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Hydrogen temperature-programmed desorption (TPD) of supported platinum catalysts, PUK-
LTL, Pt/H-LTL, Pt/K-MAZ, Pt/H-MAZ, Pt/y-Al,0,, and Pt/SiO,, was performed after hydrogen
reduction at 300, 450, or 650°C. For all catalysts, reversible desorption of chemisorbed hydrogen
occurred at approximately 175°C. In addition to chemisorbed H,, at least three peaks corresponding
to higher temperature. irreversibly desorbed H, were observed and assigned to spillover hydrogen.
The quantity of spillover hydrogen is related to the number of support hydroxyl groups and the
maximum reduction temperature of the catalyst. It is suggested that the irreversibility of the
spillover hydrogen results from dehydroxylation of the support at high temperature. The structure
of Pt/K-LTL and Pt/H-LTL catalysts has been examined by EXAFS following reduction at 300,
450, and 600°C. After low-temperature reduction, it is proposed that a layer of spillover hydrogen
is present between the platinum particle and the support. The distance between the platinum and
the support (oxide) surface is ca. 2.6-2.7 A. During high-temperature reduction, or during TPD,
the interfacial hydrogen is irreversibly lost, and the platinum-oxygen distance decreases to 2.2 A.
The catalysts® turnover frequency (TOF) for propane hydrogenolysis was dependent on both the
reduction temperature and the type of support. Platinum on acidic supports and reduced at the
lowest temperature displayed the highest TOF. Qualitatively, the catalysts’ hydrogenolysis activity

increased with increasing amounts of spillover hydrogen.

INTRODUCTION

The effect of reduction temperature on
catalytic behavior has been the subject of
numerous investigations. Many studies
have shown both reduced catalytic activity
(/-5) and reduced hydrogen chemisorption
capacity (I, 7-10) after reduction in hydro-
gen at high temperatures (>500°C), how-
ever, a clear understanding of the phenom-
ena involved is still lacking. Reduction at
high temperatures may result in strongly
chemisorbed hydrogen (2), may cause loss
of spillover hydrogen altering the local
charge transfer from the support to the metal
at the particle boundary (¢), may induce
changes in morphology of the metal crys-
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tallite (6), or may affect reduction of the
support resulting in the formation of an alloy
with atoms from the support, for example,
AlorTi (4, 7, 8).

Temperature-programmed desorption of
hydrogen from supported and unsupported
platinum, typically, shows multiple peaks
above 100°C (2, 3, 8—11): one at low temper-
ature (ca. 150°C) which is assigned to chemi-
sorbed hydrogen on the metal surface (//),
and one or more higher temperature peaks
(ca. 300-500°C). These high-temperature
peaks have been assigned by various au-
thors to spillover hydrogen (4, 9, 13), to
strongly chemisorbed hydrogen (2, 3, 12),
to hydrogen in subsurface layers of the plati-
num (/0), or to oxidation of the reduced
metal by support protons (/4, 15).

In this study, we compared the H, TPD
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spectra of platinum catalysts on acidic and
nonacidic supports. The low-temperature
desorption peak was assigned to reversibly
chemisorbed hydrogen, and at least three
high-temperature irreversibly desorbed hy-
drogen peaks were detected. Based on the
EXAFS structural characterization of the
Pt/K-LTL and Pt/H-LTL catalysts reduced
at 300, 450, and 600C, an assignment of the
high-temperature hydrogen desorption
peaks is proposed. Propane hydrogenolysis
TOFs of the catalysts indicate that the spe-
cific activity is affected by both the support
acidity and the reduction temperature.

EXPERIMENTAL

Catalyst preparation. Preparation of the
zeolite catalysts is described elsewhere (/6,
17). Briefly, the K-LTL was a commercial
zeolite obtained from Union Carbide (now
UQOP). Excess alkali was reduced by water
wash until the pH of the wash solution was
9.5 to give a K/Al molar ratio of 1.05 (ele-
mental analysis: 11.8 wt% K and 7.7 wt%
Al). An Na-omega (MAZ) was synthesized
following reported methods (/8) and cal-
cined at 540°C for 16 hr prior to potassium
exchange. The K-exchanged zeolite was
given a final wash with dilute KOH at a pH
0of 9.5. The K-MAZ had a K/Al molar ratio
of 1.08 (elemental analysis: 11.0 wt% K and
7.0 wt% Al).

An H-LTL was prepared by ammonium-
exchange of K-LTL and subsequent
calcination at 500°C. The K/Al molar ratio
was 0.34. The H-MAZ was prepared by am-
monium-exchange of Na-MAZ (with tem-
plate). Following calcination, the H-MAZ
contained 8.6 wt% Al and 106 ppm Na.

The SiO, was a commercial support (ob-
tained from PQ Corporation) with a surface
area of 215 m?/g and a pore volume of 1.0
cm?/g. A K-SiO, was prepared by washing
the silica with dilute KOH until the pH re-
mained 9.5. The K-SiO, contained 0.38
wt% K.

To each zeolite (or silica), platinum was
impregnated using an aqueous solution of
tetraammineplatinum (II) nitrate. Typically,
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the platinum loading was 1.5 to 2.0 wt%
for catalysts analyzed by TPD, while the
loading was 1.2 wt% for the catalysts ana-
lyzed by EXAFS. The platinum/zeolite cat-
alysts were dried at 120°C. The silica cata-
lysts were calcined at 260°C.

