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A modified differential scanning calorimeter was used to measure integral heats of adsorption of
hydrogen, Q.q, at 300 K on unsupported Pd powder and on Pd dispersed on SiO;, SiO,~-AlQs,
ALO;, and TiO;. The supports were found to have no significant effect on Q.4, and although
reduction of Pd/TiO; samples at 773 K sharply decreased the amount of hydrogen chemisorbed on
these samples, the O, values measured on these samples were comparable to the other catalysts.
In contrast, Pd crystallite size had a very pronounced effect on Q,4. On all these catalysts the heat
of adsorption for hydrogen remained constant at 15 = 1 kcal mole™" as the average Pd crystallite
size decreased from 1000 to 3 nm, but it increased sharply as the size dropped below 3 nm. The
highest value, 24 kcal mole™!, was obtained on one of the most highly dispersed samples. Heats of
formation of bulk Pd hydride showed a similar behavior, remaining constant at 8.7 = 1.0 keal
mole~! for samples with low Pd dispersions and then increasing noticeably as the crystallite size
dropped below 3 nm. Most of this variation in Q, is attributed to changes in the electronic
properties of small Pd crystallites because the differences in Q.4 values reported on single crystal

surfaces are not sufficient to explain the enhanced bond strength.

INTRODUCTION

Chemisorption is an essential step in het-
erogeneous catalysis; consequently, the
bonding strength between adsorbate and
catalyst is an extremely important parame-
ter in surface reactions. The strength of
chemisorption bonds can affect not only the
activation energy of a surface reaction but
also the surface concentration of reactants,
and the effects of heats of adsorption on a
surface reaction are clearly illustrated in a
Langmuir-Hinshelwood type of rate equa-
tion. In addition, it is important to realize
that heats of adsorption also reflect surface
properties of the adsorbent, and an exam-
ple of the correlation between catalytic ac-
tivities of different metals and heats of ad-
sorption was given by Beeck in one of his
pioneer studies of hydrogenation catalysts
(1).

It is not surprising that changes in heats
of adsorption have often been cited as one
of the origins for observed variations in cat-
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alytic properties or chemisorption behavior
on supported catalysts. Studies have shown
that the use of particular supports to dis-
perse a metal component, such as TiO,,
can markedly decrease the chemisorption
capacity after a high-temperature reduction
(HTR) (2, 3). Electron microscopy and X-
ray diffraction studies have shown that the
large decrease in chemisorption capacity is
not due to sintering of the metal particles
(2). It was originally suggested by Tauster
et al. that an electronic interaction between
the metal atoms and reduced cations on
the support may weaken the adsorbate—
metal interaction and thereby decrease che-
misorption uptakes (4). Similar electronic
interactions between metal and support
have also been proposed as the cause of
support effects observed with other sup-
ported catalysts. Alternatively, it was first
suggested by Naccache and co-workers (5)
and Santos et al. (6) that the decrease in
chemisorption is due to physical blockage
of chemisorption sites by titanium oxide
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species that migrate onto the metal surface
during reduction. This process could ac-
count for the large decrease in chemisorp-
tion capacity without invoking changes in
adsorption bond strengths.

The size of metal particles is another fac-
tor that is known to affect catalytic proper-
ties of metals in structure-sensitive reac-
tions (7). Size effects in metal crystallites
are often attributed either to a change in
electronic properties (8) or in surface geo-
metric structure (9); however, both vary si-
multaneously for very small crystallites. As
the particle size drops below a certain
value, electronic properties of metal crys-
tallites begin to deviate from those of bulk
metal and the average coordination number
of surface atoms decreases, and both ef-
fects may alter the state of bonding between
adsorbate and metal.

Although heat of adsorption values have
been obtained for Pd single crystals, films,
and filaments in ultrahigh-vacuum (UHV)
systems, there have been few measure-
ments on supported Pd and no systematic
investigation of the influence of crystallite
size or the support on this parameter. Con-
sequently, we initiated a study of heats of
adsorption on supported catalysts to fill this
gap and to determine if the decrease in che-
misorption in Pd/TiO, catalysts is primarily
chemical or physical in nature. Because
methods applicable in UHV systems are
much more difficult to apply to porous ma-
terials, we have used a modified differential
scanning calorimeter (DSC) to measure in-
tegral, isothermal heats of adsorption (10).
In this paper we report not only the heats of
adsorption of H, measured over a wide
range of Pd crystallite size using SiO,,
Si0,—-ALO;, ALO;, and TiO; as supports
but also heats of formation of the Pd 8-hy-
dride phase. Similar studies of CO and O,
adsorption are reported separately (11, 12).

