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The electronic properties of palladium supported on SiO, and La,0, were investigated by X-ray
photoelectron spectroscopy. Spectra were collected after each stage of catalyst preparation: depo-
sition of the palladium chloride precursor, oxidation in air at 623 K, and reduction in H, at 573 K.
The Pd 3ds, binding energies recorded following precursor deposition and oxidation were the same
on both catalysts. However, after reduction the Pd 3ds;, binding energies of the Pd/La,0; samples
shifted below the corresponding values for metallic Pd, while the Pd 3ds, binding energies of the Pd/
SiO; samples did not. Furthermore, the binding energies for the Pd/La,0; samples decreased with
increasing metal loading, the largest Pd particles apparently exhibiting the greatest interaction. A
maximum shift of —0.7 eV relative to the Pd foil value was observed for 8.8% Pd/La,O;. This
binding energy shift is interpreted as arising from a change in the chemical state of Pd, i.e., that Pd
supported on La,0; is more electronegative than zero-valent Pd alone. A model is proposed which
suggests that a thin covering of the La,0O; support lies on a portion of the Pd surface. This covering
is partially reduced during H, treatment at 573 K and, because of the electropositive nature of La,
the additional charge is distributed amongst the surface Pd atoms. It should be noted that the La,0,
support surface after H, reduction is a complex mixture of La(OH);, LaO(OH), La,;0,, and
La,(CO,);. The exact composition of the support depended strongly on the reduction temperature

and the amount of Pd deposited.

INTRODUCTION

Supported Pd has been found to be an
active catalyst for the synthesis of CH;0H
from CO and H, (7). Several recent studies
(2-9) have shown that the specific activity
and selectivities of Pd for this reaction are
strongly affected by the composition of the
support. Particularly high methanol turn-
over frequencies have been obtained using
supports such as [.a,0; and Nd,O;. Pd sup-
ported on these metal oxides produces
CH;OH almost exclusively, with only a
small coproduction (<2%) of CH,. The
lowest turnover frequencies and selectivity
for CH;0H synthesis are observed for Pd
supported on ZrQ, and TiO,. It has also
been reported that the manner of support
preparation, and possibly the presence of
impurities, can affect the catalytic proper-
ties of Pd supported on a material of sup-
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posedly fixed composition. Thus, for exam-
ple, the specific activity of silica-supported
Pd can vary by 20-fold and the selectivity
for CH;0H can vary between 0 and 100%
depending on the type of silica used.
These remarkable effects of support
composition on the catalytic properties of
Pd strongly suggest that the support can al-
ter the electronic properties of Pd, and by
this means the manner in which Pd surface
atoms interact with CO and H,. A tech-
nique which should be able to provide evi-
dence for a change in the electronic proper-
ties of Pd due to metal-support interactions
is X-ray photoelectron spectroscopy
(XPS). The utility of XPS for this purpose
has been recently demonstrated (10-14) in
studies devoted to understanding the
Strong Metal-Support Interactions (SMSI)
which occur between Group VIII metals
and TiO,. XPS studies of supported Pd
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have also been conducted. Bozan-Verduraz
et al. (15) have shown that XPS can be used
to identify the composition of the palladium
chloride complex obtained upon impregnat-
ing Si0,, ALO;, and TiO, with palladium
chloride solution. More recently, Lee e? al.
(16) have found that the addition of ZrO, to
Pd/a-AlLO; catalysts resulted in reduction
of the Pd 3ds» binding energy relative to
that observed in metallic Pd, suggesting
that the Pd had become negatively charged.
In this paper, we report a systematic XPS
investigation of the chemical properties of
Pd/SiO, and Pd/La,0;. The discussion be-
gins with an examination of catalyst prepa-
ration. In particular, XPS is used to identify
the composition of the palladium chloride
compounds deposited on the support sur-
faces, and then follow their decomposition
during subsequent oxidation and reduction.
The remainder of the paper focuses on the
nature of the metal-support interaction.
The presumption underlying this part of the
investigation was that the interaction may
exhibit characteristics indicative of a chem-
ical reaction. If so, the support, as well as
the metal, should be affected by the metal-
support interaction. Changes in support
composition and electronic properties were
identified by collecting spectra of the sup-
ports in the presence and absence of Pd. A
second consequence of this hypothesis is
that the extent of the interaction should de-
pend on the relative amount of metal in
contact with the support. This possibility
was studied by varying the Pd weight load-
ing from 0.25 to 9.0%, and determining its
effect on the chemical properties of the cat-
alyst surface. The relevance of the results
reported here to the chemisorption of CO
and the catalytic properties of Pd/SiO, and
Pd/La,0; will be presented separately.

EXPERIMENTAL
Sample Preparation

The Pd precursor, assumed to be
H,PdCl,, was prepared following the
method of Aben (/7). This material was
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produced by dissolving PdCl, in concen-
trated HCI and then evaporating the solu-
tion to dryness. The Pd/SiO, samples were
prepared by incipient wetness impregnation
of Cab-O-Sil HS-5 silica (BET surface area,
300 m%*g) with a solution of H,PdCl, dis-
solved in 1 N HCI. The additional HCI was
required to maintain the Pd complex in so-
lution. Most of the Pd/La,0; samples were
prepared by ion exchange. The La,0; was
donated by Union Molycorp. Prior to ion
exchange, the support was refluxed in boil-
ing water, during which time the La,0O; un-
derwent complete hydrolysis to La(OH);
(BET surface area ~11 m%g) (18). The
H,PdCl, was dissolved in water without
further addition of HCI, and added drop-
wise to the La(OH); slurry at 298 K. Fol-
lowing addition of the Pd precursor, the
slurry was heated to 338 K and held for 12
h. It should be noted that the solution
changed from a yellow to a light-coffee
color when it was heated to 338 K. After
the holding period, the slurry was filtered
and the filtrate was washed with several li-
ters of distilled water. The Pd/SiO, and Pd/
La,0; samples, so obtained, were dried in a
vacuum oven at 338 K. The samples were
then calcined in a 21% O,/He mixture at 623
K for 2 h and reduced in pure H; at 573 K
for 3 h. After reduction, the samples were
stored in a desiccator until use in the XPS
experiments. One Pd/La,O; sample, con-
taining 0.2 wt% Pd, was prepared by the
adsorption and decomposition of Pd(w-
C3Hs),. This method of sample preparation
is described by Ryndin et al. (3).