A 1.0 wt% Pt/y-Al,O, catalyst was pre-
pared by impregnation of y-alumina (Ketjen
K300, 200 m*/g and 0.6 cm?*/g) with an aque-
ous solution of H,PtCl,. The catalyst was
dried by 120°C.

H, temperature-programmed desorption
(TPD). H, TPD was performed on catalysts
after an initial 300, 500, or 650°C reduction
in H,. Desorptions were programmed at
10°C per min to 700°C in flowing N,. The
H, and N, were purified by passing over
oxygen and hydrocarbon traps. Cryogenic
traps containing SA molecular sieve were
placed directly before and after, the furnace
for water trapping. Desorbed gases were
monitored by a thermal conductivity detec-
tor and periodically checked by independent
gas chromatographic or mass spectroscopic
analyses for H,.

Following the first TPD, the catalyst was
rereduced in H, for 1 hr at 700°C (or cooled
to 300°C and rereduced at 300°C) and cooled
to room temperature in H,. A second H,
TPD to 700°C was obtained as described
above.

For H-LTL, after an initial TPD to 700°C
the catalyst was cooled to room temperature
in N,. H, was then pulsed (0.066 cm® H,/
pulse) over the catalyst at 40°C until no fur-
ther H, was consumed. The carrier gas was
switched to 20% H, (in N,) and a tempera-
ture programmed reduction to 700°C ob-
tained.

Propane hydrogenolysis. The conversion
of propane was conducted at 400°C and at-
mospheric pressure in a fixed-bed, bench-
scale reactor using 3.78 vol% propane in H,.
The reaction temperature of 400°C was the
lowest temperature at which all catalysts
gave measurable propane conversion. The
catalyst (0.01 to 0.2 g) was diluted with 2 g
of a-alumina and prereduced at 450 or
600°C. The conversion was adjusted be-
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tween 2 and 10% by changing the propane
feed rate. The turnover frequencies (TOF)
were determined on the basis of volumetric
hydrogen chemisorption.

EXAFS. The EXAFS data were collected
at the Synchrotron Radiation Source in
Daresbury, U.K., Wiggler Station 9.2 using
an Si (220) double crystal monochromator
which was detuned to 50% intensity to mini-
mize the higher harmonics present in the X-
ray beam. The storage ring was operated
with an electron energy of 2 GeV and a cur-
rent between 120 and 250 mA. The esti-
mated resolution at the Pt L,;; edge (11,564
eV)is 3 eV. Self-supporting wafers (calcu-
lated to have an absorbance of 2.5) were
reduced at 300, 450 (500), or 600°C in a con-
trolled-atmosphere cell (/9). Samples were
cooled with liquid nitrogen to —130°C, and
the data were collected in the presence of
H,. Measurements were made in transmis-
sion mode, and in order to reduce the noise,
six scans were averaged. Standard proce-
dures were used to extract the EXAFS data
from the measured absorption spectra (20).
The spectra were fitted with phase and am-
plitude functions extracted from the spectra
of reference compounds (27).

RESULTS

Hydrogen temperature-programmed de-
sorption (H, TPD). H, TPD profiles were
obtained for six platinum catalysts, 2.0%
Pt/K-LTL, 1.5% Pt/H-LTL, 2.0% Pt/K-
MAZ, 1.5% Pt/H-MAZ, 1.0% Pt/y-Al,O;,
and 3.3% Pt/SiO,. The characteristic fea-
tures of the hydrogen desorptions were de-
termined, primarily, by the support acidity
and reduction temperature; therefore, a de-
tailed discussion of the TPD profiles are pre-
sented only for the Pt/K-LTL and Pt/H-
LTL catalysts. H, TPD of the supports (no
added platinum) gave no hydrogen desorp-
tions.

A representative H, TPD profile for plati-
num supported on a non-acidic support is
shown in Fig. 1a for 2.0% Pt/K-LTL re-
duced at 300°C. Broad, overlapping peaks
are observed for H, desorptions at about
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F1G. 1. 2.0% Pt/K-LTL reduced at (a) 300°C, cooled
in H,, and TPD to 700°C, H/Pt = 1.8; (b) following
the first TPD, the catalyst was rereduced at 700°C,
cooled in H,, and second TPD to 700°C, H/Pt = 1.2;
and (c) difference profile: (a) minus (b), H/Pt = 0.6.

150 (peak I) and 275°C (peak H) with some
H, desorbing up to 400°C (peak I1I). In addi-
tion, there is a distinct desorption at 610°C
(peak IV). The total H, desorption was 1.8
hydrogen atoms/platinum atom, H/Pt. Im-
mediately after the first TPD, the catalyst
was reexposed to H, at 700°C for 1 hr and
cooled in flowing H, and a second TPD ob-
tained. The second TPD, Fig. 1b, revealed
only peak I with minor amounts of hydrogen
desorbing at higher temperature. The total
hydrogen desorption in the second TPD
amounted to 1.2 H/Pt. Thus, only peak 1 is a
reversible H, desorption, while, the higher
temperature peaks (1I-1V) correspond to H,
irreversibly desorbed. The area of peak I
(1.0 H/Pt) is in reasonable agreement with
the amount of chemisorbed hydrogen deter-
mined volumetrically (0.97 H/Pt). Sub-
tracting Fig. 1b from Fig. 1a yields Fig. Ic,
which represents the irreversible hydrogen
desorptions. Figure lc clearly shows the
presence of peaks Il and 111 in the 200-500°C
region, in addition to peak IV at 610°C. The
measured N, micropore volume and surface
area of the K-LTL zeolite was unchanged
after the TPD experiment, indicating that
there was no change in the crystallinity of
the zeolite. Volumetric H, chemisorption
declined only slightly, from 0.97 H/Pt in the
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Fic. 2. 2.0% Pt/K-LTL reduced at (a) 300°C,
H/Pt = 1.8; (b) 500°C. H/Pt = 1.2: and (c) 650°C,
H/Pt = 1.1, cooled in H,, and TPD to 700°C.

fresh catalyst to 0.84 H/Pt after the first
TPD, indicating only a small change in the
platinum dispersion during the TPD exper-
iment.

