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The adsorption of H, and CO was investigated on SiO,- and La,0;-supported Pd catalysts, and
the structure of adsorbed CO was characterized by infrared spectroscopy. For each of the Pd/SiO,
catalysts, the ratio of adsorbed H atoms, or adsorbed CO, to surface Pd atoms is unity. The
stoichiometry for atomic adsorption of H, on Pd/La,0; is also unity. independent of Pd dispersion.
By contrast, the adsorption stoichiometry for CO decreases linearly from 0.6 to 0 as the Pd
dispersion decreased from 30 to 8%. The suppression of CO adsorption is attributed to patches of
partially reduced support material, LaO,, transferred to the surface of the Pd crystallites during
catalyst preparation. The fraction of the Pd crystallite surface covered by LaQ, increases with Pd
dispersion, in agreement with conclusions based on earlier XPS studies. Infrared studies indicate
that the structures of CO adsorbed on Pd/La,0; and Pd/SiO; are similar, but that the strength of
adsorption is weaker for Pd/La,O; than for Pd/SiO,. This is attributed to a weakening in the o-bond
component of the Pd—CO bond due to charge transfer from the LaO, patches to the Pd crystallites.
The absence of any suppression of H, adsorption of Pd/La,0; indicates that H, adsorption occurs
both on the exposed Pd surface atoms as well as on the LaO, patches covering the balance of the

surface Pd atoms.

INTRODUCTION

The synthesis of methanol from CO and
H, over silica-supported Pd was first dem-
onstrated by Poutsma et al. (1). Subsequent
studies by different investigators (2-9)
have revealed that the support composition
and the presence of promoters can strongly
influence both the activity and selectivity of
Pd for the synthesis of methanol. Very high
specific activities and selectivities to meth-
anol were observed with Pd supported on
rare earth oxides, such as La,O; and
Nd,0;, or with Pd supported on silica pro-
moted with basic metal oxides, such as
Na,0, K,0, MgO, etc. Conversely, Pd sup-
ported on Group IVB metal oxides, such as
TiO, and ZrO,, exhibits high specific activ-
ity and selectivity for the formation of
methane.
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The observation that Pd/La,0; catalyzes
the synthesis of CH;OH with both high ac-
tivity and selectivity motivated us to study
the physical and chemical characteristics of
this catalyst in greater detail. Our first re-
port on this subject dealt with the charac-
terization of a series of Pd/La,0; catalysts
by XPS (10). Observations of a series of Pd/
Si0; catalysts were included in this investi-
gation, so that the results for the Pd/La,0;
samples could be compared with those for
Pd supported on a ‘‘noninteracting’’ sup-
port. The XPS spectra revealed that the
chemical state of Pd is affected by an inter-
action with La,O;. In particular, it was
found that the Pd 3ds, binding energy lies
below that for metallic Pd. The extent of
the deviation increased with metal loading,
reaching a level of —0.7 eV for 8.8% Pd/
La,0s;. By contrast, the Pd 3ds, binding en-
ergy for the Pd/SiO, samples was found to
be in close agreement with that for bulk Pd,
irrespective of the Pd weight loading. The
XPS results for Pd/La,0; were rationalized
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in terms of a model which postulates that
thin patches of the support partially cover
the surface of the Pd crystallites. It was
proposed that during reduction of the sam-
ples, Pd catalyzes the partial reduction of
the patches of La,O; to LaO,. Because of
the electropositive nature of La, the excess
electronic charge associated with the LaO
is distributed among the surface Pd atoms.
A schematic representation of the proposed
metal-support interaction is shown in Fig.
1. Here, each patch of LaQ, is assumed to
interact with a number of surface Pd atoms
(designated as Pd, in Fig. 1).

The picture of the metal-support interac-
tion illustrated in Fig. 1 is similar in many
respects to that recently proposed to ex-
plain the strong metal-support interaction
(SMS]) produced when Group VIII metals
supported on TiO; are reduced at elevated
temperatures (//-18). It is suggested that
in the SMSI state, the surface of the metal
is covered by small patches of TiO, which
influence the chemical state of the metal
and cause a suppression in the chemisorp-
tive capacity of the metal for H, and CO
(15-18). The present study was undertaken
to determine whether the patches of LaO,,
believed to be present on the surface of
La,Os-supported Pd might influence the
chemisorption of H, and CO. Studies were
also carried out with Pd/SiO, to establish
a basis for comparing the results obtained
on Pd/La,0;. The relationship of the work
reported here to the catalytic properties of
Pd/SiO; and Pd/La,0; for methanol synthe-
sis will be reported separately (19, 20).