Table 1 lists the weight loading of Pd, the
concentration of exposed Pd atoms, Cpy,,
and the dispersion of Pd for all of the
samples used in this study. The Pd weight
loading of the reduced samples was deter-
mined by X-ray fluorescence and quantita-
tive analysis. The concentration of exposed
Pd atoms was determined by H,-O, titra-
tion at 298 K, using the pulsed flow tech-
nique (3, 19-21). The dispersion was calcu-
lated by dividing Cpy, by the total metal
concentration, ‘
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TABLE 1

Dispersion and Concentration of Exposed Pd Atoms

Catalyst Dpd des
(%) (mmol/g Cat)

0.75% Pd/Si0O, 28 0.020
2.00% Pd/SiO, 35 0.065
5.10% Pd/SiO, 26 0.126
9.00% Pd/SiO, 18 0.153
0.20% Pd/La,0,* 21 0.004
0.25% Pd/La,0; 30 0.007
0.70% Pd/La,0; 18 0.012
1.90% Pd/La,0; 16 0.029
1.95% Pd/La;0s 11 0.021
5.00% Pd/La,0, 9 0.041
8.80% Pd/La,0; 8 0.069

¢ Derived from Pd(w-C;Hs),; all others by ion ex-
change of H,PdCl,.

XPS Apparatus and Procedure

The XPS experiments were performed in
a Hewlett—Packard 5950B ESCA spectrom-
eter using monochromatic AlK« radiation
(hv = 1486.6 €V). The base pressure of the
instrument was 1 x 10~° Torr. A Hewlett-
Packard electron flood gun was used to
minimize surface charging effects. The
electron-binding energy scale was cali-
brated by assigning 284.6 ¢V to the C Is
peak position, as suggested by Wagner
(22). In the case of the silica-supported
samples, somewhat better experimental re-
producibility was achieved by referencing
the electron-binding energy axis to Si 2p at
103.2 eV. The binding energies reported
here are accurate to +0.2 eV, unless noted
otherwise. XPS surface compositions were
calculated from photoelectron peak areas
after correcting for instrumental parame-
ters, photoionization cross sections (23),
and differences in electron escape depth
(24). The C 1s, O 1s, and La 3ds, spectra
were deconvoluted using an algorithm ob-
tained from Surface Science Laboratories
(Palo Alto, Calif.).

A quartz tube reactor was mounted onto
the XPS vacuum system so that samples
could be pretreated and transferred into the
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spectrometer without exposure to air. Re-
duction was carried out in 1 atm of pure H,
at temperatures between 573 and 773 K, us-
ing a flow rate of 80 (STP) cm*/min.

RESULTS AND DISCUSSION
Pd[SiO,

XPS spectra of the 2% Pd/SiO, sample
were taken after each stage of sample prep-
aration: drying of the chloride precursor,
calcination, and reduction. The peaks ob-
served for the Pd 3ds, and 3d;,; levels are
given in Fig. 1. It is apparent that the posi-
tions of these peaks shift to lower binding
energies proceeding from the supported
precursor to the reduced catalyst. Since the
extent of the binding energy shift is the
same for the two 3d levels, the interpreta-
tion of these observations will be restricted
to the 3ds, level.

The Pd 3ds, spectrum of the dried cata-
lyst is composed of two overlapping peaks
at 337.9 and 337.0 eV and a weak shoulder
at 335.9 eV. The positions of these peaks
are similar to those observed by Bozon-
Verduraz et al. (15) following the impreg-
nation of SiO,, TiO,, and Al,O; with PdCl,
dissolved in a 2 N HCl solution. Bands oc-
curring at 338.1, 337.8, 337.1, and 336.1 eV
were assigned by the authors to PdCL?,
PdCl,, PdCL(H,0),, and Pd(H,0),**, re-
spectively. The assignments of the first two
peaks are consistent with the work of Ku-
mar et al. (25), which indicates a binding
energy of 338.0 + 0.3 eV for K,PdCl, and a
binding energy of 337.5 = 0.2 eV for PdCl,.
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Fic. 1. Pd 3d spectra taken during the preparation of
the 2.0% Pd/SiO, sample: (a) after impregnation with

the Pd precursor and drying; (b) after calcining in air at
623 K; (¢) after reduction in H, at 573 K.
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In view of these results, it is proposed that
the peaks at 337.9, 337.0, and 335.9 eV,
seen in spectrum a (Fig. 1) can be assigned
to PdCl42‘, PdClz(Hzo)z, and Pd(HzO)42+,
respectively. The presence of PACl,*™ is ex-
pected, since a uv-visible spectrum of the
impregnating solution exhibited bands at
221,279, 331, and 445 nm which are charac-
teristic of this species (26). The hydrated
complexes are probably formed via a
stepwise hydrolysis of PdCl,*, as indicated
below.

PdCl~ + 2H,O0 =2
PdCl(H,0), + 2C1-

PdCI,(H,0), + 2H,0 =
Pd(H,0),>* + 2CI~

Following calcination of the dried Pd/
SiO, sample in air at 623 K, the Pd 3dsp
binding energy shifts to 336.3 eV. This
value agrees well with the peak maximum
observed for PdO (27, 28). Examination of
the Pd 3ds;, portion of spectrum b in Fig. 1
suggests that it is composed of more than
one peak. The higher energy component of
this peak could be due to some residual
chloride species not fully decomposed dur-
ing calcination. Hydrogen reduction at 573
K shifts the binding energy of the Pd 3ds;
peak to 335.3 eV. A small peak can also be
seen at 337.0 eV which is attributable to
some residual PdCl,(H,0),. This feature
could be completely removed by carrying
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Fic. 2. XPS spectra of 2.0% Pd/SiO, following re-
duction in H; for 4 h at 573 K.

