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Industrially manufactured Pd catalysts supported on Al,O3,
La;03-Al;03, and LaAlO3; were prepared to contain different
amounts of PdO. The effect of the chemical state of Pd on ad-
sorption and thermal properties of CO and NO were investigated
by temperature-programmed desorption (TPD) and Fourier trans-
form infrared spectroscopy (FT-IR). CO adsorbed molecularly on
all Pd catalysts forming linear and bridged CO species. The presence
of PdO was found to strongly decrease the CO binding energy on
Al303-supported Pd catalysts, as indicated by the subsequent lower-
ing of the temperature of the TPD peak maximum. The destabiliza-
tion of CO bonding was even further enhanced on Pd catalysts sup-
ported on LaAlO3 and La;03-Al,03. The interaction of CO with the
Al,03, La;03-Al1,03, and LaAlO; supports was negligible. In con-
trast to the behavior of CO, NO was observed to adsorb molecularly
on Al,O3, La;03-Al,03, and LaAlO3 supports with high efficiency.
Strong absorption bands of NO in the range of 1600-1200 cm ™!
were detected. The dissociation of NO, followed by the formation
of N, and N0 during the temperature programmed reaction, was
seen on all the Pd catalysts. The importance of the chemical state
of Pd and the La-induced effects on the reactivity of CO and NO
are discussed. © 1996 Academic Press, Inc.

1. INTRODUCTION

Nearly all catalytic surface reactions of technological rel-
evance proceed under conditions where the simultaneous
existence of a multi-component adsorbate system of var-
ious surface species, such as reactants, products, interme-
diates, and surface modifiers, is unavoidable. Despite this
complexity, application of surface science methods to stud-
ies related to simple model systems has provided essential
information to understanding the surface physics and chem-
istry occurring on real-world catalysts. The work reported
here is a part of our ongoing surface reactivity studies of
CO, NO, and O; on industrially manufactured, supported
noble metal catalysts. The present paper illustrates the ef-
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fects of surface modifications by oxygen and lanthanum
on the surface chemistry of CO and NO adsorption on Pd
catalysts.

Catalytic properties of palladium have received increas-
ing attention because of their potential use in automotive
emission control. Under certain reaction conditions, a Pd-
only catalyst has been found to be as effective as an ordinary
three-way catalyst for the simultaneous removal of NO, CO,
and hydrocarbons (1, 2). However, the Pd-only catalyst has
a poor NO reduction efficiency compared to Rh, especially
in an oxygen-rich environment. Attempts to improve the
catalytic performance of Pd have been made by placing it
in contact with various base metal oxides and rare earth
oxides (3).

Despite the fact that the use of Pd in automotive exhaust
catalysis is increasing, rather little is known about the sur-
face complex formation during the catalysis. This is due
to several possible oxidation stages of Pd in transient ex-
haust gas conditions. Recently, results of FT-IR studies on
NO and CO adsorption on Pd catalysts have been reported
indicating the complexity of the NO and CO adsorption
phenomena (4-14).

The present study focuses on the adsorption and decom-
position of CO and NO on Pd catalysts with different ox-
idation stages and washcoat structures by using different
surface science methods. The chemical state of the catalyst
was examined by XPS (X-ray photoelectron spectroscopy).
The type and strength of surface bonding were detected by
separate FT-IR and TPD analyses. The aim was to deter-
mine the importance of the chemical state of Pd and the
presence of La promoters for the CO and NO bonding on
active sites, both on the noble metal and on acid sites in the
washcoat.

2. EXPERIMENTAL

TPD (temperature programmed desorption) experi-
ments were carried out in a multi-technique UHV cham-
ber with a base pressure less than 5 x 10~!! Torr (1 Torr
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TABLE 1

Structural Properties of Pd Catalysts (17)

Pd/Ale3 (A) Pd/Ale3 (B) Pd/Ale3 (C) Pd/LaA103 Pd/La203—A1203

Finishing T of the heat treatment (K) 1223 No treatment 773 1223 1223

BET surface area (m? g™ 1) 116 155 117 5.9 50

Pore volume (cm® g1 0.38 0.33 0.35 0.05 0.20
Mean pore radius (nm) 6.6 42 6.0 17 8