EXPERIMENTAL
Catalyst Preparation
All of the catalysts used in this study

LaO,

La{OH)3, LaO(OH), La, 04

FiG. 1. Schematic illustration of the interaction of
Pd with the support.
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were identical to those used in the XPS
study reported by Fleisch et al. (10) and
were prepared as follows. The Pd precur-
sor, H,PdCl,, was obtained by dissolving
PdCl; in concentrated HCI and evaporating
until the crystals were dry (21). The Pd/
La,0O; samples were prepared by ion ex-
changing an aqueous solution of H,PdCl,
with La(OH);. The La(OH); (BET surface
area, ~11 m?/g) was obtained by boiling
La,O; for 12 hr in distilled water. After ion
exchange, the catalyst slurry was held for
12 hr at 338 K; it was then filtered, and the
filtrate washed with excess distilled water.
The Pd/SiO, samples were prepared by in-
cipient wetness impregnation of Cab-O-Sil
HSS silica (BET surface area, 300 m?/g)
with H,PdCl, dissolved in 1 N HCI. All
samples were dried in a vacuum oven at 338
K, calcined in a 21% O,/He mixture at 623
K for 2 hr, and reduced in H; at 573 K for 3
hr. After reduction, the samples were
stored in a desiccator until use in the chemi-
sorption experiments.

Catalyst Characterization

The concentration of exposed Pd atoms
was determined by H,-O, titration, using
the pulsed flow technique (3, 22-24). A
glass volumetric chemisorption apparatus
was used to measure adsorption isotherms
for CO and H;. All samples were reduced
in H; at 573 K for | hr and evacuated at 573
K for 3 hr prior to characterization. Iso-
therms were obtained at 298 K for pres-
sures ranging from 0 to 250 Torr and were
corrected for adsorption on the support.
The monolayer coverage of each adsorbate
was determined by back-extrapolating the
linear portion of the corrected adsorption
isotherm to zero pressure (25).

The CO adsorption capacity of Pd/SiO,
and Pd/La;0; at 298 K was also studied by
infrared spectroscopy. For these experi-
ments, a catalyst wafer was suspended in
an evacuable glass reactor and pretreated
as described above. Small doses of CO, ap-
proximately one-tenth of a monolayer,
were introduced into the reactor, and the
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infrared spectrum recorded after each dose.
All spectra were collected at 8-cm™! resolu-
tion using a Digilab FTS — 10M Fourier-
transform infrared spectrometer, equipped
with a narrow-band HgCdTe detector. A
satisfactory signal-to-noise ratio was ob-
tained by coadding 100 interferograms.

RESULTS
Palladium Dispersion

To measure the Pd dispersion, the cata-
lysts were titrated first with O,, next with
H,, and then again with O,. In most experi-
ments, the amount of O, consumed initially
well exceeded the stoichiometric amounts
of H, and O, consumed in the subsequent
two titrations. However, the latter two ti-
trations were always in close agreement
with the stoichiometry of two molecules of
H; per molecule of O,. The concentration
of exposed Pd atoms, Cpqy,, and the Pd dis-
persion, Dpy, calculated from the results of
the H, titration and the second O; titration,
are given for each sample in Table 1.

Both the Pd/SiO, and the Pd/La,0; sam-
ples exhibit a modest variation in Pd disper-
sion with Pd weight loading. For Pd/SiO,,

TABLE 1
Dispersion and Concentration of Exposed Pd
Atoms
Catalyst Dpqy Cpg, X 10°
(%) (mol/g)

0.25% Pd/SiO, 30 0.7
0.75% Pd/SiO, 28 2.0
2.00% Pd/SiO, 35 6.5
2.10% Pd/SiO, 31 6.1
5.10% Pd/SiO, 26 12.6
9.00% Pd/SiO, 18 15.3
0.25% Pd/La,04 30 0.7
0.70% Pd/La,0O; 18 1.2
1.90% Pd/La,0, 16 2.9
1.95% Pd/La,0; 11 2.1
5.00% Pd/La,0; 9 4.1
8.80% Pd/La,0, 8 6.9

HICKS, YEN, AND BELL

16 T T LI T T
L e Pd/sio, . 4
o Pd/Lay04
2| i
- L T=298K
g
2 m=1.00 W
£ a[- i
['s]
Q
" ﬁ
ICII
g e ~
0 1 | L I Il I
0] 4 8 12 16

des x IO5 (mol/q)

F1G. 2. Correlation of the H, adsorption capacity of
the Pd/SiO, and Pd/La,0; samples with the concentra-
tion of surface Pd atoms at 298 K.

Dy, is nearly constant up to 2.1 wt% Pd, but
decreases from 30 to 18% as the loading is
further increased to 9.0 wt% Pd. For Pd/
La,0;, Dpq decreases rapidly from 30 to 8%
as the loading increases from 0.25 to 8.8
wt% Pd. The lower Pd dispersion of
Pd/La,0; relative to Pd/SiO, is probably
due to the much lower surface area of the
support: 10 to 15 m?/g for La,0; (26), as
opposed to 300 m?/g for Cab-O-Sil HSS sil-
ica.