The effect of increasing reduction temper-
ature on the TPD profiles is shown in Fig.
2 for Pt/K-LTL reduced at 300, 500 and
650°C. Reduction at higher temperatures
progressively diminishes the total amount
of hydrogen desorbed, from 1.8 H/Pt to 1.3
H/Pt to 1.1 H/Pt after reduction at 300, 500,
and 650°C, respectively. After reduction at
500°C, the peaks corresponding to irrevers-
ible H, below 500°C are absent, e.g., peaks
II and 111, while the H, desorption at 610°C
(peak 1V) is unchanged. After reduction at
650°C, only the peak I remains. The spectra
in Fig. 2 support the conclusion that the
peak 1 corresponds to reversibly chemi-
sorbed hydrogen, and the high temperature
hydrogen desorptions are irreversible.

To investigate the possibility of exchange
between the various forms of hydrogen
identified by the TPD, a two-part TPD was
performed. A fresh sample of Pt/K-L.TL
was reduced at 300°, and the TPD was con-
ducted, programming only to 300°C and
holding at this temperature for 1 hr (profile
in Fig. 3b). The sample was cooled to room
temperature under N, flow, and a second
TPD to 700°C was obtained (Fig. 3¢). The
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catalyst was not exposed to hydrogen be-
tween the two TPD profiles. Total hydrogen
desorption was 1.2 H/Pt in the low-tempera-
ture (ambient-300°C) TPD and 0.6 H/Pt in
the second TPD, for a total of 1.8 H/Pt,
which is in agreement with the 1.8 H/Pt ob-
tained in a single TPD, i.e., Fig. 3a. The
absence of peak I and II in the second TPD
indicates that there is no exchange of hydro-
gen between the low temperature (<300°C)
sites and the higher temperature sites. For
example, after removal of the chemisorbed
hydrogen in the low-temperature TPD, hy-
drogen does not migrate from the high-tem-
perature sites back to the platinum surface
and desorb at low temperature during the
second TPD.

The TPD profiles for 1.5% Pt/H-LTL
(Fig. 4) show desorption peaks at tempera-
tures similar to those obtained for the Pt/
K-LTL catalyst, but differing in the size of
those peaks. Prominent in the spectra of Pt/
H-LTL is the large desorption for peak IV
at 625°C. The total hydrogen desorbed is 4.3
H/Pt. Following the first TPD, only the low-
temperature H, desorption, peak I (H/Pt =
1.3), and minor amounts of H, desorbed at
higher temperature are desorbed during the
second TPD. For comparison, the volumet-
ric hydrogen chemisorption of Pt/H-LTL

IO 01 H Pt min
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Firc. 3. 2.0% Pt/K-LTL reduced at (a) 300°C, cooled
in H,, and TPD to 700°C, H/Pt = 1.8; (b) 300°C cooled
in H,, and TPD to 300°C and held at 300°C for | hr,
H/Pt = 1.2; and (c) sample in (b) was cooled in N,
and TPD to 700°C, H/Pt = 0.6.
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FiG. 4. 1.5% Pt/H-LTL reduced at (a) 300°C, cooled
in H,, and TPD to 700°C, H/Pt = 4.3; (b) following
the first TPD, the catalyst was rereduced at 700°C,
cooled in H,, and second TPD to 700°C, H/Pt = 1.3;
and (c) difference profile: (a) minus (b), H/Pt = 3.0.

reduced at 300°C was 1.10 H/Pt. Similar to
Pt/K-LTL, peak I of the H, desorption from
Pt/H-LTL corresponds to chemisorbed hy-
drogen, while higher temperature peaks rep-
resent irreversible hydrogen desorptions.
On both Pt/K-LTL and Pt/H-LTL, in-
creasing the reduction temperature de-
creases the size of the irreversible desorp-
tion peaks below the reduction temperature.
For example, after reduction of Pt/H-LTL
at 500°C, Fig. 5b, the hydrogen desorptions
corresponding to peaks Il and 111 are absent,

0 0% H Pt.min

100 200 300 400 500 600
Temperature, °C

700 —————4-

Fig. 5. 1.5% PU/H-LTL reduced at (a) 300°C,
H/Pt = 4.3; (b) 500°C, H/Pt = 2.6; and (c) 650°C,
cooled in H,, and TPD to 700°C, H/Pt = 1.2.
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Fi1G. 6. 1.5% Pt/H-LTL reduced at (a) 300°C, cooled
in H,, and TPD to 700°C, H/Pt = 4.3: (b) 300°C, cooled
in H,, and TPD to 300°C and held at 300°C for 1 hr,
H/Pt = 1.1; and (c) sample in (b) was cooled in N,
and TPD to 700°C, H/Pt = 3.3.

and much of the hydrogen associated with
peak 1V has been diminished. The total hy-
drogen desorption of Fig. 5b is 2.6 H/Pt.
After reduction at 650°C, only the peak I
(chemisorbed H,) is present, Fig. S5c, with
a total desorption of 1.2 H/PT.

