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Extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge structure
(XANES) were used to structurally characterize in situ a 1% Pt on Cab-O-Sil catalyst. We report
data and structural parameters determined for a wide range of catalyst conditions varying from the
dried, impregnated support to the sintered catalyst. Most of the work is on the active, clean catalyst
and with chemisorbed O, and benzene. Specific new results include (1) evaluation of support
interaction by measuring the Pt—O bonds to the support and by relating this to a residual, tempera-
ture-invariant static disorder, (2) the effect of chemisorbed O, or benzene, and (3) discovery of a
temperature-driven change in the structure of the catalyst cluster believed to be due to making and
breaking Pt—O bonds to the support. The effect was present either in H, or He. Sequential Fourier
filtering in the data analysis with appropriately constructed phase shifts was used to uncover the

minority-species-to-Pt bonds from the Pt—Pt bonds which predominate in the data.

Press, Inc.

INTRODUCTION

We used X-ray absorption spectroscopy
combining X-ray absorption near edge
structure (XANES) and extended X-ray ab-
sorption fine structure (EXAFS) to exten-
sively characterize a 1 wt% Pt on Cab-O-Sil
catalyst. XANES is the result of electron
transitions to bound states of the absorbing
atom and thereby maps the symmetry-se-
lected empty manifold of electron states. It
is sensitive to the electronic configuration
of the absorbing atom. When the photoelec-
tron has sufficient kinetic energy to be
ejected from the atom it can be backscat-
tered by neighboring atoms. Quantum inter-
ference of the initial electron wave state
and backscattered wave produces a modu-
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lation of the absorption cross section.
EXAFS data can provide information on
bond distances, coordination numbers, dis-
order, and types of ligand for the first
few coordination spheres. Although both
XANES and EXAFS depend upon a mea-
surement of X-ray absorption cross section
the electronic and structural information is
due to electron transitions and/or scattering
where the source of electrons is an atomic
species within the sample chosen by the co-
incidence in energy of the X-ray probe and
the absorption edge of the element of in-
terest. In this element specificity lies the
power of the technique for catalyst charac-
terization. Unlike most structural tech-
niques, X-ray spectroscopy is not over-
whelmed by the presence of the support.
The support only appears in the data as it
interacts with the catalytic atom. A recent
review by Lee ef al. has discussed the gen-
eral use of the EXAFS technique and its
limitations (7). We have reviewed catalytic
applications (2, 3) of both EXAFS and
XANES.

546

0021-9517/85 $3.00
Copyright © 1985 by Academic Press, Inc.
All rights of reproduction in any form reserved.



X-RAY SPECTROSCOPY OF Pt ON SiO,

In the following we obtain structural data
for Pt atoms and their first neighbors during
the process of catalyst genesis from the im-
pregnated support, through reduction, O,
and benzene chemisorption, and investiga-
tion of structural changes with tempera-
ture. We measured both the thermal and
static disorder, relating the latter to a sup-
port effect. We also note a new effect with
increasing temperature in H, or He, i.e.,
the XANES changes reversibly with tem-
perature in a manner which suggests a
change in shape of the catalyst cluster. We
attempt to place these new results within
the context of previous work and discuss
the significance of the new or differing
results. Connecting all these bits and pieces
of evidence helped provide considerable in-
sight and detail for the total preparation of
this catalyst—a structural genesis. To com-
plement these results consult the outstand-
ing series of papers by Cohen, Butt,
Burwell, and collaborators (4—7) who have
used chemical techniques, X-ray diffrac-
tion, and some EXAFS (7) to characterize
Pt/SiO; catalysts with a wide range of dis-
persion (0.06-0.8).

Lagarde et al. have used the EXAFS
technique to investigate Pt/Al,O; catalysts
in the form of the dried, impregnated sup-
port (PtClg coordination), after calcination
at 500-700°C (Pt-O and Pt—Cl coordina-
tion) and after reduction in H, at 480°C.
They found that the reduced Pt clusters are
in the normal fcc coordination with some
Pt-O bonds to the support (8, 9).

