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Massbauer spectroscopy measurements were made to observe alloy formation and interaction of
tin with the alumina support in two Pt-Sn/alumina catalysts. The catalysts were rich in tin with an
atomic ratio of Pt: Sn = 0.7 : 1. One was prepared by coimpregnation and the other by a sequential
impregnation technique. Spectra of samples reduced in a stream of 105z H, in argon gave evidence
of a solid solution of tin in platinum with a composition approaching Pt;Sn for most reduction
conditions. A large fraction of the tin, 70-80%, interacted strongly with the alumina and did not
alloy with the platinum. Two stannous species were identified in the nonalloyed fraction, One was
produced by strong interaction with the alumina and the other was a surface ion. Steaming pro-
duced large stable crystallites including the intermetallic, Pt;Sn, and SnO,. The spectroscopic data
were supportied by TPR measurements. The results show that platinum and some of the tin reduce
between 400 and 700°K with formation of the alloy. The remaining tin reduces to the stannous state

between 800 and 850°K.

INTRODUCTION

The bimetallic catalysts, alumina-sup-
ported platinum-rhenium and platinum-
tin, have captured a major share of the pe-
troleum reforming market by virtue of their
enhanced stability and improved selectivity
for higher octane gasoline (/-4). The role of
the base metal is controversial. Tin may af-
fect the catalytic properties and redisper-
sion of the platinum by alloy formation, and
modify the acidic characteristics of the sup-
port. Selectivity appears to correlate with
alloy composition. Sintering may be inhib-
ited by phase separation of SnQ, and PtO,
during reoxidation of a Pt—Sn alloy. Such a
redispersion mechanism would account for
improved stability of the bimetallic.

Characterization of Pt—Sn reforming cat-
alysts in both the oxidized and reduced
states have made extensive use of Mdss-
bauer spectroscopy (5-/4), EXAFS (i35,
16). XRD (16-18), XPS (16, 19-22), TPR
(20, 23-26), and TEM (27-29). Interpreta-
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tions of the results have led to conflicting
conclusions concerning formation of plati-
num-tin alloys and reaction of tin with the
support. These MOssbauer parameters are
given in Table 1. The data from Gray and
Farha (5) and Pakhomov et al. (/3) are in-
cluded although both used a zinc aluminate
spinel as a support instead of y-alumina.
The support made a significant difference in
the tin spectra. A strong peak at 1.9 mm/
sec assignable to PtSn was found for the
ZnAl,O4-supported catalysts which was not
a prominent feature in the alumina cata-
lysts.

The results of these studies (5—14) differ
in detail but have some features in com-
mon. The stannic species cannot be com-
pletely reduced to lower valence states, at
least not after one or two redox cycles. In
fresh, calcined samples the stannic species
has been identified as small crystallites of
SnO; (5-12). Redox cycling tends to
broaden the SnO; peak and shift it to more
positive velocities. Gray and Farha have in-
terpreted this observation as the reaction of
Sn** with alumina to form SnALOs (5). The
magnitude of the isomer shift, IS = 0.12
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TABLE 1

Mossbauer Parameters of Tin Compounds Reported

in Reduced Pt-Sn/AlLQ; Catalysts

Compound Mdassbauer Parameter Ref.
IS (mm/sec) QS (mmisec) W (mm/sec)
Sn(HXsurf) 35-38 1.35-1.28 1.15 for Syt 7)
0.94 for S,
SnAlO4 3.1-35 2.2-2.18 0.9: 0.9
Sn(ll) in lattice 4.1 0 1.0
P1;Sn 1.45-1.55 0 1.1-1.15
PtSn 1.78-1.98 0 1.3-1.4
PtSny 2.3-2.5 0 1.0-1.15
Sn(1V)(surf) 0.4-0.8 ] 1.3-14
SnOx(surf) 0.0-0.05 0.6-0.65 1.4-1.5
HySnClg 0.58 0 1.4 [t}
PtSn, 2.34 ) 1.8
PtSn 1.95 4.22 0.7-0.75
Pt:Sn85:15 1.41 0.73 1.0-1.4
PtSn 1.92 (.30 1.4
PtSn 1.97 4.26 0.9-1.2
PtSn 0.69 1.88 1.2
SnO or
Sn(OH), 2.82 2.57 0.9-1.2
PtSny 2.30 0 14
SnCly - nH,;0 0.32 0 1.5
Sn(IV) as prep. 0.26 0.6 — (5)
Sn(1V) reduced 0.4-0.7 0 —
SnO 32 2.1 —
PtSn 2.0 1] —
Sn(lV) No parameters quoted 13
Sn(ll) 31 2.1 —
PtSn 1.93 4] —
(SnCl3)~ads 3.60 1.41 — (6)
3.70 1.30 —
Pt,Sn, 1.64 0 —
2.03 0 —
Sn0O, 0.30 0 —
0.54 0 —
SaCl, 4.52 0 —
SnO-Pt 2.26 1.30 —
SnO 2.60 1.05 —

