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Infrared spectroscopy study of CO and CO,
on Ce- and La-promoted Pt/ZrO, catalysts
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The adsorption of CO and CO, on Pt supported on ZrO, and Ce/La-promoted ZrO, was studied using DRIFTS. The presence
of both La and Ce resulted in a decrease in the adsorption of CO at room temperature after reduction at 350 °C. The reduction in
the CO adsorption is ascribed to an increase in the support reducibility when La and Ce are both present. Reduction at 350 °C leads
to the formation of oxygen defects in the dual promoted support which have been probed using DRIFTS to monitor CO,
dissociation. Hydrogen assisted dissociation is demonstrated on the ZrO,, CeZrO,, and LaZrO, supports. In the absence of
hydrogen, the presence of oxygen vacancies is shown to be necessary for CO, dissociation.
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1. Introduction

The rare earth oxides and mixed oxides of these rare
earth elements have been employed for a variety of
reactions including reforming [1-6], water gas shift [7—
10], and selective CO oxidation [11-13], because of the
unique properties they possess. Ceria, which is a sig-
nificant component of the three-way automotive cata-
lyst, is known for its high oxygen storage and release
capability. The addition of a metal such as Pt or Pd has
been shown to increase the reducibility of the support
[14] and the ability to extract lattice oxygen from the
support near the metal particle has been shown to be
instrumental in several reaction mechanisms [15,16].
However, ceria can exhibit low surface area at high
temperatures (<750 °C) and may not be suitable for
reactions which need to operate at elevated temperatures
due to equilibrium limitations [17].

Lanthana and the addition of La to catalystsin order to
promote a variety of reactions and stabilize support
materials are well studied [2,4-6]. Supports containing La
have been shown to have the ability to form carbonate
species on the surface during high temperature CO,
reforming reactions which are believed to aid in the pre-
vention of carbon deposition on the active metal site [2]. It
has also been suggested that La species may partially dec-
orate Ni particles during the dry reforming reaction
inhibiting deactivation [4]. Furthermore, the addition of La
to ZrO, has been found to aid in the reduction of Pt sin-
tering during high temperature reforming reactions [5,6].

Recent studies performed on mixed oxides of ceria
and lanthana have shown that the mixed oxide is more
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easily reduced in flowing hydrogen than the ceria alone
[18]. More recently, the addition of La to CeO, has been
shown to result in a very high surface area material after
calcination at 900 °C, with increased oxygen release
capabilities [19]. The Ce(La)O, materials have been
suggested to be good supports for both the low tem-
perature water gas shift and selective CO oxidation
reaction [8,9]. Similar increases in surface areca and
oxygen transport ability have been observed on
Lag 04Ceg.14Z1( 300, supports. However, for the high
temperature dry reforming reaction, the activity has
been found to be lower than the activity of the indi-
vidually promoted La- or Ce—ZrO, catalysts [20]. The
decrease in activity is believed to be due to the increased
reducibility of the La and Ce containing support, which
leads to a strong metal-support interaction and partial
encapsulation of the metal particle.

The focus of this paper is to investigate the reduc-
ibility of a Pt/Lag 04Ce 1421 -0, catalyst using CO and
CO, as probe molecules. The interaction of CO and CO,
with the metal and the support has been studied using
Diffuse Reflectance Fourier Transform Infrared Spec-
troscopy (DRIFTS). The results of the adsorption and
desorption studies using DRIFTS are presented below
with strong evidence for the increased reducibility of the
Lag 04Ceo.14Z1¢ 320, support.

2. Experimental
2.1. Catalyst preparation

The ZrO, support materials studied in this work were
received from MEL Chemicals calcined at 700 °C. The
supports investigated were ZrO,, Lag 42109607,
CeO.14er.8602’ and La0.04C60_14ZI‘0_8202. All of the
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supports were calcined at 800 °C in air for 4 h prior to
the addition of the metal. The surface areas of the cal-
cined supports as determined by BET surface arca
analysis are shown in table 1. Pt was added using
aqueous incipient wetness impregnation of dihydrogen
hexachloroplatinate(IV) salt (H,PtClg:6H,0), 99.95%
metals basis (Alfa-Aesar). The Pt metal loading
(ICPAES, Galbraith Laboratories) is also shown in
table 1, along with the nomenclature to be used
throughout this paper. After impregnation, all of the
catalysts were dried overnight at 120 °C and then cal-
cined at 400 °C for 2 h in air.