EXPERIMENTAL

Catalyst Preparation

The supports used in this study were
SiO, (Davison Grade 57-220 m? g 1), SiO,—

Al,O3 (Davison Grade 979-—13% alumina,
400 m? g7 1), n-ALOs; (Exxon Research &
Engineering Co., 245 m? g~1), and TiO, (De-
gussa P25—80% anatase and 20% rutile, 50
m? g~1). All support materials were calcined
at 773 K in flowing air for 4 h prior to metal
loading. Different Pd precursors were used
to prepare catalysts with the methods de-
scribed as follows.

(i) Wet impregnation (WI). An aqueous
solution of H,PdCl, prepared from PdCi,
(Ventron Corp.) and dilute hydrochloric
acid was used for most of the catalysts pre-
pared by impregnation. Two catalysts were
prepared from palladium acetylacetonate
(Aldrich Co.) dissolved in excess benzene
(Baker Analyzed) (13). The impregnated
catalysts were then dried overnight in air at
393 K.

(it} Ion exchange (IE). Several catalysts
were prepared by ion exchange between
PA(NH;)4(NOs), - 2H,0 (Spex) dissolved in
deionized, distilled (D,D) water and SiO,,
Si0,-AlL,0s, and n-AlL,O; at pH = 9, 10, and
11, respectively. A Pd/Al,O; catalyst was
also prepared by ion exchange with a
H,PdCl, solution at pH = 3. The IE cata-
lysts were washed with D,D water and
dried in air at 393 K for 3 h. All the catalysts
except for the last one were then calcined at
573 or 773 K in flowing air or in a mixture of
15 ¢cm® min~! O, and 60 cm® min~! He for 2
h.

@iii) Unsupported Pd. An unsupported Pd
sample was prepared from Pd powder
(Johnson Matthey Chemicals, Puratronic
Grade 1—impurities detected: Si, 2 ppm;
Fe, 1 ppm; Ca, Cu, and Ag each less than 1
ppm) by cleaning the powder in a flowing
mixture of 20% O, and 80% He at 773 K
for 30 min, then reducing at 573 K in a
flowing mixture of 20% H, and 80% He
for 1 h.

The Pd weight loadings of the supported
catalysts were determined by plasma emis-
sion spectroscopy and neutron activation
analysis, and they are listed with the prepa-
ration method in Table 1. Pure support
blanks were prepared by impregnating
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TABLE 1

Preparation Methods for Pd Catalysts

Catalyst Precursor Method¢ Calcination
temperature
(K)
1.71% Pd/SiO, PdCl, Wi None
0.48% Pd/SiO, Pd(NH;)4(NOs), IE 573
2.10% Pd/SiO, PA(NH;)4(NOs), IE 573
0.39% Pd/Si0O, PA(NH;),(NO»), IE 573
1.23% Pd/SiO, PA(NH;),(NOs), IE 573
1.95% Pd/SiO,-Al,0, PdClL, WwI None
0.98% Pd/Si0,—-ALO; PA(NH;)4(NOs), IE 573
1.80% Pd/AlL O, PdCl, W1 None
0.32% Pd/Al, O, Pd(CsH,0,), w1 573
0.36% Pd/Al,0, PdCl, IE None
0.54% Pd/ALO, PdA(NH,),(NO;), 1IE 573
2.33% Pd/AlLLO, PdCl, WI None
2.03% Pd/TiO, PdCl, w1 None
1.88% Pd/TiO, Pd(CsH,0,), Wi 773
Pd powder — — 773

 WI, wet impregnation; IE, ion exchange.

calcined support materials with D,D water
and then drying overnight in air at 393 K.

Chemisorption

The chemisorption uptakes were mea-
sured in a volumetric adsorption system
equipped with an Edwards Model E02 oil
diffusion pump backed by a GCA Vac-Torr
Model 150 mechanical pump and liquid N,
traps, which produced an ultimate vacuum
near 5 X 1077 Torr. A Texas Instruments
precision pressure gauge and a Granville—
Phillips Model 260-002 ionization gauge
were used to measure the pressures. Fur-
ther details have been given elsewhere (14).

