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The suppression of hydrogen chemisorption (a drastic decrease of the H, chemisorption capacity
by H, pretreatment at 500°C and its recovery by O, pretreatment at 450°C followed by reduction in
H, at 300°C) in the case of Pt/Al,O; was studied by volumetric adsorption of H,, the consumption
measurements of H, and O, during the pretreatments, XPS, and ir. The extent of the suppression
was increased remarkably when the sulfur content in the catalysts became high (as high as 0.3 in
terms of the atomic ratio S/Pt). However, XPS and ir results showed little change both in the total
amount of sulfur and in the relative amount of sulfide and sulfate through the course of the
pretreatments. Furthermore, there was the close correlation between the decrease (or increase) in
the amount of H, chemisorption and the amount of H, (or O,) consumption during the pretreat-
ments. These results indicate that the suppression cannot be explained with such a simple mecha-
nism as poisoning via reversible redox reaction of sulfur. We propose the following reaction as a
plausible redox reaction taking place during the pretreatments:

Hz, 500°C
Pt + A1203 ————— Pt - AlLO, [or PtAly; . %(Aleg)],
10, 450°C
where Pt - Al,O, represents the composition of surface species consistent with the quantity of H,
(and O,) consumed. This mechanism suggests the existence of a metal-support interaction in the
Pt/AL,O; system. The role of sulfur is presumably to catalyze (as a promoter) this reaction, although

the detailed mechanism will be the subject of further investigation.

INTRODUCTION

Recently Tauster and co-workers found
that H, and CO chemisorption was severely
inhibited when TiO,-supported Group VIII
noble metal catalysts were reduced at
500°C, while oxidation at 400°C recovered
the normal chemisorption behavior (I).
This phenomenon was attributed to a
strong metal-support interaction (SMSI);
in the SMSI state Pt was ascertained to be
in the form of hexagonal thin pillbox struc-
tures grown on a partially reduced titania,
TisO; (2). Because such a type of me-
tal-support interaction had not previously
been recognized, many works have been in-
duced on related subjects, e.g., the physical
characterization of the several TiO,-sup-
ported catalysts (Ni/TiO; (3, 4), Fe/TiO;
(5)). The catalytic properties such as CO
hydrogenation (Ni/TiO, (6, 7), Pd/TiO, (8),
Ru/TiO; (9)) have also been studied, and

their behaviors have been compared with
the catalysts supported on the conventional
supports such as SiO; and Al,O; which ex-
hibited no SMSI behavior according to
Tauster and Fung (10).

However, similar phenomena have been
observed in the case of both SiO, (11-13)
and AL,O; (14-16), although the mechanism
of the phenomena could be different among
them. Wilson and Hall (/1) observed the
apparent decrease in H, chemisorption af-
ter treatment of Pt/SiO, in H, at 770°C in
spite of no change of average Pt particle
size. Moss et al. (12) reported for Pd/SiO,
that the increase of reduction temperature
to 600°C caused formation of a new phase
with a metal-support interaction as indi-
cated by extra X-ray diffraction lines, al-
though the chemisorption capacity was not
affected significantly. Recently, Praliaud
and Martin (13) also reported evidence of
SMSI in the Ni/SiO, system. For Pt/Al,Os
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catalysts, Gonzalez-Tejuca et al. (14) re-
ported a decrease in H, chemisorption ca-
pacity due to decomposition of Pt particles
into an atomic form of Pt incorporated into
the alumina support. Dautzenberg er al.
(15) observed the apparent decrease in H,
chemisorption capacity after H, treatment
of Pt/AL,O; at high temperatures (above
500°C up to 675°C), and suggested the alloy
formation between Pt and reduced Al (7).
We have also reported that the pretreat-
ments of some Pt/Al,O; catalysts in H, at
500°C cause a drastic decrease in the
amount of H, chemisorption, while the
metal crystallite sizes remain constant as
observed by transmission electron micros-
copy and X-ray diffraction, and the O,
treatments at 450°C followed by reduction
in H, at 300°C restore the ability to chemi-
sorb H, (16). According to these observa-
tions, most of published studies concerning
‘‘sintering’’ and ‘‘redispersion’’ should be
reconsidered when only the chemisorption
method was used to determine the percent-
age exposed.