EXPERIMENTAL METHODS

The preparation and characterization by
chemisorption (H/Pt = 0.9) of the 1 wt% Pt
on Cab-0-Sil has been described (10). The
data were obtained in the catalyst cell
shown in Fig. 1 either by transmission mea-
surements, (In Iy/I), or by the fluorescent
EXAFS technique (11) (Ig/ly) where I, I,
and If are the intensity of the incident X
rays, transmitted X rays, and Pt L, fluores-
cent X rays, respectively. The cell in Fig. 1
is similar to an earlier one (2) but with pro-
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vision for measuring the fluorescent X rays.
For Pt at 1% concentration the transmis-
sion and fluorescent techniques are about
of equal merit. The fluorescent EXAFS
technique becomes advantageous for ele-
ments of lower atomic number or at lower
concentration (to 10 ppm in favorable
cases). The measurements were made at
Stanford Synchrotron Radiation Labora-
tory. In all cases a Si(220) double-crystal
monochromator was used with entrance slit
(1 mm high and 20 m from the source point)
chosen to give a bandpass of 2 eV at the Pt
Ly edge, 11,563.7 eV (12). The operation
of the catalyst cell allowed in situ reduc-
tion, chemisorption, and catalysis while
maintaining the temperature in the desired
range from 90 to 1300 K. In practice, once a
desirable catalyst condition was achieved
X-ray measurements often were taken at
temperature and then after quenching to 90
K in an attempt to minimize thermal smear-
ing of the EXAFS data. For each measure-
ment typically 2 to 3 scans were averaged
over a total time of ~40 min. Temperatures
were measured by the thermocouple indi-
cated in Fig. 1 and kept constant at the tem-
peratures indicated to +=5°C. For all the
analysis that follows we used only the Pt
Ly XANES and EXAFS. Note the sharp
XANES feature at the Ly; edge which will
become more evident later when the graph
is expanded.

The object of these experiments was to
demonstrate the sensitivity of the technique
with the same model catalyst under a num-
ber of different conditions. The somewhat
cryptic legend in Fig. 2 describes the cata-
lyst condition achieved before the catalyst
was quenched to 90 K for a data scan. The
XANES and accompanying EXAFS data
are given in Figs. 2 and 3. Sample A was the
original H,PtCls - 6H,O-impregnated Cab-
O-Sil support air-dried at 383 K. The
XANES/EXAFS was very similar to that
of solid H,PtCls - 6H,O and the measured
Pt-Cl bond distance from a phase-cor-
rected Fourier transform was 2.35 A com-
pared to 2.32 A of the parent compound
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FiG. 1. Continuous-flow catalyst cell for X-ray absorption spectroscopy. The principles of operation

have been described (2, 10).

indicating Cl coordination as was also
found by Lagarde et al. (8). This prepara-
tion was not investigated further. One sam-
ple was sintered by calcining in air at 1073
K to produce sample E. There was little
difference in the data between this and me-
tallic Pt, as expected, since the particle size
was ~200 A. This preparation was not in-
vestigated further. Parenthetically, we note
that a world of significant chemistry and
crystallography occurs and could be mea-
sured between sample A and B or A and E.

For now we choose to emphasize the re-
duced catalyst and reactions thereon. For
all the following preparations the catalyst
cell was operated in a flow condition into
ambient pressure. Sample B was prepared
from A by reduction in flowing H;, for 4 h at
773 K. Then, during cooling, He was used
to sweep away the H, and the catalyst was
passivated by gradual exposure to air. The
air-exposed catalyst was stored in a sample
bottle until ready for use at SSRL. It was
then rereduced at 773 K in flowing H, in
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FiG. 2. Platinum Ly; absorption edges of 1% Pt on
Cab-0-Sil in various chemical conditions compared to
Pt metal. All are plotted to the same scale. See Figs.
11a and b for expanded views of the near-edge region.

