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Hydrogen adsorption has been studied by temperature-programmed desorption (TPD) and
by static volumetric measurement (SVM) on a range of supported dispersed platinum and
platinum—gold catalysts. For compositions in the range Pt 98, Au 2 to Pt 15, Au 85 mole?,
a comparison of hydrogen adsorption data with predictions from surface enrichment theory
combined with electron microscopic particle size measurement, led to the conclusion that after
suitable thermal treatment, equilibrium surface enrichment by gold was achieved, although
equilibrium was most difficult to achieve for the Pt 15, Au 85 composition.

It was concluded from the nature of the hydrogen adsorption isotherms that, at higher
pressures, some hydrogen could be adsorbed on surface gold atoms, probably as a result of
spillover from the platinum component.

The general shape of the TPD profiles on platinum-gold was independent of gold content;
to a first approximation the gold acted as an inert diluent. The implications of this result for
the mode of hydrogen chemisorptive bonding are discussed.

With gold-free platinum catalysts there was a trend towards an extension of the high tem-
perature tail of the TPD profile with decreasing dp; in the range <4 nm, due to the presence of
hydrogen binding states of higher energy. Possible reasons for this are discussed. Illustrations
are given of the technique of TPD-profile dissection using increased starting temperatures. A
TPD peak with a maximum in the region 700-750 K has been assigned to desorption from the

support, this binding state being populated via hydrogen spillover from the platinum.

Temperature-programmed desorption has
shown the existence of more than one
binding state for hydrogen on platinum
(1-4). There is some evidence that the
relative population of the binding states
varies with platinum dispersion (2) and
with the component ratio in platinum—gold
evaporated films (3). Furthermore, there
is evidence that a particular binding state
may be involved in a given -catalytic
reaction (2, 5).

* To whom correspondence should be addressed.
1 On leave from University College, Cardiff, U. K.

Dispersed platinum is a catalyst of
great importance, particularly for skeletal
reactions of hydrocarbons (e.g., (6)), and
more recently it has become clear that
reactions of this type are strongly influenced
by small (<10 at9,) (7) as well as large
(<85 at9%) (8, 37) amounts of gold in
platinum—gold catalysts.

If the metallic particles in a dispersed
catalyst are sufficiently small, their in-
trinsic catalytic properties may be different
from those of the massive metal, and the
behavior of the metal may then be in-
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fluenced by the nature of the support:
On the whole, effects of this sort appear
to be found when the metallic particle
diameter is less than about 2 nm (9-12).
Additionally, with a dispersed alloy catalyst
such as platinum—gold, there is the problem
of understanding the catalytic activity in
terms of composition : Much of this involves
the way in which the concentration and
reactivity of the relevant adsorbed species
are controlled by the surface composition
and by the arrangement of the component
atoms in the surface.

In order to illuminate these problems,
we have studied hydrogen adsorption and
temperature-programmed desorption with
a range of platinum and platinum-gold
catalysts in which we have varied the
metallic  dispersion, the nature of the
support, and the composition of the alloy
phase.

EXPERIMENTAL

Temperature-Programmed Desorption

The apparatus follows the main features
indicated in the design due toc Aben et al.
(2). Two alternative gas-composition detec-
tion systems were used, both involving
thermal conductivity detection: (1) an
Aerograph Model 1520 gas chromatograph,
and (ii) a Carle Modecl 111H gas chromato-
graph. In the latter, a hydrogen-specific
detection system is used, involving hydro-
gen transfer across a hcated palladium
thimble. Provided adequate gas purity
was maintained, both detection systems
gave similar results, although the latter
system proved to be the more convenient
and precise. The sensitivity for gas detec-
tion was determined by injection through
a septum. In practice, great care needs to
be exercised to avoid the generation of
spurious TPD peaks due to the desorption
of traces of moisture from the sample,
and from the effects of variation in sweep
gas flow rate consequent upon heating the
sample,
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For TPD, heating rates in the range
10 to 40 K min™! were used, with sweep
gas flow rates in the range 10 to 25 cm?
min~!. Bottled gases of the highest com-
mercial grade of purity were used.

Static

Gas Adsorption from Volumelric

Measurement

Adsorption measurements were made
using an all-glass volumetric adsorption
apparatus of standard design. Samples
were reduced in hydrogen at 620 K for
16 hr, outgassed to about 10—3 Pa at 520 K,
and hydrogen adsorption measurements
were made at 293 K. Hydrogen was
purified by palladium diffusion. The method
for estimating monolayer coverage is in-
dicated in subsequent sections.

Catalyst Preparation

Platinum/silica gel. The support was a
low area silica gel (80 m?g—1), crushed and
sieved to 0.4 mm. The catalyst was
prepared by impregnation with chloro-
platinic acid solution using the method of
incipient wetness, followed by drying with
constant stirring to 370 K for 8 hr, calcining
in flowing air at 620 K for 5 hr, and reduc-
tion in flowing hydrogen at 620 K. Nominal
catalyst composition: 2 wt9 platinum.