Pd loading (wt%) 7.6 1.9 7.6 8.0 72

Pd dispersion (%) 22 27 1.2 1.2 2.0

Pd particle diameter (nm) 51 42 95 96 55
Chemical state, PdO (%) 10 40 90 75 90

=133.3 N m~2). The UHV chamber is equipped with a
molecular beam generation system and a quadrupole mass
spectrometer (Balzers QMG 420) for molecular beam-
scattering studies as well as other surface characteriza-
tion techniques such as LEED/AES (low energy electron
diffraction/Auger electron spectroscopy, Fisons RVL 900)
and XPS (VG ADES-400). The molecular beam scattering
system provides a high intensity molecular beam which has
a flux of 6.25 x 103 £5.0 x 10'? molecules cm ™2 s™! and a
beam diameter of 5.5 mm at the position of the sample. The
apparatus used in this work has been described in detail
elsewhere (15).

The supported Pd catalysts used in this work were sup-
plied by Kemira Metalkat Oy (Finland). A flat metal foil
was coated with the washcoat, thus allowing the analysis
of a real exhaust catalyst. The washcoat layer on the metal
substrate comprised Al,O3, La,0O3—~Al, 03, or LaAlOs3. The
noble metal loading of Pd on the washcoat was in the range
of 7.2 to 8.0%, except Pd/Al,O3 (B) for which the Pd load-
ing was 1.9%. The samples were first reduced using the fol-
lowing sequence: N, — 673 K — 673 K for 2 h in H, — 673
K — 323 K in N, after which they were treated cyclically
in air at temperatures 773 K (2 h) to 1223 K (2 h) for
a total period of 12 h. The finishing temperature of the
cyclic treatment was a variable to evaluate the final chem-
ical state of palladium. The specific surface areas (BET)
and noble metal dispersions were calculated by using ad-
sorption isotherms of nitrogen at 77 K and CO at 298 K,
respectively.

The amount of PdO was determined by XPS. A Kratos
XSAM 800 photoelectron spectrometer was employed for
XPS measurements using MgKa radiation (1253.6 eV).
Two chemical states of Pd were distinguishable from
the XPS results. This was evident by the relatively high
FWHM'’s of the Pd 3ds, spectra ranging from 1.8 eV to
2.2 eV and was further verified by a peak-fit analysis. The
deconvoluted peak envelopes revealed two distinct chemi-
cal states of palladium. The binding energies were centered
at 335.4 eV and 336.7 eV. These energies can be assigned
to the corresponding binding energies of metallic Pd and

oxidized Pd (PdO) (16). The percentage of PdO was then
calculated from the integrated peak areas. The details of
the preparation and characterization of the supported Pd
catalysts have been described in Ref. (17). The structural
properties of the catalysts and the XPS results concerning
the chemical states of Pd are summarized in Table 1.

The only impurity observed in the XPS analysis was car-
bon, the concentration of which remained at a constant
level during the experiments. Since it was impossible to
deduce whether carbon was associated with the support
alone or whether it was associated with Pd particles, it was
assumed that the carbon contamination was evenly dis-
tributed throughout the catalyst structure. Other possible
impurities such as calcium, phosphorus, sulphur, silicon, and
chlorine remained below our XPS detection limits (~ 1%
of monolayer).

The pretreatment for the catalysts prior to TPD mea-
surements was outgassing at 650 K in a vacuum of 1 x 10~1°
Torr. Outgassing was stopped when no desorption of the
residual gases was detected during a temperature ramp
from 300 to 700 K, and the CO TPD profiles were fully re-
producible. To avoid sintering of the Pd particles, the high-
est temperature employed in the TPD studies was 700 K.

All the gas exposures were performed using a molec-
ular beam of CO or NO at a constant flux. CO (99.9%)
and NO (99.9%) were supplied by AGA Ltd. (Finland)
and were used without further purification. The sam-
ple was clamped to a pyrolytic boron nitride heater ele-
ment (a Fisons XL-system) and heated by conduction. An
N-type (Nicrosil/Nisil) thermocouple was positioned di-
rectly against the sample. The TPD profiles were measured
as a function of temperature which was varied from 300 K
to 700 K at a linear rate of 7 K/s.