In this work, more detailed aspects of the
phenomenon in the case of the Pt/Al,Os cat-
alysts have been studied by the chemisorp-
tion behaviors of H,, the measurements of
the consumption of H, and O,, X-ray pho-
toelectron spectroscopy (XPS), and infra-
red spectroscopy (ir) during the pretreat-
ments. In particular, attempts have been
made to clarify whether or not the apparent
dependency of the extent of the suppres-
sion of H, chemisorption on the sulfur con-
tent of the supports can be related to the
poisoning effect of sulfur. It was reported
that when Pt supported on an alumina con-
taining sulfur (in the form of sulfate) was
reduced at high temperature, the Pt catalyst
was poisoned with elemental sulfur which
resulted in the change in catalytic selectiv-
ity (18, 19). Although the study of the sul-
furization is important from the viewpoint
of industrial use of Pt-reforming catalysts
(20-22), the fundamental aspect such as the
effect of sulfur on H, chemisorption is far
from clear (23). This paper will reveal that
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the suppression of H, chemisorption cannot
be explained with such a simple mechanism
as poisoning by sulfur, and a possible inter-
pretation, which suggests metal-support
interaction promoted by sulfur, will be pro-
posed.

EXPERIMENTAL

The catalyst supports used in this work
were y-alumina, three of which were pro-
vided as the Japan Reference Catalysts
(JRC) from the Catalysis Society of Japan
(24). The two other supports, AL;O3(A) and
AlLO3(B), were prepared in our laboratory
by a method similar to that of Dautzenberg
and Wolters (15); a precipitate from aque-
ous AI(NQO;); solution by addition of
NH,OH at final pH of 10.5 (A) or 5.8 (B)
was calcined at 650°C. Their main charac-
teristics are given in Table 1. They were all
used as powders after grinding and sieving.
Pt/Al,O; catalysts (0.5 or 5.0 wt% Pt) were
prepared by the impregnation technique us-
ing H,PtCl¢ aqueous solutions, followed by
H, reduction at 500°C for 1 h with the space
velocity of 1200 h~!. The total amount of
sulfur in both the supports and the Pt cata-
lysts obtained therefrom was measured by a
chemical method (CA) (25); the sample was
treated at 800°C with flowing hydrogen to
remove the sulfur (present mainly in the
form of sulfate owing to the preparation
methods (24)), and then the exit gas was
directed, through a Pt plate converter to
form H,S, into an absorber solution, and its

TABLE 1
AlO; Supports Used in This Work

Support BET Degree of S0,?
(m?g) crystallinity (Wt%)e
JRC-ALO-1 160 Medium 0.05
JRC-ALO-2 285 Low 2.0
JRC-ALO-4 177 High Trace
ALOs(A) 99 High Trace
Al Oy(B) 135 Low Trace

< In this column, ‘‘trace’” means a sulfur content of
less than 0.01 wt%.



concentration was determined photometri-
cally.

The volumetric adsorption of H, was
studied by a conventional glass vacuum

system, base pressure of 1075 to 107® Torr
{l anr = 112 'Z N m_2\ ‘\plhg focnnpd ku an

011 diffusion pump with a liquid nitrogen
trap. Reduced catalyst samples of 0.1 t0 0.5
g were placed in a Pyrex tube. The amounts
of gas adsorbed on the catalysts were deter-
mined from pressure measurements with an
MKS Baratron pressure gauge. Calibrated
and dead volumes were determined using
helium gas. The isotherms were not studied
in detail, but the adsorption measurements
were performed at room temperature and
the lower equilibrium pressures (2 to S
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well as hydrogen spillover negligible (26).
The adsorption of H, at room temperature
was instantaneous. However, it was fol-
lowed by a slow gas uptake, the rate of
which became negiigible after 1 h. There-
fore, typically, the amount of the uptake
was measured at 1 h after the admission of
H, gas. Blank experiments for the alumina
supports revealed that adsorption of H, by
the supports was negligible at this condi-
tion.

Before H; chemisorption, H
treatments of the catalysts were performed
using the same closed circulating system
with a liquid nitrogen trap. The two typical
procedures were as follows: (a) the H,
treatment at 500°C and 50 Torr for several
hours (up to ca. 24 h), followed by evacua-
tion in vacuo at 450°C for 1 h; and (b) the O,
treatment at 450°C and 50 Torr for 1 h, fol-
lowed by H, treatment at 300°C for 1 h to
reduce Pt oxide and evacuation in vacuo at

450°C for 1 h. The consumption of H2 (or
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also measured from the decrease of the H,
{or O,) pressure with the closed circulating
system. It should be noted that the treat-
ments were performed on the bare Pt sur-
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TABLE 2

The Changes in H, Chemisorption by the Sequence
of Pretreatments and the Uptake of H; or O, during
the Pretreatment (5.0% Pt/ALO-2, No. 4 in Table 3)

Run Pretreatment® Observed H,
No.® uptake of chemi-
H, or O, sorption
during the value©
pretreatment
1 0, 450°C¢ 1.09¢ 0.97
2 H, 500°C 5 v 1.25¢ 0.31
3 0, 450°C¢ 1.45¢ .
4 0, 450°C¢ 0.99° 0.95
5 H, 500°C 15.5 v 1.41¢

a L

#1NESE runs were CODUUC[CG m sequence on lne
same catalyst.

b Unless otherwise stated, the time of each treat-
ment step was 1 h.