Platinum/aerosil. Two catalysts of this
sort were prepared. High dispersion: pre-
pared by adsorption of Pt(NH;)2* onto
acrosil as described by Moss et al. (13).
After adsorption, the catalyst was washed,
dried for 3 hr in air at 370 K, calcined in
flowing oxygen at 573 K for 5 hr, and
reduced in hydrogen at 620 K. Nominal
catalyst composition: 2 wt9, platinum.
Low dispersion: Prepared as described
above for platinum/silica gel. Nominal
catalyst composition: 1 wt9, platinum.

Platinum/(Na)Y-zeolite. This was pre-
pared by exchanging Pt(NH;)2+ into
(Na) Y-zeolite (Linde SK-40). After ex-
change and thorough washing, the product
was dried at 370 K for 5 hr, followed by
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TABLE 1
Data for Platinum Catalysts

Catalyst Hydrogen Platinum Average platinum
adsorption® dispersion® particle diameter
(10 H,/g Pt) {nm)¢
Pt/silica gel, 2.0 wt9%, Pt 043  (0.40)% 0.03? 42
Pt/aerosil
low dispersion, 0.90 wt%, Pt 4.11  (3.8) 0.26 41 (4.0 +£03)
high dispersion, 1.95 wt9, Pt — (15.4) (1.0) 1.1 (1.3 £0.5)
Pt/ (Na)Y-zeolite, 3.0 wt9, Pt 15.8 (13.7) 1.05 1.0 (1.0 £ 0.5)
Pt/ (La)Y-zeolite, 3.0 wt9, Pt 16.0 (15.1) 1.05 1.0 (1.0 £0.5)
Pt/v-alumina, 1.0 wt9%, Pt
low dispersion (5.2) (0.35) 3.2
high dispersion (14.2) (0.94) 1.2

e At 293 K, ‘“‘saturated’’ uptake.
b Bracketed figures by TPD, other figures by SVM.
¢ Based where possible on SVM data.

4 Unbracketed figures from the platinum dispersion, bracketed figures from electron microscopy.

caleining in dry flowing oxygen at 620 K
for 4 hr, following the procedure recom-
mended by Dalla Betta and Boudart (14).
Nominal eatalyst ecomposition 3 w9,
platinum.

Platinum/ (La) Y-zeolite. This was pre-
pared by exchanging the residual Na* in
the platinum/(Na)Y-zeolite with La®t,
using a solution of lanthanum nitrate.
The lanthanum exchange was done after
the platinum/(Na)Y-zeolite had been cal-
cined and reduced. After exchange the
catalyst was washed, dried at 370 X, and
reduced again at 620 K. Nominal catalyst
composition: 3 wt9, platinum.

Platinum/v-alumina. This was prepared
by impregnation of y-alumina (200 m’g?)
using the same method as described for
platinum/silica gel. Nominal catalyst com-
position: 1 wt9, platinum. Two catalysts
were prepared. High dispersion: obtained
after reduction in hydrogen at 620 K.
Low dispersion: after heating in hydrogen
at 920 K for 16 hr.

Platinum—~gold/aerostl. The method of
preparation followed that indicated above
for platinum/aerosil, using coimpregnation
with a solution containing chloroplatinic

acid and chloroaurie acid. Nominal catalyst
composition : total metal 1 wt9,.

Catalyst compositions were measured
after preparation by X-ray fluorescence,
and the data are included in Tables 1
and 2.

HYDROGEN ADSORPTION AND CATALYST
CHARACTERIZATION

Hydrogen adsorption measurements were
made both by static volumetric measure-
ment (SVM) and by TPD. For this purpose
TPD measurements were made using a
sweep gas containing 0.1 vol%, hydrogen
in argon. Depending on the pressure of
sweep gas over the sample, which in our
experiments ranged 1 to 1.5 atm, the
hydrogen pressure over the sample during
equilibration before beginning a TPD run
was about 0.10 to 0.15 kPa. The hydrogen
uptake estimated by TPD includes every-
thing under the TPD profile above 293 K
but not including the contribution from a
peak at about 740 K which is attributed
to desorption from the zcolite (vide infra).

This high-temperature peak does not
amount to more than 10 to 159, of the
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TABLE 2
Data for Platinum-Gold Catalysts
Catalyst Hydrogen Average Calculated Calculated
adsorptions metallic particle equilibrium hydrogen
(10® H,/g metal) size by electron surface adsorption
mieroscopy composition® (10® H,/g
(nm) metal)
Pt-Au/aerosil
1.0 wt 9%, metal; Pt 98, Au 2° 3.49 (3.4)c 4.0 £ 0.3 Pt 92, Au 8 3.40
0.9 wt%, metal; Pt 90, Au 10 218 (L.7) 40 + 0.3 Pt 58, Au 42 2.14
0.9 wt9, metal; Pt 76, Au 24 6.67 1.5 + 0.2 Pt 65, Au 35 6.61
0.9 wt%, metal; Pt 67, Au 33 4.00 1.7 £ 0.2 Pt 43, Au 57 4.20
1.0 wt9, metal; Pt 15, Au 85
“standard’’? 1.60 2.0 £ 0.2 1
K .1
“equilibrated”’ 0.04 J Pt <1, Au>99 <0

22+02

o At 293 K, “‘saturated” uptake.

