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X-Ray Absorption Spectroscopy of Pt—-Re/Al,O; Catalysts
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The state of Re in reduced Pt—-Re/Al,O; catalysts has been a subject of controversy for some
years. X-ray absorption spectroscopy at the Stanford Synchrotron Radiation Laboratory was used
to examine two laboratory-prepared, commercial-type catalysts after reduction. Data from the Re
L absorption edge show that Re is neither zero valent nor significantly associated with Pt. The
data also suggest that the Re is in the 4+ valence state.

INTRODUCTION

The advantages of Pt—Re/Al;05 over Pt/
Al,O4 for naphtha reforming were reported
more than a decade ago (/, 2). Since then
a multitude of studies have produced
conflicting evidence as to whether in the
reduced catalyst the Re is chiefly present as
an alloy with Pt (3-7), or is separately dis-
persed, with or without (8-10) reduction of
both elements. This conflict has remained
despite rapid advances in instrumental
characterization techniques during the
same period (/7). The catalytic evidence
favors separate dispersion: a mixed bed of
Pt and Re on separate pellets performs sim-
ilarly to co-impregnated pellets, with no ev-
idence of Re transfer (12).

EXPERIMENTAL
We report here the results of the applica-

! Presently located at Engineering Technology Lab-
oratory, Experimental Station, E. I. du Pont de Ne-
mours & Company, Inc., Wilmington, DE 19898.

2 To whom correspondence concerning this paper
should be addressed.

tion of X-ray absorption spectroscopy to
two laboratory-prepared commercial-type
Pt—Re/Al,O, catalysts. One contained 0.9-
0.9 and the other 0.6-0.6 wt% Pt—Re and
about 1 wt% Cl~. The catalysts were ob-
tained as impregnated, calcined extrudates,
ground to powder, and pressed into wafers.
The wafer thicknesses were chosen to give
about 50% X-ray absorption at the transi-
tion metal Ly; edge to be studied. All sam-
ples were reduced 16 hr at 758 K in rapidly
flowing H, in a quartz tube; they were
cooled in H,, removed, and transported un-
der dry N,. They were then mounted in
vacuum-tight X-ray absorption cells, which
allowed in situ, controlled-atmosphere
treatments between 77 and 800 K, and were
rereduced in flowing H; at 758 K for an
additional 2 hr. Some samples were cooled
under flowing H, and others under He to 77
K, at which temperature the X-ray experi-
ments were carried out under static gas. No
difference was found for the He versus the
H, environment. A standard consisting of
Re metal powder mixed with zeolite and
pressed into a wafer received the same
treatment.
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X-RAY ABSORPTION SPECTROSCOPY

The X-ray absorption spectroscopy was
carried out using synchrotron radiation at
the Stanford Synchrotron Radiation Labo-
ratory. Each experiment consisted of plac-
ing the sample cell containing the pre-
treated sample in the beam path and of
measuring the incident (/,) and transmitted
(I) X-ray intensities as a function of the X-
ray photon energy from 300 eV before to
1000 eV beyond the desired L, absorption
edge. Each scan required about 30 min;
details of the procedure are given else-
where (13).

RESULTS AND DISCUSSION

Figure 1 shows the absorption coefficient
for the reduced Re metal mixed with zeolite
standard. The incident beam intensity con-
tained a large amount of random noise, in-
cluding randomly located spikes involving a
10% change in input photon flux. The effect
of these fluctuations on incident beam in-
tensity is largely eliminated in taking the
ratio (I/I) but these fluctuations still com-
plicate and reduce the quality of the infor-
mation in the absorption spectrum. Deglit-
ching and Fourier filtering techniques were
used to minimize the effect of this noise,
but the low concentration of Re in the cata-
lyst samples led to low signal levels relative
to this noise. We believe that the conclu-
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FiG. 1. X-Ray absorption coefficient at the Re Ly
edge for metal powder mixed with zeolite.
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F1G. 2. Comparison of normalized Re L, edge inten-
sities for 0.9-0.9 wt% Pt—Re/Al,O4 (upper) and Re
powder mixed with zeolite (lower).

sions reached are firm, but additional infor-
mation which would have been highly de-
sirable could not be extracted from the
spectra.