< In terms of H/Pt. After each H; chemisorption,
the sample was treated in vacuo at 450°C to obtain the
bare Pt surface.

4 Followed by H, treatment at 300°C and evacuation
in vacuo at 450°C.

¢ In terms of O/Pt (the number of O atoms/the total
number of Pt atoms).

/ Followed by evacuation in vacuo at 450°C.

¢ In terms of H/Pt (the number of H atoms/the total
number of Pt atoms).

consumption thus obtained does not in-
clude the amount of H; consumed by reduc-
tion of Pt oxide. Besides, it was assumed
that the Pt surface is bare at 500°C in the H,
atmosphere (27). On the other hand, the
amount of oxygen consumed during the O,
treatment at 430°C was determined by sub-
tracting the amount of oxygen chemisorbed
on platinum at 450°C (blank) from the ob-
served uptake of O,, as will be shown later
(Table 2).

The XPS spectra were obtained using a

VG ESCA LAB-5 spectrometer equipped

Ix"fl'\ hoth AIK and Mo ; eoniTce

1 ooth Al1ily aNa uABKa X-luy SOuUrces, a
preparation chamber, and a signal avera-
ger. The spectra were taken with a spec-
trometer resolution of 1 eV. During a series
experiment, an aliquot of the sample was
transferred from the auSOiT)uOﬂ apparatus
into the quick-entry chamber of the spec-

trometer, and treated with hydrogen at
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room temperature to remove oxygen on the
Pt surface (H, titration (28)) followed by
evacuation in vacuo in the preparation
chamber. It should be pointed out that the
catalysts after exposure to the atmosphere
showed no change in chemisorption behav-
iors if they were reduced in H, at 300°C for
1 h and evacuated in vacuo at 450°C for 1 h;
that is, the O, adsorption at room tempera-
ture did not affect the state of the sup-
pressed hydrogen chemisorption unless the
catalyst was treated in O, at 450°C. The Au
4f;, line (83.7 eV) was used as a primary
standard, and the Al 2s line (119.2 eV) of
the alumina supports was used as an inter-
nal standard. The peak areas of S 2p and Pt
4ds;, were normalized by that of the Al 2s
for comparison among the samples in a se-
ries experiment.

Infrared spectra were obtained using a
JASCO infrared spectrometer A202. The
sample wafers (20 mmd) were prepared by
pressing about 100 mg of the catalyst, and
placed in an ir cell, with which in situ mea-
surements were performed after the H, and
O, treatments.

RESULTS

Changes in Hy, Chemisorption by the
Pretreatment Procedures

Some aspects of the phenomenon in the
case of 0.5% Pt/Al,0; catalysts were re-
ported previously (16). The same phenome-
non was also observed in the case of 5.0%
Pt/Al,O; catalysts. An example of the
changes in H, chemisorption by the pre-
treatments of 5.0% Pt/AL,O; catalyst is
shown in Table 2. After the treatment of a
sample in O, at 450°C (Run No. 1), the
amount of H, chemisorption (H, chemi-
sorption value) was 0.97 in terms of H/Pt,
where H/Pt shows the number of chemi-
sorbed H atoms/the total number of Pt at-
oms in the sample. After evacuation in va-
cuo at 450°C for 1 h to remove hydrogen on
the Pt surface, the H, treatment at 500°C
was performed for 5 h (Run No. 2). As
shown in Table 2, the H, chemisorption
value decreased to 0.31. However, it was
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recovered to the original value (0.95) after
the O, treatment at 450°C (Run No. 3). The
drastic change in H, chemisorption value
was quite reversible, as will be shown later
(Table 4).

Consumption of H, and O, during the
Pretreatments

The uptake of H, (or O;) during the pre-
treatments was observed, as shown in Ta-
ble 2. As defined in the experimental sec-
tion, the amount of hydrogen consumed
during H, treatment at 500°C (Run Nos. 2
and 5) was 1.25 and 1.41, respectively, in
terms of H/Pt. The uptake of O, was 1.45 in
terms of O/Pt during the O, treatment at
450°C (Run No. 3) which resulted in recov-
ery of H, chemisorption capacity. How-
ever, the amount of oxygen chemisorbed
on the Pt surface at 450°C (blank) should be
taken into account. The blank value was
measured at the same O, pressure and tem-
perature on the recovered catalyst (Run
No. 4), and found to be always constant
(ca. 1.0 in terms of O/Pt) among the cata-
lysts studied. The ‘‘extra-uptake’” of O,
(1.45-0.99; the O, consumption) as well as
the H, consumption can be related to the
changes in H, chemisorption value. There-
fore, the consumption measurements of H,
and O, were performed in detail as shown
below.