situ in the apparatus shown in Fig. 1. Data
were taken as a function of temperature
during cooling in H; to an ultimate low tem-
perature of 90 K (sample B). The determi-
nation of disorder as a function of tempera-
ture and of an interaction with the support
will be described later. Samples C and D
were prepared by heating to 773 K in Hj,
cooling in He, and then initiating a flow of
He + benzene vapor or 10% O, in He at 298
K. After equilibration the pure-He flow was
restarted and the sample cooled to 90 K for
measurement. Note the sensitivity of the
near-edge peak in Fig. 2 to the condition of
the catalyst. (This data is examined in more
detail in Figs. 11a and b.) The EXAFS of
Fig. 3 corresponds to the XANES of Fig. 2,
each measured at 90 K after achieving the
desired catalyst condition. Note that the
Pt-Cl ligation in A produces EXAFS
plainly different than all the other samples
which have primarily Pt—Pt bonds. The
well-dispersed catalysts (B, C, and D) have
smaller amplitude than E and F because of
their smaller average coordination number.
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EXAFS DATA ANALYSIS

We have described in detail our tech-
nique of data analysis (2, 10). Basically, the
EXAFS, x(K)

x(K) = X A;(K) sin2KR; + ¢;(K)] (1)
J

Aj(K) = (NJKR)F;(K) exp(—2K?%0}) (2)

is Fourier-transformed

®,(R) = (12m2 [
Kuin
K™x(K) exp(2iKR) dK (3)
to produce a radial structure function cen-
tered on the absorbing atom. We proceed
by taking the inverse transform of the first-
neighbor peak and then extract the un-
known functions F;(K), electron backscat-
tering, and ¢;(X), phase shift, from Pt metal
as a reference. Then by a least-squares fit-
ting routine we evaluate N;, R,, and Ao for

XCKOIK

Fi1G. 3. EXAFS spectra corresponding to the near-
edge spectra shown in Fig. 2. See the legend in Fig. 2
for identification. The position of the ordinate scale
applies to spectrum D; however, all are plotted to the
same scale. The spectra of Figs. 2 and 3 were all mea-
sured at 90 K after conditioning the catalyst as indi-
cated.



550
a
/
o.015 | e 4
&
SURFACE ATOMS
_oolo} P -~ -
~N
oy
~ ~
v e o~ BULK PLATINW
0.005 | /
O
°¢°

0.000 L ) ) s N ) '
(o} 100 200 300 400 500 600 700 800

TEMPERATURE (°K)

F1G. 4. Comparison of relative mean squared ther-
mal motion for bulk and surface Pt atoms as a function
of temperature. The triangles mark the catalyst surface
atoms; the circles are for bulk Pt.

the catalyst. (The Ad? is the increase in dis-
order over Pt metal at the temperature of
measurement, 90 K.) We found for the Pt—
Ptbonds Ny =8 = 1.5, R, = 2.77 = 0.01 A,
and Ao? = 0.0018 A2 (10).

In a recent paper we used a temperature
sequence of EXAFS measurements of the
reduced catalyst in H, to investigate the
temperature dependence of the disorder
(14). The pertinent results are given in Fig.
4 and show that the relative thermal motion
of the surface atoms is significantly greater
than in the bulk metal over the range 100-
800 K. This result was expected consider-
ing the partial coordination, hence lack of
constraint of the surface atoms. A similar
result has been found from LEED measure-
ments on single-crystal Pt (15). We believe
it is significant that disorder when extrapo-
lated to 0 K remains considerably larger
than for bulk Pt. This indicates a significant
static disorder. Related measurements have
been made by Sashital et al. (5) using X-ray
diffraction. Their technique determined the
average mean squared displacement at 298
K of all the atoms in the cluster, not just the
surface atoms, in catalysts with dispersion
varying from 0.06 to 0.4. Allowing for the
difference in disperison their results for o2
are comparable to those given in Fig. 4.
They found unstrained, spherical metal
clusters (J) with little contact to the support
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(7) whereas we found a static disorder in
addition to the thermal effect which we in-
terpret as strain caused by Pt—O bonds to
the support (discussed in detail later).
These apparent discrepancies may be due
to the difference in dispersion, hence the
different size and shape, between their cat-
alysts and ours. We found a mixture (13) of
raft-like and sphere-like shapes with a mean
diameter of 1015 A which would indicate a
considerable contact area with the support
whereas their catalysts were >25 A and
spherical in shape. We believe the forma-
tion of raft-like shapes in very small clus-
ters is mediated by Pt—O bonds to the sup-
port.