A two-part TPD was also conducted with
the Pt/H-LTL catalyst (Fig. 6) using the
same procedure describe above for Pt/K-
LTL, for example Figs. 3b and 3c. Total
hydrogen desorption was 1.1 H/Pt in the
low-temperature (ambient-300°C) TPD,
Fig. 6b, and 3.3 H/Pt in the second TPD,
Fig. 6c, for a total of 4.4 H/Pt, which is in
agreement with the 4.3 H/Pt obtained in a
single TPD, Fig. 6a. As observed for Pt/K-
LTL, the two-part TPD indicates that there
is no exchange of hydrogen between the low
temperature (<300°C) sites, corresponding
to peaks I and I1, and the higher temperature
sites, corresponding to peaks 111 and IV.

High temperature hydrogen desorptions
in the TPD have been reported in the litera-
ture as being due to oxidation of the metal
by support protons (/4, 15). In order to eval-
uate this possibility, a fresh sample of Pt/
H-LTL was subjected to a H, TPD to 700°C,
Fig. 7a. Following the TPD, the sample was
cooled in N, to 40°C and pulsed with H,.
The quantity of hydrogen consumed at 40°C



400

MILLER ET AL.

L L

100 200 300 400 500 600 700 ————
Temperature, °C

F1G. 7. 1.5% Pt/H-LTL reduced at (a) 300°C, cooled
in H,, and TPD to 700°C, H/Pt = 4.3; (b) following
the first TPD, the catalyst was cooled in N, to 40°C,
H/Pt = 0.88, and pulsed with hydrogen untii saturation
(not shown); TPR in 20% H./80% N, to 700°C; desorp-
tion = 0.91 H/P1.

was 0.88 H/Pt. Subsequent temperature
program reduction (TPR) of this sample to
700°C, Fig. 7b, resulted in the desorption of
hydrogen equal to 0.91 H/Pt, which is in
agreement with the pulsed chemisorption
above and is also consistent with volumetric
hydrogen chemisorption on the fresh cata-
lyst. In addition, the peak desorption tem-
perature during the TPR (185°C) was similar
to desorption temperature for chemisorbed
hydrogen (175°C) in the TPD. If the high-
temperature desorptions in the TPD repre-
sent reversible oxidation of platinum, then
the amount of hydrogen consumed in the
pulsed reduction/chemisorption should
have been approximately 4.3 H/Pt as ob-
served in the TPD. The quantity of hydrogen
consumed during the pulsed chemisorption,
however, is only 0.9 H/Pt and is consistent
with chemisorbed hydrogen. Thus, the high-
temperature hydrogen desorptions in the
TPD are not a result of oxidation of platinum
by support protons.

In summary, the H, desorptions for Pt/
K-LTL and Pt/H-LTL are qualitatively sim-
ilar, but the quantity of irreversible hydro-
gen, peaks II-1V, is significantly higher for
Pt/H-LTL. In addition, for both catalysts,
the hydrogen present on the low-tempera-

100 200 300 400 500 600
Temperature, °C

Fi1G. 8. 2.0% Pt/K-MAZ reduced at (a) 300°C, cooled
in H;, and TPD to 700°C, H/Pt = 1.9; (b) following
the first TPD, the catalyst was rereduced at 700°C,
cooled in H,, and second TPD to 700°C, H/Pt = 1.3;
and (c) difference profile: (a) minus (b), H/Pt = 0.6.

ture (<300°C) sites and the higher tempera-
ture sites do not readily exchange, and the
quantity of irreversibly desorbed H, de-
creases with increasing reduction temper-
ature.

The H, TPD profiles of 2.0% Pt/K-MAZ
and 1.5% Pt/H-MAZ are shown in Figs.
8—11. The profiles are similar to those for Pt/
K-LTL and Pt/H-LTL, although the total
hydrogen desorptions were slightly higher.
For Pt/K-MAZ, the total hydrogen desorp-

[ 0.02 H-Ptimin
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F1G. 9. 2.0% Pt/K-MAZ reduced at (a) 300°C, cooled
in H,, and TPD to 700°C, H/Pt = 1.9; (b) 300°C, cooled
in H,, and TPD to 300°C and held at 300°C for 1 hr,
H/Pt = 1.3; and (c) sample in (b) was cooled in N,
and TPD to 700°C, H/Pt = 0.6.
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Fig. 10. 1.5% Pt/H-MAZ reduced at (a) 300°C,
cooled in H,, and TPD to 700°C, H/Pt = 5.6; (b) follow-
ing the first TPD, the catalyst was rereduced at 700°C,
cooled in H,, and second TPD to 700°C, H/Pt = 1.4;
and (c) difference profile: (a) minus (b), H/Pt = 4.2.

tion was equivalent to 1.9 H/Pt, compared
to 1.7 H/Pt for Pt/K-LTL. Hydrogen de-
sorption from Pt/H-MAZ was 5.6 H/Pt,
compared to 4.3 H/Pt for Pt/H-LTL. For
both catalysts, peaks II-IV were absent
during a second TPD (Figs. 8b and 10b), and
results for the two-part TPD (Figs. 9b and
9¢ and 11b and 11¢) indicate that hydrogen
from the higher temperature sites does not
exchange with the lower temperature sites.