2.2. DRIFTS studies

DRIFTS studies were performed using a Bio-Rad
FTS-40 IR spectrometer. The samples were mixed with
a 1:1 mass ratio of KBr. The mixture of catalyst and
KBr was dried overnight at 120 °C before use. The
samples were ground to a fine powder and then placed in
a Harrick Scientific DRIFTS high temperature cell,
capable of reaching 800 °C. The samples were oxidized
in ultra high purity (UHP) O, (20 cc/min) at 350 °C for
1 h followed by reduction in UHP H, (20 cc/min) for
1 h at 350 °C. After flushing in He, the samples were
exposed to a 1% CO/He (20 cc/min) or 1% CO,/He
(20 cc/min) mixture at temperatures ranging from room
temperature to 350 °C. For the hydrogen assisted dis-
sociation studies the catalysts were exposed to a 1%
CO,/He (10 cc/min) and H, (10 cc/min) mixture at
350 °C. Background scans were subtracted from all of
the data at the respective temperatures. Scans were
taken at 4 cm™'. For the experiments in the presence of
CO, all of the signals were normalized to the gas phase
CO peak.

3. Results and discussion
3.1. Catalyst properties

3.1.1. BET

Table 1 shows the BET surface areas of the supports
investigated in this paper after calcination at 800 °C.
The results of the surface area studies show that the
Lag 04Ceg.14Z1( 3,05 support has a surface area near that
of the Lag 04Zry.960> and Ce 1471 350, supports. All of

Table 1
BET surface area analysis and Pt metal loading for the catalysts
investigated
Catalyst BET surface Metal loading Nomenclature
area (m?/g) (Wt%)

Pt/ZrO, 25 0.43 PZ
Pt/Ceo_ 14Zr()_3602 48 0.42 PCZ
Pt/La0,04Zr0,9602 50 0.42 PLZ
Pt/LaU_(MCeQ_14Zr0_8202 46 0.37 PLCZ

the promoted supports have surface areas greater than
the surface area of the ZrO, support after calcination at
800 °C. Previous studies have shown that the addition of
small amounts of Ce or La to ZrO, results in an increase
in the surface area due to a stabilization of the tetrag-
onal phase of ZrO, [5]. X-ray diffraction (XRD) studies
performed on Lag 04Ceq 1471 5,0, support in this work
indicate that, similar to the individually promoted sup-
ports, the support containing both Ce and La also has a
tetragonal structure. From the XRD studies no dis-
cernable shifts in the peaks were observed when the
promoted supports were compared to the tetragonal
ZrO, reference spectra.

The lack of any peak shifts is likely due to the fact
that low levels of Ce and La are used in this study and a
solid solution is not formed. Previous studies reported in
the literature [17,21,22] for mixtures CeO, and ZrO,
have shown when the CeO, content is greater than 25%
a solid solution is formed. The resultant XRD spectrum
is not purely tetragonal ZrO, or cubic CeO, but lies
somewhere between the two. Concentrations less than
25% result in the stabilization of the tetragonal phase of
ZrO, [21,22] with no obvious shifts in the peaks. Fur-
thermore, X-ray photoelectron spectroscopy (XPS)
studies [17] performed on mixed oxides of CeO, and
ZrO, prepared by co-precipitation have shown surface
segregation of Ce oxide on samples that had low weight
percents of Ce. It is then likely that since the total
amount of Ce and La in this study is much lower than
25% and no evidence of a homogenous solid solution is
observed, a higher concentration of Ce and La oxides
exist on the surface of the tetragonal zirconia.

3.2. Metal particle size

The presence of La and Ce promoters has been to
shown to retard particle growth, especially when
exposed to high temperature treatment [5]. Previous
work in our laboratory has shown that when the PCZ,
PLZ, PLCZ, and PZ catalysts were exposed to reduction
at 500 °C and heating to 800 °C, the average particle
size for the promoted catalysts was approximately
4.5 nm, while the particle size for the PZ catalyst was
approximately 5.2 nm. When the catalysts were reduced
at 500 °C without exposure to the high temperature
treatment, the particle sizes were near 3 nm and no
significant differences in the particle sizes between the
promoted and unpromoted supports was observed.
Since the catalysts used in this study were only reduced
at 350 °C, it is expected that the average particle size
would be similar to the catalysts reduced at 500 °C
(3 nm) and similar on all of the catalysts studied.

3.3. Room temperature adsorption of CO

DRIFTS studies were performed to investigate the
interaction of CO with the Pt and the support. All of the
catalysts were oxidized at 350 °C for 1 h in O, and
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the reduced for 1 h in H, prior to exposure to CO.
Figure 1 shows the spectra for all of the catalysts during
exposure to CO at room temperature. All of the spectra
have been normalized to the gas phase CO peak. It
should be noted that no significant changes in the CO
adsorption profiles were observed when the catalysts
were flushed in helium at room temperature, indicating
that the CO observed is not weakly chemisorbed to the
surface.