mm/sec, is much less than the half-width of
the SnO, peak and may be nothing more
than experimental error, particularly for
microcrystalline stannic oxide. The stoi-
chiometric compound, SnAl,Os, may not
exist. It has not been identified by X-ray
diffraction. On the other hand, SnO, has
been identified by X-ray and electron dif-
fraction on some Pt—Sn catalysts with rela-
tively large crystallites (26, 27, 29).
Absorption peaks of the stannous species
tend to dominate the overall spectrum in
reduced samples. Gray and Farha assigned
a doublet in the spectrum of a catalyst re-
duced with hydrogen at 773°K to stannous

aluminate, SnAlLQ4, Table 1, but they
could not obtain an X-ray diffraction pat-
tern to support the assignment. A similar
doublet has also been assigned to this com-
pound by Kuznetsov ¢t al. (7) and Legasov
et al. (30). The only XRD data on SnAl,O,
have been reported by Spandau and Ullrich
(3/). They synthesized stannous aluminate
by reacting SnO with a-alumina at 1773°K
and found SnAlL O, to be a cubic spinel with
a unit cell constant of 8.12 A. A second
stannous doublet has been observed in re-
duced samples and assigned by Berndt et
al. (6) to an adsorbed SnCl; species and by
Kuznetsov er al. (7) to a surface Sn?* spe-
cies. The assignments have not been con-
firmed, but, clearly, two stannous species
exist on the surface of the reduced catalyst.

Finding evidence of alloy formation in
these platinum-tin catalysts is a challeng-
ing endeavor. The Mdssbauer spectrum of
metallic tin is a single peak centered at 2.6
mm/sec relative to stannic oxide. As tin al-
loys with platinum, the peak shifts towards
lower velocities as the atomic percentage of
platinum increases (32-35). A plot of peak
position is a linear function of atomic per-
cent tin (32). Unfortunately, the spectral re-
gion for the peak positions of platinum—tin
alloys is superimposed on the spectral re-
gion covered by the low velocity peaks of
stannous doublets (36, 37). Since stannous
ions dominate the spectra of reduced cata-
lysts, identification of alloys by deconvolu-
tion of peaks in the 1.3 to 2.0 mm/sec re-
gion is difficult. However, the presence of
Pt:Sn, PtSn, and PtSn, identified by decon-
volution of Mossbauer spectra of reduced
catalysts has been claimed by Bacaud er al.
(8) and Kuznetsov et al. (7). These alloys
have been identified also by X-ray and elec-
tron diffraction techniques (/7, 18, 27-29).

The conclusions in most of the literature
are that tin exists on the support as Sn**
and Sn?* in an oxide environment and as
Sn® in the form of an alloy with the plati-
num. The relative amounts of each species
will depend on the support material, the
method of preparation, and the thermal his-
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tory of the sample. The impact each of
these variables has on alloy formation is
controversial. Apparently, the form of the
alumina does not affect alloy formation.
Berndt et al. (6) used m-alumina, while
Kuznetsov et al. (7) and Bacaud et al. (8)
used y-aluminas. The Berndt and Kuznet-
sov spectra are virtually identical. Pretreat-
ments by all three were similar, calcination
and reduction by hydrogen at 773°K. Meth-
ods of preparation differed. Berndt er al.
used co-impregnation and sequential im-
pregnation in the preparation of two sam-
ples, but the Mdssbauer spectra were very
similar for both. Kuznetsov et al. used co-
impregnation with a solution containing a
Pt-Sn chloride complex. Bacaud et al. used
sequential impregnation. Alloy formation is
more evident in the results of Bacaud than
in the Berndt or Kuznetsov spectra. This is
unexpected since sequential impregnation
should produce less intimate contact of
platinum with tin and, consequently, a
smaller probability of alloy formation.

In this study we examine conditions of
reduction and steaming under which plati-
num-rich catalysts form solid solutions and
intermetallics, and attempt to resolve some
of the conflicting results.

EXPERIMENTAL
Catalyst Preparation

Two catalyst samples were prepared with
a nominal composition of 0.36 wt% plati-
num and 0.34 wt% tin on a y-alumina (Con-
dea) with a surface area of about 200 m?/g.
The tin was approximately 50% enriched in
1198n. Catalyst A was prepared by sequen-
tial impregnation similar to the procedure
described by Bacaud et al. (8). The alumina
was impregnated with a hydrochloric acid
solution of stannous chloride, dried at
383°K, and calcined at 773°K, followed by
impregnation with chloroplatinic acid. Cat-
alyst sample B was prepared by coprecipi-
tation from a HC] solution containing both
platinum and tin chlorides foliowing a pro-
cedure similar to that described by Gray
and Farha (5).

643
Modossbauer Measurements

The Mdossbauer spectrometer was a
Ranger Scientific Model MS-900 equipped
with a 20-mCi Sn-119m radiation source
from Amersham, Inc. The MS-900 is a con-
stant acceleration spectrometer operating
in either the flyback or triangular mode. It
is interfaced to a 1024-channel analyzer and
controlled by an IBM PC-XT. The detector
is a thin Nal scintillation detector with a 5-
mil palladium filter for the '""Sn X-rays. The
spectrometer was calibrated with a calcium
stannate/beta-tin reference. All isomer
shifts are reported relative to calcium stan-
nate. Lorentzian profiles were fitted to the
experimental data using a constrained fit-
ting program from Ranger Scientifc. The
standard deviation of peak positions in the
spectra was *0.06 mm/sec or less.