SEQUENTIAL FOURIER FILTERING WITH
PHASE SHIFT

The effect of including the phase shift in
the transform of Pt EXAFS data was previ-
ously shown by Marques et al. (I14). This
results in a very useful sharpening and sim-
plification of the peaks of the Fourier trans-
form, particularly in those elements such as
Pt which have phase shifts which are very
nonlinear. Equation (3) is modified by in-
cluding the phase shift, ¢(K),

Kmax
®(R) = (1/27)" fK

min

K"x(K) expli[2KR + ¢;(K)]] dK. (4)

The effect is quite marked as shown by the
K transforms in Fig. 5. The phase shift
makes the full range of x(K) periodic in X
and thereby ‘‘focuses’ the transform. The
effect is particularly dramatic for the cata-
lyst data. Inclusion of the phase shift lo-
cates the Pt-Pt peaks at their correct
distances. The measured (known) radial
distances of the first through fifth coordina-
tion spheres for bulk Pt at 90 K are 2.769
(2.769), 3.948 (3.917), 4.803 (4.797), 5.537
(5.539), and 6.172 (6.193) A, respectively.
Note that in the phase-corrected transform
of the catalyst there is still a smeared area
near 2 A. This was analyzed further below
and shown in Fig. 9.
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FIG. 5. The effect of including the Pt-Pt phase dur-
ing the Fourier transform of EXAFS data for (top) Pt
metal (F in Fig. 3) and (bottom) the reduced Pt catalyst
(B in Fig. 3).

A very good approximation of ¢;(X) may
be obtained from the tables of Teo and Lee
(16) or may be more precisely determined
from a reference compound as follows. The
total phase

doa(K) = 2KR + ¢;(K) &)

was evaluated from the ‘‘no phase shift”

Fourier transform. In the top, dashed trans-

form of Fig. 5, the harmonics below ~1.5 A

and above ~3.5 A were zeroed out and the

inverse transform performed.

KX,(K) = @mya [
R1-AR

®,(R) exp[—(2iKR)] dR. (6)

This complex transform has real, Re(K) and
imaginary Im(K) parts. Then

$row(K) = tan~'[Im(K)/Re(K)].  (7)

This function is shown in Fig. 6. The de-
sired phase shift function results from the
simple subtraction

$/(K) = ol K) — 2KR; ®
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FiG. 6. Total phase, ¢y (K) for Pt metal at 90 K.

where R; is the accurately known distance
for the radial structure peak. For Pt at 90 K,
R, = 2.769 A and the resulting phase shift
dpp(K) is shown in Fig. 7. This function
was used to obtain the solid-line transforms
of Figs. 5, 9, and 10, In these catalysts
which have primarily Pt-Pt bonds this
phase shift gives sharp peaks wherever Pt—
Pt bonds are present. The variation in F(K)
and ¢(K) with chemical or surface state
was not investigated, i.e., we extracted
these quantities from model compounds;
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FiG. 7. Solid line: Pt—Pt phase shift evaluated from
the “‘no phase shift” transform of Fig. 5 with R, =
2.769 A. Dashed line: Pt—Ox phase shift evaluated as
described in the text with R, = 2.07 A.
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TABLE 1

Summary of Measured Parameters for 1% Pt on
Cab-0-Sil Catalyst

Catalyst Significant parameters
Air-dried, H,PtCl - Pt—Cl same as in H,PtCl -
6H,0 impreg- 6H,0
nated

Reduced in H,,
measured at 90 K

N (Pt-Pt) ~ 8, Ri(Pt-Pt) =
2774

N{(Pt-0) ~ 0.5, R(Pt-0) =
1914

Size = 10-15 A diameter mix
of disks and polyhedra

Chemisorbed O,, N,(Pt-0) ~ 2, R(Pt-O) =

298 K 2.03 A
Chemisorbed ben- N(Pt-C), R,(Pt-C) presence
zene, 298 K indicated but not yet mea-
sured accurately
Reduced in H,, Disorder of surface atoms =