H, Adsorption

The H, adsorption capacity of the cata-
lysts were determined by taking the differ-
ence between the total amount of H, taken
up by adsorption and absorption and that
taken up by absorption alone (22). The H
atom adsorption capacity at 298 K, Cy,, is
plotted versus Cpq, in Fig. 2. The points for
SiO,-supported Pd lie along the diagonal
line, indicating that the ratio of adsorbed H-
atoms to exposed surface Pd atoms is unity.
The points for LayO;-supported also lie
close to the diagonal, and so there too it is
concluded that Cy/Cpq, = 1.0.

CO Adsorption

The CO adsorption capacity of Pd/SiO,
at 298 K is plotted versus Cpq, in Fig. 3. The
values of Cpy, used in the correlation are
those determined by H,-O, titration. The
concentration of adsorbed CO, Cco,, is
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Fi1G. 3. Correlation of the CO adsorption capacity of
the Pd/SiO, samples with the concentration of surface
Pd atoms at 298 K.

seen to be proportional to Cpy,. The slope
of the line through the data indicates that
the number of CO molecules adsorbed per
exposed Pd atom is 1.06. Back-sorption iso-
therms were also measured following a 12-
hr evacuation period. Subtraction of the
amount of CO back-sorbed form the initial
amount adsorbed reduces the stoichiome-
try to 0.86 CO molecules adsorbed per ex-
posed Pd atom at 298 K.

The CO adsorption capacity of Pd/La,0,
at 298 K is plotted versus Cpq, in Fig. 4. For
Pd/La;0s, Cco, does not follow a linear de-
pendence on Cpq,, nor does the correlation
extrapolate through the origin. Instead, the
data appear to extrapolate to a nonzero y-
intercept, suggesting that there may be
some adsorption of CO on the support. It
should be noted that in the absence of Pd,
La,O; adsorbs very little CO. For example,
at Pco = 200 Torr the support adsorbs 0.3 x
105 mol/g. Since the amount of CO ad-
sorbed on the support in the absence of Pd
has already been subtracted from the data
plotted in Fig. 4, the anomolous behavior of
the data suggest that the presence of Pd in-
duces additional CO adsorption onto the
support.

501

Infrared Observations of CO Adsorption
on 2.0% Pd/SiO,

Carbon monoxide adsorption at 298 K
was studied by infrared spectroscopy, in
order to determine the binding sites for CO
and to measure the CO adsorption capacity
of the exposed Pd. Spectra for CO ad-
sorbed on 2.0% Pd/SiO, are shown in Fig.
5. Each spectrum was recorded after add-
ing a fixed dose of CO to the sample cham-
ber containing the catalyst disc. The dos-
age, Xco, is equal to the moles of CO added
per mole of exposed Pd contained within
the disk. The infrared spectrum of CO ad-
sorbed on Pd exhibits three bands, located
at 2090, 1975, and 1920 cm~'. Following the
original assignments of Eischens et al. (27,
28, the band above 2000 cm™! is attributed
to linearly bonded CO, and the bands below
2000 cm™! are attributed to bridge-bonded
CO. Hereafter, these bands will be desig-
nated L, B;, and B, in order of decreasing
vibrational frequency. It should be noted
that throughout the addition of CO no other
bands appeared in the infrared spectrum
from 3200 to 1200 cm™.

As shown in Fig. 5, the first aliquot of
CO, Xco = 0.13, causes the L, B, and B,
peaks to appear at 2060, 1960, and 1900
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F1G. 4. Correlation of the CO adsorption capacity of
the Pd/La,0; samples with the concentration of sur-
face Pd atoms at 298 K.
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F1G6. 5. The infrared spectrum of CO adsorbed on
2.0% Pd/SiO, at 298 K: (a) increasing dosages of CO
from 0.12 to 1.10 mol CO per mole exposed Pd; (b)
increasing dosages of CO from 1.10 to 3.10 mol CO per
mole surface Pd.

cm™!, respectively. Addition of more CO
leads to a large increase in band intensity
with only a modest upscale shift in band
frequency: Avp =40 cm™!, Avg, = 15cm™!,
and Avg, = 20 cm™'. Beyond X = 1.1,
further aliquots of CO do not significantly
alter the infrared spectrum. The relatively
small shift in frequency with increasing CO
uptake indicates that the CO sticking coeffi-
cient is high, and, as a consequence, ad-
sorption occurs as a sharp chromatographic
front which moves from the exterior to the
center of the disk with increasing CO dos-
age (29).