A Mossbauer variable temperature cry-
ostat was built to our specifications by Cryo
industries. The temperature can be set be-
tween 77 and 300°K by a thermal switch
between the LN2 and a cold finger for
coarse adjustment and an electrical heater
on the cold finger for fine adjustment. The
heater is powered by a 15-vdc power supply
and controlled with an Omega Series 6000
controller and platinum resistance ther-
mometer attached to the cold finger.

The two catalyst samples were pressed
into 13-mm wafers, approximately 1 mm
thick. These wafers were placed in a boron
nitride sample holder attached to the cold
finger of the Mossbauer cryostat and spec-
tra taken at room temperature and liquid
nitrogen temperature. The wafers were re-
moved from the sample holder, placed in a
gas-tight transfer tube, and reduced by a
flowing mixture of 7% hydrogen/argon. Af-
ter reduction the samples were transferred
to the boron nitride sample holder in a
glove box free of oxygen, sealed in the
holder, and then moved to the Mossbauer
cryostat. Spectra were recorded at several
temperatures between 77 and 300°K. The
samples underwent several redox cycles as
the temperature of reduction was increased
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from 473 to as high as 950°K. At some of
the higher temperatures water vapor was
added to the reducing gas stream to pro-
duce a H,/H,O ratio of 2.

Temperature-Programmed Reduction

The TPR experiments were made on an
in-house built unit, controlled by an IBM
PS/2 computer. Hydrogen uptake was mea-
sured by a thermal conductivity detector.
Approximately 160 mg of each sample was
dried in situ at 373°K for 1 hr in an argon
gas stream at 50 ml/min. After drying, the
temperature was lowered to 198°K by man-
ually adding liquid nitrogen. The gas stream
was then switched to 10% hydrogen in ar-
gon at 50 ml/min. The sample was held at
198°K for 15 min to aliow for baseline ad-
justment and then the temperature was
ramped to 1123°K at 10°K/min. The sam-
ples was held at the final temperature for 10
min. The data were reduced using PeakFit
software by Jandel Scientific.
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FiG. 1. Mdssbauer spectra of catalysts A and B
calcined at 773°K.
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F1G. 2. Mossbauer spectra of catalyst A reduced
with 7% H, in argon. (A) reduced at 473°K, (B) re-
duced at 773°K, and (C) reduced at 823°K.

RESULTS

The room-temperature spectra of the
fresh catalysts are shown in Fig. 1. Each
show a single, broad peak centered near
zero velocity that is typical of a stannic ion
in an oxide environment with cubic symme-
try. As expected, the tin exists only as
SnO; or a stannic oxide-like species.

Sample A was reduced at 473°K for 2 hr.
At this reduction temperature a SnO spe-
cies begins to appear, Fig. 2A, with an iso-
mer shift, IS = 2.94 + 0.03 mm/sec and a
quadrupole splitting, QS = 2.09 = 0.03
mm/sec. The bulk of the tin remains as
SnO, with IS = 0.06 = 0.01 mm/sec and a
large half-width, HWHM = 0.87 mm/sec.
The sample reduced at 473°K was exposed
to air at room temperature for 1 hr, reduced
at 798°K for 1 hr, exposed to air again at
room temperature for 1 hr, and reduced at
823°K for 1 hr. Spectra were recorded after
each reduction in the redox cycles, Figs. 2B
and 2C, respectively. Spectra of catalyst B
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reduced from 1 to 3 hr at temperatures be-
tween 773 and 823°K were very nearly iden-
tical to catalyst A spectra.

The observable peaks are labeled 1
through 4 in Fig. 2. About 20% of the origi-
nal Sn** species, peak 1, remains with no
significant change in its Mossbauer parame-
ters. From left to right, peaks 2, 3, and 4
cover the region where spectra of stannous
species are found. The peak positions mea-
sured at room temperature for peaks 2, 3,
and 4 were identical for both catalysts re-
duced at 823°K, 1.73 * 0.04, 3.06 = 0.06,
and 4.35 = 0.03 mm/sec, respectively. Peak
2 has a large half-width, suggesting that two
peaks are superimposed on each other.

Peak 3 appears to increase in relative in-
tensity with increasing time and tempera-
ture of reduction and is very sensitive to
oxygen during reoxidation of the reduced
catalyst. These results suggest that peak 3,
probably one-half of a doublet, should be
assigned to a surface Sn?* species.

Spectra of the samples were recorded at
temperatures between 77 and 300°K. The
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FiG. 3. Mossbauer spectra of catalyst A reduced at
823°K measured as a function of sample temperature.
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F1G. 4. Mdssbauer spectra of catalyst B reduced
with 7% H,/3% H,0 in argon. (A) reduced at 793°K,
(B) reoxidized in air at room temperature, and (C) re-
duced at 893°K and reoxidized in air at room tempera-
ture.