? Component composition as mole%.

< Bracketed figures by TPD, other figures by SV M.
4 Terms defined in text,

total, and this correction can be made
without serious crror,

Platinum Catalysts

The data for the platinum catalysts arc
contained in Table 1. Monolayer hydrogen
uptakes were estimated by SVM in the
usual way by back-cxtrapolation from the
part of the isotherm linear in the range
1 to 7 kPa.

In addition to hydrogen adsorption
data, Table 1 also lists values for the
platinum dispersion and the average plat-
inum particle diameter. The platinum
dispersion, defined in the usual way as the
ratio N (sype/N (1ypt, was calculated assum-
ing a hydrogen monolayer chemisorption
stoichiometry of two, that is two surface
platinum atoms for every adsorbed mole-
cule of hydrogen. Values for the average
platinum particle diameter are listed both
as calculated from the platinum dispersion
on an equivalent spherical particle model,
and from direct measurement by electron
microscopy. The two methods for average
platinum particle size estimation give
results in good agreement which validates
the model assumed for the hydrogen

monolayer chemisorption stoichiometry,
and is in agreement with previous data
(cf. Ref. (9)).

Platinum—Gold Catalysts

With these catalysts there is the problem
of alloy equilibration, and the conditions
necessary to achieve this varied with alloy
composition. With compositions in the
range Pt 98, Au 2 to Pt 67, Au 33 mole?,
initial preparation followed by two oxida-
tion (oxygen, 573 K, 5 hr)/reduction
(hydrogen, 620 K, 16 hr) cycles gave
catalysts for which the hydrogen adsorption
behavior did not change significantly either
with further oxidation/reduction cycling
or with extended periods of reduction in
hydrogen at 620 K. This behavior, and an
interpretation of the hydrogen uptake data
in terms of surface composition (vide infra)
indicate that with these catalysts, this
treatment resulted in alloy equilibration.

On the other hand, with the composition
Pt 15, Au 85, alloy equilibration (as judged
from the criteria indicated above) was
much more difficult to achieve. Hydrogen
adsorption behavior was approximately
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Fia. 1. Hydrogen adsorption isotherms at 293 K with platinum—gold/aerosil catalysts. ¥V, Pt 98,
Au 2 mole%, 1.0 wt% metal, 0.516 g catalyst; A, Pt 90, Au 10, mole%, 0.9 wt% metal, 0.510 g
catalyst; O, Pt 67, Au 33 mole%, 0.9 wt%, metal, 0.500 g catalyst; O, Pt 15, Au 85 mole%, 1.0
wt% metal, 0.450 g catalyst; “standard” pretreatment (cf. text). Filled symbols, amount of
adsorbed hydrogen remaining after pumping at 293 K for 30 min, after equilibration at indicated
pressure. Catalyst samples identified from corresponding symbols above. Within the limits of
experimental accuracy, no adsorption could be detected on a Pt0, Au 100 mole%,, 1.0 wt%,

catalyst, using a 0.500-g sample.

independent of further oxidation/ reduction
after about five cycles (involving > 100 hr
at elevated temperatures). We refer to a
catalyst of this composition having had this
treatment as “equilibrated,” and two oxi-
dation/reduction eycles as “standard.” The
need for a number of oxidation/reduction
cycles to achieve alloy equilibration was
previously reported by O’Cinneide and
Gault (37) for a Pt 15, Au 85/y-alumina
catalyst.

Hydrogen adsorption tsotherms. The na-
ture of the 293 K SVM hydrogen adsorp-
tion isotherms was dependent on the gold
content of the catalysts, as is evident from
the data shown in Fig. 1. Also included in
Fig. 1 is an estimate for the amount of
irreversibly adsorbed hydrogen which re-
mains on the catalyst after pumping for
30 min at 293 K. This estimate was made
by pumping after hydrogen equilibration,
and then measuring the amount of hydro-
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gen required to be adsorbed to recover the
previously established point on the iso-
therm (identified in terms of the equilib-
rium pressure) : the difference between the
total and second uptake is equated to the
irreversibly adsorbed hydrogen.

In general shape, the adsorption iso-
therms for the Pt 98, Au 2 and Pt 90,
Au 10 catalysts were rather similar to those
found for gold-free catalysts, with linear
and nearly horizontal plots at pm, above
about 1 kPa. However, for the Pt 67,
Au 33 and Pt 15, Au 85 spccimens, the
hydrogen uptake continued to increase at
pressures above 1 kPa, although in this
range these isotherms were also approx-
imately linear. Clearly, when the gold
content of the metallic component was
substantial, the hydrogen adsorption iso-
therm at 293 K did not saturate in the same
way as it did with a catalyst of low (or
zero) gold content. On the other hand,
on all catalysts the size of the irreversibly
adsorbed hydrogen component (as opera-
tionally defined above) was approximatcly
independent of the hydrogen equilibration
pressure.