The time course of the consumption of
H, during H; treatment at 500°C is shown in
Fig. 1. The amount of H, consumed in-
creased rapidly in the initial stage, reaching
a stable level within ca. 15 h of this experi-
ment. The consumption of O, during O,
treatment at 450°C was very rapid. In fact,
the O, treatment at 450°C for 1 h was
enough to restore the H, chemisorption
value to the original one (I6). Figure 2
shows relations between the changes in H,
chemisorption and the consumption of H,
and O; during H, and O, treatments, re-
spectively. Linear correlations were found:
based upon extrapolation, the H, chemi-
sorption value fell to zero when the amount
of hydrogen consumed was ca. 2 in terms of
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H2 consumption (H/Pt)

Time (h)

Fi1G. 1. The amount of H, consumed during H, treat-
ment at 500°C of the reduced 5.0% P/ALO-2 (No. 4 in
Table 3).

the atomic ratio H/Pt; while it recovered to
the original value (100% dispersion) when
the amount of oxygen consumed was ca. 1
in terms of the atomic ratio O/Pt. The ratio
of 2 to 1 seems to indicate the occurrence of
a reversible redox process during the pre-
treatments.

Relation between the Sulfur Content and
the Change in H, Chemisorption

The extent of the change in H, chemi-
sorption value (H/Pt) according to the pre-
treatment procedures was studied in con-
nection with the total amount of sulfur in
the various Pt catalysts supported on the
aluminas in Table 1. The data are listed in
Table 3, where S/Pt means the number of
total sulfur atoms/total number of Pt atoms.
S/Pt is used as a measure of the total sulfur
content, in spite of the concept that sulfur is
distributed throughout the alumina support.
The original values of H/Pt indicated that
all the catalysts (except No. 2) were highly
dispersed (100% dispersion). It may be
worthy to comment here that the H/Pt val-
ues are slightly greater than unity. The ad-
sorption stoichiometry (H atoms/surface Pt
atoms; H/Pt;) may be greater than unity
when Pt is highly dispersed, probably due
to multiple adsorption of hydrogen on cer-
tain Pt sites (29). The sulfur content of the
Pt/ALO-2 (Nos. 3 and 4) was about half of
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Q0,consumption (O/Pt)
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Increase of H,chemisorption (H/Pt)
Decrease of H,chemisorption { H/Pt)

0 1
0 10 Z‘OO
H; consumption ( H/Pt)

Fi1G. 2. The decrease of H, chemisorption vs the H,
consumption at 500°C and the increase of H, chemi-
sorption vs the O, consumption at 450°C. The blank
value was subtracted (see text). O, @, 5% Pt/ALO-2
(No. 4 in Table 3); A, 5% Pt/ALO-2 (No. 12 in Table
4); (1, W, 2% Pt/ALO-4 (No. 6 in Table 3).

that of ALO-2 itself. It was confirmed by
the sulfur analyses (CA) in each prepara-
tion step that the partial removal of sulfur
did not occur during the impregnation and
drying steps, but during the reduction step

TABLE 3

The Sulfur Content (S/Pt) in the Pt Catalysts
Determined by CA and the Change in H,
Chemisorption Value (H/Pt)

Catalyst Sulfur content Change of H/Pt
R by CA _—
No.  Metal/Support Original®  Min?

S0,72  S/ptb value

(Wt%)?
1 0.5% PVALO-1 0.03 0.12 1.25 0.63
2 5.0% Pt/ALO-1 0.03 0.01 0.66 0.46
3 0.5% PYALO-2 1.17 4.75 1.21 [i]
4  5.0% PUYALO-2 0.78 0.32 1.09 0.09
5 0.5% Pt/ALO-4 Trace <0.04 1.28 1.06
6  2.0% P/ALO-4 Trace  <0.01 1.17 0.89
7 0.5% PYALO-4¢ 1.11 4.51 1.04 U]
8  0.5% Pt/AlL,Os(A) Trace <0.04 1.34 1.07
9  0.5% Pt/AL,04(B) Trace <0.04 1.28 0.90
10 5.0% PYALO-Y/ 023 0.09 0.99 0.42
11 0.5% Pt/ALO-2¢ <0.02 <0.08 1.1 0.84

2 In this column, ‘‘trace’’ means a sulfur content of less than 0.01
wt%.

b $/Pt means the number of the total sulfur atoms/the total number of
Pt atoms.