results for sample A reduced at 823°K are
shown in Fig. 3. As expected the areas un-
der the peaks assigned to Sn?* species in-
creased with decreasing sample tempera-
ture relative to Sn** species, but no new
peaks were resolved. The spectra as a func-
tion of temperature of sample B were simi-
lar except for small variations of the rela-
tive areas under the peaks. Small positive
shifts in the Sn>* peaks of 0.07 mm/sec on
going from room temperature to LN, tem-
perature are of the order expected for
changes in lattice constant and are, in fact,
within experimental error for these sam-
ples. No phase changes have occurred.
Fresh samples of both catalysts were pre-
treated under steaming conditions to deter-
mine if differences might appear when sin-
tering occurred. Catalyst B was heated at
790°K for 3 hr in a stream of reforming gas
saturated with water vapor at room temper-
ature. The sample was only partially re-
duced, Fig. 4A. Much of the tin remained
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as a stannic species as seen by the large
peak remaining near 0 mm/sec. Only some
small part was reduced to a stannous spe-
cies. The stannous portion of the spectrum
is similar to that obtained without water va-
por present in the hydrogen stream. This
sample was exposed to air for approxi-
mately 2 hr and some but not all of the stan-
nous material was re-oxidized to a stannic
species, Fig. 4B. Spectrum B is similar to
that of the low-temperature reduction of
catalyst A, Fig. 2A, except for the arca
asymmetry of the doublet. Contrary to
results shown in Fig. 2A, the area under the
peak near 2 mm/sec is much larger than
that near 4 mm/sec. Clearly, some of the tin
may be alloying with the platinum. Increas-
ing the pretreatment temperature of cata-
lyst B to approximately 893°K for 3 hr and
exposing to air for 2 hr produced spectrum
C in Fig. 4. Although the stannous species
reoxidized to stannic, the spectrum shows a
shoulder at 1.55 mm/sec which is charac-
teristic of Pt;Sn. An alloy has formed under
conditions expected to sinter the platinum.
This sample was set aside in air for approxi-
mately 5 weeks and run again. The shoulder
at 1.55 mm/sec could no longer be ob-
served.

Sample A was subjected to a similar
treatment at elevated temperatures. In this
case, the highest temperature reached was
950°K. The spectrum of this sample in the
reduced state, spectrum A, Fig. 5, is similar
to spectrum C, Fig. 2, of this catalyst re-
duced at lower temperatures without water
vapor in the gas stream. Reoxidation of this
sample by exposing it to air at room tem-
perature for 1 hr gave spectrum B, Fig. 5.
Alloy formation is indicated by the large
area of the peak at about 1.7 mm/sec rela-
tive to the peak at 4.1 mm/sec. If only a
Sn?* species remained, a peak with a rela-
tively small area should have appeared at
about 2 mm/sec.

The reduced catalysts contain two stan-
nous species. One exhibits strong interac-
tion with the support and is assigned to a
doublet with peaks at about 2 and 4.1 mm/
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Fi1G. 5. Mossbauer spectra of catalyst A reduced
with 7% H,/3% H,O in argon. (A) reduced at 953°K
and (B) reoxidized in air at room temperature.

sec. We will refer to it as a Sn—-O-Al or
SnO-like species. The second is assigned to
a surface species, Sn?* (surf) with peaks at
about 3.1 and 4.5 mm/sec.

Once peak positions and half-widths of
the two stannous doublets were obtained
the deconvolution of a spectrum could be
completed. For room-temperature spectra,
peak positions of the Sn-O-Al doublet
were constrained to fall between 2.0 and 2.1
mm/sec and between 4.0 and 4.1 mm/sec.
Peak positions of the surface doublet were
constrained to fall between 3.0 and 3.2 mm/
sec and 4.4 and 4.6 mm/sec. Deconvolution
of spectra of most reduced samples could
be completed by just two additional peaks.
Individual peaks and their sum are shown
in Fig. 6 for catalyst B reduced at 823°K.
The six Lorentzians were used to fit all the
spectra of reduced samples. Four peaks
were used for partially reduced or reox-
idized samples where the 3.1 mm/sec peak
was absent. The peak at zero velocity was
the Sn** species some of which was always
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FiG. 6. Deconvolution of the Mdssbauer spectrum
of catalyst B reduced at 823°K showing the six fitted
peaks identifying the species SnO,, PtSn,. Sn-0O-Al,
and Sn?-(surf).

present in the reduced catalyst. The most
reasonable assignment of the other peak
was to Pt;Sn or a solid solution of tin in
platinum. The results of the curve fitting are
given in Tables 2 and 3.

The results of the temperature pro-
grammed reduction of catalyst A are shown
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in Fig. 7. The data have been corrected for
baseline shifts and detector bias voltage.
The seven Gaussian peaks used to fit the
data have maxima at 417, 462, 515, 662,
846, 897, and 986°K. The TPR spectrum of
catalyst B was similar with peaks at 412,
469, 526, 651, 834, 883, and 975°K. The first
four peaks are associated with reduction of
PtO, and some of the SnO; in intimate con-
tact with the platinum. The peak at 846°K is
reduction of SnO, not in contact with the
platinum. The two peaks at high tempera-
tures are reduction of contaminants, such
as sulfur. XPS spectra of the two catalysts
detected low levels of sulfate ions. Burch
(26) reported two peaks in the TPR of tin on
alumina. The high-temperature peak was at
about 850°K which correlates well with the
peak at 846°K in Fig. 7. He also observed a
peak at 960°K for alumina containing 0.6%
sulfur as sulfate, and found this peak
shifted to lower reduction temperatures on
impregnation with tin. Therefore, we attrib-
ute the two high-temperature peaks to sul-
fate contamination.