The peak ascribed to CO linearly adsorbed on a Pt
site typically appears between 2069 and 2090 cm™'
depending on the type of Pt site. For example, when CO
is linearly adsorbed on terrace sites of Pt, the peak
appears at slightly higher wave numbers than when CO
is adsorbed linearly on Pt step sites [23—-25]. The results
in figure 1 show that presence of the promoters causes a
shift in the primary CO adsorption peak to lower wave
numbers (2070 cm™') compared to the PZ catalyst
(2083 cm™"). Shifts in the CO adsorption peak can be
due to differences in the amount of CO adsorbed.
However, the peak areas for the PZ, PCZ, and PLZ
catalysts are very similar which would indicate that no
significant differences exist in the amount of CO
adsorbed on these catalysts. Furthermore, as discussed
above, it is anticipated that the particles size of the Pt on
the catalysts are similar which would be consistent with
the similar amounts of CO adsorption observed. The
shift in the position of the peak could be due to the
presence of more defect sites on the promoted supports.
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Figure 1. DRIFTS spectra recorded for PZ, PCZ, PLZ, and PLCZ
during exposure to 1% CO/He mixture at room temperature.

Studies have shown that Pt/CeO, catalysts with smaller
Pt crystallite sizes have a greater adsorption at lower
frequencies compared to the same catalysts with higher
crystallite sizes [23]. Although the average crystallite
sizes in the study are similar, the results suggest that the
presence of the promoters leads to the formation Pt
particles with more defects sites.

In contrast to the PZ, PCZ, and PLZ catalysts, the
PLCZ catalyst exhibited a significant decrease in the
amount of CO adsorbed on the metal and on the sup-
port. The elemental analysis studies have indicated that
the Pt content on the PLCZ catalyst is lower than the
other catalysts studied. However, even when accounting
for the difference in the metal loading, the CO adsorp-
tion is still significantly decreased in the presence of
both La and Ce. These results suggest that less overall
metal is exposed for adsorption, or the CO adsorption
properties of the Pt had been modified on this catalyst.
Since the position of the peak is consistent with the
position observed on the individually promoted cata-
lysts, it is unlikely that any significant modification of
the Co adsorption properties of the Pt has occurred.
Thus, it is likely that less Pt metal is exposed for
adsorption.

Figure 1 also shows the appearance of CO adsorp-
tion peaks near 1800 cm™'. Although it is difficult to
separate bands in the region associated with multiple
Pt sites, two peaks near 1840 and 1790 cm™' are
observed in the presence of CO at room temperature.
These peaks have been previously assigned to bridged
and three-fold adsorbed CO on Pt [26]. As was
observed for the linearly bound CO, similar amounts
of CO bound to bridged and three-fold Pt sites are
found on the PZ, PCZ, and PLZ catalysts while the
PLCZ catalysts exhibits decreased CO adsorption on
multiple Pt sites.

With exposure to CO, peaks in the region generally
associated with carbonate and formate species were also
observed. For all of the catalysts the largest broad peak
was centered at 1632 cm™'. Since the scans are being
performed at room temperature, under flowing He,
some water vapor may be present in the system which
could contribute to a broad peak in this region. Car-
boxylic acids can also be formed by CO in the presence
of residual hydroxyl species; however, these surface
species typically appear at slightly higher wave numbers
(1670-1695 cm™") on CeO, [23] and it is not likely that
they are present in this study.

Figure 1 shows that no significant formation of either
carbonate or formate species was observed when the Pt/
ZrO, catalyst was exposed to CO at room temperature.
Others have also reported that while bidentate carbonates
on ZrO, can be observed when exposed to CO,, no car-
bonate or bicarbonate species are observed on ZrO, when
exposed to CO [27]. In contrast, the La-promoted catalyst
showed peaks near 1325cm™' and a shoulder at
1575 cm™" in the presence of CO. Several studies have
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reported that formate bands on Pt/CeO, appear at 1580
and 1375 cm™! while bidentate carbonate bands appear at
slightly lower wave numbers (1560 and 1295 cm™"). Since
no significant peaks were observed near 2900 cm™' which
would correspond to the C—H stretching in the formate
species, we ascribe the peaks observed in this study to
bidentate carbonate species. The bidentate species can
have a shoulder that appears at 1620 cm™' [27] which
could also be contained in the large broad peak.

The PCZ catalyst exhibited a small peak at approxi-
mately 1436 cm™' which could be due to the presence of
unidentate carbonate formed via the interaction of CO
with lattice oxygen and the formation of a vacancy in
the support. No significant bidentate carbonate species
were observed. The differences in the appearance of the
carbonate bands (bidentate and unidentate) for the La-
and Ce-promoted catalysts is consistent with the pro-
motional effects of each element. La is known to
increase the basicity of the support and favor carbonate
formation while Ce is known for promoting support
reduction and would facilitate unidentate carbonate
formation.

Similar to the peaks corresponding to CO adsorption
on the metal, the peaks in the 1650-1200 cm™' region
were significantly smaller for the PLCZ catalyst com-
pared to the PZ, PCZ, and PLZ, catalysts. Very small
peaks were observed at 1330 and 1435 cm™' suggesting
that the dual promoted catalyst has aspects of both of
the individually promoted catalysts. These results fur-
ther support the idea of La rich and Ce rich regions on
the surface of the support.