TABLE 2
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Elemental Binding Energies for Pd/SiO, Samples

Catalyst Binding energies (eV)*
Pd 3ds;, Si 2p O ls
0.75% Pd/Si0O, 3354 103.3 532.9
2.00% Pd/SiO, 335.3 103.2 532.7
5.10% Pd/SiO, 335.1 103.2 532.9
9.00% Pd/Si0, 335.3 103.2 532.7

« Referenced to C 1s at 284.6 eV.

out a second reduction of the sample (cf.
Fig. 2). The position of the peak at 335.3 eV
is in very good agreement with that ob-
served in other studies of silica-supported
Pd (15) and with a binding energy reported
for metallic Pd of 335.2 eV (25, 28, 30).

The spectra of the four silica-supported
samples taken after reduction at 573 K were
very similar. Figure 2 illustrates the peaks
observed for photoemission from the Pd 3d,
Si 2p, O 1s, and C 1s levels. The binding
energies of the peak maxima are given in
Table 2. It is noted that the binding energy
for each element is virtually independent of
Pd loading.

Although Pd dispersions varied by al-
most twofold, no particle size-dependent
shifts in the Pd 3ds, binding energy, of the
kind observed by Takasu et al. (29) and
Mason (40), were detected on the Pd/SiO,
samples. The absence of this effect is a di-
rect consequence of the low dispersion of
Pd. For dispersions between 35 and 18%,
the average metal crystallite size is esti-
mated to be between 50 and 150 A. Studies
by Takasu et al. (29) indicate that Pd crys-
tallites in this size range are expected to
exhibit the electronic properties of bulk
metal Pd.

The elemental surface composition of the
four Pd/SiO, samples is given in Table 3.
These data represent an average of the
results obtained before reduction, after re-
duction at 573 K, and after reduction at 673
K. The data for the 2% Pd/SiO, catalyst
show that repeated reduction does not alter
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TABLE 3
Surface Composition for Pd/SiO, Samples

Catalyst Surface composition (%)

Pd Si 0 C

0.75% Pd/Si0, 003 225 745 29
2.00% Pd/SiO, 009 250 72.7 23
5.10% Pd/SiO, 020 22.1 740 3.7
9.00% Pd/SiO, 034 232 70.1 6.4
2.00% Pd/SiO,
Air exposed 0.09 250 725 25
H, reduced (573 K)° 0.08 251 72.8 2.0
H, reduced (673 K)* 009 249 728 2.5

4 Reduction time—4 h.

the surface composition relative to that de-
duced from the air-exposed sample. It was
also noted that the small amount of gra-
phitic carbon present, characterized by a
binding energy of 284.6 eV, was not af-
fected by the hydrogen treatments.

The binding energies for the Si 2p and O
1s peaks, presented in Table 2, agree with
those reported in the literature for SiO,
(30). The data in Table 3 indicate that the
O/Si ratio ranges between 3.3 and 2.9, with
an average of 3.1. The high value of this
ratio relative to the bulk stoichiometric ra-
tio of 2.0 is consistent with the composition
of a silica surface covered by hydroxyl
groups.

The atomic percentage of Pd determined
from the XPS spectra increases from 0.03
to 0.34% as the Pd weight loading increases
from 0.75 to 9.00%. A low value of the
atomic percentage is expected, since the
support has a high BET surface area (300
m?¥g) and is sparsely covered by the Pd mi-
crocrystallites. The correlation of the
atomic percentage of Pd with the concen-
tration of exposed Pd atoms, Cpq, is shown
in Fig. 3. For small values of Cpq, the per-
centage of Pd detected by photoemission
rises nearly linearly. However, above Cpq,
= (.10 mmol/g, the curve deviates upward.

The trend in the data shown in Fig. 3 can
be explained on the basis of a simplified
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model proposed by Angevine et al. (31).
This model assumes that the catalyst con-
sists of a uniform distribution of cubes of
active component on a flat, semi-infinite
support surface. If the fraction of the sup-
port covered by metal is small and the size
of the cubes is large compared to the mean
free path for inelastic scattering of an elec-
tron, then,

Iy _ KusNy "
Is d,SgeT

In Eq. (1) Iy s is the peak area of a particu-
lar XPS line in M, the active component, or
S, the support; Ny is the number of atoms of
element M per gram of catalyst; d, is the
length of a cube edge; Sggr is the BET sur-
face area; and Ky 5 is a constant character-
istic of the metal-support system exam-
ined. Since, in the present case, the support
composition does not vary with metal con-
tent, and the metal covers a small percent-
age of the support,

I Kifu (2

where fy is the atomic percentage of Pd de-
termined by XPS and K; is a proportionality
constant. By combining Eqs. (1) and (2) we
obtain

KM S NM
- oM 3
fM Kf dpSBET ( )

Equation 3 can now be rewritten in terms
of the concentration of exposed metal at-

Pd (atom %)

L : i 1
0] 004 008 0.2 016 020

des {mmol/g)

F1G. 3. Correlation of the atomic percentage of sur-
face Pd, determined by XPS, with Cpq, for Pd/SiO,.
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oms, Cy,, and the metal dispersion, Dy, by
using the relations,

Cy, = NuDy 4
dy
Dy = K; 4, &)

In Eq. (5), d. is the diameter of the metal
atom, and K, is a proportionality factor
which depends on the shape of the metal
particles and the nature of the particle size
distribution. Introducing Eqgs. (4) and (5)
into Eq. (3) gives

Cm

_ K
M= RK, dSper ©

Equation (6) predicts that fyy should be a
linear function of Cy, provided Kj and Spgt
are constant. This relationship is in good
agreement with the data presented in Fig. 3
for Cy, = Cpq, = 0.10 mmol/g. The upward
deviation from the linear relation, seen for
Cpg, = 0.10 mmol/g is most likely due to a
decrease in the value of K; caused by a
change in the shape and/or particle size dis-
tribution of the supported Pd.