DISCUSSION

The spectra of catalysts A and B reduced
in flowing hydrogen at temperatures be-
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F1G. 7. TPR profile of fresh Pt—Sn/Al,O; catalyst A. The individual Gaussian peaks have maxima at

417, 462, 515, 662, 846, 897, and 986°K..



TABLE 2

Mdgssbauer Parameters of Catalysts A and B Reduced with 7% Hydrogen in Argon

Catalyst Figure Temperature (°K) 1S QS Assignment
—_— (mm/sec) (mm/sec)
Reduce Measure

A 2A 473 298 0.06 SnO;

2.94 2.09 Sn-0-Al
2B 773 298 0.07 SnO,
1.66 Pt;Sn

3.22 1.85 Sn-0-Al

4.00 .35 Sn?*(surf)
2C, 3A 823 298 0.03 Sn0,
1.55 Pt:Sn

32 2.03 Sn-0-Al

3.83 1.49 Sn**(surf)
3B 823 173 0.04 Sn0O,
1.59 Pt,Sn

3.19 2.23 Sn-0O-Al

3.91 1.55 Sn?*(surf)
3C 823 123 0.01 SnO;
1.61 Pt;Sn

3.21 2.14 Sn-0-Al

3.92 1.49 Sn*(surf)
3D 823 77 0.02 SnO,
1.72 Pt:Sn

3.28 2.02 Sn-0-Al

3.90 1.53 Sn?~(surf)
B 6 823 298 0.10 SnO,
1.61 Pt;Sn

3.1 2.00 Sn-0-Al

3.76 1.44 Sn2-(surf)

TABLE 3

Mgssbauer Parameters of Catalysts A and B Reduced with 75¢ Hydrogen/3%
Water in Argon

Catalyst Figure Temperature (°K) IS QS Assignment
B (mm/sec) (mm/sec)
Reduce Measure

B 4A 793 298 0.09 Sn0,
1.58 Pt;Sn
3.10 2.08 Sn-0-Al
3.84 1.46 Sn2*(surf)
4B 298 0.02 Sn0O,
2.91 2.16 Sn-0-Al
4C 893 298 -0.04 Sn0,
1.55 Pt;Sn
A SA 953 298 -0.01 SnO,
1.38 PiSn,
3.04 2.21 Sn-0-Al
3.79 1.48 Sn?-(surf)
SB 298 0.03 Sn0,
1.44 P1Sn,
3.04 2.07 Sn-0-Al
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tween 773-823°K, Fig. 2, are virtually iden-
tical to spectra of reduced catalysts re-
ported by Berndt et al. (6) and Kuznetsov
et al. (7), but differ somewhat with Bacaud
et al. (8), Fig. 8. The results of Berndt et al.
are not shown in the figure since they are
identical to those of Kuznetsov. The evi-
dence for alloy formation in the Bacaud
spectrum, a shoulder at 1.6 mm/sec, is not
so clear in the others. Although the spectra
from these several studies are similar, the
interpretation of the results and assignment
of spectral features to specific tin species
differ significantly. In the following discus-
sion we interpret the Mossbauer data by
specifying only four tin species and show
that this is consistent with results reported
using other measurement techniques.

Reduction and Support Interactions

The low temperature reduction of cata-
lyst A, Fig. 2A, produced a stannous dou-
blet with peak area asymmetry. The ratio of
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F1G. 8. Comparison of Méssbauer spectra of similar
reduced PtSn catalysts. (A) from Bacaud, Fig. 4a, Ref.
(8); (B) from Kuznetsov, Fig. 2(B-5), Ref. (7); C, this
study, Fig. 2C. Spectra A and B reproduced with per-
mission from Academic Press.
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the area under the low velocity peak to that
of the high velocity peak is 0.73. Partial
reoxidation of the same sample after reduc-
tion and steaming, Fig. 5B, again produced
two peaks in the stannous ion region. How-
ever, the area ratio is now 1.57 and the low-
velocity peak is unusually wide. Two or
more tin species must contribute to the low-
velocity peak. This peak was deconvoluted
into peaks at 1.44 and 2.00 mm/sec. The
area ratio of the 2 mm/sec-to-4 mm/sec
peaks is 0.88 and the isomer shift and quad-
rupole splitting are 3.04 and 2.07 mm/sec,
respectively. These two stannous species,
2A and 5B, are identical. Sintering would
account for the small difference in the ra-
tios. The ratio approaches one as the sam-
ple is cooled to 77°K. This area asymmetry
and its temperature dependence are charac-
teristics of vibrational anisotropy, the
Goldanski-Karyagin Effect, at the site of
the Mdssbauer isotope.

The stannous doublet produced by low
temperature reduction has been observed
also by several investigators (5-8, 30, 38—
40). It was assigned to SnAl,O,, Table 1 by
Gray and Farha (5), Kuznetsov et al. (7)
and Legasov et al. (30). Since attempts at
confirming the assignment by X-ray diffrac-
tion were not successful (5), formation of a
stoichiometric compound has not been es-
tablished.