After calcination (if used), ~0.4-g cata-
lyst samples prepared by the impregnation
method were heated in 50 cm? min~! of He
from room temperature to 448, 533, 673, or
723 K prior to a 1-h reduction in 50 c¢m?
min~! of H; or in a mixture of 15 ¢cm3 min~!
of H; and 60 cm® min~! of He at 448, 673,
723, or 773 K. The catalysts prepared by
ion exchange were treated in 50 cm® min™!
of He at 573 K for 1 h, cooled to room
temperature, and then reduced in a flowing

gas mixture of H, and He as stated above.
All the samples were given one of the above
pretreatments and stored in a desiccator be-
fore chemisorption measurements.

The method described by Benson et al.
(15) was used to determine chemisorption
uptakes of hydrogen at 300 K on each sam-
ple. After the first H, uptake was measured,
the sample was evacuated for 25 min at 300
K and a second isotherm was measured to
determine the uptake of H, due to bulk hy-
dride formation. Each measurement of H,
uptake was repeated at least once to ensure
that the Pd dispersion had stabilized. Che-
misorption of CO on three of the samples
(noted in Table 2) was also determined at
this stage, and in these cases, the samples
were treated in a flowing gas mixture of
20% O, and 80% He at 573 K for 30 min
after each CO uptake measurement to facil-
itate complete removal of CO. A portion of
each of these samples was then used for
heat of adsorption measurements and Pd
weight loadings. The portion left was used
for additional measurements of H,, O,,
and CO uptakes after subsequent pretreat-
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ments paralleling those in the calorimeter
(11, 12).

Calorimetric Measurements

Energy changes during chemisorption
and bulk Pd hydride formation at 300 K
were measured in a modified Perkin—Elmer
DSC-2C differential scanning calorimeter.
The calorimeter has two identical sample
holders located inside two cavities in an
aluminum block which were constantly
purged with gas from a gas handling sys-
tem. The gas handling system consisted
mainly of gas purifiers, mass flow control-
lers, and a switching valve to allow switch-
ing between a portion of the purge gas (He
or Ar) and the adsorbate (H,, O,, or CO).
Ultrahigh purity argon (99.999%, MG Sci-
entific Gases) was further purified by pass-
ing it first through a drying tube (Supelco
Inc.), and then through an Oxytrap (Alitech
Associates). The helium (99.999%, MG Sci-
entific) was purified in a similar fashion. Ul-
trapure hydrogen (<10 ppb total impurities)
was produced electrolytically in an Elhygen
Mark V hydrogen generator and purified by
diffusing the hydrogen through a palladium
membrane.

The DSC was calibrated for temperature
and energy changes using indium and zinc
as standards, and the system was further
checked by comparing the measured heat
of palladium hydride formation with values
reported in the literature. This internal
standard proved invaluable in clarifying
and eliminating artifacts which can alter en-
ergy change measurements (10). The influ-
ence of operating parameters such as the
temperature of the DSC heat sink (block),
the composition of the purge gas, and the
catalyst sample size was also examined. In
earlier studies, heats of adsorption of hy-
drogen were measured in a flowing mixture
of H, and Ar. Because chemisorption and
absorption of hydrogen occur only on the
sample side, a difference in gas composi-
tion between the sample and reference
sides is created during the adsorption pro-
cess. Since H, has a much higher thermal

conductivity than Ar, the heat transfer from
the sample side to the heat sink decreases
relative to the reference side due to the gas
composition difference, and the apparent
energy change is overestimated. This prob-
lem can be circumvented by keeping the
heat sink at a temperature only slightly be-
low the adsorption temperature and by us-
ing He as the carrier gas for H, as they have
similar thermal conductivities. Details of
the modification and calibration of the DSC
are provided elsewhere (10).