1.3-2 times bulk Pt. d-
Electron concentration
increases with temperature

Catalyst particles so large
that EXAFS/XANES same
as bulk Pt

measured from
90 to 800 K in H,
or He

Sintered at 1073 K,
measured at 90 K

however, the topic should be discussed. As
shown by the calculations of Teo and Lee
(16) these effects become more important
for low-atomic-number backscattering ele-
ments and even then are relatively small.
Thus we expect the Pt—Pt bonds to be very
well described including the residual static
disorder but with less certainty for Pt—-O or
Pt—C bonds. (The effect would become im-
portant for quantitatively separating Pt-O
and Pt—C bonds which we have not at-
tempted here.) Within the accuracy re-
quirements of this study the effect of a sur-
face location or a valence different from the
reference compound is not expected to
change our conclusions. The uncertainty is
indicated by the error bars in Table 1. We
next demonstrate selective filtering in order
to measure other bond types in cases of
complex coordination.

We used a-PtO, which has a CdlI, type of
structure (17) with six first-neighbor oxy-
gen atoms at 2.07 A and second-neighbor Pt
atoms to evaluate a Pt—Ox phase shift. In
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Fig. 8 the ‘‘no phase shift’’ curve shows a
broadened Pt—O peak and a complicated
second-neighbor Pt—Pt peak. When trans-
formed with the Pt—Pt phase shift this peak
becomes very sharp but the Pt—-O peak is
smeared, mainly toward the left and does
not mix appreciably with the Pt—Pt peak.
Next, we took the inverse transform of this
smeared Pt—O peak including harmonics
from ~0.5 to 2.9 A, evaluated the total
phase, and subtracted 2KR; where R, =
2.07 A, the known Pt-O distance. The re-
sulting Pt—Ox phase shift is shown by the
dashed curve in Fig. 7. This complicated
function is not the normal Pt—O phase shift
but a convoluted sum which includes the
Pt—Pt phase shift also. It is applied only to
inverse transforms after a Pt—Pt phase shift
has already been applied. The effect on the
extracted phase caused by the range in R of

.010

Pt-Pt PHASE SHIFT ———

No PHASE SHIFT =----=--~--

+.010

.005

MAGNITUDE

Fi1G. 8. Fourier transforms of PtO, EXAFS data il-
lustrating the inclusion of the phase shift during the
transform and sequential Fourier transforms. The dot-
ted line in the top part of the figure shows the trans-
form without a phase shift, the solid line shows the
transform with the correct phase shift for Pt—Pt bonds.
The second-neighbor Pt—Pt peak near 3.2 A is now in
sharp ““focus.”” After selectively filtering out the Pt—Pt
peak at 3.2 A the Pt—Ox phase shift was applied as
described in the text to give the bottom curve.
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Fi1G. 9. The solid line shows the transform when the
Pt-Pt phase shift has been applied. (Note that the
scale of all the Pt-Pt transforms has been kept the
same as Pt metal.) Then after zeroing harmonics above
~2.5 A and inverse transforming the Pt—-Ox phase shift
was applied to obtain the dashed-line transforms. The
reduced catalyst B has a Pt-O strong peak at 1.91 &.
The benzene catalyst C has the Pt-O peak plus addi-
tional peaks due to Pt—C bonds smeared by the Pt—Ox
phase shift.