To obtain more information on the adsorption and the
surface intermediates over a Pd catalyst separate adsorp-
tion experiments of CO and NO on the catalyst surface were
made by the FT-IR technique (Perkin-Elmer 1760 FT-IR
spectrometer). The chamber (Environmental Chamber,
Specac 19930) allowed heating of a sample and introduction
of fixed amounts of different gas components separately.
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In some experiments, called static experiments, the spec-
tra were recorded at successive temperatures in the range
from room temperature to 673 K using a standard collec-
tion software, whereas in others, called GC-IRexperiments,
the spectra were recorded at constant temperature using a
GC-IR software. The background spectra in static experi-
ments were always measured after the sample evacuation
at 573 K at room temperature, whereas in GC-IR experi-
ments the background spectra were measured at 573 K after
the sample evacuation. The spectra were measured for the
range from 4000 to 600 cm ™! using a resolution of 4 cm™!.

In the FT-IR studies the reaction gas was introduced into
the chamber in different sequences and at different temper-
atures.

The static experiments were made by introducing CO
or NO alone into the chamber at room temperature, after
which the chamber was closed and the temperature was
increased stepwise to 373,423,473,573, and 673 K at which
temperatures the spectra were measured.

The GC-IR measurements were made at 573 K. CO
or NO was first introduced into the chamber at the reac-
tion temperature and the gas was allowed to adsorb on the
catalyst surface during the first 10 min. Then the second gas,
NO or CO, was introduced into the chamber and this mix-
ture was allowed to react for the next 10 min after which
the chamber was evacuated.

In the case of a three-component mixture the second gas
(NO or CO) and the third gas (air) were introduced into
the chamber after 7 and 14 min from the introduction of
the first gas. The spectra were recorded at 0.5 min inter-
vals; each spectrum took 25 min. This procedure allowed
the simultaneous performance of adsorption and reaction
studies. The partial pressures of NO, CO, and air used in
the experiments were 60, 90, and 180 mbar, respectively.
NO was introduced into the chamber as a 10% NO/N; gas
(600 mbar).

3. RESULTS AND DISCUSSION

3.1. CO Adsorption

Figures 1 and 2 show the TPD profiles of CO desorption
from the Pd catalysts (solid curves). All the catalysts were
exposed to 60 L (Langmuirs) of CO at 300 K prior to the
TPD measurements by using a molecular beam. In general,
all the CO TPD curves exhibit a single maximum accom-
panied by a shoulder at lower temperature. Figures 1a, 2a,
and 2b also show the CO TPD profiles from the different
washcoats (dashed curves) illustrating only a fairly weak
interaction of CO with AlLO3, LaAlOs3, and La;O3-Al,Os.

This weak interaction was also seen in FI-IR studies.
Adsorption of CO on the fresh alumina washcoat gave rise
to weak absorption bands at 1590, 1562, and 1397 cm~!in
the temperature range of 473 to 573 K. The region between
1700 and 1200 cm ™! includes carbon-oxygen bands such as
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carbonates, formates, and bicarbonates on the Al,O3 sur-
face (18). The bands at 1596 and 1380-1376 cm™! are as-
signed to the asymmetric and symmetric O-C-O stretching
vibrations of adsorbed formate ions (19, 20). The absorp-
tion bands on the annealed washcoats were quite similar
to those obtained for the fresh alumina washcoat (1594,
1560, and 1385 cm™!). The absorption band at 2253 cm™!
at higher temperatures was most probably caused by the
interaction of CO with Al,Os. According to the literature
(21-23) the bands in the range from 2300 to 2170 cm™! are
due to CO molecules adsorbed on the Al,O3 support. For
example, Marchese et al. (21) have shown that a CO band at
2247 cm~tis associated with molecules adsorbed at the most
acidic cationic sites. Thus, we believe that in our case (Al,O3

Pd/ALO, (A)

b Pd/ALO, (B)

CO DESORPTION RATE [A.U.]

Pd/ALO, (C)
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FIG. 1. Thermal desorption profiles for CO on Al,Os-supported Pd
catalysts. Pd catalysts were exposed to 60 L (Langmuir) of CO at 300 K:
(a) Pd/ALOs (A); (b) Pd/ALO3 (B); (c) Pd/ALO3 (C). The dashed curve
in (a) is the TPD profile for Al,O3 washcoat. Heating rate 7 K/s.
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FIG. 2. Thermal desorption profiles for CO on La-modified Al,O3-
supported Pd catalysts. Pd catalysts were exposed to 60 L of CO at 300 K:
(a) Pd/LaAlOj; and (b) Pd/La,O3-ALOs. For both catalysts the chemical
state of Pd was highly oxidized. The dashed curves are the TPD profiles
for LaAlOs and La;O3—Al,0O3 washcoats. Heating rate 7 K/s.

support mounted on a metal foil) the band at 2253 cm™!

represents CO o-bonded to strong cationic Lewis acid sites
that can be regarded as surface defects with strong Lewis
acid character (24). The complexes that cause these bands
can be denoted as APT—CO (4). With IR very low con-
centrations of surface compounds can be detected under
reaction conditions.