Between 30 and 100 mg of each catalyst
was placed in the sample holder and an
equal amount of pure support was placed in
the reference holder to balance energy
changes due to physical adsorption of the
gas on the support. When unsupported Pd
was examined, a piece of stainless steel or
aluminum was placed in the reference
holder. The same pretreatment procedures
used for the chemisorption measurements
were repeated before each heat of adsorp-
tion measurement; however, all reductions
were carried out in a gas mixture of 8 cm?
min~! H, and 32 ¢cm? min~! Ar, and removal
of adsorbed H, from the catalyst was ac-
complished by purging the sample with 40
cm? min~! Ar for 1 h either at the reduction
temperature or at 20-50 K below the reduc-
tion temperature if the sample was reduced
at 673 K or higher. Purging for more then 1
h did not affect the energy change mea-
sured for H, chemisorption, which indi-
cated that complete removal of H, with no
subsequent O, contamination was achieved
after 1 h. After the pretreatment, the sam-
ple was cooled to 300 K, the purge gas was
switched from Ar to 40 cm?® min~! He, a
step change to a constant H, pressure in the
carrier gas (usually 150 Torr) was made via
a switching valve, the energy change due to
both adsorption and absorption of H, was
recorded as a function of time and it was
then integrated to give the total energy
change. After the initial H, exposure, the
sample was purged with pure He at 300 K
for 1 h to decompose the bulk palladium
hydride and leave only chemisorbed hydro-
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gen (15), then H, was reintroduced to re-
form the bulk hydride and the energy
change for this process was also measured.

RESULTS
Chemisorption

Uptakes of irreversibly adsorbed hydro-
gen were determined from the difference
between the dual isotherms obtained by the
method of Benson et al. (15), as shown in
Fig. 1, and chemisorption uptakes of O,
were determined by extrapolating the ad-
sorption isotherms to zero pressure to sub-
tract oxygen physisorbed on the support.
The H, isotherms showed different charac-
teristics (Fig. 1b and ¢) as a consequence of
apparent changes in bulk hydride formation
in these samples, as discussed later. Chemi-
sorption of hydrogen on the unsupported
Pd sample was measured at pressures be-
low 10 Torr to eliminate formation of the 8-
hydride phase (H/Pd = 0.6), the presence of
which would make measurements of small
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FiG. 1. Hydrogen and oxygen uptakes on Pd samples: (a) Unsupported Pd powder (Sample I), (b)
1.95% Pd/Si0,~ALO; (T, = 673 K), (c) 1.23% Pd/SiO, (sample I). H, uptakes at 300 K (®,0); H,
uptakes at 373 K (¥); O, uptakes at 300 K (H). Solid symbols: total uptakes; open symbols: reversible
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at 448 K. The effect of CO on the most
highly dispersed Pd samples is attributed to
a change in dispersion as discussed else-
where (11). Because of the possibility that a
reduction in H, at 448 K for 1 h is not suffi-
cient to remove all the strongly bound CO
from the Pd surface, after each exposure to

CO these samples were treated in a flowing
0,/He mixture at 573 K for 30 min then
given a routine reduction. To avoid this
complication, H, and O, uptakes were mea-
sured on samples that had not been ex-
posed to CO, except for the three samples
indicated in Table 2.

TABLE 2

Gas Uptakes of Absorbed Hydrogen and Chemisorbed Hydrogen and Oxygen

Catalyst Pretreatment Gas uptake (umole/g cat) Fraction Bulk
(sample) exposed hydride
T.K) I, (K) Chemi- (H.g/Pdoa) ratio
sorption (H.p/Pdy)
Absorption
Oz Hz Hg
1.71% Pd/SiO,
(I-a) 533 673 — 9 36 0.11 0.50
(1-b) 533 673 7.5 8.5 35 0.11 0.49
0.48% Pd/SiO,
(I-a) 300 573 — 11 11 0.49 0.95
(I-b) 300 573 12.8 10 11.5 0.44 0.92
2.10% Pd/SiO,
o 300 573 74.5 67 33 0.68 1.04
(In 533 673 68  65.5 30.5 0.66 0.92
1.23% Pd/SiO,
@ 300 573 49.5 40 22 0.69 1.24
1n 533 673 49  36.5 20 0.63 0.94
0.39% Pd/SiO,
(I-a) 300 573 — 8 6.5 0.44 0.63
(I-b) 300 573 135 9 7.5 0.49 0.80
1.95% Pd/Si0,-Al, 05
(I-a) 448 448 — 355 39 0.39 0.69
(I-b) 448 448 24 325 41 0.35 0.69
an 448 673 29.5 26.5 30.5 0.29 0.47
(Im 533 673 19 18 33 0.21 0.45
{1v) 673 673 18.5 16 37.5 0.17 0.50
1.16% Pd/SiO,—Al, 04
(I-a) 300 573 — 30 16 0.55 0.65
(I-b) 300 573 275 32 16.5 0.59 0.73
0.98% Pd/Si0,-Al,0;
1)) 300 573 26.5 28.5 17.5 0.62 0.97
{In 533 673 21.5 21 19 0.46 0.76
1.80% Pd/ALL,O;
(I-a) 533 6732 — 395 30 0.47 0.67
(I-b) 533 673 19.5 28.5 34.5 0.34 0.62
0.32% Pd/AlO,
(I-a) 300 573 — 7 5.5 0.47 0.68
{I-b} 300 573 10.5s 7.5 5 0.50 0.66
0.36% Pd/AlLO,
D 448 448 95 10 6.5 0.59 0.94
(ID 300 573 7.5 95 6.5 0.56 0.88
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TABLE 2—Continued