¢ The original value which indicates true dispersion was obtained with
the catalyst subjected to the O, treatment at 450°C for 1 h followed by H,
reduction at 300°C (see text) (16).

4 H/Pt value after H, treatment at 500°C for 15 to 24 h.

¢ Before impregnation with the Pt solution, (NH4);SO4 was adsorbed
on ALO-4, followed by calcination in air at 550°C.

f ALO-2 was treated beforehand in H; at 550°C.

£ ALO-2 was treated beforehand in Hj at 660°C.
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with flowing H, at 500°C for 1 h. Probably,
the sulfate was reduced to elemental sulfur
and/or H,S, and removed from the catalyst
at the temperature. Once reduced at 500°C
for 1 h, however, minor changes in total
amount of sulfur were observed through the
course of the pretreatments unless the tem-
perature of the H, pretreatment was raised
above 500°C, as will be seen in Table 4.
As shown in Table 3, the drastic changes
in H/Pt were observed in the catalysts with
S/Pt larger than ca. 0.3 (Nos. 3, 4, and 7),
and H/Pt decreased to half of the original
value even when S/Pt was ca. 0.1 (Nos. 1
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and 10). However, the extent of the
changes in H/Pt became small when the S/
Pt ratios were very low (Nos. 2, 5, 6, 8, 9,
and 11). Furthermore, in the preparation of
the catalysts Nos. 10 and 11, the ALO-2
was treated beforehand in H, at 550 and
660°C, respectively, to control the sulfur
content, while the crystallinity was un-
changed. Comparing the results among the
catalysts supported on the same ALO-2
(Nos. 3, 4, 10, and 11), it is apparent that
the extent of the change in H/Pt depends
upon the sulfur content in the catalysts.
The behavior of catalyst No. 8 was similar

TABLE 4

The Results of XPS, Together with Those of H, Chemisorption Value (H/Pt) and the Sulfur Content (S/Pt)
Measured by CA, after the Sequence of Pretreatments

Cata- Pretreatment¢ H/Pt Total amount S/Pt? measured Pt/Al¢
lyst of sulfur by XPS measured
by CA by XPS
Sul- Sul- Total
S0,? S/Pt fidec fate
(wWt%)
No. 3 1 0, 450°C, H, 300°C 1.21 1.17 4.75 0 8.5 8.5 —_
2 H;550°C5h 0 — —_ 0.6 2.7 33 —_
3 0, 450°C. H, 300°C,
H, 500°C 15 h;
repeated 9 cycles 0.05 0.25 1.01 0.1 2.4 2.5 —
No. 4 Al 0, 450°C, H; 300°C 1.09 0.78 0.32 0.13 0.72 0.85 0.94 x 102
A2 0, 450°C, H, 300°C,
H; 500°C 15 h;
repeated 5 cycles 0.09 0.66 0.27 0.14 0.45 0.59 0.76 x 1072
B1¢ 0, 450°C, H, 300°C 1.37 0.71 0.29 0.42 0.49 0.91 0.82 x 1072
B2 H, 500°C 24 h 0.12 0.80 0.33 0.41 0.29 0.70 0.84 x 102
No. 12/ 1 O; 400°C, H, 300°C 0.75 0.58 0.24 0.09 0.60 0.69 0.73 x 102
2 H,450°C 3 h 0.11 —_ — 0.10 0.41 0.51 0.63 x 102
3 0, 400°C — — — 0.08 0.50 0.58 0.67 x 102
4 H, 300°C 0.69 — — 0.08 0.50 0.58 0.60 x 102

¢ After the treatment, the evacuation ir vacuo at 450°C for 1 h was performed in every case. Unless otherwise
stated, the time of each treatment step was 1 h.

b The atomic ratios S/Pt were derived from the observed S 2p/Al 2s intensity ratios, using the atomic intensity
ratio 2.56 determined from the measurement of Al,(SQ,); and the theoretical atomic ratio of Pt/Al, 1.38 x 102
and 1.31 x 1073, based on the Pt content for 5.0 and 0.5 wt% catalysts, respectively.

¢ Corrected for the K, , satellite of the sulfate peak.

4 The atomic ratios Pt/Al were derived from the observed Pt 4ds,/Al 2s intensity ratios, using the cross-section
ratio of 13.5 (32).

¢ Before this treatment, the H, chemisorption value had been 0.17 in H/Pt by the pretreatment at 500°C.