Pd/L61203

Figure 4 presents a Pd 3d spectrum for
the dried 1.9% Pd/La,0; sample prior to
calcination. Only a single peak is observed
at 336.9 eV. The assignments proposed by
Bozon-Verduraz et al. (15), which were
discussed in the section on the silica-sup-
ported Pd, suggest that this peak can be as-
cribed to a palladium aquochloride species.

Intensity
T T
é 3

o o
ol d

Binding Energy (eV)

Fi1G. 4. Pd 3d spectra taken during the preparation of
the 1.9% Pd/La,0; sample: (a) after impregnation with
the Pd precursor and drying; (b) after calcining in air at
623 K; (c) after reduction in H, at 573 K.

403

This interpretation is supported, in part, by
the uv-visible spectrum of the H,PdCl, so-
lution used to introduce Pd onto the sup-
port. The bands observed at 208, 234, 303,
and 416 nm are distinctly different from
those characteristic of PdCl2~ (280, 335,
and 475 nm) and PdCl, (500 nm) (/5).
Jgrgensen (26) indicates that the uv—visible
spectrum of PdCl,(H,0), is characterized
by a band at 416 nm. While the position of
this band coincides with one of the bands
observed in the spectrum of the impregnat-
ing solution, a straightforward identifica-
tion of the dissolved species cannot be
made.

After calcination, the binding energy of
the Pd 3d;,, peak is shifted to 336.2 ¢V. The
position of this peak is nearly identical to
that observed for the calcined Pd/SiO, sam-
ple (see Fig. 1) and is in good agreement
with that found for PdO (27, 28). Reduction
of the sample at 573 K causes a shift in the
Pd 3ds;, peak to 334.7 eV. The position of
this peak is 0.6 eV lower than that observed
for the reduced Pd/SiO, sample and is 0.4
eV lower than that observed for a Pd foil.
The noticeable deviation in the binding en-
ergy for lanthanum oxide-supported Pd,
relative to that for metallic Pd, suggests
that the support has an influence on the
electronic properties of the metal. Further
evidence for this, and a discussion concern-
ing possible origins, is presented below.

Spectra for photoelectron emission from
the Pd 3d, La 3d, O ls, and C 1s levels of
the 2% Pd/La,0; sample, reduced at 573 K,
are shown in Fig. 5. The Pd 3d peaks are
identical to spectrum c in Fig. 4. The La 3d
spectrum consists of two doublets. The sat-
ellites appearing on the high energy side of
the 3ds, and 3d;, peaks are believed to
result from competitive core-hole screening
by nearly degenerate ligand 2p and empty
La 4f orbitals (32-35). The La 3d,; and
3ds, core levels are observed at 850.8 and
834.0 = 0.4 eV, respectively, and the corre-
sponding satellite-split is 4.2 eV. The O 1s
spectrum consists of two features: a strong
peak at 531.0 eV and a shoulder at 528.5
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F16. 5. XPS spectra of 1.9% Pd/La,0, following re-
duction in H, for 4 h at 573 K.

eV. The first of these peaks is characteristic
of OH~ and CO4?~, and the latter of O%".
The C 1s spectrum is also made up of two
peaks. The more intense peak at 284.6 is
characteristic of graphitic carbon, whereas
the less intense peak at 289.3 + 0.4 eV is
characteristic of CO4?~ anions (30).

Effects of Heat Treatment on La,0,

In strong contrast to what was observed
for silica-supported Pd, the photoelectron
spectra of lanthanum oxide-supported Pd
evidenced changes in the support composi-
tion during reduction. The effects of reduc-
tion temperature on the spectra of the sup-
port elements are presented in Fig. 6 and in
Tables 4 and 5. As the extent of reduction
increases, the positions of the La 3d peaks
shift to lower binding energies, and the sat-
ellite-split increases. The O 1s portion of
the air-exposed sample shows only a single
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FiG. 6. Effects of H, reduction on the XPS spectra
of the support for 0.7% Pd/La,0;: (a) exposed to air at
298 K; (b) reduced in H, for 4 h at 573 K; (¢) reduced in
H, for 4 h at 673 K following acquisition of spectrum b.

peak at 531.2 eV. As noted above, this fea-
ture is characteristic of OH~ and CO5?~ an-
ions. Following reduction, this peak de-
creases in intensity and a second peak
appears at 528.6 eV which is characteristic
of 0%~ anions. These changes are accompa-
nied by a reduction in the O/La ratio from
2.4 for the air exposed sample to 1.3 for the
sample reduced at 673 K. The C 1s portion of
the spectrum attributable to COs2~ anions
decreases in intensity and shifts to lower
binding energies with increasing reduction
temperature. The graphitic carbon peak, on
the other hand, remains unchanged
throughout the sequence of H, treatments.
The position and shape of the Pd 3ds, peak
was also found to be unaffected by the re-
duction temperature.

Several experiments were carried out
with the support alone to determine
whether effects similar to those shown in
Fig. 6 could be observed in the absence of
Pd. The starting material for these experi-
ments, referred to as activated La,0,, had
undergone the same preparation steps as

TABLE 4

Influence of Reduction on the Elemental Binding Energies for the 0.7% Pd/La,0; Sample

Treatment Pd 3d;s, La 3ds,° Ols C 1s°
None (air exposed) 336.2,334.9 834.6(3.5)® 531.2 289.9,284.6
H, reduced (573 K)° 334.8 833.8(4.2) 531.1,528.6 289.3,284.6
H, reduced (673 K)° 334.8 833.5(4.5) 531.3,528.7 288.9,284.6

2 La 3ds, and COs*~ C 1s positions ¥ 0.4 eV, all others ¥ 0.2 eV.

b Satellite-split.
¢ Reduction time—4 h.
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TABLE 5

Influence of Reduction on the Surface Composition
of the 0.7% Pd/La,0; Sample
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TABLE 6