3.4. Effect of heating in CO

The effect of heating in CO on the Pt was studied by
heating the catalysts from room temperature to 350 °C
in the presence of a 1% CO/He mixture. Figure 2a
shows the spectrum for the PCZ catalyst in CO at 25 °C
and figure 2b contains the spectrum after heating to
350 °C in a 1% CO/He mixture. Although only the
spectrum for the PCZ catalyst is shown in figure 2, it
should be noted that the other catalysts behaved simi-
larly and any significant differences are outlined below.

For all of the catalysts studied in this work, several
changes in the spectrum occurred upon increasing the
temperature from 25 to 350 °C. The first change was
that the position of the peaks shifted by approximately
40 cm™! to lower wave numbers. Second, the relative
intensities of the peaks associated with CO on the Pt
changed. Third, the overall intensity of the signal
increased with increasing temperature up to 200 °C and
then decreased as the temperature further increase to
350 °C. The temperature at which the increase in the
intensity stopped corresponded to the temperature at
which no significant multi-bound species were observed
on the catalyst. Thus, while the peaks associated with
the bridged and three-fold adsorbed species were

decreasing, the intensity of the peaks associated with
linearly adsorbed CO was increasing. All of the changes
observed are consistent with a restructuring of the Pt
surface in the presence of CO. Previous studies reported
in the literature on ZrO,, CeO,, and Al,O3 supported Pt
catalysts are in agreement with the results of this work
[23,26].

One interesting difference was observed when the
spectra for the promoted catalysts and the unpromoted
catalysts in CO at 350 °C were compared. All of the
promoted catalysts had a distinct peak that appeared at
approximately 1975 cm™" while the unpromoted catalyst
showed no significant peak in this region. Although the
bridged CO species at room temperature appeared at
lower wave numbers (<1900 cm™"), others have repor-
ted that bridged CO can be found at >1900 cm™' on
terrace sites [28]. However, it is not anticipated that a
significant adsorption of multi-bound species would be
observed at elevated temperatures. While the assignment
of this peak is still unclear, it is apparent that the
addition of the promoters, both independently and when
present at the same time, modifies the restructuring of
the Pt in the presence of CO.

Figure 2¢ shows the spectrum for the PCZ catalyst
during exposure to CO at 25 °C after being heated to
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Figure 2. Modification of DRIFTS spectra with exposure to CO at
high temperatures for the Pt/Ceq 1471360, catalyst. Spectra during
CO exposure at: (a) 25 °C on pretreated catalyst, (b) at 350 °C, and (c)
at 25 °C after heating to 350 °C and cooling to room temperature in
CO.
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350 °C in the presence of CO. Comparison of the
spectra in figure 2a and 2c clearly shows that some of
the restructuring of the Pt is irreversible. For all of the
catalysts, the peaks did not shift back to the original
position. It is also interesting to note that the restruc-
turing did not completely eliminate the ability of CO to
bind in a multi-bound form as bands between 1850 and
1750 cm™! were observed after cooling to room tem-
perature. This result suggests that even though multi-
bound CO species are not present on the surface in
significant quantities at 350 °C, the adsorption sites still
exist.

The restructuring of the Pt even at low temperatures
could be very important for these catalysts since they are
potential candidates for the selective CO oxidation and
low temperature water gas shift reactions which occur in
the temperature range of 80 to 350 °C. The studies
reported in this work show that it is imperative to use in
situ techniques to study the structure of the Pt when the
reaction involves CO, because any characterization of
the Pt surface pre- and post- reaction is different than
the actual surface under reactions conditions.

3.5. CO desorption

The effect of the promoters on the CO desorption
from the metal was investigated. The catalysts were each
exposed to a 1% CO/He mixture at room temperature
and then flushed in He until no changes in the spectrum
were observed. The catalysts were then heated to 350 °C
in He in 50 °C increments while monitoring the CO
remaining on the surface. Although no quantitative
information was obtained from this desorption study,
qualitative information regarding the effect of the pro-
moter on the adsorption of CO and the relative stability
of each species on the surface was obtained.

Figure 3 shows the spectra for the PZ catalyst when
heating from 25 to 200 °C in He. No significant differ-
ences in the spectrum are observed upon heating to
50 °C. However, even as low as 100 °C, the intensity of
the peak at 2084 cm™" ascribed to CO linearly adsorbed
on the Pt has decreased and shifted to slightly lower
wave numbers. Also apparent is a shift in the position of
the multi-bound species from near 1800 cm™' to a very
small band at 1750 cm™'. At 100 °C the band near
1632 cm™" also decreases which is due to the removal of
residual water. When the temperature reaches 150 °C a
significant decrease in the intensity of the linear CO is
observed as well as a further shift in the position to
2072 cm™'. Further increasing the temperature to
200 °C resulted in complete disappearance of all CO
bands.