Shown in Fig. 6 is a plot of the integrated
absorbance of the infrared spectrum of ad-
sorbed CO versus Xco. The integrated ab-
sorbance, Ar, is defined as

2200
R? | =" logio (I/1y) dv

Cpa W

Ar = .
where log,, (I/Iy) is the absorbance, w. is
the weight of the catalyst pellet, and wR? is
the cross-sectional area of the pellet. A
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change in the dependence of At on Xco
above and below Xco = 1.1 is clearly evi-
dent in Fig. 6. The knee in the curve corre-
sponds to the point at which the Pd surface
becomes fully covered by CO, and hence,
the value of X at the knee is a measure of
the CO adsorption stoichiometry, desig-
nated X&. The value of Ay at saturation
coverage, A, and the value of X& are
calculated in the following manner. The
plateau region of the curve is back-extrapo-
lated to the y-intercept to determine A5
Then, a horizontal line at y = A$ is drawn,
and the intersection of this line with the
curve is used to define X (see dashed
lines, Fig. 6). The application of this
method assumes that all the CO added to
the sample chamber is adsorbed by the Pd
atoms, up to Xco = X&. This assumption
appears satisfied given the high strength of
CO adsorption, and the absence of compet-
ing sites for CO adsorption on the support.
For 2.0% Pd/SiO,, the extrapolation tech-
nique yields X& = 1.1. This value is in
excellent agreement with an adsorption
stoichiometry of 1.06 determined from the
CO adsorption isotherm (see Fig. 3).

The integrated absorption coefficient at

sat

saturation A, is determined from
AP = APYXE. (2

Substituting into Eq. 2 the values of A
and X&; obtained from Fig. 6, a value of
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FI1G. 6. Correlation of the integrated intensity of the
infrared spectrum of CO adsorbed on 2.0% Pd/SiO,
with CO dosage.
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A$ = 33.1 x 10% cm/mol is calculated for
the 2.0% Pd/SiO, sample. This value is in
good agreement with the integrated absorp-
tion coefficients for the infrared spectrum
of adsorbed CO at high coverages on Ru/
SiOZ, Pt/SiOQ, Pd/Ale}, and Pd/SlOz (30,
3.

Infrared Observations of CO Adsorption
on Pd/L61203

The infrared spectrum of adsorbed CO
was recorded during CO adsorption on
each Pd/La,0; sample at 298 K. Shown in
Fig. 7 are a series of spectra for 1.9% Pd/
La;0O;, collected after addition of small
amounts of CO. These spectra are charac-
teristic of all of the Pd/La,0; samples. The
two bands at 2065 and 1965 cm~! are due to
the L and B, forms of CO bonded to Pd,
respectively, and are quite similar in shape
and location to the L and B, bands ob-
served for 2.0% Pd/SiO,. However, in con-
trast to what is observed for 2.0% Pd/SiO,,
none of the infrared spectra of CO adsorbed
on Pd/La,0O; evidence a low-frequency
shoulder on the B; band that would indicate
the presence of B, adsorption sites. An-
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FiG. 7. The infrared spectrum of CO adsorbed on
1.9% Pd/La,0, at 298 K: (a) increasing dosages of CO
from 0.06 to 0.37 mol CO per mole exposed Pd; (b)
increasing dosages of CO from 0.37 to 1.22 mol CO per
mole surface Pd.
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other distinguishing feature of CO adsorp-
tion on Pd/La,0; is that the rapid growth in
intensity of the L and B; bands with CO
dosage stops at dosages which are much
less than a monolayer. It is seen in Fig. 7
that for 1.9% Pd/La,0; the L and B; bands
cease to grow significantly after addition of
about 0.37 mol of CO per mole of exposed
Pd. It should be noted that the CO dosage
at which the infrared bands of adsorbed CO
cease to grow is different for each Pd/La,Os
sample, and, in fact, for 8.8% Pd/L.a,0; no
infrared bands of adsorbed CO were de-
tected.

Two additional features are found in the
infrared spectra of Pd/La,0;, which are as-
cribed to the support. One of these is a
broad band extending from 1550 to 1750
cm~!, which is probably due to coordinated
water (32, 33). Its growth with CO dosage
suggests that it is formed by the adsorption
and reaction of CO on the support. For ex-
ample, CO may react with surface hy-
droxyl groups to form carbonate anions and
adsorbed water. The second feature, a
sharp peak at 1585 cm™!, is due to the O-
C-0 stretch of adsorbed formate anion (6,
34, 35). The formate anion is also produced
by the adsorption and reaction of CO with
the hydroxyl groups of the support. This
assignment was confirmed by the appear-
ance of the 1585-cm~! band upon exposing
a disk of the support to formic acid.

Plots of At versus Xco are shown in Fig.
8 for five of the Pd/La,0; samples. A curve
for 8.8% Pd/La,0O; is not shown, since no
infrared bands of adsorbed CO were de-
tected for this sample. With the exception
of the data for 0.7% Pd/La,0;, each of the
plots in Fig. 8 exhibits a well-defined knee,
similar to that seen in Fig. 6, signifying that
adsorption occurs as a chromatographic
front which penetrates into the catalyst
disk.

Values of X&), and A" computed from
the data shown in Fig. 8 are listed in Table
2. The technique used to obtain these val-
ues is the same as that described for Pd/
SiO; and shown in Fig. 6. It can be seen
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F1G. 8. Correlation of the integrated intensity of the
infrared spectrum of CO adsorbed on the Pd/La,0;
samples with CO dosage.

from Table 2 that the CO adsorption stoi-
chiometry decreases monotonically with in-
creasing Pd weight loading. This trend is in
strong contrast to that observed for the Pd/
SiO, samples which exhibit a CO adsorp-
tion stoichiometry of unity (see Fig. 3). In
Fig. 9, X& is plotted versus the Pd disper-
sion of the Pd/La,0O; samples. This figure
indicates that the uptake of CO on the Pd
decreases with increasing Pd particle size.