According to GC-IR studies the reaction of CO with
the washcoat was much weaker at 473 K than at 573 K. A
weak absorption band was observed at around 1590 cm ™!
at lower temperature whereas at 573 K absorption bands at
1590, 1576 and around 1400 cm~! were observed, indicat-
ing the formation of formate species. When the washcoat
contained La,03, the absorption bands at 1600-1200 cm™!
were weaker but the O-C-O stretching vibrations could be
detected. The formate surface complex formation on the
LaAlOs; washcoat was extremely weak, indicating that the
formation of formate species in this case was the least pro-
bable compared to the other two washcoat structures.

In Figs. 1 and 2 the position of the main desorption peak
maximum is seen to shift from ~540 K on Pd/Al,03; (A)
(Fig. 1a) to ~375 K on Pd/La,0;-Al,03 (Fig. 2b) indicat-
ing considerable changes in the CO bonding on these Pd
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catalysts. It is obvious that the CO binding energy strongly
depends on the chemical and structural properties of the
catalysts.

Based on the XPS results, the chemical state of palladium
was found to be the most metallic on Pd/AL,O3; (A) (17).
Therefore, a comparison between the CO TPD profile mea-
sured from Pd/Al,0O3 (A) (Fig. 1a) and the profiles obtained
from Pd single crystals and nonporous Pd model catalysts
(25-43) is reasonable. The CO TPD curve in Fig. 1a bears a
close resemblance to those observed from Pd(111) (28) and
from large Pd particles (diameter >3 nm) supported on a
nonporous alumina substrate (41). Therefore, itis suggested
that the TPD results shown here are not strongly affected
by porosity of the support or the carbon contamination.

Only fairly weak particle-size or crystallographic effects
are expected to occur on the Pd catalysts. This is simply
because the particle sizes in our catalysts are relatively
large exhibiting a value greater than ~3.0 nm (ranging from
4.2 nm to 96 nm, Table 1) above which all the particle size
effects usually observed in desorption kinetics approach the
bulk-metal limit. In other words, for large Pd particles the
CO TPD curves should resemble those of Pd(111) (28).

There are numerous studies reported in the literature of
CO adsorption on Pd model catalysts (31-43). Most of these
studies are quite controversial with respect to the dissoci-
ation of CO. Especially, the reactivity of small Pd particles
in dissociation of CO has been an issue of debate between
various research groups (40-43). The differences in support
materials, washcoat compositions, and preparation condi-
tions employed by different groups have been invoked to
explain some of the existing discrepancies. At the moment,
there exists no unambiguous explanation to rationalize the
observed dissociation of CO on the Pd model catalysts.

The dissociation of CO was not observed on any of our
Pd catalysts. Successive TPD runs of CO after adsorption
of CO at room temperature were identical, and the concen-
tration of the carbon impurity measured by XPS was about
the same for all samples and remained constant during the
experiments. It is suggested that one of the reasons for fail-
ing to observe the dissociation of CO is due to the relatively
large particle sizes of the catalysts.

Stara and Matolin studied CO adsorption/dissociation
on Pd/Al,O3 model catalysts (40). Using successive CO ad-
sorption and desorption cycles to monitor the changesin the
CO adsorption capacity due to carbon buildup, they found
that the dissociation of CO was important only for Pd par-
ticles smaller than 2.5 nm. It has also been suggested that
the CO disproportionation rate depends on the Pd parti-
cle size; the smaller the particle size, the higher the carbon
formation rate (42). The Pd particle sizes of the catalysts
used in this study range from 4.2 nm to 96 nm. Thus, it is
not believed that the dissociation of CO was promoted by
the crystallographic effects even with the smallest particle
size of 4.2 nm.
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Another possible reason why the dissociation of CO was
not observed can be related to the carbon atoms, some of
which may have been adsorbed on those sites of the Pd
particles which are probably the ones to dissociate CO, e.g.,
step sites (40). Hence, the dissociation of CO could be lim-
ited or even completely sterically blocked by these carbon
atoms.