Effects of Heat Treatment on the Elemental Binding
Energies for La,0;

Treatment Surface composition (%)

Pd La 0 C
None (air exposed) 0.5 230 554 177
H, reduced (573 K)* 0.6 357 509 128
H, reduced (673 K)* 0.6 362 46.1 17.2

¢ Reduction time—4 h.

the catalysts: hydrolysis of La,O; to
La(OH); followed by vacuum drying at 338
K, oxidation at 623 K, and reduction at 573
K. Tables 6 and 7 indicate the effects of
heating the activated La,0;. It is seen that
gas composition has little effect on the ob-
served changes in binding energy and ele-
mental composition. On the other hand,
treating the sample at consecutively higher
temperatures causes the support to change
in a fashion qualitatively similar to that ex-
hibited by 0.7% Pd/La,0;. As the tempera-
ture increases, the La 3ds, binding energy
decreases, the satellite-split increases, the
O/La ratio decreases, and at 773 K the O*~
peak appears in the spectrum. Comparison
of the data in Tables 4 and 5 with those in
Tables 6 and 7 shows that the extent to
which these changes occur is much greater
when Pd is present. In particular, after
heating the 0.7% Pd/La,O; sample 4 h at
673 K, 40% of the oxygen detected by XPS
was 0%~ ; by contrast, after heating the acti-
vated La,O; for 3 h at 773 K, only 14% of
the oxygen detected was O?". These
results, and others presented below, clearly
indicate that Pd catalyzes changes in the
support composition.

The effects of heat treating the support
either in the presence or absence of Pd, can
be attributed to a gradual dehydration of the
support. Prior to heating, the XPS spectra
of 0.7% Pd/La,0; and activated La,O; show
no evidence for O*~ and an O/La ratio of
nearly three. This suggests that the support
is fully hydrated to La(OH);. This interpre-

Treatment Binding energy (eV)*
La 3ds, Ols Cls
Activated La,0, 834.9 (3.3 530.9 287.6,284.6
H,, S73K,3h 834.9 (3.7) 530.9 288.3,284.6
H,;, 773K, 3h 834.4 (3.8) 530.6,528.4 288.3,284.6
N,, 573 K, 2 h? 834.7 (3.7) 530.8 288.1,284.6
N,, 73K, 3h 833.6 (4.2) 530.8,528.6 288.8,284.6
N,, 873K, 17h 833.9(4.0) 531.1,528.6 289.6,284.6
La(OH)y* 8359 (3.7) 532.1 284.6
La,05¢ 834.7 4.5)  530.1 284.6

¢ La 3ds; and CO42~ C 1s positions 0.4 eV, all others +0.2
eV.

b La,0, converted to La(OH), and then calcined at 623 K
and heated in H, at 573 K.

¢ Satellite-split.

4 Heating in N, was initiated with a fresh sample of acti-
vated La,0;.

¢ Data from Refs. (36, 37).

tation is consistent with the observations of
Rosynek and Magnuson (/8) who reported
that La,0; will rehydrate upon exposure to
< 10 Torr of water vapor at 298 K. Upon
heating in either H, or N,, four changes oc-
cur in the spectrum of the support: the La
3ds;, binding energy decreases, the La 3ds,
satellite-split increases, the O>~ component
of the O 1s spectrum increases, and the O/
La ratio decreases. These trends reflect a

TABLE 7

Effects of Heat Treatment on the Surface
Composition of La,0;

Treatment Surface composition

(%)

La (6] C

Activated La,04? 19.5 56.8 23.8
H,,573K,3h 26.8 54.1 19.2
H,,773K, 3 h 272 513 21.5
N,, 573K, 2h 23.5 56.8 19.7
N;, 773K, 3 h 27.0  50.1 22,9
N,,873K, 17 h 30.3 46.0 23.7

% La)0; converted to La(OH); and then
calcined at 623 K and heated in H, at 573 K.

® Heating in N, was initiated with a fresh
sample of activated La,0;.
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gradual loss of water from the support and
its progressive conversion from La(OH); to
La,0;. Brundle and co-workers (36, 37)
have reported that the La 3ds, binding en-
ergy is 1.2 eV lower, and the satellite-split 1
eV greater, for La,O; compared to
La(OH),. A discrepancy of about 1 eV ex-
ists, though, between the La 3ds;, and O 1s
binding energies reported here and those
reported by Brundle and co-workers. The
source of this discrepancy cannot be estab-
lished since these authors give no indica-
tion of the source of their samples, nor the
methods used for sample preparation.

Rosynek and Magnuson (18) found that
La(OH); decomposes to La,0; in two dis-
tinct stages upon heating under vacuum. At
473 K, La(OH), is converted to LaO(OH).
This compound then decomposes to La,0;
when the temperature is raised above 573
K. It is doubtful, though, that complete
conversion of La(OH), to La;0, ever oc-
curred during this study, since the portion
of the O 1s spectrum associated with O?~
never rose above 40%, even after the sup-
port had been heated at 873 K for 17 h.
Furthermore, Raman spectra (38) taken of
the heat treated catalyst samples showed
evidence for La(OH); and La,0s, as well as
additional bands believed to be due to
LaO(OH). It must be concluded, therefore,
that after heating, the support is a mixture
of La(OH);, LaO(OH), and La;0;. A cer-
tain amount of carbonate must also be
present, since the peak at 288.5 eV, associ-
ated with CO5>" is never eliminated from
the C 1s spectrum. The presence of carbon-
ate anions is expected in view of the known
reactivity of lanthanum oxide and hydrox-
ide with CO,, and that lanthanum carbonate
does not decompose at temperatures below
973 to 1073 K (18).