The value of A$* for the Pd/La,0; sam-
ples, given in Table 2, is virtually indepen-
dent of the Pd weight loading. Thus, a con-
sistent value of the integrated absorption
coefficient is obtained, irrespective of the
value of X&. It should be noted, however,
that the value of A$® for Pd/La,0s is a fac-

TABLE 2

Spectral Properties of CO Adsorbed on the
Supported Pd Catalysts at 298 K¢

tor of three smaller than that for Pd/SiO,.
The reason for this difference is not fully
understood. One possibility is that the gra-
dient of the dipole for CO adsorbed on Pd/
La,0s is smaller than that for Pd/SiO,. An-
other possibility is that the assumption of a
Beer—Lambert relation (Eq. (1)) for Pd/
La,0; may not be fully valid, since the large
particle size of the La,0; particles (~1 um)
results in considerable scattering of the in-
cident radiation (36).

The CO adsorption capacity of the sup-
port may be estimated by subtracting the
uptake on the Pd from the total uptake de-
termined from the CO adsorption isotherm.
The CO uptake on the Pd is given by the
product of Cpq, and X& . These values are
listed in Table 3 for each of the Pd/La,0s
samples. The Pd content of the catalyst is
seen to have a strong influence on the
amount of carbonate and formate anions
formed on the support. From 0.25 to 8.8%
Pd, the CO adsorption capacity of the sup-
port increases by nearly threefold.

Infrared Observations of CO Desorption

Desorption experiments were carried out
in the infrared cell to obtain a qualitative
estimate of the strength of the CO bond to
Pd supported on both La,0; and SiO;. A
series of infrared spectra of CO adsorbed
on 2.0% Pd/SiO, and 1.9% Pd/La,0s are

TABLE 3
Carbon Monoxide Adsorption Capacity of Pd/La,0;

at 298 K
Catalyst X AP x 1070 veo (em™ ")
o « (Tcm/mm) «© Catalyst Cpy,* Pd La,0,
L B, B Uptake«? Uptake®*

2.00% Pd/SiOn 1.11 331 2090 1975 1920 0.25% Pd/La203 0.7 0.4 1.2
0.25% Pd/LaO3 0.60 12.1 2070 1955 — 0.70% Pd/La,0, 1.2 0.5 1.2
0.70% Pd/LayOy  0.42° 10.7 w060 1955 —  1.90% Pd/La;0; 29 1.0 1.4
1.90% Pd/Lax0;3 0.33 10.3 2060 1960 — 1.95% Pd/1.a,0s 2.1 0.5 1.6
1.95% Pd/La;03 0.22 9.7 2055 1958 — 5.00% Pd/La,0, 4.1 1.1 1.8
5.00% Pd/Lay0 0.26 10.6 2050 1965 < —

8.80% Pd/LagOi 0.00 — v T 8.80% Pd/Lay0s 6.9 0.0 3.2

¢ Properties are reported for spectra observed at saturation.

b Approximate value, estimated by assuming A¥ = 10.7 x 10® cm/

mol and AF" = 4.5 x 10 cm/mol.

« All values are x10° mol/g.
b Pd Uptake = Cpy, X X&.
¢ La,O; Uptake = Cco, — (Cra, X X&)
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F1G. 9. Correlation of the CO adsorption stoichiom-
etry at 298 K with Pd dispersion for Pd/La,0;.

shown in Figs. 10 and 11. These samples
were presaturated with a monolayer of CO
and then evacuated at progressively higher
temperatures. The infrared spectra shown
in the figures were recorded after each
stage of evacuation. For 2.0% Pd/SiO,,
some CO remains on the Pd surface after
evacuating for 1 hr at 573 K, as evidenced
by the two infrared bands at 1890 and 1805
cm~!. However, for 1.9% Pd/La,0s, all the
CO is removed after evacuating for 1 hr at
423 K. These results clearly indicate that
the strength of CO adsorption on Pd/La,0s
is weaker than that on Pd/SiO,.

1 T T T

2.0% Pd/Si0,

n
H

Absorbance (x100)

ny

I\ !
1950 1850 1750 1650
v (cm™)

0 I
2150 2050

F1G. 10. The infrared spectrum of CO adsorbed on
2.0% Pd/SiO, after evacuating (a) 5 min at 298 K, (b)
12hrat298 K, (¢) 1 hr at 423 K, and (d) 1 hr at 573 K.
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FiG. 11. The infrared spectrum of CO adsorbed on

1.9% Pd/La,0; after evacuating (a) 5 min at 298 K, (b)
12hrat 298 K, (c) 1 hr at 423 K, and (d) 1 hr at 573 K.