Figure 4 shows the spectra for the PLZ catalyst
during the CO desorption experiments. The PLZ, PCZ,
and PLCZ spectra look similar for all of the tempera-
tures studied and so the spectrum for only one of the
catalysts is shown. Similar to the PZ catalyst, the peak

corresponding to the linearly adsorbed CO exhibits a
decrease in intensity and a slight shift to lower wave
numbers as the temperature increases. Unlike the un-
promoted catalyst, both the decrease and the shift occur
at 50 and by 150 °C, a majority of the band for the CO
on the metal has disappeared. Also, in contrast to the
unpromoted sample, the bands corresponding to CO on
the support remain, even at 200 °C. It is interesting to
note that the band in the region of 1450 cm™' become
larger as the temperature is increased. These bands
typically correspond to unidentate and bidentate car-
bonate which would be formed by the reduction of the
support with CO. Although this may be surprising for
the La,0O3 which is not typically considered to be a
reducible oxide, other studies have shown that surface
reduction of similar supports such as ZrO, can occur
[29]. This reduction is not a bulk reduction of the oxide
but a generation of a partially reduced surface.

The results of the CO desorption studies suggest that
the presence of the promoters does have a small effect on
the adsorption of CO on Pt. When Ce and La were
present, either individually or as dual promoters, the
temperature at which CO desorption occurred decreased
compared to the unpromoted catalyst suggesting that
the promoters decrease the activation energy for
desorption of CO. For all of the catalysts investigated,
the multi-bound CO was removed at lower temperatures
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Figure 3. Evolution of DRIFTS spectra for Pt/ZrO, while heating in
Ar after exposure to a 1% CO/He mixture at room temperature.
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Figure 4. Evolution of DRIFTS spectra for Pt/Lag ¢4Zro.960, while
heating in Ar after exposure to a 1% CO/He mixture at room
temperature.

compared to the linear CO, however the promoted
catalysts appeared to have more multi-bound CO at
100 °C then the unpromoted catalyst. In addition, the
multi-bound CO bands at 100 °C were shifted to lower
wave numbers compared to the spectra at 25 °C. This
shift is consistent with CO adsorption studied over Pt/
Al,O5 [26], which reported that the heat of adsorption
(and corresponding activation energy for desorption) of
the bridged species was less than that of the three-fold
species. Finally, unlike the unpromoted catalyst, the
decrease in the bands associated with CO on the metal
was accompanied by an increase in the bands ascribed to
CO interaction with the support, indicating that the
promoters facilitate CO spillover from the metal to the
support.

3.6. FTIR of CO,

FTIR studies of CO, adsorption were performed at
350 °C to probe the adsorption and dissociation char-
acteristics of CO, on the catalysts. Each catalyst was
oxidized at 350 °C for 1 h in O, and then reduced in H,
at 350 °C for 1 h prior to the experiment. The catalysts
were flushed in He until no changes in the background
spectrum were observed. After a stable background
spectrum was obtained, each catalyst was exposed to a
1% CO,/He mixture (20 cc/min) at 350 °C. The back-

ground spectrum taken in He at 350 °C was used to
obtain the absorbance spectra for each experiment.

Figure 5 shows the region of the spectra associated
with CO adsorbed on Pt for the various catalysts during
exposure to 15 cc/min of 1% CO,/He at 350 °C. No CO
adsorption on the Pt was observed during the exposure
to CO, for the PZ, PCZ, or PLZ catalysts. CO
adsorption on the Pt would be expected if dissociation
of the CO, were occurring under these conditions. Thus,
the results suggest that CO, dissociation does not occur
on the pre-oxidized and pre-reduced ZrO,,
Lag 04719960, or Ceg 1471360, supported Pt catalysts
at 350 °C.

The spectrum for the PLCZ catalyst under the same
conditions is also shown in figure 5. In contrast to the
individually promoted and unpromoted supports, the
catalyst containing both Ce and La showed peaks at
2068 and 1988 cm™'. These peaks are consistent with the
linear CO observed on the PLCZ catalyst during the CO
exposure studies discussed previously. Thus, the catalyst
containing both Ce and La demonstrates the ability to
dissociate CO, after reduction at 350 °C.

Following exposure to CO,, all of the catalysts were
flushed in He for 30 min and then exposed to the 1%
CO»/He mixture for a second time. The results obtained
for the second exposure were the similar to what was
observed during the first exposure. That is, the PZ, PCZ,
and PLZ catalysts did not show any CO adsorbed on Pt,
while the PLCZ catalyst exhibited a peak at 2055 cm™".
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Figure 5. DRIFTS spectra recorded for PZ, PCZ, PLZ, and PLCZ
during exposure to 1% CO,/He mixture at 350 °C.
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The shift in the position of the CO peak was also
observed for the PLCZ catalyst during the CO exposure
studies where the initial linecar CO peak at room tem-
perature appeared at 2068 cm™', and the CO peak at
350 °C was at 2057 cm™'. The shift in peak position can
be ascribed to the reconstruction of the Pt in the pres-
ence of CO at 350 °C, which has been demonstrated
previously during the CO adsorption studies.