Hydrogen TPD for platinum on amor-

00 200 300 400 500 600
Temperature, °C

Fic. 11. 1.5% Pt/H-MAZ reduced at (a) 300°C,
cooled in H,, and TPD to 700°C, H/Pt = 5.6; (b) 300°C,
cooled in H,, and TPD to 300°C and held at 300°C for
I hr, H/Pt = 1.4; and (c) sample in (b) was cooled in
N, and TPD to 700°C, H/Pt = 4.0.
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FiG. 12. 1.0% Pt/y-Al,0, reduced at (a) 300°C, cooled
in H,, and TPD to 700°C, H/Pt = 3.6; (b) following
the first TPD, the catalyst was rereduced at 700°C,
cooled in H,, and second TPD to 700°C, H/Pt = 0.6.

phous supports also shows multiple high-
temperature desorption peaks similar to
those observed with zeolite supports. The
H, TPD of 1.0% Pt/y-Al,O, reduced at 300°C
(Fig. 12a) displays three peaks centered at
around 180°C (peak I), 420°C and 700°C. As
with the zeolite supports, the low tempera-
ture peak corresponds to chemisorbed hy-
drogen, and its size is consistent with the
amount of chemisorbed H, measured volu-
metrically (H/Pt = 0.94). Some sintering
of the platinum particles is apparent in the
repeat TPD (Fig. 12b), as the size of the
chemisorption peak is diminished. Pt/y-
ALO; appears similar to the acidic zeolite
supports in that the total H, desorption is
large (3.6 H/Pt). However, unlike the zeolite
supports, the largest peak (1.9 H/Pt) for Pt/
v-Al,O; is observed near 400°C, while the
highest temperature peak is small.

The H, TPD profile of 3.3% Pt/SiO, re-
duced at 300°C is given in Fig. 13. The peaks
in this profile are much less distinct, but a
chemisorption peak at 150°C (peak I) and a
higher temperature desorption at 550°C can
be clearly seen.

Deuterium labeling. Hydrogen TPD pro-
files were obtained on Pt/K-LTL, Pt/H-
LTL, and Pt/y-Al,O; reduced at 300°C in D,.
In these experiments, the cryogenic (water)
traps were removed and the desorbed hy-



402

IO 01 H/Ptmin

L
100 200 300 400 500 600 700 ———mmn -

Temperature, °C

FiG. 13. 3.3% Pt/Si0, reduced at (a) 300°C, cooled
in H,, and TPD to 700°C.

drogen was detected by mass spectrometry.
The TPD profiles were identical to those
presented above (Figs. 1a, 4a, and 12a), and
all of the peaks for each catalyst were D,.
No H, was detected. In addition to desorp-
tion of D,, large quantities of H,O desorbed
over the same temperature range
(450-600°C). Approximately 1% of the wa-
ter was HDO. Since most of the desorbed
water is H,O while the desorbed hydrogen
is D,, we conclude that the hydrogen de-
sorptions do not result from oxidation of
platinum by water at high temperature.

Additionally, Pt/H-LTL was reduced at
300°C in H, for 1 hr. At 300°C, the reducing
gas was switched to D, for 30 min (a large
excess of D,) and cooled to ambient temper-
ature in D,. In the subsequent TPD, all of
the desorptions were D, with only traces of
H, or HD detected.

EXAFS. A full EXAFS analysis of Pt/K-
LTL and Pt/H-LTL is presented elsewhere
(22). The Pt-Pt phase and amplitude cor-
rected &*-weighted Fourier transform of the
EXAFS data of Pt/K-LTL reduced at 300,
450, and 600°C is presented in Fig. 14. Quali-
tative inspection of Fig. 14 shows that metal-
lic Pt is present in all samples as indicated
by the Pt/Pt bond distance of 2.77 A. In
addition, as the reduction temperature is in-
creased, the amplitude of the Pt/Pt peak in-
creases, indicating growth of the platinum
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FiG. 14, k*-weighted Fourier transform of EXAFS
spectra of 1.2% Pt/K-LTL reduced at (a) 300°C (solid
line), (b) 450°C (dotted line), and (c¢) 600°C (dashed
line).

particle. For all reduction temperatures,
however, the platinum particles are rela-
tively small as denoted by the absence of
higher Pt-Pt shells. The EXAFS spectra
were fit in both &- and r-space, and Table 1
summarizes the results.

For Pt/K-LTL reduced at 300°C, the Pt-
Pt coordination number corresponds to an
average particle size of six atoms (N = 4.0).
With increasing reduction temperature the
particle size increases. At 450°C the average
particle size is ca. ten atoms (N = 4.8),
while at 600°C the particle size is near 12
atoms (N = 4.9). In all of the catalysts, the
particle size is sufficiently small to observe a
contribution to the EXAFS from the oxygen
atoms of the support. For Pt/K-LTL re-
duced at 300°C, the Pt—O coordination is 1.4
and the platinum-oxygen distance is 2.73 A.
For Pt/K-LTL reduced at 450°C, there is a

TABLE 1
EXAFS Coordination Parameters for Pt/K-LTL

Reduction Backscatter N R (A)
temperature (°C)

300 Pt 4.0 2.74

O 1.4 2.73

450 Pt 4.8 2.74

(0] 1.3 2.77

(o) 0.4 2.20

600 Pt 4.9 2.75

(o) 1.3 2.24
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FiG. 15. k*-weighted Fourier transform of EXAFS
spectra of 1.2% Pt/H-LTL reduced at (a) 300°C (solid
line) and (b) S00°C (dotted line).

second Pt-O coordination at a distance of
2.20 A with a total Pt-O coordination num-
ber of 1.7. After reduction at 600°C, only
one Pt—0 contribution at a distance of 2.20
A is present with a Pt-O coordination num-
ber of 1.3,

The Pt-Pt phase and amplitude corrected
k*-weighted Fourier transform of the
EXAFS data of Pt/H-LTL reduced at 300
and 500°C is presented in Fig. 15. In both
catalysts, small, metallic Pt particles are
present as indicated by the Pt—Pt bond dis-
tance of 2.77 A. The EXAFS spectra were
fit in both k- and r-space, the results are
given in Table 2.