DISCUSSION
Pd Dispersion

The Pd dispersions presented in Table 1
are based on the values of Cpy, determined
by H,-0, titration. While there seems little
reason to question the validity of this tech-
nique for establishing the dispersions for
SiO;-supported Pd, the question for La,0;-
supported Pd requires further consider-
ation. The model of the metal-support in-
teraction presented in Fig. 1 envisages a
partial coverage of the Pd particles by
patches of LaO,. One must now ask
whether the value of Cps, measured for the
Pd/La,0s catalysts describes the total ex-
ternal surface area of the particle or only
that portion of the surface not covered by
LaO,. An answer to this question is pro-
vided by the XPS studies reported by
Fleisch et al. (10). These authors showed
that the full width-at-half maximum of the
Pd 3ds;, spectrum for Pd/SiO, is identical to
that for Pd/La,0;, provided both catalysts
have the same dispersion as measured by
H,-0, titration. Such agreement could only
be achieved if the Pd dispersions of the two
catalysts are truly the same, and thus, indi-
cates that H,—O, titration provides an accu-
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rate measurement of Dpy for Pd/La,05. A
further implication of these observations is
that the LaO, species are titrated with the
same stoichiometry as the surface Pd at-
oms. A possible reaction scheme which sat-
isfies this requirement is

1. PdLaO, + 30, — PdLaO,,,
2. PdLaO_(+| + Hg - PdLanH + HQO

The Pd atoms indicated in reactions 1 and 2
are presumed to be those in immediate con-
tact with the LaO, species.

H, Adsorption

For Pd/SiO,, the ratio of adsorbed H at-
oms to surface Pd atoms is unity, in close
agreement with the results of Boudart and
co-workers (22, 37). The stoichiometry for
hydrogen adsorption on Pd/La,0O; is also
close to unity, as indicated by Fig. 2. Since,
as was discussed above, the value of Cpy,
for La,Os-supported Pd includes those Pd
atoms covered by patches of LaO; (see Fig.
1), the observed stoichiometry for hydro-
gen adsorption suggests that hydrogen will
adsorb not only on the exposed Pd atoms,
but also on the surface of the LaO, patches.
Evidence for the latter form of adsorption
has recently been obtained from TPD stud-
ies of H, desorption (38). It was observed
that H, desorption occurred both from low-
temperature states associated with adsorp-
tion on the metal and high-temperature
states associated with adsorption on the
support. Since the total amount of H, de-
sorbed corresponded to a monolayer, based
on H,-0, titration, it was concluded that
the portions of the support adsorbing H,
were those covering the Pd particles.

The observations presented here for
La,Os-supported Pd bear many similarities
to those reported recently by Jiang et al.
(15), for TiO,-supported Ni, NiFe, and Pt
in the SMSI state. These authors attribute
the manifestations of the metal-support in-
teractions to the presence of TiO, species
on the surface of the metal particles follow-
ing high-temperature reduction. Neverthe-
less, hydrogen uptakes determined from
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desorption measurements were found to
provide estimates for metal particle sizes in
agreement with sizes determined by X-ray
line broadening or transmission electron
microscopy. This correlation was attrib-
uted to hydrogen adsorption not only on the
exposed portions of the metal particles but
also at regions of the titania support which
are near metal particles or on the TiO, spe-
cies which may be present on the surface of
the metal particles.

CO Adsorption on Pd/SiO,

The stoichiometry for CO adsorption on
supported Pd has been discussed by several
authors (22, 25, 31, 39). It has been pro-
posed that at saturation coverage, each lin-
early bonded CO occupies one adsorption
site, whereas each bridge-bonded CO occu-
pies two sites. The results obtained in this
study for Pd/SiO, strongly suggest that the
latter stoichiometry is not correct, and that,
in fact, the ratio of bridge-bonded CO to Pd
sites is unity. The support for this conclu-
sion comes from the following consider-
ations. All six Pd/SiO, samples exhibit a
saturation stoichiometry of 1.06 adsorbed
CO molecules per surface Pd atom (see
Fig. 3). Analysis of the infrared spectrum
for CO adsorption at saturation coverage
on 2.0% Pd/SiO, indicates that 15% of the
CO is linearly bonded and 85% is bridge-
bonded. If the stoichiometries proposed in
the literature were correct, then the overall
CO coverage at saturation would have been
0.58, instead of 1.1 as observed. The con-
clusion that the ratio of bridge-bonded CO
to Pd sites is unity can also be drawn from
infrared spectra of adsorbed CO on Pd/SiO,
taken under reaction conditions (19). These
studies revealed that the distribution of lin-
ear- and bridge-bonded CO changes with
the weight loading of Pd even though the
overall coverage remains at unity. This can
only be true if the adsorption stoichiometry
of both the linear and bridge forms is one
CO per exposed Pd atom.