the inverse transform was investigated. As
long as the major sidelobe on each side of
the peak of interest was included the ex-
tracted phase was invariant within the re-
quirements of this paper. The sequential fil-
tering on catalysts to remove the Pt-Pt
bonds was not always completely ‘‘clean.”
Note the leakage of Pt—Pt bonds in the
dashed curve in Fig. 10 but note that it does
not interfere with the Pt—O bond. In Fig. 8
(bottom part), this was done to the inverse
transform of the solid-line function at the
top where the Pt—Pt peak has been filtered
out to prevent smearing. The result is a
sharp first-neighbor peak at the correct Pt—
O bond distance. We now use this Pt—-Ox
phase shift to investigate Pt—O bonds to the
support (catalyst B) and to chemisorbed O,
(catalyst D). The data analysis sequence
proceeded by transforming with the Pt-Pt
phase shift, zeroing out harmonics above
~2.54, taking the inverse transform, then
retransforming with the Pt-Ox phase shift.
The results are shown by the dashed curves
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in Figs. 9 and 10. In each the smear of har-
monics to the left of the Pt—Pt peak has
been focused by the Pt—Ox phase shift into

‘a sharp Pt—O peak. In catalyst B after re-

duction in H, and cooling to 90 K this peak
was at R = 1.91 A. The intensity of the
peak compared to that of PtO, suggests ap-
proximately one-half oxygen neighbor per
Pt atom. The same catalyst with benzene
chemisorbed has the same peak plus others
due to Pt-C bonds. We expect Pt-O and
Pt—-C bond distances to be sufficiently simi-
lar to preclude further selective filtering.
However, least-squares fitting of that re-
gion of the transform should be possible: It
has not yet been attempted here for want of
data on a suitable reference compound with
Pt-C bonds. Catalyst D with chemisorbed
O, is shown in Fig. 10. Here the Pt—Pt peak
is broadened and diminished in intensity be-
cause of increased disorder in the Pt cluster
induced by the O, chemisorption. After se-
quential filtering and application of the Pt—
Ox phase shift the primary peak was found
at R = 2.03 A and was approximately 0.4
times as intense as that of PtO, or approxi-
mately 2 Pt-O bonds for the average Pt
atom. The double peak is probably a result
of the fairly noisy data. The remanent Pt—Pt
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F1G. 10. The solid line shows catalyst D with Pt—Pt
phase shift. The dashed line is the result of the double-
filtering procedure with the final transform using the
Pt—Ox phase shift. The major Pt—-O peak is at 2.03 A.
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bonds in the catalyst exposed to O, which
are probably in the core of larger clusters,
agrees with EXAFS results of Nandi et al.
(7). Also by X-ray diffraction they identi-
fied the platinum oxide phase as Pt;0;.

ANALYSIS OF XANES DATA

The electronic dipole transition at the Pt
Ly edge is from the 2psp core level to the
empty 5d and 6s state; however, the transi-
tion to 6s has a much lower probability and
is not expected to contribute measurably.
In previous work (18) it was shown that the
intensity of the peak at the Ly absorption
edge was proportional to the d-electron va-
cancies. A series of compounds of one ele-
ment illustrated that the increase in the
peak intensity of the compound compared
with the pure element was proportional to
an ionicity estimate of the number of 54
electrons removed from the element by for-
mation of chemical bonds (/9). In this same
work XANES sensitivity to interaction
with the support and to O, chemisorption
was also demonstrated for Pt and Ir sup-
ported on Al,O;. Gallezot et al. (20) dem-
onstrated similar effects for Pt on zeolites.
Mansour et al. (21) investigated Pt on SiO,
and AlL,O; as a function of H, reduction
temperature. All three studies (Refs. (19—
21)) agreed that the increase in area of the
peak at the Pt L edge(s) indicated that sup-
ported Pt was electron deficient. The most
simple explanation is that Pt 5d electrons
form bonds with available ligands on the
support. Short et al. (22) have used the
same technique to explore the strong
metal-support interaction (23) (SMSI) of Pt
on TiO,. A small effect was noted on the
EXAFS and XANES between the normal
and SMSI catalyst conditions. An interest-
ing result in light of Refs. (/9-21) was that
the Ly edge peak was diminished in inten-
sity and width compared to bulk Pt in con-
trast with the particularly wide feature ob-
served on SiO, or Al,O;. A serious caveat
of all the above results (Refs. (/9-22)) is
that the catalyst was conditioned at a par-
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ticular temperature and then cooled to
room temperature or below for the X-ray
measurement. We have found a significant
temperature effect on the XANES of a Pt
catalyst in H, or He which is discussed be-
low. Recently, Horsley (24) has shown how
the Ly iy X-ray absorption edge resonances
can be modeled by Xa-SW molecular or-
bital calculations of a cluster composed of
Pt or Ir and its first neighbors. There was
good agreement with experiment. Both
Horsley (24) and Mansour et al. (21)
showed that the L;; and Ly edges must both
be considered for a quantitative measure of
d-state occupancy.