Catalyst Pretreatment Gas uptake (umole/g cat) Fraction Bulk
(sample) exposed hydride
T,(K) T.(K) Chemi- (H,o/Pdsora) ratio
sorption (H,,/Pdy)
Absorption
Oz Hz Hz
0.54% Pd/AlO, 300 573 20.5 135 9.5 0.53 0.80
2.33% Pd/AlLO;
O 300 573 285 52 34 0.48 0.59
(1n 533 673 33 41 35 0.37 0.51
2.03% Pd/TiO,
(LTR-I) 448 4487 2330 51.5 0.31 0.79
(LTR-II) 448 448 19 295 52 0.31 0.79
(HTR-I) 448 773 — 1.7 19 — —
(HTR-II) 448 773 — 1.3 21.8 — —
1.88% Pd/TiO,
LTR-I-a 448 448 14 14 4 0.16 0.59
LTR-1-b 448 448 13 14.5 44.5 0.16 0.60
Pd Powder
I 300 573 2.5 6 51.5% ~0 0.01)
II 300 573 - - 3,100 — 0.66

Note. T;, Temperature at which H; was introduced; 7,, reduction temperature.
@ Samples exposed to CO and treated in 20% O, at 573 K.

& Uptakes at 6 Torr.

Heats of Adsorption

A typical DSC run is shown in Fig. 2a.
Hydrogen chemisorption on Pd proceeded
rapidly, and the energy change due to ad-
sorption was typically completed in less
than 2 min when samples were exposed to a
mixture of 9 cm? min~! H, and 36 cm? min~!
He. Bulk hydride formation was also very
fast because Pd particles in our samples had
a large surface-to-volume ratio. Heats of
adsorption on the Pd powder (Fig. 2b) were
measured at a much lower H, partial pres-
sure (6 Torr) to prevent large energy
changes due to the bulk 8-hydride phase.
Most of the samples were completely re-
duced after 1 h in the DSC, as indicated by
reproducible results following longer reduc-
tion periods of the same samples. How-
ever, the Pd/TiO, (HTR) samples required a
longer reduction period before measured
heats of adsorption became constant within
experimental error, presumably because in
the DSC the H, had to diffuse through the

powder rather than flowing through it as in
the adsorption cell, and therefore reduction
of TiO; to its final state was less efficient in
the DSC. The measured energy changes in
the DSC, AE, the calculated heats of ad-
sorption, Q.4 (or —AH,,), and the heats of
bulk hydride formation, Q. (or —AH,,), are
listed in Table 3. The last two sets of data
are also plotted versus the average Pd parti-
cle size in Figs. 3 and 4 using the relation-
ship d (nm) = 1.13/D (16). Measurements in
the DSC were repeated at least once for
each sample and the listed values represent
an average of these runs. It should be
pointed out that the data points in Figs. 3
and 4 reflect uncertainties in measurements
of gas uptake, energy change, and Pd
weight loading.