Catalyst characterization. The interpreta-
tion of the hydrogen adsorption data on
the platinum—gold catalysts requires knowl-
edge about the nature of the metallic
particles and their surface composition.
Except for the two catalysts of composi-
tions Pt 98, Au 2 and Pt 15, Au 85, the
catalysts used in the present work lie in
the two-phase region of the platinum-gold
phase diagram (75) at the maximum
temperature of catalyst trecatment (ca.
600-700 K). Nevertheless, we could find no
evidence for more than a single metallic
phase by X-ray diffraction with those
catalysts for which the average metallic
particle size was large enough to make this
examination feasible (4 nm). We therefore
proceed on the basis of single-phase alloy
particles, and we assume the surface
composition to be dictated by equilibrium
enrichment thermodynamics. The validity
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of the model is then assessed by comparing
caleulated and experimental hydrogen ad-
sorption data.

Since the molar volumes of platinum
and gold are very similar (9.10 and 10.20
cm?®, respectively), this factor will have
a negligible effect on the free energy
change for surface enrichment, and we have
thus caleculated the equilibrium surface
composition using regular solution surface
enrichment theory (16). We used the
parameter values ypy — yay = 0.67 J m—2
(17), T =600 K, the regular solution
interchange energy 1.25 kJ mol=! (18) per
nearest neighbor interaction, assuming a
(100) surface, and the average area per
atom in the alloy surface 7.99 X 102 m?2,
In computing surface compositions with
small alloy particles, account must be
taken of the depletion of the bulk which
accompanies surface enrichment, by apply-
ing the necessary mass balance criteria.
The resulting values for the calculated
surface compositions (which depend on
average particle size) are listed in Table 2.

Since we wish to use the hydrogen
adsorption data to estimate the number of
platinum atoms in the surface of the
metallic component, it is necessary to
obtain a criterion which defines a state
with a known hydrogen chemisorption
stoichiometry.

Since the procedure of back-extrapolation
from the linear part of the adsorption
isotherm is valid with supported platinum
catalysts for estimating monolayer hydro-
gen uptake (9), we have also adopted this
procedure with the platinum-gold catalysts,
assuming that the hydrogen uptake so
defined is equivalent to one hydrogen atom
per surface platinum atom. The validity
of this procedure will be justified a postiori.
However, we note here that it assumes, in
effect, that the upward slope of the linear
parts of the isotherms for the Pt 67, Au 33
and Pt 15, Au 85 catalysts (cf. Fig. 1) re-
sults from weak adsorption over-and-above
the above amount required to give the as-
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sumed chemisorption stoichiometry, and
that isolated surface platinum atoms can
nevertheless become populated with chemi-
sorbed hydrogen atoms (vide infra).

The experimental hydrogen uptakes eval-
uated in this way are recorded in Table 2,
together with the calculated uptakes,
obtained from the data for the computed
surface compositions.

The agreement between the experimental
and calculated hydrogen adsorption is
reasonably good, and the model is clearly
validated. It should be noted, however,
that, at the composition Pt 15, Au 85,
the catalyst prepared by the ‘“‘standard”
treatment was obviously not equilibrated
with respect to surface composition, and
at this composition equilibrium is relatively
difficult to achieve.

TEMPERATURE-PROGRAMMED
DESORPTION PROFILES

TPD Profiles for Platinum

The general nature of the TPD profiles
(300-700 K) obtained from hydrogen
adsorbed at 293 K on a range of platinum
catalysts is shown in Fig. 2. The most
conspicuous feature is the change in the
nature of the profile with changing values
for the average platinum particle diameter
(dpy). A comparison of curves 1 and 2
shows that when the platinum particles
are relatively large (4.1-4.2 nm), changing
dp: has little effect on the general profile
shape. However, in the range 1.0 to 4.1 nm
(curves 3-7) a decreased value for dp, is
accompanied by a broadening of the
profile, the main feature of which is an
extension of the high temperature profile
tail. This trend occurs with aerosil as
well as vy-alumina supports, although the
effect is somewhat greater with y-alumina.
Furthermore, y-alumina and Y-zeolite ap-
pear to have about the same effect, although
with Y-zeolite support the profiles also
show evidence for some very poorly
resolved subsidiary maxima which are not
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Fia. 2. TPD profiles for hydrogen from platinum
catalysts. Curve 1, Pt/SiOsgel, dpy = 42 nm;
curve 2, Pt/aerosil dp; = 4.1 nm; curve 3, Pt/
aerosil, dp, = 1.2 nm; curve 4, Pt/(Na)Y-zeolite,
dps = 1.0 nm; curve 5, Pt/ (La)Y-zeolite, dpy = 1.0
nm; curve 6, Pt/y-Al:Os, dpy = 3.2 nm; curve 7,
Pt/v-AlO;, dpe = 1.2 nm. Catalysts equilibrated
in sweep gas at 2903 K. Heating rate 20 K min~'.

seen with y-alumina. Curves 1 to 7 also
show a modest trend for the temperature of
the profile maximum (7,,) to shift to a
higher temperature as dp;, decreases.
Changing the associated cation in plat-
inum/Y-zeolite from Nat to La*" had
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F1a. 3. TPD profiles for hydrogen from platinum/
Y-zeolite catalysts with increasing starting tempera-
tures. Curve 1, starting temperature 293 K; curve
2, 393 K; curve 3, 493 K. Catalysts equilibrated in
sweep gas at indicated starting temperatures.
Heating rate 20 K min™!. Upper, platinum/(Na)Y-
zeolite; lower, platinum/ (La)Y-zeolite.