In addition to the surface reconstruction, it is also
possible that the decrease in the peak position is due to a
decrease in the total amount of CO adsorbed on the
metal during the second exposure period. Previous
studies have suggested that the dissociation of CO, on
Ce-promoted ZrO, is facilitated by oxygen vacancies
that are present in the surface of the support lattice [5].
When these vacancies are present near the perimeter of a
metal particle, CO, dissociation occurs resulting in the
formation of adsorbed CO species on the metal surface
and replenishment of lattice oxygen on the surface of the
support. In the absence of a reducing environment, the
oxygen formed during the dissociation of CO, would
reduce the number of vacancies near the perimeter of the
particle and could result in a decrease in dissociation
capacity during subsequent exposures.

Following the second exposure to CO, the catalysts
were again flushed in He for 30 minutes. To further
probe CO, dissociation on the various catalysts, the
samples were exposed to a mixture of 1% CO,/He and
H, at 350 °C. Figure 6 shows that immediately follow-
ing exposure to the mixture of CO, and H,, large
amounts of linearly adsorbed CO on the Pt particles
were observed for all of the catalysts. The largest peak
observed on the PZ catalyst was centered at 2075 cm™,
while all of the promoted catalysts had peaks appearing
at slightly lower wave numbers (~2065 cm™"). The
promoted catalyst also had a large peak near 1980 cm™".
It should be noted that the amount of CO observed on
the PLCZ catalysts during exposure to CO, and H, was
greater than in the presence of CO, alone. Again, the
size and the position of all of the peaks observed during
exposure to CO, and H, are consistent with the CO
peaks observed for each of the catalysts at 350 °C dur-
ing exposure to CO.

The appearance of the CO bound to the Pt during
exposure to CO, and H» suggests that hydrogen assisted
CO, dissociation is occurring on the PZ, PCZ, and PLZ
catalysts. The fact that more CO is observed on the
PLCZ catalyst during exposure to CO, and H, than was
observed during exposure to CO, alone also suggests
that some hydrogen assisted CO, dissociation also
occurs on this catalyst. However, it is important to note
that CO, dissociation occurred on the PLCZ in the
absence of hydrogen, suggesting that the simultaneous
presence of the Ce and La does impact the catalyst
ability to dissociate CO,.

It has been previously suggested that reducibility of a
support can play a role in the activation of co-reactants
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Figure 6. DRIFTS spectra recorded for PZ, PCZ, PLZ, and PLCZ
during exposure to 1% CO,/He mixture and H, at 350 °C.

for reactions such CO oxidation [12], low temperature
water gas shift [8—10], and the carbon dioxide reforming
of methane [5,17]. It has been proposed that the surface
reduction of a support, and the resultant generation of
oxygen vacancies in the support lattice, can aid in the
dissociation of CO», H>O, and O, [5,17,30,31]. We have
previously reported that small amounts of surface
reduction can occur near the metal particle on 1.5 wt%
PZ, PCZ, and PLZ catalysts [5] and that CO, dissociates
independently after the surface reduction was imposed.
However, the catalysts used in that study were reduced
at 500 °C in hydrogen and the support reduction studies
were performed at 800 °C. The catalysts used in this
study have purposefully been reduced at low tempera-
tures (350 °C) to minimize any support reduction and
subsequent formation of oxygen vacancies. The results
of this work, which demonstrate that the dissociation of
CO, does not occur on the PZ, PCZ, and PLZ at 350 °C
in the absence of hydrogen, provide strong support for
the role of the oxygen vacancies in facilitating the dis-
sociation of CO, on supported Pt catalysts.

In contrast to the PZ, PCZ, and PLZ catalysts, the
PLCZ catalyst did show CO, dissociation at 350 °C in
the absence of hydrogen. Temperature programmed
reduction (TPR) studies have been performed on the
PLCZ catalyst after the same low temperature oxidation
and reduction pre-treatments in this study. The experi-
ment showed that the major reduction peak was cen-
tered at 197 °C and that the H,/Pt ratio for the
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hydrogen consumption corresponding to this peak was
approximately 2.6. The temperature of reduction is
higher than the reduction temperature observed on the
PZ catalyst (175 °C) and the H,/Pt ratio is also higher
than for the PZ catalyst (1.1). As discussed before, the
ZrO, support is not expected to be a highly reducible
support material, with only slight surface reduction
being observed near the metal particle at high temper-
atures. This idea is confirmed by the near unity H,/Pt
ratio observed on the PZ catalyst. However, the PLCZ
catalyst shows significantly more hydrogen consumed
than what would be expected for the reduction of the
metal. We ascribed the increase in hydrogen consump-
tion to an increase in the low temperature reducibility of
the surface of the support near the metal particle. The
increased reducibility leads to an increase in the number
of oxygen vacancies formed during reduction at 350 °C,
and these vacancies facilitate the dissociation of CO, in
the absence of hydrogen. The increased reducibility at
low temperatures could be beneficial for reactions at low
temperatures such as the low temperature water gas shift
or selective CO oxidation reaction, in which the support
reduction plays a part in the reaction mechanism.