DISCUSSION
Chemisorption

Hydrogen chemisorption has frequently
been used to measure the dispersion (frac-
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TABLE 3
Heats of Adsorption of Hydrogen on Palladium Catalysts, Q,4, and Heats of Formation of Palladium
Hydride, Q.
Catalyst Reduction d Energy change? Qu O
(sample) temperature (nm)* (mcal/g cat) (kcal (kcal
(K) mole~! H) mole ! Hy)
AEad AEab

1.71% Pd/SiO,

(I-a) 673 10.1 130 278 14.5 £ 0.8 7.7+03
0.48% Pd/SiO,

(I-a) 573 2.3 188 104 17.0 £ 0.7 9.5+ 0.3
2.10% Pd/Si0O,

IO 573 1.7 1204 419 18.0 £ 0.5 127 £ 1.8

an 673 1.7 1352 496 20.7 £ 1.6 16.3 = 0.9
1.23% Pd/SiO,

0y 573 1.6 698 256 17.4 £ 0.6 11.6 £+ 0.4

an 673 1.7 883 284 242 0.2 142 + 2.0
0.39% Pd/Si0O,

(I-a) 573 2.5 130 64 16.3 = 0.1 99+ 03
1.95% Pd/Si0,-ALO;

(I-a) 448 2.9 490 409 13.7 £ 0.5 10.1 = 0.3

an 673 3.9 422 285 159 = 0.3 9.4 +0.2

I 673 5.9 259 259 148 2.0 78 1.0

av) 673 6.5 237 307 144 = 0.5 8.4 0.1
1.16% Pd/SiO,-AlLO;

(I-a) 573 2.1 516 189 17.2 + 0.1 11.8 + 0.1
0.98% Pd/Si0,-Al,0,

I 573 1.8 500 182 17.5 = 0.1 10.7 = 0.1

an 673 2.5 390 198 18.6 = 1.8 10.5 = 0.5
1.80% Pd/Al,O;

(I-a) 673 2.4 730 316 18.5 £ 0.2 10.5 = 0.3
0.32% Pd/ALO,

(I-a) 573 2.4 119 51 17.1 £ 1.2 9.4+ 0.5
0.36% Pd/Al, 05

(In 573 2.0 175 64 184 = 1.7 98 = 0.7
0.54% Pd/AlLO, 573 2.1 238 93 17.6 = 0.5 98 04
2.33% Pd/AlLO,

O 573 2.4 851 392 16.4 = 0.2 11.5 £ 0.1

an 673 3.0 631 335 154 + 0.1 9.6 = 0.1
2.03% Pd/TiO,

(LTR-I) 448 3.6 452 470 15.1 £ 0.4 9.0 =03

(LTR-II) 448 3.7 457 500 155 = 1.1 9.6 + 0.1

(HTR-I) 773 — 23 159 13.3 = 0.8 84 +04

(HTR-II) 773 — 25 177 19.2 £ 1.2 8.1 +0.2
1.88% Pd/TiO,

(LTR-I-a) 448 7.1 214 385 15.3 £ 0.2 8.8 +03
Pd powder

(I 573 1000 89¢ 300¢ 149 0.3 58 = 0.1

I — 26,054 — 8.4

(I1) 573 1000 — 28,063 — 9.1 +0.1

7 Based on H, chemisorption uptakes.
¢ Average value based on 2 to 4 runs.
¢ Measurements made at 6 Torr of H,.
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tion exposed) of many Group VIII metals.
The measurement for Pd, however, is com-
plicated by the formation of bulk Pd hy-
dride in the temperature and pressure
ranges normally used for chemisorption
measurements. This problem can be re-
solved by conducting measurements under
conditions such that bulk hydride formation
is negligible (17, 18) or by using the dual-
isotherm method of Benson et al. (15). Be-
cause the DSC was operated at 300 K and a
H,; partial pressure of 150 Torr, the dual-
isotherm method was used for chemisorp-
tion measurements in this study. The
results of this method were shown to be in
good agreement with results of other tech-
niques such as the O,~Hj titration and che-
misorption of O, and CO when applied to a
sample with a relative low dispersion of 0.2
(15).