relatively small but significant effects on
the profile: The two maxima which are
present in the Na™ sample at 433 and 495 K
are replaced by three maxima of 412,
439, and 484 K (in all cases poorly re-
solved), and the whole profile is somewhat
broadened with La3t,

There are several reasons for believing
that diffusional cffects are, at the most,
of minor importanece in producing enhanced
profile broadening. First, it was observed
that a narrow pulse of hydrogen passed
through samples of the (metal-free) sup-
ports (Y-zeolite, y-alumina, or aerosil)
was broadened to about the same extent
in each case, and to an extent that was
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small compared to the profile widths.
Second, we note that the wvariation in
profile width with changing dp; occurred
with all three supports and, in particular,
occurred to about the same extent with
y-alumina as with Y-zeolite despite the
large difference in surface area of these two
supports. Third, we note that when the
profile from platinum/Y-zeolite is dissected
(cf. Fig. 5), the component peaks are
nearly symmetrical, and this would not be
so if diffusional limitation to gas transport
in the support was a serious factor.

Blank TPD runs were carried out on
samples of the platinum-free supports.
In the range below 700 K only (La)Y-
zeolite gave a significant peak, which was
at 340 K. However, the area under this
peak amounted to only about 19 of the
area under the profile from the correspond-
ing platinum-containing catalyst, and this
contribution has, without loss of accuracy,
been subtracted out of the recorded profiles
which involve this support.

In the temperature range above 700 K,
both (Na)Y- and (La)Y-zeolites gave
desorption peaks which, although always
smaller than those arising from the plat-
inum-containing catalysts, are nevertheless
appreciable. In this temperature range the
situation is complicated by hydrogen
spillover, and the results are discussed in
more detail subsequently. There is no
doubt that the above-700 K peaks were
duc to hydrogen since they were detected
with the hydrogen-specific Carle IITH unit,.

Dissections of a profile may be made by
carrying out the hydrogen adsorption
equilibration and beginning the TPD run
at a sequence of increasing temperatures.
The eflect of this procedure is to depopulate
low energy binding states which would
otherwise generate desorption peaks which
overlap with a given peak on the low
temperature side. Results obtained in this
way with Pt/(Na)Y-zeolite and Pt/(La)Y-
zeolite in the range 293 to 700 K are
illustrated in Fig. 3. In principle, the choice
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of starting temperatures for this sort of
dissection is purely arbitrary, although
with these two samples the values were
selected by reference to the temperatures of
the subsidiary maxima in the profile.

In addition to the binding states in-
dicated by the T'., values given in Figs. 2
and 3, there was also evidence with the
Pt/(Na)Y-zeolite and Pt/ (La)Y-zeolite
catalysts for further binding states with
T in the region 700 to 750 K, as shown in
Fig. 4. With both catalysts, a TPD profile

ANDERSON, FOGER, AND BREAKSPERE

starting at 293 K showed a relatively
small but unmistakable T, at about 740 K.

Increasing the starting temperature to
393 K had little effect, but at starting
temperatures above 493 K the size of the
peak in the region 700 to 750 K increased
strongly. Inasmuch as the use of TPD
routines with higher starting temperatures
means that the sample was equilibrated for
extended periods in hydrogen at high
temperatures, the extent of these peaks
appears to be mainly associated with

relative peak height

\\ T,=293
N

temperature/K

Fia. 4. TPD profiles >550 K for hydrogen from: upper, platinum/(Na)Y-zeolite; lower,
platinum/ (La)Y-zeolite. T values are for starting temperatures. Dotted curves are for platinum-
free Y-zeolite. Catalysts equilibrated in sweep gas at indicated starting temperatures. Heating

rate 20 K min~!,
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FrG. 5. Resolution of individual peaks which contribute to TPD profiles. Obtained by sequential
curve subtraction from data in Figs. 3 and 4. Upper, platinum/(Na)Y-zeolite; lower, platinum/
(La)Y-zeolite. Percentage figuresindicate approximate peak contributions to total. Peaks attributed

to desorption from zeolite have been eliminated.

hydrogen pretreatment of the catalyst
at above about 500 K.

The curves for platinum-free zcolite in
Fig. 4 show that zeolite itself gives a
TPD peak in the 700 to 750 K region after
treatment in hydrogen, but this is of itself
insufficient to account for the size of the
peaks obtained with the platinum-contain-
ing catalysts.

These peaks at 700 to 750 K are assigned
to the desorption of hydrogen from the
zeolite support, and this hydrogen consists
of spillover hydrogen (that is, hydrogen
first adsorbed on the platinum and trans-
ferred to the zeolite), together with some

hydrogen intrinsically adsorbed on the
zeolite (that is, adsorbed on the zeolite
as in the absence of platinum). The
reasons for this assignment may be sum-
marized thus:

(i) The T, values arc closely similar in
this temperature range for the platinum-
containing and platinum-free materials;

(ii) the increased importance of these
peaks with increasing extent of high
temperature hydrogen treatment is con-
sistent with this proposal ;

(iii) the peaks cannot be due to dissolved
hydrogen from the platinum since the
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saturation solubility of hydrogen in plat-
inum (about 1.5 X 10 H, molec (g Pt)—!
at 667 K) is too small to account for the
magnitude of the peaks (2-3 X 10® H,
molec (g Pt)~1; and

(iv) the peak position is close to that
identified for spillover hydrogen with
platinum/y-alumina by Kramer (22).