Negative Pd Binding Energy Shift

The palladium loading was found to influ-
ence both the Pd 3ds, binding energy and
the composition of the support. The data
for all seven of the Pd/La,0; samples are
given in Tables 8 and 9.
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TABLE 8

Elemental Binding Energies for Pd/La,0; Samples

Catalyst® Binding energies (eV)
Pd 3d5/2 La 3d5/2 Ols

0.20% Pd/La,0, 3349 834.3 531.5,529.0
0.25% Pd/La,0; 335.3 834.3 531.3,529.0
0.70% Pd/La,0, 334.8 833.8 531.1,528.6
1.90% Pd/La,04 334.7 834.0 531.0,528.5
1.95% Pd/La,0; 334.5 833.9  531.8,529.1
5.00% Pd/La,0, 334.5 834.3 531.8,529.0
8.80% Pd/La,0s 334.4 834.4 531.1,528.7
Pd-Black/LayOs 335.0 — —

2 Reduced in H; for 4 h at 573 K.
¢ La 3ds, position £0.4 eV, all others +0.2 eV.

The binding energy for the Pd 3ds, peak
is plotted in Fig. 7a as a function of Pd dis-
persion, Dpy, and in Fig. 8 as a function of
the concentration of exposed Pd atoms, Cpy_.
It is apparent that the binding energy de-
creases progressively with either decreas-
ing values of Dpy or increasing values of
Cpq,- At its lowest value, the binding energy
lies 0.7 eV below that for metallic Pd. The
binding energy data for the Pd/SiO, samples
are also shown in Fig. 7a for comparison.
While the range of metal dispersions on the
two supports are comparable, the data
points for the Pd/SiO, samples lie close to
the binding energy for metallic Pd, and
show no evidence of a change in binding
energy with dispersion.

TABLE 9

Surface Composition of Pd/La,0; Samples

Catalyst? Surface composition (%)

Pd La 0 C
0.20% Pd/La,0, 0.2 34.3 48.6 15.9
0.25% Pd/La,0, 0.2 300 500 19.8
0.70% Pd/La,0, 0.6 35.7 50.9 12.8
1.90% Pd/La,0; 1.3 24.4 55.5 18.8
1.95% Pd/La,0; 1.5 14.0 52.8 31.6
5.00% Pd/L.a,0, 23 259 494 224
8.80% Pd/La,0, 5.0 194 530 227

2 Reduced in H; for 4 h at 573 K.
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While not shown in Figs. 7a and 8, XPS
results were also obtained for dilute mix-
tures of Pd-black and La,0s. For such mix-
tures, the Pd 3ds, binding energy, following
H, reduction at 573 K, was 335.0 eV. This
value is within the experimental accuracy
of the binding energy measured for a Pd foil
(335.1 eV). The close agreement in the mea-
sured value of the binding energies for large
Pd particles dispersed in an insulating ma-
trix and Pd foil indicates that accurate bind-
ing energy values can be obtained using the
procedures described in this paper. It also
implies that the graphitic carbon, used as a
reference element, is in good electrical con-
tact with the metal and very likely resides

336.0 T T T

o
o
o
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T
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3352
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D

334.0 L 1 L
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FiG. 8. Correlation of Pd 3ds;, binding energy with
des for Pd/Lazog.

upon it as well as on the support. The valid-
ity of using the C ls peak as a reference
point is further substantiated by the obser-
vation that the Pd 34, binding energies for
the palladium chloride precursor on La,0;
and the oxidized Pd on La,0; are both in
good agreement with the binding energies
reported for PdCl,(H,0), and PdO, respec-
tively.

The full width at half maximum (FWHM)
of the Pd 3ds, peak for the Pd/L.a,0; sam-
ples is plotted versus Pd dispersion in Fig.
7b. Once again, for comparison, the data
for the Pd/SiO, samples are included. Both
sets of data lie along a single straight line
and show that the FWHM increases with
increasing dispersion. The FWHM was also
measured for the mixture of Pd-black and
La,0s, and was found to be 1.5 eV. This is
consistent with the value obtained by ex-
trapolating the straight line passing through
the data to Dpq = 0-3% and it is in good
agreement with what is expected for metals
supported on an insulator. Using an Au foil
as a standard, the instrument is tuned so
that the Au4f;, FWHM is 0.8 ¢V. Insulating
supports typically add more than 0.5 ¢V to
the FWHM of all lines even with the use of
an electron flood gun. Consequently, a
FWHM of greater than 1.3 eV is anticipated
for a low metal dispersion on an insulating
support.
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The data given in Table 8, and Figs. 7a
and 8, demonstrate very clearly that the
binding energy of the Pd 3ds, state for Pd
supported on La,O; can lie below that of
metallic Pd by as much as 0.7 eV. Shifts of
a similar nature have been observed by sev-
eral authors in recent XPS studies of sup-
ported Group VIII metals. In the work of
Lee et al. (16), it was found that the binding
energy for the Pd 3ds,, state decreased from
335.2 t0 334.8 ¢V upon the addition of ZrO,
to Pd supported on a-Al,O;. Negative shifts
of the order of 0.2 to 1.6 eV have been re-
ported for Rh/TiO, (12, 13), Ni/TiO,, Pt/
TiO,, and Pt/StTiO; (10, 11, 14) following
reduction of these catalysts at temperatures
in excess of 773 K.

The interpretation of core level binding
energy shifts for supported metals is diffi-
cult, since the observed deviations from the
binding energy of the pure metal can reflect
changes in both the initial and final states of
the metal (39). These effects are influenced
not only by the chemical state of the metal,
but also by the size of the supported metal
crystallites. When small metal particles are
placed on a support, a positive binding en-
ergy shift relative to the bulk value is often
observed. In the limit of an isolated metal
atom on a support, positive shifts can be as
great as 1.6 eV (40). Several authors (10,
11, 14, 39, 46) have suggested that these ef-
fects are due to differences in final-state,
extraatomic relaxation. It is thought that in
small metal clusters there are not enough
metal atoms in the particle to completely
screen core-holes created by photoemis-
sion, and that it is the incomplete screening
which gives rise to a positive shift. On the
other hand, Mason (40) has recently pre-
sented evidence that the shift in binding en-
ergy with particle size is due to a rehybridi-
zation of the (s,p)-d orbitals and depends
only on the average coordination number of
the atoms in the particle. In this regard,
Mason shows that the photoemission spec-
tra of clusters and alloys are identical pro-
vided both the substrate and the host metal
weakly interact with the cluster orbitals.
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All authors agree that the effects of particle
size are negligible, if the supported metal
particles are large enough to exhibit bulk-
like valence structure.