Suzdalev and co-workers (38—40) studied
the interaction of stannous ions with the
surface of silica gel, mordenite, and molyb-
denum oxide. Suzdalev et al. (38) found an
area ratio of 0.8 for Sn?* ion exchanged
onto silica gel. From this, using the method
suggested by Flinn, Ruby, and Kehl (41),
they calculated the root mean square dis-
placement normal to the SiO, surface to be
1.9 times larger than parallel to the surface.
Spectrum A, Fig. 2, is identical to the spec-
trum of supported SnO reported by Suzda-
lev in his analysis, Fig. 4 in Ref. (38). By
analogy the vibrational anisotropy of our
sample is a little larger, and implies & high
dispersion of tin on the alumina support.

On mordenite in which stannous ions had
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replaced sodium ions, an isomer shift, IS =
3.4 mm/sec, and a quadrupole splitting,
QS = 2.1 mm/sec, was obtained. The spec-
trum for the stannous species was inter-
preted as interaction of Sn’* ions with the
Al'* sites in the mordenite. Suzdalev ef al.
(39) ascribe the larger isomer shift observed
in the mordenite to a higher ionicity of Sn**
bond at the aluminum exchange site. A sim-
ilar spectrum was also obtained by Firsova
et al. (40) for stannous species on the sur-
face of a tin—molybdenum oxide catalyst af-
ter chemisorption of propylene.

A second stannous species with a peak at
3.1 mm/sec appears at the higher reduction
temperatures, Fig. 2. In both catalysts the
peak above 4 mm/sec shifted to higher ve-
locities near 4.4 mm/sec and the area under
the peak increased. The peak at 3.1 mm/sec
must be the low-velocity peak of a doublet
with the other half at about 4.4-4.5 mm/
sec. The isomer shift is 3.8 mm/sec and the
quadrupole splitting is 1.3 mm/sec. On lim-
ited exposure to air the peak at 3.1 mm/sec
vanishes and the area under peak 4 de-
creases and shifts back to about 4.1 mm/
sec. This doublet was first assigned to a
stannous surface species by Kuznetsov et
al. (7). Although Berndt ef al. (6) observed
the same stannous doublet, they assigned it
to an adsorbed (SnCl;)~ species. Such an as-
signment is difficult to support. Kuznetsov
found that the doublet remained essentially
unchanged after treating a reduced sample
with oxygen containing water vapor at
823°K for 12 hr followed by reduction in
hydrogen at the same temperature. At the
same time the chloride content of the sam-
ple decreased from 1.15 to 0.1%. We also
found the doublet unchanged after reduc-
tion in an H,/H,O stream, Figs. 4A and SA.
A tin chloride species would not survive
either treatment. We agree with the inter-
pretation of Kuznetsov. It must be pro-
duced by a stannous ion in a surface site
with a low coordination number that results
from removal of surface oxygen by the
high-temperature reduction.

Structural information can be derived
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from the Mossbauer parameters of the two
doublets to support the assignments. The
interaction of stannous ions with alumina
sites increases the isomer shift to 3.2 from
2.6 mm/sec for bulk SnO, and the truncated
O;-lattice at the surface causes a shift to 3.9
mm/sec for the surface stannous ion. The
increase in isomer shift measures an in-
crease in s-electron density at the nucleus,
as shown by the equation.

IS = 5.

_ 2nZe?
-5

-

- R).
(n

where [R? — R}] is the change in the radius
of the nucleus from ground to excited state
on absorption of the Mossbauer gamma
ray. It is positive for Sn-119. The chemistry
is contained in the term {{W,(0)* — |¥,(0)]*},
the difference between the electron density
at the nucleus in the absorber and the
source. This nuclear electron density
comes almost exclusively from s-electrons.
Indirectly, p- and d-electrons change the s-
electron density through screening effects.
It is a screening effect that causes the in-
crease in isomer shift from bulk SnO to Sn—
0-Al to surface Sn’* ion. Interaction with
the more electronegative aluminum ion de-
creases the electron density in the hybrid
sp-bonding orbitals of the stannous ion. As
a result the screening effect of the Sp-orbit-
als on the s-electron density decreases and,
consequently, the s-electron density at the
nucleus increases. A similar argument can
be made for the surface stannous ion. Most
of the p-electron density resides in the p.-
orbital that has expanded normal to the sur-
face. Screening of the Ss-electrons by the
Sp-electrons decreases and the Ss-electron
density at the nucleus increases. It is sur-
prising that the effect is larger at the surface
than in the Sn—O-Al bond.

The quadrupole splitting of the doublets
is represented by the formula

(W0 — [WIO]IR:

os=3eq0(1+%) .
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where Q is the quadrupole moment of the
nucleus, e¢q = V_, is the principal compo-
nent in the z direction of the electric field
gradient (EFG) tensor, and n = (V,, — V,,)/
V.. is an asymmetry parameter to account
for a lack of axial symmetry in the principal
components of the EFG. The asymmetry
parameter takes on values from 0 (axial
symmetry) to 1 (V.. > V., > V,,). There are
two contributions to the term ¢, one from
the charges on the atoms in the lattice sur-
rounding the Mdssbauer atom, the other
from valence electrons in orbitals without
cubic symmetry:

q = (1 - ‘yx)qlal + (l - R)qvulc (3)