The fact that on both catalysts referred
to in Fig. 4 the profiles are essentially the
same in the region of the maximum at 740
K irrespective of whether the starting
temperature was 293 or 383 K suggests
that under these conditions the 740 K
maximum is due to hydrogen intrinsically
adsorbed on the zeolite. Indeed, correction
of the 293 K profiles for the intrinsically
adsorbed hydrogen completely removes
the 740 K peaks. This correction was
made in order to obtain the TPD hydrogen
adsorption estimates recorded in Table 1.
On the other hand, the data in Fig. 4 show
that, for catalysts treated in hydrogen
above about 500 K, the spillover component
must predominate in the hydrogen desorbed
from the zeolite. With the peaks in the
range 700 to 750 K assigned to desorption
from the support, we assign all of the rest
of the profile to desorption from platinum.

A partial resolution of some individual
peaks which contribute to the total TPD
profile is possible by making use of the
dissections given in Figs. 3 and 4. A
process of sequential curve subtraction,
starting at the high temperature end,
gives the results shown in Fig. 5 after
elimination of the contribution attributed
to desorption from the support.

Because peak overlap is extensive, the
individual peak curves cannot be obtained
with high accuracy. Nevertheless, an es-
timate of the individual peak contributions
to the overall profile has been made from
the peak areas, and these data are also
given in Fig. 5. The proportional contribu-
tions of corresponding peaks for the two
catalysts in Fig. 5 are in fair agreement.

AND BREAKSPERE

The T, which was weakly indicated at
439 K in the 293 K profile from Pt/(La)Y-
zeolite has not been resolved by this
procedure, but has been lost into the
trailing and leading edges of the 390 K and
485 K peaks.

TPD Profiles for Platinum—Gold

Figure 6 shows typical TPD profiles for
platinum—gold/aerosil catalysts of varying
gold content, obtained at a heating rate
of 20 K min~!. The important feature is
that the general profile shape is indepen-
dent of gold content, at least up to &85
mole9%, gold, and the value of T, remained
constant at about 390 K. No evidence of
hydrogen adsorption could be obtained
with a catalyst containing 100 mole9, gold :
The TPD profile is flat at 300 to 600 K.

DISCUSSION
Platinum Catalysts

On the whole, the estimates for hydrogen
adsorption from TPD lie somewhat below
those from SVM (¢f. Table 1), and this is
attributable to the lower hydrogen equili-
bration pressures used with the TPD
method. Nevertheless, this comparison is
sufficient to demonstrate that the TPD
technique recovered all of the adsorbed
hydrogen, and estimated it with adequate
accuracy.

The trend towards an extension of the
high temperature tail of the TPD profile
with decreasing dp, in the range <4.1 nm
must be due to the presence of higher
energy binding sites for hydrogen. In
understanding this behavior, the following
factors need to be considered. As the
platinum particle size decreases, the propor-
tion of surface platinum atoms of relatively
low coordination number increases (corner
atoms, kink atoms, atoms in high-index
facets due to surface curvature). Further-
more, when dp, is sufficiently small,
typically less than about 2 nm, there is
evidence that the platinum behaves as
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Fig. 6. TPD profiles for hydrogen from Pt/aerosil
and Pt—Au/aerosil catalysts. Catalysts equilibrated
in sweep gas at 293 K. Curve 1, Pt 100 mole%;
curve 2, Pt 98, Au 2; curve 3, Pt 90, Au 10; curve 4,
Pt 40, Au 60; curve 5, Pt 15, Au 85. Heating rate
20 K min~—L

though it were electron deficient compared
to bulk platinum. This is more evident
with Y-zeolite support (9, 14, 23) than with
silica support (23), but at the moment it is
not clear if this difference is duc to the
platinum being more highly dispersed on
the Y-zeolite than on the silica. In any
casc, the data arc in agreement with the
calculations for electron transfer between
platinum and silica by Bactzold (24). We
also note that cven on bulk platinum,
corner atoms are relatively electron de-
ficient (25, 26).
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These results may be understood in the
light of the following considerations.

Calculations of the binding energy for
chemisorbed hydrogen atoms show that
particularly strong adsorption sites are
provided at an edge in a stepped surface
(27) or, to an even greater extent, at a
kink atom of low coordination number
(28). This implies that an atomically rough
surface (as distinet irom a low-index
facet) will also possess a proportion of
particularly strong adsorption sites.