For Pt/H-LTL reduced at 300°C, the
Pt—Pt coordination number of 4.1 corre-
sponds to an average particle size of approx-
imately seven atoms. In addition, a long
Pt—O distance of 2.65 A with a coordination
number of 1.2 is detected. Increasing the

TABLE 2
EXAFS Coordination Parameters for Pt/H-LTL

Reduction Backscatter N R (A)
temperature (°C)
300 Pt 4.1 2.73
O 1.2 2.65
500 Pt 4.4 2.72
Q 1.5 2.24
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TABLE 3

Propane Hydrogenolysis®

TOF¢
(molecules/sec/surface Pt atom)

Catalyst support’

K-LTL (450°C) 0.064
K-LTL (600°C)¢ 0.022
K-MAZ 0.032
K-SiO, 0.0074
Si0, 0.19
H-LTL (450°C) 0.53° (0.40)/
H-LTL (600°C)* 0.14¢ (0.10)
H-MAZ 0.37° (0.27)f
AlLO, 0.62

* Atmospheric pressure and 400°C.
b Catalysts reduced at 450°C.

“ Based on H, chemisorption.

4 Catalysts reduced at 600°C.

¢ Initial TOF.

Y TOF after 10 min.

reduction temperature to 500°C increases
the Pt—Pt coordination number to 4.4, or
approximately a nine atom cluster. After re-
duction at 500°C, the Pt-O distance is 2.24
A, and the Pt-O coordination number is 1.5.

Propane hydrogenolysis. For each cata-
lyst, hydrogenolysis of propane vyielded
methane and ethane in equal molar
amounts. The TOFs at 400°C are given in
Table 3. For Pt/K-LTL, Pt/K-MAZ, Pt/
SiO,, and Pt/y-Al,O;, there was little deacti-
vation. For Pt/H-MAZ and Pt/H-LTL,
however, deactivation was more rapid. The
conversion, therefore, was determined as a
function of time (at one space velocity) and
extrapolated to zero time, i.€., no deactiva-
tion. For these two catalysts, since the ac-
tivity was changing rapidly during the first
few minutes, the initial TOF and the TOF
after 10 min are reported in Table 3.

DISCUSSION

Temperature-programmed desorption of
hydrogen indicates that in the absence of
platinum no hydrogen desorptions are ob-
served from any of the supports. By con-
trast, there are several types of hydrogen
on platinum catalysts. In addition to chemi-
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sorbed hydrogen, three higher temperature
hydrogen desorptions (peaks [1-1V) are also
observed at temperatures from about 250
to 650°C. It has been proposed that high-
temperature reduction (HTR) can result in
the formation of subsurface hydrogen (/0),
i.e., hydrogen present in the platinum lattice
just below the surface platinum atoms. The
platinum—platinum distances measured by
EXAFS are identical to those observed for
bulk platinum and do not change with reduc-
tion temperature. These results rule out the
presence of subsurface hydrogen or plati-
num hydrides. In addition, it has been pro-
posed that HTR can lead to the formation
of platinum-aluminum alloys (/, 7, 8). Since
no backscattering by aluminum neighbors
was detected in the EXAFS, these alloys
are not responsible for any of the peaks in
the TPD. Also, HTR has been suggested to
produce strongly chemisorbed hydrogen (2,
3, 12), leading to high-temperature peaks
during TPD. In the present study, higher
reduction temperatures resulted in less high-
temperature, irreversible hydrogen in the
TPD. The high-temperature TPD peaks,
therefore, are not due to strongly chemi-
sorbed hydrogen.

Since the higher temperature desorptions
do not result from hydrogen at the platinum
particles, e.g., strongly chemisorbed hydro-
gen, subsurface hydrogen, metal hydrides,
or platinum-aluminum alloys, we conclude
that they result from desorption of hydrogen
located on the support. In addition, since
these hydrogen desorptions do not result
from platinum oxidation by support pro-
tons, or desorbed water, this hydrogen must
be present as neutral species, i.e., spillover
hydrogen.

Although the spillover hydrogen is ini-
tially formed at 300°C, desorption of the
spillover hydrogen does not occur until
much higher temperatures. Once the spill-
over hydrogen has been desorbed from the
support, either during a high temperature
reduction or a TPD, spillover hydrogen can
no longer be formed by reexposure to hydro-
gen. The desorption of spillover hydrogen,
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therefore, is irreversible. Since there have
been only minor changes in the dispersion,
chemisorption, and structure of the plati-
num particles, the irreversibility of hydro-
gen desorption is likely due to a change in
the structure of the support. Stabilization of
spillover hydrogen is believed to require the
presence of support hydroxyl groups
(23-25) and zeolites begin to dehydroxylate
above 500°C (26, 27). Desorption of water
was detected over the same temperature
range as desorption of hydrogen from peak
IV. We propose, therefore, that the inability
to form spillover hydrogen after high tem-
perature treatments results from irrevers-
ible dehydroxylation of the support.