/5.0% Pt/ALO-2; but it was different from No. 4 in lot of preparation. The temperatures of treatments were
lowered by 50°C, because this catalyst tended to sinter at the higher temperatures.
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to that of No. 9. They are similar in the
sulfur content, but quite different in crystal-
linity. It is shown from these results that
the effect caused by the alumina support
does not arise from a difference in crystal-
linity (16), but rather from the sulfur con-
tent.

Nevertheless, it should be noted that the
apparent changes in H/Pt were also ob-
served in catalysts with low S/Pt values
(Nos. 2, 5, 6, 8, 9, and 11) and that the
extent of the decrease at 500°C was compa-
rable to that reported by Dautzenberg and
Wolters (15, 16). In particular, it should be
pointed out that the quantity of H, con-
sumed (Fig. 2) was ca. 0.7 in terms of H/Pt
even in the case of catalyst No. 6 in which
the sulfur content was very small (less than
0.01 in terms of S/Pt). Summing up, these
results show that the extent of the change
was remarkable when the sulfur content be-
came high (ca. 0.1 to 0.3 in terms of S/Pt).

XPS Study

An example of S 2p spectra after H, and
0O, treatments of 5.0% Pt/ALO-2 (No. 4) is
shown in Fig. 3. Although the widths of the
observed peaks are rather broad, the XPS
technique offers a convenient method of as-
sessing ‘‘reduced’’ and ‘‘oxidized’’ sulfur
(30); namely, the peaks at ca. 161 and 169
eV are assigned to sulfide and sulfate, re-
spectively (31), although it is difficult to de-
termine whether each species is located on
the Pt particles or on the Al,O; support.
Table 4 shows the XPS results of the sev-

n \ n A
155 160 165 170 175
Binding energy (eV)

FiGc. 3. XPS spectra of sulfur 2p level from the
treated catalysts (No. 4), (MgK, excitation). The label
(B1 and B2) should be referred to Table 4.
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eral series experiments. The H, chemisorp-
tion value (H/Pt) and the sulfur content (S/
Pt) determined by CA after each treatment
are also shown in Table 4. In the case of
0.5% Pt/ALO-2 (No. 3), the drastic change
in H/Pt was still observed even after H; and
O, treatments were repeated 9 cycles. Fur-
thermore, the change in H/Pt was also quite
reversible even in the case of 5.0% Pt/ALO-
2 (S/Pt = ca. 0.3) as shown in the series
experiment (No. 4, A).

The XPS study showed that the intensity
of the sulfide peak remained almost con-
stant within each series experiment (No. 4,
A and B), in spite of the drastic change in
H/Pt. Another series experiment (No. 12)
also revealed that only a slight change in
the relative amount of sulfide and sulfate
was observed through the course of the pre-
treatments and that the H, treatment at
300°C for the reduction of Pt oxide did not
affect the chemical state of sulfur. The dif-
ference in the peak intensity of sulfide
among the series experiments might be at-
tributed to a difference in the thermal his-
tory of the catalysts. As for the 0.5% Pt/
ALO-2 (No. 3), the intensity of the sulfide
peak was relatively large when H/Pt was
decreased to zero. However, this may be
attributed to the higher temperature (550°C)
of the H, pretreatment. Since the Pt content
of this catalyst (0.5 wt%) was too small to
discuss a mechanism of the phenomenon
quantitatively using the XPS data, we will
adopt the results of 5.0 wt% Pt/ALO-2
(Nos. 4 and 12) for further discussion.

No chemical shift of the Pt 4ds, peak
(314.3 = 0.3 eV) was observed among the
treated catalysts. Because the Pt 4d lines
had a halfwidth of ca. 6 eV, there might be
some ambiguity in determining the binding
energy. No attempt was made to resolve
the overlapping Pt 4f and Al 2p lines.

Infrared Study

Infrared spectra were obtained after a se-
quence of treatments of 5.0% Pt/ALO-2
(No. 12). A strong band at 1380 cm™! was
observed after evacuation in vacuo at
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8

FiG. 4. Infrared spectra taken after the sequence of
treatments of 5.0% Pt/ALO-2 (No. 12). Numerals in
the figure correspond to those in Table 4: (1) O, 400°C,
H, 300°C; (2) H, 450°C 3 h; (3) O, 400°C; (4) H; 300°C.

450°C, which was attributed to surface sul-
fate groups (33). Good correlation has been
found between the intensity of the band at
1380 cm~! and the sulfur content of the ref-
erence aluminas (JRC-ALO-1 to 5) (34). In
our experiments, the band at 1130 cm™' (33)
was hardly observed because of large back-
ground absorption of ALO; below 1200
cm~!. As shown in Fig. 4, in situ measure-
ments of the band at 1380 cm™! during the
treatments corresponding to the series ex-
periment given in Table 4 revealed that the
band intensity remained almost constant
during the treatments.