The B, and B, bands in the spectrum of
CO adsorbed on 2.0% Pd/SiO,, shown in
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Figs. 5 and 11, are quite similar to those
reported in the literature for low-dispersion
Pd/SiO, catalysts prepared from chloride-
containing precursors (29, 40—42). As was
noted in the presentation of Fig. 11, the fre-
quency of the B, band shifts from 1975 to
1890 cm~! and the frequency of the B, band
shifts from 1920 to 1805 ¢m~' as the CO
coverage decreases from unity. Several au-
thors (e.g., (42, 43)) have proposed that
these bands can be assigned to CO adsorp-
tion on Pd(100) and Pd(111) surfaces, based
on the similarity of the B, and B; band posi-
tions with those reported by Bradshaw and
Hoffmann (44-46) for CO adsorption on Pd
single-crystal surfaces. Bradshaw and Hoft-
mann (44—46) also demonstrated that cov-
erages as high as 0.82 could be achieved on
a Pd(100) surface, and as high as 0.60 on a
Pd(111) surface.

The identity of the sites adsorbing CO in
a linear fashion is difficult to establish.
While studies by Bradshaw and Hoffmann
(44-46) indicate that linearly adsorbed CO
can occur on Pd single-crystal surfaces,
studies by other authors suggest that CO
adsorption in a linear form can occur on
other types of sites. Thus, for example,
when Pd is supported in very high disper-
sion (particle diameters <15 A) (40, 47-49)
or is present in high dilution in a Pd/Ag
alloy (50), the band for linearly adsorbed
CO is found to be exceptionally strong. The
conclusion drawn from these observations
is that CO can adsorb in a linear form on
isolated Pd atoms. A strong band for lin-
early adsorbed CO has also been reported
for CO adsorbed on a polycrystalline Pd foil
which has a rough surface (57). In this case,
the sites for linear adsorption are very
likely located at the corners and edges of
intersecting crystal planes.

In summary, it appears that bridge-
bonded CO can achieve coverages well in
excess of 0.5 on the exposed low-index sur-
faces of both supported and unsupported
Pd. Linearly adsorbed CO occurs on Pd at-
oms located at positions which are not con-
ducive to bridge-bonding. These sites may
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be in the middle of a crystal plane; at the
edges of crystal planes, or at steps, kinks,
or other lattice dilocations. Since the L
band cannot be resolved into its compo-
nents, it is not possible to draw definitive
conclusions regarding the distribution of
linearly bonded CO amongst the different
possible sites.

CO Adsorption on Pd/La,0;

The infrared—adsorption experiments re-
veal that CO adsorption at 298 K on Pd/
LayO; is suppressed relative to that ob-
served on Pd/SiO;. As shown in Fig. 9, the
CO adsorption stoichiometry, X&, for Pd/
La,0; decreases from 0.6 to 0 as the Pd
dispersion decreases from 30 to 8%. By
contrast, X&, for Pd/SiO, is 1.1 over a simi-
lar range of dispersions. The reduced up-
take of CO on Pd/La,0; is very likely due
to a blockage of the Pd crystallite surfaces
by small patches of support material, as
shown in Fig. 1. The decrease in the CO
uptake with decreasing dispersion suggests
that the blockage of the Pd surface occurs
to a greater extent on the large particles.

It is impossible to say from the present
experiments how or when patches of La,0;
(or LaO,) are deposited onto the Pd crystal-
lites. One may speculate, however, that the
transfer occurs either during the drying of
the product formed by the interaction of
H,PdCl, with the hydrated support, or upon
calcination of the dried material. Raman
spectra taken following calcination of the
catalyst (52) suggest that the Pd is present
as both PdO and some mixed metal oxide
involving Pd and La. By contrast, Raman
spectra of calcined Pd/SiO, show only a
well-defined peak for PdO.

The apparent increase in the coverage of
the Pd crystallites with LaO, as the disper-
sion decreases is probably not an intrinsic
effect of dispersion. In all cases the lower
dispersions occur on catalysts of higher
weight loadings. If the transport of support
material onto the crystallites is aided in
some fashion by chlorine released from
H,PdCl, during calcination, then it is easy
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to understand why the higher-weight load-
ing catalysts might exhibit higher coverages
of the Pd crystallites by LaO,.

The infrared spectrum of CO adsorbed
on reduced Pd/La,0; evidences no unusual
binding states of CO, and except for a ~20-
cm~! lowering in the vibrational frequen-
cies of all features, the spectrum is very
similar in appearance to that seen for Pd/
SiO,. However, infrared observations of
CO desorption (see Figs. 10 and 11) reveal
that the strength of the metal-carbonyl
bond is considerably weaker on Pd/La,0s.
The weakening of the metal-carbonyl bond
is probably due to delocalized charge trans-
fer from the LaO, patches to the large con-
tiguous areas of the uncovered Pd planes. If
the charge transfer was restricted to the im-
mediate vicinity of the LaO, patches, differ-
ent binding states of CO should have ap-
peared in the infrared spectrum during CO
desorption.