Since the dissociation of CO could not be seen within
the detection limits of our measurements, it is concluded
that none of the different washcoat compositions used in
these studies, Al,O3, La,O3-Al,03, and LaAlOs, either di-
rectly or via the interaction with the Pd particles shows any
considerable reactivity toward the dissociation of CO.

Clearly, the large shift of the main desorption peak max-
imum is the most pronounced effect seen by comparing
the CO TPD curves with each other (Figs. 1 and 2). This
shift can be attributed to remarkable differences in the CO
bonding strength on these Pd catalysts. The activation en-
ergy of desorption E4 of CO for the main desorption peak
for the five studied samples has been calculated using the
first-order Redhead equation (44) assuming that the preex-
ponential factor is of 10!® s~1. These E{'s have been plotted
in Fig. 3 against the amount of palladium oxide, noted as
PdO, obtained from the XPS analysis (17). It turns out that
Eq closely correlates with the chemical state of Pd.

Figure 3 also shows the results for the two La-modified
Pd/AL,Os catalysts, where the chemical state of palladium
is highly oxidized. By comparing the CO TPD profile from
Pd/ALL O3 (C) (Fig. 1c) with that of Pd/LaAlOs (Fig. 2a)
one can see that the desorption peak maximum is slightly
lower for Pd/LaAlQOs, but otherwise the two profiles are
very similar. This similarity suggests that the presence
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of LaAlO3 does not much alter the adsorption proper-
ties or the binding energy of CO on highly oxidized Pd
particles.

In contrast to Pd catalysts supported on LaAlO3 and
Al,Os3, the CO TPD profile of Pd/La,0O3-Al,03 (Fig. 2b)
is dramatically different. The most striking feature in this
profile is the very low binding energy of CO, as indicated
in Fig. 3. The whole shape of the TPD curve is also very
different and is characterized by the extremely narrow
peak width. There seems to be a small shoulder at the low
temperature side of the main peak. It is possible that some
portion of the CO molecules already desorbs below the
adsorption temperature used in these experiments (300 K)
which can explain the narrow peak width. However, it is
clear that the PdAO-La,Os3 interaction strongly destabilizes
the bonding of CO.

Ladas et al. (45) studied the surface reactivity of high oxy-
gen coverages on Pd single crystals where the penetration
of chemisorbed oxygen into the bulk region of Pd can lead
to the formation of subsurface oxygen species and eventu-
ally palladium oxide. Their results showed that the presence
of a high coverage of oxygen substantially reduces the CO
binding energy. It should be mentioned that the changes in
CO bonding strength can greatly influence the reaction ki-
netics. For instance, the weakening of the CO bonding can
have an inhibiting effect on the rate of CO; production for
the catalytic CO-O; reaction, due to the lowering of CO
residence time (46).

The surface complexes formed on Pd catalysts accord-
ing to FT-IR analyses when CO alone was introduced into
the cell were linear Pd*—CO, which appeared at 2160 cm ™!
already at room temperature, bridged Pd,—~CO at around
1990 cm™! (weak bands) and AIP*-CO complex at 573-
673 K (2257-2253 cm™!) (Fig. 4). The formation of carbon-
ate species was observed at 1465-1457 cm~!. The adsorp-
tion of CO on Pd catalysts depends greatly on the oxida-
tion state of Pd (6). The most common bands are linear car-
bonyls at 2140-2100 cm ! (Pd*—CO), 2080-2000 cm ! (Pd’—
CO) (7), strong multilaterally bonded carbonyls at 1965 and
1910 cm~! (Pd,~CO, bridged carbonyls at 2000-1800 cm ")
(6, 8,9) and triply bonded CO at 1880-1800 cm™! (6). Ab-
sorption bands due to carbonate species appear normally at
around 1638 and 1450 cm™! (19). According to earlier stud-
ies (47), on ametallic Pd-catalyst prereduced with hydrogen
strong bridged Pd,—CO complex formation was observed at
1936 cm™! and linear Pd°~CO at 2065 cm™!. Adsorption of
CO on the washcoat as formate and carbonate gave absorp-
tion bands at 1588 and 1469 cm™! (47).