Recent work (28) also shows that a
chemisorbed hydrogen atom may well be
bound more strongly at a platinum atom
that is relatively electron deficient. In
this connection, we first note that electrons
close to the Fermi level are more likely
to occupy antibonding orbitals than arc
electrons rather deeper in the valence band.
Since electron deficient platinum would be
generated by the removal of electrons at
the Fermi level, this would offer an increase
in the binding energy for hydrogen. In the
detailed treatment by Tsang and Falicov
(28), it was shown that the binding energy
for hydrogen on platinum was always
greater for Pt (5d%) than for Pt+(5d%
provided the coordination number of the
platinum lay in the range 7 to 10.

Platinum~Gold Calalysts

We first consider our results for bulk-
surface equilibration in comparison to
other work on the platinum—gold system.
In summary, our results indicate the
establishment of equilibrium at all composi-
tions, although at Pt 15, Au 85 equilibration
was quite difficult to achieve.

Biloen et al. (19) have reported from
Auger analysis and earbon monoxide chemi-
sorption data that a clean platinum-gold
polycrystal of bulk composition Pt 14,
Au 86 gave, after treatment at 820 K,
a surface composition in the range 5 to 10
mole%, platinum; that is to say, very little
surface cnrichment by gold was found.
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F1a. 7. Relative surface composition as a function of nominal alloy composition for various
platinum-—gold catalysts. Full lines calculated from model discussed in the text. Points are appro-
priate experimental values obtained from hydrogen adsorption data. A, evaporated platinum-gold
films, cf. Ref. (36) ; 4, platinum-gold/aerosil, dp; = 4.0 nm; O, platinum-gold /aerosil, dpy = 1.5-

2.2 nm.

On the other hand, Avery and Spink (38)
used Auger analysis to study the surface
composition of a clean Pt 10, Au 90
polycrystal, and found after treatment at
700 K very considerable surface enrichment
by gold, a result that is in agreement
with an earlier study by Schwarz et al. (20).

The present data may be compared with
those obtained by Sachtler et al. (36) for
hydrogen adsorption on platinum-gold
evaporated films which showed a very
rapid decrease in the amount of adsorbed
hydrogen, and inferentially a corresponding

decrease in the concentration of surface
platinum atoms, in the range <7.5 mole9,
gold. This comparison is made in Fig. 7
which has been constructed in a way which
shows the importance of the metallic
dispersion (ratio of number of surface atoms
to total number of atoms) as a variable.
Figure 7 was constructed in the following
way. With a dispersed, binary alloy catalyst
where there is strong segregation of one
component at the surface, at segregation
equilibrium it will be a good approximation
to assume that, as the overall proportion
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of the segregating component increases,
it will be located entirely at the surface
until all of the surface is occupied. Thus,
on this model, a plot of overall alloy
composition vs surface composition will
consist of a family of lines, each for a
particular dispersion: If the compositions
are expressed in terms of the nonsegregating
component (platinum in the ecase of
platinum—gold, as in Fig. 7), that is
Xis)pe and X (pypy for the surface and
overall platinum mole fractions respec-
tively, each line will reach the X (gypy = 0
line at a value of X (1ypt = 1 — D, where
D is the metallic dispersion, and will
continue along the X (syp¢ = 0 line out to
the point X(T)Pt = 0.

The present experimental valuesfor X (syps
vs X (ryp+ have been collected into Fig. 7,
where X (sypy has been obtained from the
hydrogen adsorption data as indicated
previously. We also include in Fig. 7
the theoretical lines, obtained as outlined
above, corresponding to the experimental
metallic dispersions (for data from catalysts
with d in the range 1.5 to 2.2 nm, we have
used a single line at D = 0.66, correspond-
ing to an average value of d of 1.8 nm).
It is clear that this simple graphical
representation is in good accord with the
data.

For comparison, we also include in Fig. 7
the data obtained (36) from evaporated
films. The effective dispersion of these
films is not known, although the values are
certain to be low compared with our
dispersed catalysts. The rapid fall in
X (sype at low values of X (1)p is clearly
in qualitative agreement with expectation,
but the value X(gpi = 0.15 for 0.925
> X (mype > 0.075 probably indicates in-
complete bulk—surface equilibration, partic-
ularly since those films were heated to
570 K for only about 3 hr.

At least so far as the dispersed catalysts
are concerned, the achievement of surface
segregation equilibrium under our condi-
tions is consistent with data for diffusion
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kinetics. For instance, data (21) for inter-
diffusion in the platinum—gold system lead
to estimates of interdiffusion distances of
43 and 3.1 nm at 673 and 573 K, respec-
tively in a period of 1 hr,

Our results (ef. Table 2) show that the
conditions required for the correct estima-
tion of the number of surface platinum
atoms in the platinum—gold system by
hydrogen chemisorption are considerably
different from those previously recom-
mended with the nickel-copper system
for the estimation of the number of surface
nickel atoms (29). Thus, with nickel-copper
the appropriate hydrogen adsorption is
the ‘“strong” adsorption component as
operationally defined in relation to Fig. 1.
However, it is clear that the application of
a similar criterion to the platinum-gold
system would underestimate the number
of surface platinum atoms by at least a
factor of two.

It seems clear that extrapolation from
the behavior of one Group VIII-Group IB
system to another is very hazardous, and
hydrogen adsorption must be examined on
each system in detail. The results imply
that at high coverage, hydrogen is bound
more strongly at the surface of nickel-
copper than at platinum—gold.