The coefficients are the appropriate
Sternheimer antishielding factors. The gy,
and ¢., terms usually have opposite signs
(42). The Sn** ion has a closed shell elec-
tron structure and, therefore, g, will domi-
nate the EFG. On the other hand, Sn’~ ions
have two electrons in hybridized 5s- and
Sp-orbitals of the valence shell. Although
the Ss-orbitals are spherically symmetrical
and make no valence contribution to ¢, any
unequal distribution of electronic charge in
the p orbitals will. The observed quadru-
pole splittings are QS = 2.2 mm/sec for
polycrystalline SnO, QS = 2.4 mm/sec for
Sn-0-Al, and QS = 1.| mm/sec for Sn**
surface. The small increase in QS going
from SnO bulk to Sn—0O-Al probably repre-
sents a large increase in g, and a small in-
crease in ¢, . The site symmetry may have
changed from tetrahedral in SnO to trigo-
nally distorted octahedral in Sn—0O-Al.
The decrease in QS for the Sn?* surface
species relative to Sn—O-Al can be ex-
plained by the lattice and valence contribu-
tions to g at the surface. Assume that Sn?*
lons are in tetrahedral surface sites with
one oxygen ion missing. The p_-orbital will
expand into space normal to the surface,
the energy of the orbital decreases and p-
electron density increases preferentially in
this orbital. The contribution of the valence
shell electrons to gq., increases. Since the
sign of g, is opposite that of g, the sum of
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the two decreases and, consequently, the
quadrupole splitting is smaller.

Alloy Formation

The strongest evidence of alloy forma-
tion was found when catalyst B was re-
duced at 893°K in the presence of water
vapor followed by re-oxidation. The plati-
num sinters to crystallites large enough for
stable alloy formation, as shown in Fig. 4C.
The shoulder at 1.55 mm/sec is assigned to
Pt:Sn based on the Mossbauer measure-
ments on a series of Pt-Sn alloys by
Charlton et al. (32). The alloy slowly reox-
idizes in air at room temperature indicating
that the platinum has sintered into crys-
tallites large enough to have significant
amounts of tin incorporated into a *‘bulk™’
phase. This implies that a minimum crystal-
lite size is required for existence of a stable
alloy. Further evidence for this has been
found in X-ray line broadening data ob-
tained in this laboratory on Pt-Sn reform-
ing catalysts. Shifts in platinum diffraction
peaks caused by solid solution of tin in plat-
inum are seldom observed in crystallites of
less than 4-5 nm diameter (43).

The deconvoluted singlet in most of the
reduced samples fell between [.55 and 1.65
mm/sec. The peak is probably a distribu-
tion of compositions represented by PtSn,
where 0 < x < 0.3 and includes Pt:Sn.
Compositions with x > 0.3 were not found.
The assignment is based on three observa-
tions; the minimum falls in the platinum-
rich region of Pt-Sn Mossbauer spactra
(32), the clearly resolved Pt;Sn peak in sin-
tered platinum crystallites cited above and
the lack of any evidence the peak is part of
another stannous ion doublet.

This peak can be used to estimate the
amount of alloy formed. Assume that the
cross section for capture of Mossbauer
gamma radiation by tin alloyed with plati-
num is a function of the Debye temperature
of metallic platinum and not tin. The recoil-
free fraction of the PtSn, should be about
70% of that for the stannic oxide species.
Then the area under the peak representing
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the platinum-tin alloy relative to the stan-
nic oxide consists of 20% of the total tin
present in the sample with one exception.
When catalyst A was reduced in the pres-
ence of steam at 953°K, the fraction of tin
as alloy increased to about 40% of the total.
The quantitative estimates of alloy forma-
tion, which are supported by TPR results
discussed below, are subject to large exper-
imental error. However, the trend in alloy
formation on steaming is quite clear from
the relative areas of the stannous and alloy
peaks.

Catalyst Model

The Mdossbauer results suggest the fol-
lowing model. In the oxidized state highly
dispersed Pt** is attached to the alumina
surface through a SnOs,-like layer. On re-
duction between 400 and 500°K the plati-
num forms microcrystallites of Pt and hy-
drogen spillover reduces the neighboring
Sn** to Sn’*. At higher temperatures addi-
tional Sn** surrounding the site is reduced
to the surface Sn2* species and Sn?* adja-
cent to the platinum microcrystallites re-
duces further to form the Pt;Sn intermetal-
lic. We note that the alloy peak in all the
spectra is near 1.56 mm/sec with one ex-
ception. The isomer shift for the alloy peak
of catalyst A, Table 3, is 1.4 mm/sec. The
high temperature reduction in a H,/H,O
stream must have sintered the platinum to
large crystallites and, in effect, diluted the
alloy formation by increasing the time and
temperature requirements for an even dis-
tribution of tin in the crystallite. Residual
Sn** must be isolated clusters of stannic ox-
ide too far removed from platinum sites for
hydrogen spiliover to be effective. This ar-
gument is consistent with the sequential
method used in preparation of catalyst A.

The possible phases present during a re-
dox cycle are a Sn(IV) phase, a Sn(ll)
phase, platinum, and a platinum-rich alloy
phase with a composition between 0 and 30
at% Sn. These are the only species required
to rationalize the Mossbauer spectra con-
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trary to the six to eight species proposed in
the literature (6-8).