DISCUSSION

The possibility that the low chemisorp-
tion capacity results from encapsulation of
the metal due to structural collapse of the
support was ruled out in our system, since
the BET surface areas of the catalysts were
essentially the same regardless of whether
they were in a state of suppressed hydrogen
chemisorption or not.

We shall discuss the mechanism of the
phenomenon on the basis of three promi-
nent observations: first, the apparent de-
pendency of the extent of the change in the
amount of H, chemisorption (the extent of
the effect) upon the sulfur content of the
catalysts; second, the positive correlation
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between the extent of the effect and the
amount of H, (or O;) consumption during
the treatments; third, little change both in
the total amount of sulfur and in the relative
amount of sulfide and sulfate through the
course of the treatments which result in the
suppression of H, chemisorption and re-
covery of the normal chemisorption behav-
ior.

Behavior of Sulfur

With the first two observations, one is
tempted to attribute the loss of the chemi-
sorption ability and its recovery during the
treatments to a reversible redox reaction of
sulfur expressed schematically as

s 3Hy, S00°C
(SO4 )s"p port * Pts 10,, 450°C
Pts -S + (O_z)suppon’ (l)

where (SO4™)qppore TEpresents sulfate on
alumina surface, and Pt, denotes the sur-
face Pt atom. Reduced sulfur bound to Pt
would inhibit the chemisorption of H,
(18, 19). However, XPS and ir results con-
tradict with this scheme. The XPS study
revealed that the peak intensity of sulfide
did not vary in spite of the drastic change in
H;, chemisorption (Table 4). The S/Pt values
obtained by XPS were at the same order of
magnitudes as those by CA. Also, the
atomic ratios of Pt/Al calculated from the
observed intensity ratios were almost in
good accordance with the theoretical one
(1.38 x 1072) based on the Pt content (5.0
wt%), assuming no surface enrichment. Be-
sides, the S/Pt value from XPS varied rea-
sonably with the change of the sulfur con-
tent (No. 3 in Table 4). Therefore, it is
reasonable to assume that the behaviors
studied by XPS represent almost the total
picture of catalysts during the treatments.
Although XPS provides information only
about the surface region of each catalyst
particle, the surface region includes not
only the outer surface, but also the subsur-
face layer (less than ca. 30 A) (35). The ir
study also revealed that the band intensity
of sulfate remained almost constant during
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the treatments, while the H, chemisorption
value was changed drastically (No. 12 in
Table 4). If the consumption of H, and O,
during the treatments is due to reaction (1),
the results in Fig. 2 mean that almost all
sulfur in the 5.0% Pt/ALO-2 (S/Pt = 0.3)
must take part in the reaction. However,
such drastic interchange from sulfide to sul-
fate and vice versa was not observed, in
spite of the drastic change in H; chemisorp-
tion, as shown from the XPS and ir results.
The idea that the reversible reaction (1) was
taking place during the treatments, there-
fore, can be discarded.

Bonzel and Ku (36) studied the effect of
sulfur on the chemisorption of CO on
Pt(110). They found that the amount of CO
chemisorption decreased linearly with the
surface sulfur coverage (9,) and that the Pt
surface with 6; = 0.75 did not adsorb any
CO, where 6, was defined as the atomic ra-
tio S,4/Pt,. A few data are available con-
cerning the influence of sulfur on the H,
chemisorption. The initial sticking coeffi-
cient of hydrogen on polycrystalline Ni de-
creased almost linearly to zero at 6, = ca. 0.5
(37). In supported metal catalysts, the frac-
tion of decrease of H, adsorption is also
generally proportional to the amount of sul-
fur (38). Ng and Martin (39) studied the
effects of H,S on Ni/SiO,, and found that
H, and CO chemisorptions are specific to
the free Ni surface, and have the same
characteristics as on pure Ni. As has been
seen above, it has been considered that the
chemisorption is inhibited with higher sul-
fur coverage, 0.5 < 8; < 1, although enough
data are not available at present, If that is
the case in the present system, all the sulfur
in the 5% Pt/ALO-2 (S/Pt = 0.3) must act
quite reversibly as poison, considering that
the catalysts have 100% dispersion (Pt,/Pt
= 1). As stated above, this is improbable.