That the general shape and T, values
for a number of TPD profiles are nearly
constant for gold contents in the range
0 to 85 mole9, (¢f. Fig. 6), shows that
alloying in the platinum-gold system does
not greatly affect the distribution of
hydrogen binding states as regards binding
energy. With increasing gold content the
TPD profile shrinks in an approximately
uniform manner, and the system behaves
as though gold atoms in the surface
functioned only as inert diluent. An
analogous conclusion has also recently
been reached from flash desorption experi-
ments with platinum-gold (20) and nickel—
copper (30) foils.

We thus arrive at the conclusion that,
so far as hydrogen chemisorption is con-
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four nearest neighbor platinum atoms.

cerned, the Group VIII metal orbitals
which are used for chemisorption are
largely unaffected by alloying with a
Group IB metal. This may be rationalized
in terms of a model recently adopted for
bonding at transition metal surfaces (32)
in which the d electrons are largely respon-
sible for chemisorptive bonding and remain
localized on the transition metal atoms.
The metallic orbitals are mainly formed

from atomic s and p orbitals. Recent
calculations (3f) have confirmed that
hydrogen chemisorption on platinum and
tungsten is determined almost entirely by
the d electrons.

Our results indicate that all surface
platinum atoms in a platinum—gold surface
are available for hydrogen chemisorption,
even though some of these may be isolated
platinum atoms, that is to say, with no
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nearest neighbor surface platinum atoms.
We propose that isolated surface platinum
atoms become populated with chemisorbed
hydrogen atoms via hydrogen atom spill-
over onto the gold component in the
surface. Such spillover may function in
two possible ways: It may permit the
transfer of hydrogen atoms to isolated
platinum atoms from larger platinum
ensembles where initial adsorption occurs,

e lans

ila
maoiecuie

and/or a hydrogen
directly adsorbed at an isolated platinum
atom provided one hydrogen atom becomes
chemisorbed at an adjacent gold atom.
We merely note that the binding of hydro-
gen atoms at a gold surface is well known
(84) provided that the hydrogen is pre-
sented to gold in an atomie form. Rather
analogous suggestions for spillover have
previously been made for the nickel-copper
system (39).

We further suggest that hydrogen spill-

........ £~ +ha 3
over onto the gold is responsible for the

“supra-saturation’” hydrogen uptake which
was particularly apparent with the Pt 67,
Au 33 and Pt 15, Au 85 specimens (cf.
Fig. 1). Clearly, such spillover would be
reversible via adsorption/desorption at
the platinum: That is to say, no hydrogen
would be present on the gold under the
conditions used to estimate saturated
uptake on the platinum component.
Although with platinum—gold catalysts
of various compositions the saturation

nnnrqfw\n allv

N axr

H
may ©o0¢€

; m (as  ope nally defined
previously) of adsorbed hydrogen per unit
total area of mctal varied, there was no
ovidence that this variation affected the
value of T., despite the expectation of
such a variation if the total surface had
been active for the desorption process.
This resuit is consistent with the idea
that platinum—gold surfaces with saturation
hvdrosen uptake behaved in TPD as

11y urigtii VP v 5O pcllavos

though the uptake was defined relative
only to the active component (platinum);
that is to say, at saturation hydrogen
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uptake the TPD behavior was as though
the initial surface concentration of hydro-
gen was constant and independent of gold
content.

Distribution of Surface Ensembles

The atoms in an alloy surface will,
even though the alloy is monophasice, exist
in ensembles which are distributed accord-
ing to size. This information is important
for the catalytic properties of the alloy,
while it ig also of interest in relation to
chemisorption behavior (e.g., the propor-
tion of isolated platinum atoms in a
platinum—gold surface).

The distribution of surface ensembles of
platinum has been evaluated for the
platinum—gold system by a computer
simulation method which minimizes the
encrgy of the two-dimensional array of
specified overall composition and specified
interchange energy, w, (i.e., a solution of
the Ising model for specified parameters).
The nnmnnfnhnnal

Verhagen and Harding (31 ). The following
conditions were used: surface, (100); w =
1.25 kJ mole™® (18), T = 600 K, where
is the regular solution interchange energy
per nearest neighbor interaction.

The results are given in Fig. 8 which also
indicates the nature of the ensembles
considered. Figure 8 also gives, for compar-
ison, the corresponding results obtained
with w = 0, that is, for random mixing.
As would be expected for platinum-—gold
(which is a segregating system), the use
of a finite and realistic value for w results,
at all compositions, in a decrease in the
proportion of isolated platinum atoms and
an increase in the proportion of 5-atom
ensembles, relative to the random mixing
values. The behavior of ensembles of
intermediate size and
whether the use of a finite value for w
increases or decreases the ensemble fraction

depends on composition. The effeet can

’rpnhnlnnn

i8 due to
18 due to

cnmn]mafpr‘]

size 18
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be nontrivial. For instance, at a bulk
composition of 10 mole%, platinum, the
fraction of isolated platinum atoms cal-
culated for w = 1.25 kJ mol™! is 0.46,
compared with 0.67 for the random mixing
model.
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