The TPR results correlate well with the
Mossbauer data. Reduction of platinum and
some of the tin produces the first three
peaks in Fig. 7. Mdssbauer spectrum A,
Fig. 2, confirms the low-temperature reduc-
tion of a fraction of the Sn** to Sn’*. The
TPR peak at 662°K represents reduction of
Sn?* to Sn’, and is driven by formation of a
PtSn alloy. The TPR peak at 846°K is as-
signed to reduction of the remaining Sn** to
Sn**. It is either stabilized by the alumina
or located too far from platinum to form an
alloy. The maximum in the relative area of
the stannous ion peaks in the Mdssbauer
spectra occurred in samples reduced at
823°K which correlates well with this TPR
peak. Furthermore, an estimate of the frac-
tion of tin forming an alloy compared well
to the Mossbaler results. Approximately
25% of the tin alloys as calculated from the
areas under the peaks at 662 and 846°K
compared to 20% estimated from the Moss-
bauer data.

Other TPR studies (20, 23-26) of Pt-Sn
reforming catalysts have reported similar
results. The peaks in the TPR spectra are
not as well resolved as ours, and, with the
exception of the results reported by Burch
(26), the temperature range did not exceed
873°K. In most cases a broad reduction
peak skewed on the high temperature side
with a maximum between 450 and 500°K
was observed. de Miguel et al. (23) and
Burch (26) found a shoulder or an unre-
solved peak between 625 and 675°K. de Mi-
guel noted that the shoulder was resolved
better on a sequentially impregnated sam-
ple compared to a co-impregnated one and
suggested this indicated better contact be-
tween platinum and tin in the co-impreg-
nated sample. In our spectra this peak is
completely resolved for both catalysts A
and B. In support of our results both Daut-
zenberg et al. (24) and Lieske and Volter
(25) conclude that reduction of tin is cata-
lyzed by intimate contact with platinum,
only a small amount of tin alloys with the
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platinum and most of the tin reduces only to
Sn?*. Dautzenberg et al. (24) also report
that severe oxidation of Pt—Sn/Al;O; cata-
lysts produces a separate stannic oxide
phase.

The model is consistent with the conclu-
sions in the literature from studies using
other techniques (15, 20, 23-29). High dis-
persions of platinum and tin were found by
Meitzner et al. (15) in an EXAFS study of
similar catalysts. In the reduced state they
found very little evidence for tin-tin or tin-
platinum bonding but extensive coordina-
tion of tin with oxygen. The Pt-Pt coordi-
nation number was 3.2 compared to 7.2 for
a Pt/Al,O; catalyst. They conclude that the
tin promotes the dispersion of the platinum
by formation of small clusters of platinum
atoms bonded through Sn?* ions to the alu-
mina. They did not find evidence of a solid
solution of tin in platinum. Their method of
Pt—-Sn/Al,O; preparation; formation of a gel
from an AICl; and SnCl, solution, calcining
and impregnating with chloroplatinic acid,
may have produced Pt-Sn clusters with in-
sufficient tin to easily form an alloy. In fact,
they point out that the metal clusters in the
catalyst involve only a small fraction of the
total tin.

Studies of Pt—Sn/Al>O; catalysts by TEM
and microdiffraction techniques (27-29)
have shown the formation of several inter-
metallics in reduced samples. Handy et al.
(27) found a core/shell morphology in the
oxidized state with SnO; covering a plati-
num core. Reduction produced PtSn. These
results were reversible on reoxidation. Sim-
ilar TEM and microdiffraction findings
were reported by Chojnacki and Schmidt
(29), and PtSn was found in XRD measure-
ments by Srinivasan et al. (28). Most of
these observations were on relatively large
crystallites, 5-20 nm, and Pt/Sn ratios of
l1:1to1:3.

CONCLUSIONS

A model for platinum-tin reforming cata-
lysts based on the analysis of Mossbauer
spectra has been developed that is consis-
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tent with the literature including TPR,
XRD, TEM, and EXAFS studies. The
highly dispersed bimetallic in the oxidized
state consists of small clusters of PtO, an-
chored to the alumina surface through a
SnO;-like intermediate layer. On undergo-
ing reduction the platinum forms micro-
crystallites of Pt® and hydrogen spillover
from the platinum reduces the Sn** to Sn?*.
At reduction temperatures above 700°K
some of the Sn?* reduces further and forms
a solid solution and/or intermetallics with
the platinum. The composition of the alloy
is a function of the relative amounts of plat-
inum and tin in the catalyst and the thermal
history of the sample. Most of the tin does
not alloy. About 70-80% of it remains as
Sn’* ions that interact strongly with the alu-
mina support. Reoxidation converts all of
the Sn?* to Sn**, and oxidation of the tin in
the alloy promotes the redispersion of the
platinum to clusters of PtO; anchored to the
alumina surface through SnOs-like species.
If redox conditions are severe enough to
sinter the platinum, reoxidation produces
crystallites of platinum with a surface of
PtO; surrounded by crystallites SnO,. A
large fraction of the tin will only reduce at
high temperatures above 800°K. An opti-
mum Pt/Sn ratio for selectivity implies an
optimum alloy composition. Removal of tin
from the alloy-forming phase by strong in-
teraction with the support shifts the compo-
sition toward platinum-rich alloys and de-
creases the selectivity. Deactivation results
from these sintering and support interaction
processes.
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