Upon analysis of the data, the spectra
were normalized to a per Re atom basis,
and the background was removed by previ-
ously described techniques (/3-16). The X-
ray absorption edge structures of the var-
ious samples were compared after the
normalization step. The edge peak or white
line at the Re L; edge represents energy
absorption from the beam by intraatomic
electronic transitions from core Ly or 2ps;,
states predominantly to unfilled 5d,,, states
near the Fermi level. The peak area or tran-
sition probability is proportional to the
number of unfilled d states in the absorbing
atom. Transfer of electrons to another atom
as a result of covalent or ionic bonding
changes the number of unfilled states, so
that changes in the white line area can pro-
vide information about electron transfer
through covalent bonds and about oxida-
tion or valence states in ionic bonding situa-
tions (17-19).

As Fig. 2 and Table 1 show, the white
line intensities (the area under the large
peak at the edge) for the two catalyst sam-
ples are 1.7-1.9 times greater than that for
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TABLE 1
Edge and EXAFS Parameters for Re Mixed with Zeolite and Pt-Re/Al,O; Catalysts at the Re L,; Edge

Sample Normalized First peak Peak distance plus
white line distance in expected phase shift (A)
peak area transform
(A) Re-Re = 0.12 Re-0 =~ 0.35
Re mixed 1.00 2.62 + 0.08 2.74 —
with zeolite
0.9-0.9 wt% 1.9+ 0.2 1.60 = 0.08 — 1.94
Pt—Re/ Al,O;
0.6-0.6 wt% 1.7+ 0.2 1.58 = 0.08 — 1.92
Pt-Re/Al,O,

the Re metal and are nearly equal to one
another. The increase in the L; edge peak
area observed for the catalysts relative to
Re metal indicates that Re is chiefly in a
positive-valence (ionic) state in the cata-
lysts rather than in a zero-valence (metallic)
state.

The question now arises as to what state
or states these might be. Fully answering
the question requires measuring the L
edge white line intensity for a number of Re
compounds where the valence state is
known, so as to provide standards for com-
parison. We have not done this and we are
aware of no such data in the literature. We
therefore choose the less desirable alterna-
tive of comparing these results with another
third-row transition metal where such a va-
riety of compounds has been studied.

Using Pt as a reference, the L peak area
of a-PtO, (Pt**) is 2.1 times that of metallic
Pt (Pt°%), as compared with a ratio of 1.1 for
Pt?* in PtCl, relative to the edge intensity of
the reduced metal (/7). The acceptor—do-
nor properties of ligands affect the number
of unfilled d states and therefore the peak
area. However, the similarity of the edge
peak area ratios between Pt** and Pt® and
between the Re in Pt-Re/Al,O; and Re®
metal indicates that the valence state of Re
is best interpreted as 4+ and that Re has
therefore not undergone complete reduc-
tion in H, at 785 K. Further support for this
view is gained from the analysis of the ex-
tended fine structure discussed below.

A previous X-ray absorption spectros-
copy study of the Re L;; edge in reduced
Pt-Re/Al,O; catalysts (20) concluded that
several valence states are present and that
the extent of reduction decreases as metal
loading is decreased. Metal loadings and
procedures for normalizing spectra from
different loadings were not reported, so that
comparison with our results discussed
above is not possible. However, following
the more usual practice of defining the edge
position as the inflection point of the
steeply rising portion of the absorption
curve, we found no significant change in
edge position, in contrast with the previous
result (20) in which the edge position was
defined as the absorption maximum.

The Fourier transforms of the extended
fine structure (EXAFS) portion of the spec-
tra are shown in Fig. 3. Variations in the
extent of Fourier filtering and in the range
of wavenumber (K) employed in the trans-
formation led to modest shifts in the indi-
cated peak positions and peak intensities.
The signal-to-noise ratio in our data was
such that we are reluctant to base conclu-
sions on other than the principal peak.

The peak positions in Fig. 3 have not
been corrected for phase shift and therefore
do not lie at their known crystallographic
distances. The phase shift for each pair of
atoms involves contributions from both the
absorbing and the scattering atoms but is a
constant independent of the sample in
which the atom pair is found (27). There-
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Fi1G. 3. K*® weighted Fourier transforms of EXAFS
above Re L, edge: (a) metal powder mixed with zeo-
lite; (b) 0.9-0.9 wt% Pt-Re/ALO;; (c) 0.6-0.6 wt%
Pt-Re/Al,O,.
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fore in practice, phase-shift values can be
accurately determined from Fourier trans-
forms of standard, typically crystalline ma-
terials having known atom-atom distances,
and these phase shifts can be applied to
unknowns having the appropriate atom
pairs. The consequence of such a proce-
dure is to add a correction factor to the
distances shown in Fig. 3a, thereby increas-
ing them.