Qualitatively, the number and tempera-
ture of peaks in the TPD profiles for plati-
num on nonacidic and acidic zeolites are
similar. As discussed above, the total
amount of spillover hydrogen is dependent
on the extent of support dehydroxylation.
Likewise, the amount of spillover hydrogen
is also strongly dependent on the support
acidity, as shown in Table 4. The effect of
support acidity is most dramatically shown
by the size of peak 1V in the TPD profiles,
and this peak is largest for platinum on
acidic supports. Table 4 summarizes the to-
tal amount of hydrogen desorbed in the TPD
profile for platinum supported on various
acidic and nonacidic zeolite supports. In the
first TPD, both reversible (chemisorbed)
and irreversible (spillover) hydrogen are
measured, while in the second TPD, only
reversible (chemisorbed) hydrogen is ob-
served. The difference between the two
TPD profiles represents the irreversible
(spillover) hydrogen on the catalyst, i.e.,
peaks 11-IV. The data in Table 4 clearly
show that the amount of spillover hydrogen
is much larger for platinum on acidic sup-
ports than on nonacidic supports. For exam-
ple, the amount of spillover hydrogen is
equivalent to 3.0 H/Pt for Pt/H-LTL but
only 0.7 H/Pt for Pt/K-LTL.

Even though formation of spillover hy-
drogen occurs at 300°C, it does not desorb
at 300°C in flowing N,, even after 1 hr. Fur-
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TABLE 4
Total Hydrogen Desorption (H/Pt) by H, TPD
Catalyst K-LTL H-LTL K-MAZ H-MAZ
H/Pt first TPD* 1.8 4.3 1.9 5.6
(Rev + Irrev)
H/Pt second TPD? (reversible) 1.2 1.3 1.3 1.4
Difference (irreversible) 0.6 3.0 0.6 4.2

4 Catalyst reduced at 300°C, cooled in H,, and TPD to 700°C.
¥ Following the Ist TPD, the catalyst was rereduced at 700°C, cooled in H;, and TPD to 700°C.

thermore, it also does not migrate back to
the platinum under these conditions. Once
formed on the support, spillover hydrogen
seems to be quite stable. At 300°C, however,
the spillover hydrogen does completely ex-
change with excess, gas-phase D, within 30
min. It is commonly assumed that H-D ex-
change of spillover hydrogen occurs by mi-
gration of the spillover hydrogen to the plati-
num particles followed by exchange of
spillover hydrogen with chemisorbed deute-
rium. However, since spillover hydrogen
does not migrate to vacant platinum sites at
300°C, it seems unlikely that the spillover
hydrogen would migrate to the platinum par-
ticles and exchange with chemisorbed deu-
terium. It is possible that the exchange takes
place by direct reaction between the spill-
over hydrogen and the gas phase deuterium,
without the participation of the platinum.

For all reduction temperatures, the plati-
num particles are small enough to reside
within the zeolite pores. Because of the
very small metal particle size, oxygen atoms
from the support are detected by EXAFS.
After high-temperature reduction (HTR)
(>500°C) the measured Pt—-O distance is 2.2
A, which is approximately equal to the sum
of the covalent radii of the two atoms. This
is consistent with platinum atoms in direct
contact with the oxide ions of the zeolite
surface.

Reduction at 300°C (LTR), on the other
hand, results in a longer Pt-O distance of
2.77 A. Based on the absence of additional
backscatters, it has been suggested that this

long Pt-O distance results from the pres-
ence of hydrogen between the platinum
atoms and the oxide support (22, 28, 29).
The interfacial hydrogen may be either che-
misorbed hydrogen trapped at the interface
during the initial reduction, or hydrogen
from the support hydroxyl groups (29). At
intermediate reduction temperatures there
is a mixture of both the long and short Pt-O
distances. Thus, as the reduction tempera-
ture is increased there is the progressive loss
of the long Pt—O distance with the simulta-
neous formation to the short Pt—O distance.
Comparison of the H, TPD with EXAFS
indicates several desorption peaks (peaks
II and III) in the same temperature range
observed for the conversion of the long
Pt—0O distance to the short Pt—-O distance.
These peaks may, therefore, correspond to
the loss of interfacial hydrogen. Both the
desorption temperature and the large quan-
tity of H, desorbed for peak 1V in acidic
catalysts makes it unlikely that this peak is
associated with loss of interfacial hydrogen.

In summary, we assign the irreversible,
high temperature H, desorptions to spillover
hydrogen stabilized by support hydroxyl
groups, both acidic and nonacidic. Peaks II
and/or III may be spillover hydrogen lo-
cated at the interface between the platinum
particles and the support. Peak IV likely
represents spillover hydrogen on acidic hy-
droxyl groups.

Effects on catalysis. Similar to other stud-
ies (15, 30, 31), the propane hydrogenolysis
activities are determined predominantly by
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the acidity of the support. The TOFs for
platinum on acidic supports, e.g., Pt/H-
LTL, Pt/MAZ, and Pt/y-Al,O, were more
than an order of magnitude higher than on
the nonacidic supports, ¢.g., Pt/K-LTL and
Pt/K-MAZ. The TOF for Pt/SiO,, a weakly
acidic support, was intermediate between
the acidic and non-acidic supports. Neutral-
ization of the silica by addition of alkali,
i.e., Pt/K-SiO,, strongly reduced the hy-
drogenolysis TOF.