The direction of charge transfer between
the LaO, patches and the Pd surface can be
deduced from consideration of the nature
of the Pd-CO bond. The bonding of CO
involves overlap of a filled carbon 5o or-
bital with an empty o-type orbital on the
metal and overlap of a filled dm or dpmw
metal orbital with the 27* orbital of CO
(53). Since Pd has only one unfilled d or-
bital, charge transfer into or out of this or-
bital should have a strong affect on the o-
bond. It follows that a weakening in the
strength of CO adsorption may be rational-
ized by charge transfer from the LaO; to the
Pd, thereby filling the metal acceptor orbital
and rendering it less capable of o-bonding.
Conversely, since the d orbitals of Pd are
nearly filled, charge transfer to the Pd
should have a small effect on the 7-bond-
ing. The observation of only a ~20-cm™!
difference in the C-O stretching frequency
for CO adsorbed on Pd/La,0; and Pd/SiO,
provides evidence that this effect is, in-
deed, small. Furthermore, a shift to lower
frequency for Pd/La,0, indicates that the
m-bond is strengthened, most likely as a
result of increased charge on the Pd. These
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considerations, therefore, suggest that the
strength of CO adsorption on Pd/La,0; is
weakened by charge transfer from the
patches of LaO, to the Pd.

The correlation shown in Fig. 9 suggests
that the LaO, patches cover a greater per-
centage of the Pd particles with increasing
particle size. If it is true that the LaO,
patches transfer charge to the Pd surface,
then one might expect to see a parallel in-
crease in the electronegativity of the Pd
surface with increasing particle size. Such a
trend was observed by XPS (10). As the
particle size increased, the binding energy
for the Pd 3ds;, level shifted progressively
below that for metallic Pd. Thus, the CO
chemisorption results and the XPS results
are found to be in good agreement with one
another and with the model of the metal-
support interaction illustrated in Fig. 1.

The infrared spectra shown in Fig. 7 pro-
vide evidence for the adsorption and reac-
tion of CO with the La,0; support to form
chemisorbed carbonate and formate anions.
Table 3 lists the amount of carbonate and
formate that may be produced on La,0; at
298 K. The amount of CO adsorption on the
support is not much different than the
amount of exposed Pd atoms, and suggests
that these adsorption sites are closely asso-
ciated with the Pd particles. This interpre-
tation is also consistent with the much
lower CO adsorption capacity of the sup-
port in the absence of Pd.

CONCLUSIONS

The dispersions of SiO,- and La,O;-sup-
ported Pd are accurately determined by H,—
O, titration. Hydrogen chemisorption of
Pd/SiO, occurs with a stoichiometry of one
H atoms per surface Pd atom. The stoichio-
metric ratio for adsorbed CO is also unity,
regardless of whether CO is linearly or
bridge bonded. No variation in the adsorp-
tion stoichiometries were observed with
changes in the Pd dispersion. The stoichi-
ometry for H, adsorption on Pd/La,0; is
unity, independent of Pd dispersion, but the
stoichiometry for CO decreases linearly
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from 0.6 to 0 as the dispersion decreases
from 30 to 8%. The suppression of CO ad-
sorption is attributed to patches of LaO, re-
siding on the surface of the Pd crystallites.
The fraction of the Pd crystallite surface
covered by LaQO, increases with Pd disper-
sion, consistent with conclusions drawn
previously from XPS studies (/0). Infrared
spectroscopy indicates that the structures
of adsorbed CO on Pd/La,0; and Pd/SiO,
are similar, but the strength of CO adsorp-
tion is weaker for Pd/La,0; than for Pd/
SiO,. This is attributed to a weakening in
the o-bond component of the Pd-CO bond
due to charge transfer from the LaO,
patches to the Pd crystallites. The absence
of any suppression of H, adsorption on Pd/
La,O; indicates that H, adsorption occurs
both on the exposed Pd surface atoms as
well as on the LaO, patches covering the
balance of the surface Pd atoms. Finally,
infrared spectroscopy has revealed that the
adsorption of CO to form formate and car-
bonate species on La;0s is enhanced by the
presence of Pd crystallites.

APPENDIX: NOMENCLATURE

At  integrated absorbance of the infrared
spectrum of adsorbed CO, defined
by Eq. (3), cm/mol

A$  Ar at saturation coverage, cm/mol

AP integrated absorption coefficient of
the infrared spectrum of adsorbed
CO at saturation coverage, de-
fined by Eq. (4), cm/mol

Cpys, concentration of exposed Pd atoms,
mol/g of catalyst

Cu, concentration of surface H atoms,
mol/g of catalyst

Cco, total CO uptake, mol/g of catalyst

Dpy Pd dispersion

1 intensity of the infrared spectrum at
a given vibrational frequency

R radius of sample disk, cm

We weight of sample disk, g

moles of CO dosed into the sample
chamber per mole of exposed Pd
atoms on the sample disk
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X¥  Xco at saturation coverage of the
sample
Vi vibrational frequency of species i,
cm™!
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