For example, the nearest-neighbor dis-
tance in Re metal is known to be 2.74 A;
therefore the peak position of 2.62 A for Re
metal mixed with zeolite leads to a phase-
shift value of 0.12 A for a Re~Re atom pair.
Vertical lines in Fig. 3a give the first five
coordination shell distances for Re metal;
the transform clearly indicates the phase-
shifted distances of the first four coordina-
tion shells. For Pt metal the first shell Pt—Pt
phase shift is 0.15 A (13, 18); for a-PtO, the
first shell Pt-O phase shift is 0.34 A (13, 22)
whereas the phase shift for the first Pt-Pt
coordination distance in the oxide is still
0.15 A (I3). The phase shift for the Re-O
distance could be expected to be of order
0.35 A, although we have not determined it
from a crystalline oxide standard.

The shape of the first peak is the same for
both the 0.9-0.9 and 0.6-0.6 wt% Pt-Re/
Al,O3 catalysts (Figs. 3b and c), although
the peak magnitudes are considerably dif-
ferent. This difference in magnitude could
represent real differences in the environ-
ment of the Re atoms or could be due to
poor data quality; more and higher-quality
data are needed to provide an answer.

Table 1 summarizes the first shell peak
positions from Fig. 3 and indicates the cor-
responding atom-atom distances obtained
by adding the phase shift. For both Pt—Re/
Al,O3 samples, the first peak occurs at a
significantly shorter distance than does the
main peak for the Re metal, and the addi-
tion of the metal-metal phase shift (0.12 A)
leads to an unacceptably small value (~1.72
A) for a Re-Re or Re—Pt distance. The use
of our estimated Re-O atom phase shift of
0.35 A gives a first coordination shell dis-
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tance of ~1.95 A. This is closer to the value
of 1.80 A for the Re-O distance in ReO,
(23, 24) and strongly suggests that it is a
Re-0 distance and that the Re is unreduced
and surrounded by oxygen atoms. On the
other hand, these results do not rule out the
possibility of Re existing in a dispersed,
oxidized form surrounded by Cl~ ions (the
catalysts contain 1% Cl- ion), such as Re
Cl,. However, if the Re had undergone re-
duction to form either Re metal or a Pt—Re
alloy, a strong peak in the region 2.58 to
2.65 A would have appeared. No such peak
is present, strongly suggesting that most if
not all of the Re was not reduced by 16 hr at
758 K in flowing, dry H, followed by an
additional 2 hr at 758 K in flowing Hj, in the
EXAFS cell. The bond lengths (indicated in
the transform) are consistent with the Re
having a 4+ valence and being in an oxide
environment. This conclusion agrees with
the white line information, reinforcing the
conclusion that the Re is not reduced but is
in a positive, possibly 4+, oxidation state.

The transformed spectra also indicate
that the Re is not present in three-dimen-
sional oxide particles of significant size
(>15 A). Significantly sized three-dimen-
sional rhenium oxide particles should have
a strong peak at about 2.49 A due to the first
Re-Re distance in the oxide at 2.61 A (23).
The transformed spectra show little evi-
dence for such a peak. Therefore the unre-
duced Re must be present either as very
small rhenium oxide (or chloride) crystal-
lites or more likely as a highly dispersed
rhenium oxide layer on the surface of the
AL, O3, possibly similar to the type of cap-
ping layer which is produced when molyb-
denum salts are impregnated into Al,O4 and
calcined (25, 26).

CONCLUSIONS

This study has clearly shown that the Re
at commercially important concentrations
in Pt-Re/Al, O, catalysts is not reduced to a
significant extent by pure H, at the temper-
ature typical for commercial reduction, but
remains in the oxide form. The data suggest

SHORT ET AL.

that the oxidation state of the Re is 4+ and
that it is present in a very highly dispersed
state on the Al,O,. Higher-quality data and
standards are required to determine more
accurately the oxidation state, coordination
number, and higher coordination shell in-
formation of the Re, and to establish if re-
duction produces any secondary effects on
the Re and its local environment.
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