Takasu et al. (29) studied the changes in
the electronic structure of Pd supported on
SiO, as a function of metal particle size. It
was found that when the Pd particles
reached a size sufficient for the UPS spec-
trum to be indistinguishable from that ob-
served for Pd foil, a positive shift in the Pd
3ds; binding energy relative to the foil value
was no longer observed. The dispersion of
the Pd/La,0; samples studied here ranges
between 10 and 30%, decreasing with in-
creasing metal loading (see Table 1). The
estimated average diameter of the Pd mi-
crocrystallites is, therefore, between 60 and
180 A. Based on the criteria established by
Takasu et al. (29), these particles well ex-
ceed the minimum size required to exhibit
bulk-like valence structure. As a conse-
quence, the shift in the Pd 3ds; binding en-
ergy as a function of Dpy must be ascribed
to a change in the chemical state of the
metal. This interpretation is consistent with
the results obtained for silica-supported Pd.
The Pd particles on silica are about the
same size as those on lanthanum oxide, and
yet, the Pd 3ds, binding energies for Pd/
Si0, are independent of Dpy (see Fig. 7a).
The direction of the binding energy shift for
the Pd/La,0; samples and the absence of
any anomalies in the shape of the Pd peaks
suggests that the lanthanum oxide-sup-
ported Pd is more electronegative than the
Pd foil.

Model of Metal-Support Interaction

In a theoretical study, Horsley (47) ex-
amined the interaction of a Pt atom with a
TiO, cluster. This system was chosen to
represent Pt supported on TiO,. It was con-
cluded that if Ti is reduced from the 4+ to
the 3+ state, approximately 0.6 electrons
will transfer from the Ti cation to the Pt
atom. Recently, it has been shown that
there is a reproducible —0.2 eV shift in the
Rh 3ds,, binding energy for Rh/TiO, reduced
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above 673 K (12, 13). Since high-tempera-
ture reduction of TiO,-supported transition
metals may lead to a substantial increase in
metal dispersion (47, 48), the chemical shift
could be offset by a positive particle size-
dependent shift, as discussed above. In this
case, the chemical shift may be greater than
—0.5 eV, a value in agreement with
Horsley’s theoretical prediction.

We propose that during sample activa-
tion the La,0O; support is reduced, and that
this is responsible for the negative binding
energy shift. While it is recognized that the
reducibility of La(OH); or La,0; is substan-
tially less than that of TiO,, there is reason
to believe that the surfaces of refractory ox-
ides may be reducible. For example, Weller
and Montagna (42, 43) have suggested that
at 723 to 823 K, the surface of pure Al,O;
undergoes reduction. Evidence for a similar
reaction has also been presented by Kuni-
mori et al. (44) in a study of metal-support
interactions in Pt/Al,O;.

The partial reduction of La(OH),,
LaO(OH), and La,0; might be represented
as

1. La(OH); + xPd + % H, 2
LaPd,O + 2H,0

1
2. LaO(OH) + xPd + 3 H,=
LaPd,O + H,0

3. L3.203 + 2xPd + Hz =4
2LaPd,0 + H,0O

Hydrogen is assumed to adsorb on the sur-
face of the Pd microcrystallites and to dif-
fuse to the interface between the microcrys-
tallite and the support material. The final
products of reactions 1 through 3 should
not be regarded as stoichiometric com-
pounds, but rather as representations of the
adducts formed between x atoms of Pd
present at the metal-support interface and
the surface of the partially reduced support.
Because of the strongly electropositive na-

409

ture of La, it is expected that the Pd atoms
will become more electronegative.

The possibility that the shifts in Pd 345,
binding energy for the Pd/La,0; samples
are due to La-Pd intermetallic compounds
can be excluded. The formation of such
substances would require the complete re-
duction of portions of the support—an un-
likely occurrence. Moreover, recent XPS
studies by Hillebrecht er al. (45) have
shown that the Pd 3ds), binding energies for
La-Pd intermetallic compounds all lie
above that for metallic Pd and show an in-
creasing upscale shift with increasing La/Pd
ratio.

While reactions 1 through 3 provide a
means for rationalizing the observation of a
negative shift in the Pd binding energy, it
remains to be explained why such an effect
should be observed for the very large Pd
crystallites (60 to 180 A) present on the lan-
thanum oxide surface. If the only point of
contact between the metal crystallites and
the support is at the bottom of the crystal-
lites, then one would expect the electrons
of the Pd atoms in the crystallite bulk to
screen out the charge transferred to the Pd
atoms present at the metal-support inter-
face. Under such circumstances, the Pd
binding energy would not be expected to
shift. The fact that the binding energy does
shift suggests the picture shown in Fig. 9.
Here, the surface of the Pd microcrystallite
is assumed to be partly covered by small
patches of support material which migrate
onto the Pd during sample pretreatment.
Upon reduction, these patches are ex-
pected to undergo reduction consistent
with reactions 1 through 3. Since the ad-
duct, LaPd,O, is now present at the surface
of the metal crystallites, the bulk Pd atoms

La(OH)y, LaO(OH), La,04

F1G. 9. Schematic illustration of the interaction of
Pd with the support.
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would no longer be as effective in screening
out the effects of the metal-support interac-
tion. The increase in absolute magnitude of
the Pd binding energy shift with increasing
metal loading, seen in Fig. 8, might then be
attributed to an increase in the fraction of
the metal crystallites covered by support
material. It should be noted that the CO
chemisorption characteristics of the Pd/
La,O; sample are consistent with the pro-
posed model (49). The chemisorption ex-
periments indicate that the exposed Pd
atoms are segregated into two types of sur-
faces. One surface adsorbs a monolayer of
CO. While the other surface does not ad-
sorb CO, as if it is covered by a physical
obstruction. Furthermore, the portion of
the Pd surface blocked to CO chemisorp-
tion increases with increasing Pd weight
loading.