With the fresh Pd/Al,O; (B) sample the linear Pd™—
CO bands appeared at 2161 cm™! (Fig. 4a). When the cell
temperature was increased to 573 K the linear Pd*—CO
band disappeared and the formation of A**—CO complex
could be detected at 2257 cm™!. When the sample was an-
nealed and taken out of the oven at 773 K (Pd/Al,O; (C))
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the absorption bands were weaker than those with the fresh
Pd-catalyst (Fig. 4b). A weak absorption band at 1990
cm™! is assigned to bridged Pd,—CO complex formation.
When the cell temperature was increased to 573-673 K
the formation of AI**—~CO complex started (2253 cm™).
On the annealed Pd/Al,O3 catalyst which was taken out of
the oven at 1223 K (Pd/Al,Os (A)) the absorption bands
were smooth. Only gaseous CO, Pd*-CO, and AP*-CO
complex formation were observed at 2145, 2160, and 2253
cm !, respectively. The interaction of CO with the alumina
washcoat was similar to that with a fresh sample (Figs. 4a
and 4b).

The contribution of the washcoat (Al,O3, La;O3-Al,03,
and LaAlO3) to the adsorption and reaction of CO was
evident. The reaction of CO with the washcoat stabilized
by La to form carbonate species was the least probable with
Pd/La2O3—Al2O3 and Pd/LaAlO3.

3.2. NO Adsorption

Figures 5 and 6 show TPD profiles after 60 L exposure
of NO at 300 K for the Pd catalysts. Along with the NO
desorption there is a thermal reaction of NO with the cata-
lysts during the TPD ramp, producing dinitrogen (N,) and
nitrous oxide (N,O).

In sharp contrast to the case of CO, the interaction
of NO with the washcoats, Al,O3;, La,O3-Al,03, and
LaAlQs3, is significant. This is shown in Figs. 5a, 6a, and 6b
(dashed curves). This interaction is also clearly observed
in the FT-IR spectra. NO was adsorbed on the fresh and
annealed Al,Oj already at room temperature, yielding the
absorption bands at 1628, 1475, and 1232 cm™! (Fig. 7a).
These bands are proposed to originate from Al-NO; and
Al-NOs species (4). At higher temperatures (373-573 K)
the band intensities become even stronger. A band at
2249 cm~! (373-673 K) is probably due to the presence of
N,O formed by NO dissociation (4). When the washcoat
contained La;O3 besides alumina, the absorption bands at
1600-1200 cm~! were weaker but the formation of nitrate
and nitrite species could clearly be seen at 1624/1628, 1457,
and 1270 cm~!. The absorption bands at 1600-1200 cm™!
on the LaAlO; washcoat were very weak, indicating that
the formation of nitrate and nitrite was the least probable
when compared to the two other washcoat structures.
The strongest band was observed at around 1270 cm™!
(NO3, NOy). Even though NO can molecularly adsorb
on the supports, the absence of the N, TPD peak suggests
that the Pd particles must be mainly responsible for the
decomposition of NO.

Similarly as with CO the desorption peak maximum of
NO is found to vary on different Pd catalysts changing from
~420 K on Pd/Al,03 (A) to ~350 K on Pd/La,03-AlL0s.
This destabilization of NO adsorption increases as a func-
tion of the PdO as shown in Fig. 8. The activation energies of
desorption have been calculated using the first-order Red-
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FIG. 5. Thermal desorption profiles for NO on Al,Os-supported Pd
catalysts. Pd catalysts were exposed to 60 L of NO at 300 K: (a) Pd/AL,O3
(A); (b) Pd/ALLO;3 (B); (c) Pd/ALLO3 (C). The dashed curves in (a) are the
TPD profile for Al,O3 washcoat. Heating rate 7 K/s.

head equation assuming that the preexponential factor is
10" s~1. One can see from Fig. 8 that the higher the PdO
concentration, the weaker the NO bonding, this being the
most destabilized on Pd/La,O3-A1,03. This behavior of NO
is exactly the same as that of CO, although a change in Eq4
of NO when going from one catalyst to another is not as
dramatic as with CO.

The NO TPD curves shown in Figs. 5 and 6 are quite
different from those observed on Pd single crystals or Pd
model catalysts. For instance, NO adsorbs molecularly on
Pd(111) (28) and Pd(110) (48) and remains intact during the
TPD ramp, whereas on a stepped Pd(112) surface (Pd(S)
[3(111) x (001)]) (49) and on Al,Os-and SiO;-supported
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FIG. 6. Thermal desorption profiles for NO on La-modified AL,O3-
supported Pd catalysts. Pd catalysts were exposed to 60 L of NO at 300 K:
(a) Pd/LaAlOj; and (b) Pd/La,O3-ALOs. For both catalysts the chemical
state of Pd was highly oxidized. The dashed curves are the TPD profiles
for LaAlOs and La;O3—Al,0O3 washcoats. Heating rate 7 K/s.