The expanded views of the Pt Ly edge
shown in Figs. 11a and b and the difference
spectra of Fig. 12 were measured in situ at
the temperature and under the conditions
indicated. The curve for 1% Pt in H, at 90 K
is similar to those published previously
(19, 21). The interesting new result is the
diminished, narrower peak at high tempera-
ture. There is a gradual transition with tem-
perature from the broad low-temperature
peak to the narrow high-temperature peak.
This change is shown in Fig. 13 by plotting
the difference area versus absolute temper-
ature. The difference area was defined as
the first major peak resulting from the sub-
traction of the highest temperature spec-
trum from the lower temperature spectra
using the procedure described previously
(19). Note that the trend is the same either
with increasing or decreasing temperature.
Examples of difference spectra appear in
Fig. 12. The normal Ly; absorption spec-
trum of bulk Pt is overdrawn as a guide to
the eye in identifying the active regions of
the spectra. The difference peak of interest
is the first one peaking at 2~8 eV, approxi-
mately. We identify this peak with transi-
tions to empty d-states and use its area as a
measure of d-electron vacancies. The wig-
gles at higher energy are due to EXAFS
differences and oscillate about the zero line
showing that the normalization of the spec-
tra was accurate. Note that the active re-
gion during chemisorption of O, or benzene
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FiG. 11. (a,b) Expanded region of near-edge spectra. Note the sensitivity of the first absorption
maxima to the catalyst environment. These spectra were subtracted in various combinations to pro-
duce the difference spectra of Fig. 12. Note that these spectra were measured at the temperatures

indicated.

occurs at the peak of the absorption edge,
approximately 4 eV above the inflection
point (Fermi surface). The difference spec-
trum of the low-temperature catalyst forms
a peak at approximately 8 eV and is duetoa
filling in on the high-energy side of the Ly
peak. This energy dependence suggests
that different orbitals or different mecha-
nisms are involved. Clearly there is evi-
dence of a change in the d-electron states of

10% O N He, 298 K —-—-—
Benzene, 298 K ~commva—nen

DCux>

4% | | | I l
-20. 20.0 60.0
ey

Fig. 12. Difference spectra where the H;, 675 K
spectrum has been subtracted from the data as indi-
cated. The dotted absorption edge of Pt metal is shown
as a guide to the eye.

the Pt atom with temperature. This effect
has been investigated in more detail with a
0.5 wt% Pt on Cab-0-Sil catalyst of higher
dispersion (D = 1.0) (25). It was shown that
the effect was present for both the Pt Ly
and Ly edges and was present in both H,
and He. We believe the most likely expla-
nation to be due to making and breaking Pt-
O bonds to the support. Preliminary cal-
culations (25) show that Pt S5d-orbitals
interact with O 2p-orbitals to create a hy-
brid orbital with bonding and antibonding

AREA OF DIFFERENCE PEAK
=
T

DecreEs Kervin

Fi1G. 13. Area of the first peak in difference curve of
the Pt Ly edge versus absolute temperature for 1% Pt
on Cab-O-Sil in H,. The high-temperature measure-
ment (773 K) was subtracted from each of the other
spectra.



556

states below and above the Pt d-band, re-
spectively. The increased X-ray absorption
at low temperature is due to transitions to
the empty antibonding orbitals. At high
temperatures the Pt—O bonds to the sup-
port break because of increased thermal
motion and the antibonding orbitals disap-
pear. The cluster probably “‘curls up’ to a
more nearly spherical shape. Presumably,
at even higher temperatures where the cata-
lyst sinters, all the Pt—O bonds break and
the clusters become mobile, thereby sug-
gesting a model for agglomeration and sin-
tering.