The data in Table 2 indicate that chemi-
sorption uptakes of O, tended to be similar
to or somewhat lower than those of H, on
samples with lower dispersions while they
frequently were higher than H, uptakes on
samples with the highest dispersion. The
first variation can be due to a chemisorption
stoichiometry less than unity for oxygen

adsorbed on surfaces dominated by close-
packed Pd planes (/9), which is expected
for large particles. As the particle size de-
creases, the stoichiometry of oxygen ad-
sorption might be expected to increase as
the packing of surface Pd atoms become
more open; however, the chemisorption
stoichiometry of oxygen is unlikely to ex-
ceed that of hydrogen on Pd, and the higher
O, uptakes on highly dispersed Pd, com-
pared to H;, are attributed to an underesti-
mated H, uptake provided by the dual-iso-
therm method, as suggested by the
following evidence. When Pd is exposed to
H,, the Pd surface is first saturated with
chemisorbed hydrogen at very low pres-
sure, and with increasing H, pressure the a-
phase Pd hydride is formed. At 300 K the a-
phase saturates at a H,,/Pdy, ratio of 0.015
near 15 Torr (20), and if additional H, is
added, the a-phase transforms into the 8-
phase until completion of this process at a
H,,/Pd,, ratio near 0.55-0.60 (21). Although
transformation to the B-phase is frequently
not sharp with well-dispersed Pd, Fig. 1b
clearly shows the onset of this change at
pressure above 15 Torr, and a bulk hydride
ratio of 0.52 is calculated from the back-
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sorption isotherm at 150 Torr. However,
the normal characteristics of 8-phase for-
mation become virtually indiscernible in the
isotherms measured for one of the most
highly dispersed samples (Fig. 1c), and the
hydride ratio calculated from these iso-
therms would be equal to 1.24 (Table 2) if
all of the reversible H; uptake is associated
only with bulk hydride formation. Although
hydride ratios near unity have been re-
ported, these require extreme conditions or
special preparation methods (27). There-
fore, the high apparent hydride ratios are
likely due to an overestimated amount of
absorbed hydrogen by the backsorption iso-
therm. Indeed, if this isotherm measures
only uptake due to bulk hydride formation,
the isotherm should intercept the ordinate
at the origin (20), but the backsorption iso-
therms in Figs. 1b and ¢ both indicate finite
uptakes at very low pressure. Apparently,
some weakly adsorbed hydrogen was re-
moved by the evacuation that decomposed
the bulk hydride, and Fig. Ic indicates that
at 300 K about 15% of the total adsorbed
hydrogen on Pd can be removed by the
evacuation, as the adsorption capacity for
both O, at 300 K and H, at 373 K, where
bulk hydride formation is negligible, was
about 50 wmole g~! on that sample.

Since the same sorption—backsorption
method was used in both chemisorption
and DSC measurements, the heats of ad-
sorption obtained in this study were not af-
fected by this complication, and they repre-
sent integral values for the irreversibly
adsorbed hydrogen. However, the behavior
does imply that dispersions estimated from
the H, uptakes in Table 2 are somewhat un-
derestimated and that the integral heats of
adsorption correspond to near monolayer,
rather than complete, coverage of adsorbed
hydrogen. A precise determination of the
uptake corresponding to monolayer cover-
age of hydrogen may be difficult because
the Pd—H bonding strength decreases as the
coverage approaches unity, and a distinc-
tion between weakly adsorbed hydrogen
and absorbed hydrogen becomes difficult.

The situation is further complicated by the
possibility of adsorption on subsurface sites
(22), which has been suggested as the pre-
cursor of absorbed hydrogen (23) and could
account for 4 major portion of the uptake
measured in the range from near 0 to 15
Torr, as shown in Figs. 1b and c.

Heats of Adsorption

Table 4 lists Q.4 values for hydrogen on
Pd reported in the literature, and most of
the data correspond to initial heats of ad-
sorption, which normally range from 21 to
26 kcal mole~! and are not too sensitive to
the type of Pd surface. The values of Q.4
remain fairly constant up to medium cover-
ages and then decrease at higher coverages.
Integral heats of adsorption have been esti-
mated from these results when variations of
0.4 with surface coverage were given in the
original papers, and they are also listed in
Table 4. These Q.4 values were often re-
ported only for limited ranges of hydrogen
coverages, which in some cases were deter-
mined indirectly by measuring changes in
the work function; therefore, the estimated
integral heats of adsorption from these
results clearly contains some uncertainty.
Regardless, they should provide reasonable
values and the results from this study com-
pare well with these estimated values. For
example, the larger Pd crystallites gave a
constant Q,q value near 15 kcal mole™!, in-
dependent of the support as shown in Fig.
3, compared to 20 kcal mole~! estimated for
the Pd(111) plane. This former value is even
closer to that of 14 kcal mole~! estimated
for a Pd/MgO sample. Since one major ob-
jective was to investigate the influence of
Pd crystallite size and support on heats of
adsorption, effects of these two parameters
are discussed separately.