3.7. Effect on reactivity

All of the characterizations performed on the Pt/
Lag 04Ceg.14Z1¢ 3>0> catalyst suggest that the simulta-
neous reduction of the metal and support can occur
during reduction at 350 °C. The results of the TPR
studies suggest that even at temperatures as low as
195 °C support reduction can occur. The reduction is
ascribed to the simultaneous presence of Ce and La in
the support because the formation of vacancies is not
observed under the same conditions for the individually
promoted catalysts.

For many reactions including methane reforming,
water gas shift, and selective CO oxidation, the reduc-
ibility of a support is an important factor in determining
the overall activity and stability of the catalyst. A support
which shows an increased ability to form oxygen defects
without losing stability is a potentially good support
material for the above mentioned reactions. Many studies
have shown that strong metal-support interactions can
occur on supports such as TiO,, La,O3, LaCoO3, and
even ZrO, under some conditions [32-36]. Some results
have suggested that the metal-support interaction can be
beneficial for performance, because new more reactive,
partially reduced supports sites are created. However, if
the degree of support reduction is too great, significant
loss of exposed metal area due to the encapsulation can
result in apparent decreased activity.

In order to compare the effect of the reducibility on the
catalytic performance during high temperature and low
temperature reactions, a 0.37 wt% Pt/
Lao,o4CeO_14Zr0,8202 and a 0.42 wt% Pt/Ceo'MZro'géOz
catalyst were tested for the high temperature CO,

reforming and the low temperature water gas shift reac-
tions. For the high temperature reforming reaction the
activity was recorded after 9 h of the dry reforming of
methane at 800 °C and a 1:1 CH4:CO, feed ratio. Prior to
the reaction, the catalysts were reduced in situ in H, for
1 hat 500 °C and then heated to 800 °C in He. Although
the stability of the catalysts was identical, the activity of
the PLCZ catalyst was significantly lower than the PCZ
catalyst. The rate of reaction after 9 h was 5x107> mol
CH, reacted/g of Pt/s for the PCZ catalyst and approxi-
mately 3x 1072 mol CH, reacted/g of Pt/s for the PLCZ
catalyst. As previously discussed, the BET surface areas
of the supports and the metal particle sizes were similar
for the two catalysts. Based on the similarity in the
characterization between the materials, the lower activity
observed on the Pt/Lag o4Ce 1421 -0, catalyst is ascri-
bed to significant reduction of the support after reduction
at 500 °C leading to a loss of Pt metal exposed for the
reaction. Thus, in the case of reforming where high
temperature reduction and reaction is necessary, the
increased reducibility of the Lag 04Ce.14Z1¢ 8,05 support
hinders the catalytic performance.

The same rate comparison was made for the two cat-
alysts after 9 h of the low temperature water gas shift
reaction at 230 °C. The catalysts were reduced in situ at
230 °C in H; prior to reaction and the reaction was per-
formed with a 2:1 ratio of H;O:CO and 10% CO in the dry
feed. In contrast to the high temperature reforming
reaction, the activity of the PLCZ catalyst was observed
to be slightly greater than the activity of the PCZ catalyst
for the low temperature water gas shift reaction, with the
final rates being 4x107> mol CO reacted/g of Pt/s and
3x107* mol CO reacted/g of Pt/s, respectively. The
results of the TPR studies have demonstrated that
reduction of the PLCZ support can occur at temperatures
as low as 195 °C and it is expected that formation of
surface oxygen defects on the PLCZ catalyst would be
significant during reaction. Thus, the increased reducibil-
ity of the catalyst containing both Ce and La and the ability
to formation oxygen defects for the activation of water
would result in the increased activity observed. It is likely
that the lower reaction and reduction temperature aids in
the formation of vacancies but is not significant enough to
result in encapsulation of the metal particle under reaction
conditions resulting in improved performance.

4. Conclusions

DRIFTS has been used to study CO and CO,
adsorption on Pt supported on Ce and La modified
ZrO; catalysts. Reduction at 350 °C is sufficient to cause
significant oxygen defect formation in the surface of the
support material when both Ce and La are present. The
increased ability to form oxygen vacancies is attributed
to the presence of a higher concentration of La and Ce
on the surface of the ZrO, which is more easily reduced.
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Hydrogen assisted CO, dissociation was demonstrated
on all of the catalysts at 350 °C. In the absence of
hydrogen, only the Pt/Lag 04Ceq 14Zr1¢5,0> catalyst was
capable of dissociating CO, at 350 °C which is attrib-
uted to the formation of oxygen defects in the support
after reduction at 350 °C. The increased reducibility of
the Lag04Ce 1471930, support can be advantageous
for reactions in which the oxygen storage and release
capacity is important in the reaction mechanism. How-
ever, high temperature reduction and reaction can lead
to encapsulation of the metal and a detrimental loss of
active metal exposed for reaction.