In previous studies, the increase in hydro-
genolysis activity for metals on acidic sup-
ports has been attributed to electron-defi-
cient platinum. The electron deficient
platinum can result from donation of plati-
num electron density to the support (30), or
result from the formation of metal-proton
adducts (/5, 34). Results of a recent study
suggest that the electron deficient nature of
the platinum is an intrinsic property of the
small metal particles (32). A series of Pt/Y
catalysts was investigated by several tech-
niques, including XANES, where it was
concluded that all of the observations as-
cribed to electron deficiency were the result
of the intrinsic properties of the very small
platinum particles which form on acidic sup-
ports. In our study, the platinum particle
size of Pt/K-LTL, Pt/H-LTL and Pt/y-
ALO, (I7, 23) are very similar with the parti-
cle size in all catalysts from seven to ten
atoms. It is unlikely, therefore, that the par-
ticle size alone can account for the differ-
ences in hydrogenolysis activities.

While we have previously proposed that
platinum on acidic supports is electron de-
ficient (33), in the present study we have
found that the most active catalysts are
those which have the largest amount of spill-
over hydrogen, i.e., platinum on acidic sup-
ports. As the support acidity decreases,
both the propane hydrogenolysis TOF and
the quantity of spillover hydrogen also de-
crease in the same order, e.g., acidic sup-
ports > silica > nonacidic supports. The
specific activity, however, does not parallel
the acid strength. For example, the acid
strength of Pt/y-Al,O; compared with Pt/H-
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LTL is much weaker. On the other hand,
the specific activities for the two catalysts
are very similar. Although the acid strengths
of Pt/y-Al,0, and Pt/H-LTL are very differ-
ent, the quantity of spillover hydrogen per
surface platinum atom on the two catalysts
is similar. These results suggest that the
amount of spillover hydrogen and the spe-
cific hydrogenolysis activity are influenced
by the number of hydroxyl groups, rather
than their acid strength.

In addition to the support acidity, the hy-
drogenolysis TOF is also affected by the
reduction temperature. For Pt/K-LTL and
Pt/H-LTL, as the reduction temperature in-
creased, both the specific activity and the
amount of spillover hydrogen decreased.
After HTR, there are at least three changes
in the catalyst which may affect the specific
activity. First, the TPD indicates that there
is little spillover hydrogen on the catalyst.
This also implies that there are few surface
hydroxyl groups, which are necessary for
stabilization of the spillover hydrogen. De-
hydroxylation of the support leads to a
change in the surface structure resulting
from the loss of both oxygen and hydrogen
atoms. HTR also induces changes in the
structure of the metal-support interface
leaving platinum atoms in direct contact and
interacting more strongly with the oxygen
atoms of the support. Comparison of the
hydrogenolysis TOFs for catalysts reduced
at 600°C, where spillover hydrogen is absent
from both Pt/H-LTL and Pt/K-LTL, indi-
cate that the specific activity for platinum
on acidic supports is still much higher than
platinum on a nonacidic support. These dif-
ferences are consistent with differences in
electronic properties of the metal induced
by the support as previously proposed (/5,
30, 31, 33). However, at 600°C the absence
of hydroxyl groups necessary to stabilize
spillover hydrogen suggests that the elec-
tronic modifications result from interaction
of the platinum with oxygen atoms in addi-
tion to the interaction of platinum with sup-
port protons (/5, 34).

While there seems to be a general correla-
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tion between the specific hydrogenolysis ac-
tivity and the amount of spillover hydrogen,
the role of spillover hydrogen (if any) on
the rate of hydrogenolysis is uncertain and
several possibilities exist. The quantity of
spillover hydrogen may simply parallel the
number of support hydroxyl groups and be
an indirect measure of the support acidity,
and hence, may be a relative measure of the
electronic effects induced by the support.
Understanding the role of spillover hydro-
gen on catalyst activity (and selectivity) will
be the subject of future investigations.

CONCLUSIONS

The H, TPD indicates that several types
of hydrogen exist on platinum catalysts. In
addition to chemisorbed hydrogen on the
platinum, several types of spillover hydro-
gen are present on the support. The quantity
of spillover hydrogen is dependent on the
number of support hydroxyl groups and is
largest for platinum on acidic supports re-
duced at low temperature. Spillover hydro-
genis irreversibly desorbed at high tempera-
tures since the support is irreversibly
dehydroxylated.

We propose that after low temperature
reduction, a layer of spillover hydrogen is
located between the platinum particles and
the support (oxide) surface. The plati-
num-oxygen distance is ca. 2.7 A. Reduc-
tion of the platinum at higher temperatures
results in the progressive loss of the interfa-
cial hydrogen. At reduction temperatures
above 500°C, all of the interfacial hydrogen
is lost, and the platinum is in direct contact
with the oxygen atoms of the zeolite support
as indicated by a platinum-oxygen distance
of 2.2 A. In the TPD, two hydrogen desorp-
tion peaks observed at temperatures from
300 to 500°C may correspond to the loss of
interfacial hydrogen detected by EXAFS.

The catalysts’” specific activities for hy-
drogenolysis were affected by both the sup-
port acidity and the reduction temperature.
Platinum on acidic supports and reduced at
lowest temperature were the most active.
Qualitatively, the hydrogenolysis activity
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increased with increasing amounts of spill-
over hydrogen, although the role of spillover
hydrogen in affecting the catalytic activity
is uncertain.
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