The increased electronegativity of the
surface Pd atom appears to be distributed
uniformly over the Pd surface. As shown in
Fig. 7b, the FWHM of the Pd 3ds; line is
identical for Pd/La,0; and Pd/SiO, samples
of equivalent dispersion. Since only one
chemical state of Pd assuredly exists on Pd/
SiO,, the same must be concluded for Pd/
La,0s. This conclusion is further supported
by CO chemisorption studies at 298 K (49),
which evidence a considerable weakening
of the CO bond strength on the exposed Pd
atoms that do chemisorb CO. In addition,
the FWHM correlation indicates that H,-
O, titration correctly measures the amount
of exposed Pd atoms, including those pos-
tulated to be underneath the patches of
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F1G. 10. Effects of H, reduction and Cpq, On the La
3ds; binding energy for Pd/La,0;.
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LaO. For this to be true, the H, and O,
must titrate the LaOPd, compound with the
same stoichiometry as that for the uncov-
ered Pd surface. This requirement is easily
rationalized for x = 1:

Pd—H + g 02—)

Uncovered: 3

Pd-0O + -;— H,O0 (1)

Covered: LaOPd + %Oz —
La,0; + PdO (2)

The support covering is also expected to be
thin so that the X rays can detect the Pd
which is underneath the oxide layer. A thin
LaO layer seems likely based on the obser-
vation that oxidizing the Pd/La,0; at 298 K
causes the formation of new sites for CO
adsorption (49). These new sites are on the
Pd surfaces which do not chemisorb CO in
the reduced state, and they bond CO in an
unusual way. The vibrational frequency of
the infrared band for this form of chemi-
sorbed CO is suggestive of a CO molecule
which is bridge-bonded between a Pd atom
and a support atom.

Effects of Metal Loading on Surface
Composition

The loading of Pd was also found to influ-
ence the La 3d binding energy, the surface
concentration of La, the O/La ratio, and the
distribution of peaks in the O 1s spectrum.
These trends can be seen by inspection of
Tables 8 and 9, and Figs. 10 through 12.
Figure 10 shows that the binding energy for
the La 3d5,; peak passes through a minimum
as the concentration of exposed Pd atoms
increases. It is also noted that, consistent
with the results presented earlier, the bind-
ing energy shifts to lower values as the tem-
perature used to reduce the catalyst is in-
creased. The influence of Cpy, on the
near-surface concentrations of La’* and
O?” is given in Fig. 11, whereas Fig. 12 il-
lustrates the variation of the O/La ratio
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with Cpy.. With increasing Pd loading, and
hence Cpq,, the percentages of La** and O*
pass through a maximum, while the O/La
ratio passes through a minimum. All of the
extrema occur near Cpq, = 0.015 mmol/g.
The patterns exhibited in Figs. 10 through
12 can be attributed to changes in the extent
of conversion of La(OH); to LaO(OH) and
La,0s. It would appear that as the loading
of Pd increases, the extent of dehydration
at first increases, but then reaches a maxi-
mum and subsequently decreases. The
cause for the maximum is unclear. One pos-
sibility is that the support dehydration is
retarded by the water released in reactions
1 through 3 at higher metal loadings.
Figure 13 illustrates the variation of the
atomic percentage of Pd, determined from
XPS, with the concentration of exposed Pd
atoms, Cpa,. As was found for Pd/Si0; in
Fig. 3, the correlation is linear at first and
then deviates upwards at higher values of
Cpq,. The explanation for this trend is iden-
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FiG. 12. Correlation of the O/La ratio with Cpy, for
Pd/La,0s.

411

6 T T T
- T, = 573K
2l i
€
S
2
bl 2L ]
a o 5

0 L 1 |

0 002 004 006 008
Cpy (mmol/g)
s

FiG. 13. Correlation of the atomic percentage of Pd,
determined by XPS, with Cpq, for Pd/La,0;.

tical to that given in the discussion of Fig.
3. The atomic percentage of Pd on La,0; is
significantly higher than that for Pd/SiO,,
because the BET surface area of La,0; is
much lower than that of SiO,.

CONCLUSIONS

XPS spectra of silica-supported Pd show
no evidence for metal-support interactions.
The binding energy of electrons emitted
from the Pd 3ds, level is only slightly
greater than that for metallic Pd, and it is
not affected by the weight loading of Pd on
the support. By contrast, XPS spectra of
lanthanum oxide-supported Pd provide
clear indications of an interaction between
Pd and the support. The Pd 3ds;, binding
energy lies below that of metallic Pd, the
extent of the deviation increasing with in-
creasing metal loading. The maximum devi-
ation observed is surprisingly large: —0.7
¢V for a metal loading of 8.8 wt%.

XPS spectra also reveal that the compo-
sition of the support changes during cata-
lyst preparation. Prior to ion exchange with
the Pd precursor, La,0; is hydrated to in-
crease its surface area. This causes a con-
version of La,0; to La(OH);. During calci-
nation and reduction of the catalyst, the
support is progressively dehydrated so that
it finally consists of a mixture of La(OH);,
LaO(OH), and La,0;. The extent of dehy-
dration is accelerated by the presence of
Pd, and it, too, is found to depend upon the
metal loading. Below 0.7 wt% Pd, the de-
gree of dehydration increases with loading.
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Above 0.7 wt% Pd, though, this trend is
reversed.

It is proposed that during catalyst prepa-
ration, a small part of the support material
is deposited on the Pd particles, and that
upon reduction in H, these deposits un-
dergo partial reduction to form structures
such as LaPd,Q. The palladium in these
structures is more electronegative than the
zero-valent metal. This interpretation
would explain the observation of Pd 3ds;
binding energies which are lower than that
for metallic Pd.
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