Acknowledgements

The authors gratefully acknowledge the University of
Kansas Energy Research Center and General Research
Fund for supporting this work, and MEL Chemicals for
the support material.

References

[1] Z. Zhang, X. Verykios, S. MacDonald and S. Affrossman,
J. Phys. Chem. 100 (1996) 744.

[2] A. Slagtern, Y. Schuurman, C. Leclercq, X. Verykios and
C. Mirodatos, J. Catal. 172 (1997) 118.

[3] B.V. Choudhary, S. Uphade and S.A. Mamman, J. Catal. 172
(1997) 281.

[4] Z. Zhang and X. Verykios, Appl. Catal. A: Gene. 138 (1996) 109.

[5] S.M. Stagg-Williams, F.B. Noronha, G. Fendley and D.E. Res-
asco, J. Catal. 194(2) (2000) 240.

[6] S.M. Stagg and D.E. Resasco, Stud. Surf. Sci. Catal. 119 (1998)
813.

[7] T. Shido and Y. Iwasawa, J. Catal. 136 (1992) 493.

[8] Q. Fu, A. Weber and M. Flytzani-Stephanopoulos, Catal. Lett. 77
(2001) 87.

[9] Q. Fu, S. Kudriavtseva, H. Saltsburg and M. Ftyzani-Stephanopoulos,
Chem. Eng. J. 93 (2003) 41.

[10] S. Hilaitre, X. Wang, T. Luo, R.J. Gorte and J. Wagner, Appl.
Catal. A: Gene. 215 (2001) 271.

[11] J.C. Summers and S.A. Ausen, J. Catal. 58 (1979) 131.

[12] M. Haruta and M. Daté, Appl. Catal. A: Gene. 222 (2001) 427.

[13] M. Thammachart, V. Meeyoo, T. Risksomboon and S. Osuwan,
Catal. Today 68 (2001) 53.

[14] M.C. Yao and Y.E. Yao, J. Catal. 86 (1984) 254.

[15] L. Mendelovici and M. Steinberg, J. Catal. 98 (1985) 285.

[16] X. Wang and R.J. Gorte, Catal. Lett. 73 (2001) 15.

[17] F.B. Noronha, E.C Fendley, R.R. Soares, W.E. Alvarez and D.E.
Resasco, Chem. Eng. J. 82 (2001) 21.

[18] S. Bernal, G. Blanco, G. Cifredo, J.A. Pérez-Omil, J.M. Pintado
and J.M. Rodriguez-Izquierdo, J. Alloy. Compd. 250 (1997) 449.

[19] Lj. Kundavokic and M. Ftytzani-Stephanopoulos, J. Catal. 179
(1998) 203.

[20] B. Pant S.M. Stagg-Williams, Appl. Catal. A. in preparation.

[21] C.E. Hori, H. Permana, K.Y.S. Ng, A. Brenner, K. More, K.M.
Rahmoelleer and D. Belton, Appl. Catal. B: Env. 16 (1998) 105.

[22] P. Duwez and F. Odell, J. Am. Cer. Soc. 33(9) (1950) 274.

[23] T. Jin, Y. Zhou, G.J. Mains and J.M. White, J. Phys. Chem. 91
(1987) 5931.

[24] D.W. Daniel, J. Phys. Chem. 92 (1988) 3891.

[25] A. Holmgren, B. Andersson and D. Duprez, Appl. Catal. B: Env.
22 (1999) 215.

[26] A. Bourane, O. Dulaurent and D. Bianchi, J. Catal. 196 (2000)
115.

[27] E. Guglielinotti, Langmuir 6 (1990) 1455.

[28] J. Xu and J.T. Yates, Surf. Sci. 327 (1995) 193.

[29] S.M. Stagg, E. Romeo, C. Padro and D.E. Resasco, J. Catal. 178
(1998) 137.

[30] W. Wang, S.M. Stagg-Williams, F.B. Noronha, L. Mattos and
F. Passos, Catal. Today 98 (2004) 553.

[31] Stagg-Williams S.M., Noronha F.B. (2003). In: Pandalai S.G.
(eds). Recent Res. Devel. Catalysis, Research Signpost, 2 : 205—
230.

[32] C.Li, Y. Sakata, T. Arai, K. Domen, K. Maruya and T. Onishi, J.
Chem. Soc., Faraday Trans. 1(85(6) (1989) 929.

[33] M.C.J. Bradford and M.A. Vannice, J. Catal. 173 (1998) 157.

[34] G.L. Haller and D.E. Resasco, Adv. Catal. 36 (1989) 173.

[35] Z. Zhang and X.E. Verykios, Appl. Catal. A: Gene. 138 (1996)
109.

[36] B. Pant and S.M. Stagg-Williams, Catal. Commun. 5 (2004) 305.