Another possibility which must be taken
into consideration is that small Pt crystal-
lites may lose the ability to chemisorb H; by
a very small amount of sulfur, in contrast
with the case of the flat Pt surface. The net
change of less than 0.03 in S/Pt could not be
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detected by XPS and ir because of the ex-
perimental error of about 10%. If this hy-
pothesis is correct, the chemisorption
should be hindered when one sulfur atom is
adsorbed on a Pt crystallite, considering
that these catalysts are highly dispersed
(Pt/Pt = 1) and that such a small Pt crystal-
lite consists of less than ca. 30 atoms (26).
The sulfur might alter the electronic proper-
ties of the metal crystallite itself (20). In the
present stage, there is no direct information
for this hypothesis, while structure sensi-
tivity (or selective poison) for catalytic re-
actions has been reported (I8). As for the
H, adsorption on flat Pt surfaces, the differ-
ence in the behavior between low and high
index planes with atomic steps has been
considered to be rather small (40), though
contradictory results have been also re-
ported (41, 42).

There is a good relationship between the
H, and O, consumption and the change in
H, chemisorption, while reaction (1) does
not occur. Therefore, we come to the inter-
pretation that part of the surface alumina in
the neighborhood of the Pt crystallites is
reduced by H, treatment, and reoxidized by
O, treatment.

Interpretation of the Results in Terms of
the Reduction of Surface Alumina

We propose the following reaction as a
plausible redox reaction taking place re-
versibly during the treatments:

H,, 500°C
Pt + ALO; ———Pt - AL,O, (2)
30, 450°C

Note that Pt - Al,O, was represented sche-
matically to explain the quantity consumed
(2in H/Pt and 1 in O/Pt, respectively, based
on extrapolation).

Weller and Montagna (43) studied the re-
action of H, with pure AL,Os, and suggested
the partial reduction of the surface Al,O; at
450 to 550°C. They stated that thermody-
namic data of bulk crystalline phases are of
little use in predicting the possibility of
“surface reduction.” Furthermore, they
observed the surprisingly high value of O,
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uptake (3.7 in O/Pt) on Pt/Al,O; at 525°C
which was also attributed to partial reduc-
tion of ALLO;, catalyzed by the Pt, during
the catalyst prereduction with H, at 550°C
(44). Though they did not observe the dras-
tic change in H, chemisorption, their
results are in accordance with our own con-
sumption measurements. Den Otter and
Dautzenberg also assumed alloy type bond-
ing between Pt and Al of the partially re-
duced ALO; (17), although they did not
perform the consumption measurements of
H, and O,. Reaction (2) may be rewritten
schematically in terms of the alloy model:
H,, 500°C
Pt + ALO;

10,, 450°C

PtAlys - 3(ALOy) (3)

The decrease of H, chemisorption may be
easily rationalized by assuming that H; che-
misorption, which does not take place on
Al, is dissociative and needs two adjacent
Pt sites (17).

Accepting the above model for H; and O,
consumption, the redox process [(2) or (3)]
are related to the change in H, chemisorp-
tion, and this mechanism suggests the exis-
tence of metal-support interaction in the
Pt/Al,Os catalysts. The new phase formed
upon the treatment by H, at 500°C
[Pt ’ A1202 in (2) or PtA12/3 . %(A1203) in (3)]
is considered not to chemisorb H,. In this
model, the role of sulfur is presumably to
catalyze (as a promoter) reaction (2) or (3).
Small amounts of additives might affect the
reduction rate of oxides (45). Somorjai has
studied reconstruction of single crystal sur-
faces in the presence of impurities (46): sul-
fur causes gross reconstruction of Pt sur-
faces (47), and, further, the (0001) crystal
face of a-alumina undergoes a change of
surface structure by a change in the chemi-
cal composition of the surface, i.e., by the
loss of oxygen (48). If these effects could
be applied to the highly dispersed Pt—Al,O,
interface, such drastic structural changes
including reaction (2) or (3) would occur
with the aid of sulfur by high temperature
treatment. There is no evidence that sulfur
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is required in the case of Pt/TiO, (and re-
lated systems) to bring about the suppres-
sion of hydrogen chemisorption (7). In the
case of Pt/Al,O,, however, sulfur-promoted
surface reduction may lead to a new type of
metal-support interaction, which also
brings about the suppression.

The XPS study was made because the
electronic state of Pt could presumably
change, but showed no difference in the Pt
4ds;, peak position within the experimental
uncertainty, while it has been suggested in
the Pt/TiO, and Pt/SrTiO; system that the
Pt atoms acquire a substantial negative
charge (49). More extensive work should
be done to elucidate the detailed structure
and electronic state of the complex of Pt
and partially reduced AlL,O;.

In conclusion, we propose the partially
reduced state in reaction (2) or (3) as the
model for the state of the suppressed hy-
drogen chemisorption and the catalytic role
of sulfur in the support, because of the
close correlation between the extent of the
effect and the amount of H, (and O,) con-
sumption and other evidences as shown
above.
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