimetallic particles (40).
The main difference between the samples is
the absence of a higher temperature peak
for Pt—Rh(sim), which is apparent for both
Pt—Rh(step) and for Pt alone. This would
suggest that coimpregnation of the metal
salts produces a catalyst with few plati-
num-only particles, while sequential 1m-
pregnation produces platinum-only and
platinum-rhodium particles (and probably
rhodium-only particles in both cases). Heat
treatment in CO at 573 K for Pt-Rh(sim)
catalyst probably results in further rhodium
incorporation into the existing Pt—Rh parti-
cles and possibly a redistribution of Rh at-
oms within the particle with a loss of the Pt
ensembles and subsequently a loss in the
invariance phenomenon exhibited by the
fresh sample.

Low temperature IR studies of Pt-Rh
catalysts prepared by coimpregnation show
dipole coupling effects indicating the pres-
ence of particles exposing both metals in

JAMES A. ANDERSON

close proximity at the surface (23). Consis-
tent with the presence of both types of
metal particle, the initially reduced Pt—Rh
(step) catalyst exposes both metals at the
surface, as shown by the frequency of the
bands due to bridged and linear bound car-
bonyls which lay between those values for
the individual metals. Following heat treat-
ment in CO above 508 K, Rh atoms are
probably incorporated only into the
peripheries of the platinum particles, thus
leaving suitably sized Pt ensembles to pro-
duce the CO islands required to display the
invariance phenomenon in the carbonyl
stretching frequency. It is known that heat-
ing above 773 K in hydrogen is required to
form a homogeneous Pt—Rh alloy particle
(47) and hence the subsequent rereduction
in H»/Ar at 573 K is not expected to affect
further the distribution of atoms within the
particles.

CONCLUSIONS

Several temperature run-ups in CO/O;
may be required to give a Pt—Rh catalyst
displaying stable activity. Heating the fresh
catalyst under CO-rich conditions leads to
decreased light-off temperatures for subse-
quent run-ups due to a decrease in rhodium
dispersion induced by agglomeration of the
gem-dicarbonyl adsorption sites. The na-
ture of the surface composition following
incorporation of these rhodium atoms into
existing particles may be deduced from the
manner in which the linear carbonyl fre-
quency changes during reaction. Well-
mixed CO/O adlayers as indicated by con-
tinual frequency changes did not lead to
improved catalyst performance relative to
catalysts with surfaces that exhibited evi-
dence for CO islands as identified by invari-
ance in the carbonyl frequency.
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