Pd model catalysts (41, 50) NO partially dissociates upon
heating. Following the decomposition of NO the concomi-
tant desorption of N, and N,O is usually observed.

Ramsier et al. studied the effect of preadsorbed oxygen
on the adsorption of NO on the stepped Pd(112) surface
(51). They found that an increase in the amount of pread-
sorbed oxygen strongly weakens the NO adsorption bond,
shifting the peak maximum from ~480 K to ~420 K. Simul-
taneously with the destabilization of NO the amount of N,
and N,O production decreases.

The TPD results of NO from the Al,Os-supported Pd
catalysts in this study are consistent with those of Ramsier
et al. (51) (see Fig. 5). However, the relative changes in
the NO activation energies of desorption as well as the
changes in relative yields of N, and N,O (normalized to
the total amount of adsorbed NO) are quite small, except
for the fresh Pd/Al,Os (Pd/Al,O3 (B)). The decrease in the
NO activation energy of desorption is enhanced for the
La-modified Pd/Al,O5 catalysts (Fig. 6b) but the relative
amount of Ny and N,O formation stays at the same level as
that for the AL,O3 supported Pd catalysts.

The adsorption and decomposition of NO on Pd single
crystals and Pd model catalysts have been observed to be
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highly structure sensitive (28, 41, 48-51). For instance, Xu
and Goodman (50) found that NO dissociation and reaction
with CO on SiO;-supported Pd model catalysts strongly
depend on the metal particle size. Their results indicated
that small Pd particles are more reactive than large particles
in terms of the amount of NO dissociation (~50% for 3.0
nm particles and ~20% for 25.0 nm particles) but the small
particles exhibit lower activities for N,O formation. The
same behavior was also seen on A1,03-supported Pd model
catalysts (41).

The results obtained in this study are in good agreement
with the observations mentioned above for the Pd model
catalysts as to the dissociation of NO. The relative amount of
NO dissociation for the Pd/Al,03 (A) and Pd/Al,O3 (C) cat-
alysts is ~25%, the Pd particle sizes being 51 nm and 95 nm,
respectively. For the fresh Pd/Al,Oj3 catalyst (Pd/ALLO3 (B))
the relative amount of NO dissociation is ~50%. This en-
hancement in dissociation can be interpreted as due to the
smaller particle size (4.2 nm). The fact that some formation
of N,O is always seen during the temperature programmed
desorption is consistent with the results obtained from the
model catalysts and they can also be attributed to the effect
of Pd particle size. However, no clear indication of a pro-
motion of NO dissociation due to the presence of La,O3 or
LaAlOs; in the Pd catalysts was found.

Adsorption of NO on the fresh Pd/ALO (Pd/AL,O3 (B))
yielded Pd’>*-NO already at room temperature. These ab-
sorption hands were observed at 1855 and 1815 cm™!. NO
formslinear surface complexes with Pdin the range of 1830-
1650 cm~! (Pd**-NO, Pd-NO*, Pd-NO™) (10-14). Weak
linear Pd*-NO bonding was observed at 1780 cm~!. These
linear bands disappeared at 473—-673 K giving rise to nitrate
and nitrite complex formation on alumina which was ob-
served at 1600-1200 cm™'. Typical absorption bands were
observed at 1612, 1463, and 1240 cm™!. The formation of
an absorption band at 1612 cm ™! is probably caused by NO,.
The infrared bands of adsorbed NO, are normally observed
at1618,1318,and 750 cm ™! (52). Adsorbed NO, species can
be formed when the gaseous NO reacts with oxygen bonded
to Pd and created by the dissociation of NO. With a Pd-
catalyst prereduced with hydrogen, strong bridged Pd,~NO
complex formation was observed at around 1800 cm™!. Ad-
sorption of NO on the annealed Pd/Al,Os catalyst taken out
of the oven at 773 K (Pd/Al,03 (C)) gave linearly bonded
Pd-NO already at room temperature (1715 cm™!). This ab-
sorption band disappeared at 373 K. The linear Pd-NO
bonding could not be seen at room temperature on a cata-
lyst taken out of the oven at 1223 K (Fig. 7b). However,
at 473-673 K traces of linear PdA™-NO complex formation
could be detected at 1780-1750 cm™". Typical absorption
bands for adsorbed NOy, nitrate or nitrite complex forma-
tion were observed at 1612 and 1461 cm~!. At 573 to 673 K
a strong absorption band at 2243 cm™! was observed indi-
cating the formation of N,O.
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FIG.7. NO adsorption on annealed (1223 K) alumina washcoat and Pd catalysts with different washcoat structures: (a) ALOs3, (b) Pd/ALO3 (A);

(C) Pd/Lazo3fA1203; (d) Pd/LaAlO3.