In Fig. 6 of Ref. (19) the difference area
of a series of compounds were related to a
‘‘coordination charge’’ through an argu-
ment using the Pauling electronegativities
of the reacting atoms. Horsley’s work (Fig.
3 in Ref. (24)) suggests that multiplying the
coordination charge by 2 approximately
converts it to a d-vacancy scale. For the
present work this conversion was made to
very qualitatively assess the changes in the
Pt d-electrons of the catalyst compared to
bulk Pt. We estimate that the average Pt
atom on the catalyst gains 0.1 electrons
upon heating in H, or He. Each Pt atom
loses 0.4 or 0.1 electrons during chemisorp-
tion of O, and benzene, respectively. Using
PtO, with six oxygen neighbors as a refer-
ence [1.5 d-electron vacancies (24)] this
represents 1.6 oxygen ligands per Pt atom
in rough agreement with the EXAFS result.
A suitable reference was not available for
the Pt—C bond.

DISCUSSION

The EXAFS and XANES measurements
are complementary. EXAFS detects the
presence of nearby atoms, XANES mea-
sures the changes in electron concentra-
tion. Since this XANES effect depends
upon the relative electronegativity of the
atom and its ligands, its sensitivity will be
ligand dependent. For example, a Pt-O
bond is much easier to detect than Pt-C.
For EXAFS the total number of electrons
on the atom is the important backscattering
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variable, i.e., H is essentially invisible.
When processing EXAFS data the use of
Fourier transforms with a phase shift fol-
lowed by selective filtering were very use-
ful data manipulation techniques. It was
possible to obtain clean separation of previ-
ously interfering bonds which aided in the
evaluation of their parameters.

The primary new result of this paper is
the temperature effect discovered for Pt in
H; and He (25) and its relationship to Pt-O
bonds to the support. It is interesting and
may be significant since it is under the high-
temperature condition with excess H; that
Pt catalysts are usually used for hydrocar-
bon chemistry. The low-temperature state
previously measured (19, 21) is plainly dif-
ferent from high-temperature catalyst. The
L-absorption peaks indicate that the Pt cat-
alyst in H, (or He) appears to add ~0.1
electrons per atom (compared to the bulk)
with increasing temperature, saturated
above 600 K. The diminished L;; edge peak
of the high-temperature form must be due
to size or shape effects inherent in small,
spherical clusters. (We have verified that
there is no measurable temperature effect
in bulk Pt over this range.) Without proving
it we suggest that the measured Pt—O bonds
to the support create lattice strains which
are the cause of the high static disorder.
Similarly, thermally breaking these Pt—O
bonds results in a change of shape of the
cluster, probably to a more spherical form.
The fact that Pt on TiO, (22) has a narrow
absorption edge at low temperature in both
the normal and SMSI states may be a re-
lated effect. (The high-temperature state
of Pt on TiO, has not yet been measured.)
EXAFS data of sufficient quality could help
answer some of these questions by way of
the shape effect (13); however, thermal
smearing is a serious problem (which is the
reason why most of the data (19, 21) were
recorded at low temperature).

The summary of measured parameters
for this catalyst, contained in Table 1, is a
wealth of direct structural information.
Given the perspective of a few years’ expe-
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rience the degree of detail is remarkable.
Many parameters have now been confirmed
by other groups (7-9, 20-22) and must be
considered to be valid. Small Pt clusters on
SiO, are very much like bulk Pt in many
respects. The atoms appear to pack in the
same way with the same bond distance, the
reduced coordination number is a result of
their small size. In very small clusters there
is a significant static and dynamic increase
in the disorder compared to bulk Pt. The
static disorder is probably due to strains in-
duced by bonds to the support. The in-
creased dynamic disorder is due to the large
fraction of surface atoms and their inherent
flexibility. It may prove possible to connect
this parameter with reaction kinetics (7,
14). Pt on SiO, in H; or He may be either in
an electron-deficient or surplus condition
depending on temperature. This fact may
have implications for the applications of Pt
catalysts.
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