Adsorption of NO on Pd/La;03—Al,O3 resulted in ab-
sorption bands at 1620, 1532, and 1290 cm~!, due to the for-
mation of adsorbed NO; and nitrate and/or nitrite species
on the washcoat (Fig. 7c). The nitrate and nitrite forma-
tion was, however, much weaker than in the case of the
alumina washcoat without lanthanum oxide. Traces of N,O
formation were observed at 573-673 K (weak absorption
bands at around 2240 cm™'). At 473-573 K NO formed
linear Pd-NO complexes at 1770-1760 cm~!. Adsorption
of NO on Pd/LaAlOj; indicated that the nitrate and nitrite
formation on the washcoat at 1600-1200 cm™! was much

weaker than in the case of Al,O3z or La,O3-Al,O3 washcoats
(Fig.7d). This can be explained by the low BET surface area
of the lanthanum aluminate support (5.9 m%g) compared to
alumina (155 to 116 m%/g) and lanthana-modified alumina
(50 m%g) supports. No linear Pd-NO complex formation or
N,O formation could be detected.

Xu and Goodman (50) proposed that large Pd particles
supported on SiO; provide two types of adsorption sites
for NO: sites with a strong chemisorption bond for NO
and other sites which dissociate NO. The N,O formation
was proposed to occur between molecularly adsorbed NO
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FIG. 7—Continued

and atomically adsorbed nitrogen (53). Hence. the reaction
channel for N,O formation on large Pd particles was in-
terpreted as due to the presence of these adsorption sites
which could simultaneously hold NO,gs and N,gs on the
surface. Our TPD and FT-IR results support this mecha-
nism for N,O formation because the N,O TPD peak ap-
pears just after the broad NO TPD peak maximum and
in the FT-IR adsorption experiments an absorption band
at 2249-2243 cm~! is seen indicating the formation of N,O.
Therefore, itis likely that at the temperature where the N,O
formation rate reaches its maximum, there exist sufficiently
high coverages of both NO,g4s and Nygs.

4. CONCLUSIONS

The results in this study demonstrate that the effect of
the chemical state of Pd in ALO5;~, LaAlO3~, and La,O3—
AL Os-supported Pd catalysts for CO and NO adsorption
and for the effects of temperature on their chemistry is
significant.

TPD experiments reveal that the CO binding energy
strongly decreases in the presence of PdO on the ALOs3-
supported catalysts. For the La-modified catalysts in which
palladium is in a highly oxidized state, the CO binding en-
ergyis even further reduced. According to the FT-IR exper-
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iments, CO adsorption on the fresh Pd/A1,0; (Pd/Al,O3
(B)) forms linearly bonded and bridged Pd—CO species.
Adsorption of CO on the annealed samples gives rise to
linearly bonded Pd—CO and AI**-CO complexes. CO also
reacts with the alumina washcoat forming formate and car-
bonate species.

Similarly to the case of CO, the thermal stability of NO
is decreased as the amount of PdO is increased for the
AL Os-supported catalysts. The reactivity of NO with the
different Pd catalysts also appears to be related to the mor-
phology of the adsorption sites. However, it seems likely
that the observed strong interaction of NO with the sup-
ports can have important implications for the adsorption
and decomposition of NO on Pd particles. Adsorption of
NO on the fresh Pd/Al,O3 (Pd/Al,O3 (B)) gives linearly
bonded Pd-NO already at room temperature. However,
on the annealed samples only the linear PAt-NO complex
formation can be detected. The NO, formation indicates
the reaction of gaseous NO with oxygen atoms bonded
to Pd and created by the dissociation of NO. The inter-
action of NO with the washcoat is strong, leading to nitrate
and nitrite complex formation. At 573 to 673 K an absorp-
tion band at 2243 cm ™! is observed indicating the formation
of N,O. If the washcoat comprises lanthanum, the forma-
tion of nitrate, nitrite, formate, and carbonate species is
weak.
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