Crystallite Size Effect

As shown in Fig. 3, the Q.4 for hydrogen
remains essentially constant at 15 = 1 kcal
mole~! as the crystallite size decreases
from 1000 to 3 nm, but it increases sharply
as the size drops below 3 nm, with the high-
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TABLE 4

Initial Heats of Adsorption and Estimated Integral Heats of Adsorption of H,
on Pd from Previous Studies

Surface Qunitial Qintegrat Technique Ref.
(kcal mole~! H,) (kcal mole~! Hy)
Pd(111) 21 20.2b Isosteric (24)
Pd(111) 23,74 — TPD (24)
step/Pd(111) 23.8 — Isosteric (24)
Pd(100) 24.5 23.56 Isosteric (25)
Pd(100) 226 — TPD (25)
Pd(110) 24.4 22.5¢ Isosteric 24)
Pd(110) 23¢ — TPD (24)
Pd filament 22, 25, 354 —_ TPD (26)
Pd/MgO 26.3 (d = 2.5 nm) 17.7 Calorimetric 27)
19 (d=7.5nm) 13.5
24.6 (d = 12.4 nm) 13.9
Pd film 26 Calorimetric )
Pd/C 25 Isosteric (28)
Pd/C 214 TPD 29)

7 Thermal desorption results.

b Maximum values based on work function change.

est value of 24 kcal mole~! being obtained
on the most highly dispersed samples. A
similar size effect has previously been re-
ported for H, heats of adsorption on Pd/
MgO samples (27).

In a number of cases, crystallite size has
been shown to be an important parameter in
catalysis. It has been suggested that these
effects can be a consequence of a variation
in the number and arrangement of nearest
neighbors of surface atoms as crystallite
size changes (9). On the other hand, size
effects can be due to changes in the elec-
tronic structure as a cluster of metal atoms
grows into larger crystallites which finally
develop the electronic band structure of
bulk metal (8). The effect of the geometric
factor on Q.4 can be examined by compar-
ing the values measured on different single-
crystal planes. Data in Table 4 suggest that
0.4 might increase slightly as Pd crystallite
size decreases because the arrangement of
surface atoms becomes more open and the
number of step sites is also expected to in-
crease as size decreases. However, it is in-
teresting to note that the variation of Q.4
over the size range studied is larger than

that which might be attributable to changes
in surface geometry alone. This implies that
electronic properties of small crystallites
also contribute to the larger heats of ad-
sorption measured on the highly dispersed
samples.

Electronic properties of small Pd crystal-
lites or clusters have been described by
both model calculations (30-32) and char-
acterized by different experimental meth-
ods (33, 34). Some of these calculations
have indicated that a crystallite must con-
tain more than 100 atoms to develop elec-
tronic properties comparable to those of
bulk metal (30). This prediction has been
supported by XPS and UPS data, which
indicated that the electronic behavior of
small Pd crystallites converged to that of
bulk Pd metal as the crystallite size in-
creased to about 2-3 nm (33, 34); there-
fore, our results are very consistent with
these XPS and UPS data. Using X-ray ab-
sorption spectroscopy, Mason has shown
that smaller Pd clusters have a large num-
ber of d-orbital vacancies (35), and Mess-
mer et al. have concluded from model cal-
culations that small metal clusters show a
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slight depletion of electron charge on sur-
face atoms (317). Both groups suggested that
a stronger interaction between small metal
clusters and adsorbates is expected. Differ-
ent approaches in these calculations have
been used to investigate the interactions be-
tween hydrogen and transition metals.
Most of these calculations were focused on
the variation of the H-metal bonding
strength across the periodic table (36-40);
however, three studies investigated interac-
tions between hydrogen and Pd clusters
(41-43), and in one of them bonding be-
tween hydrogen and a Pd, cluster was
found to be much stronger than the bonding
of hydrogen to a Pd(111) plane (43). A simi-
lar size effect on Q,4 for CO and oxygen on
Pd has also been observed in our studies
11, 12).

Small Pd crystallites may possess special
catalytic properties which can be related to
their stronger interaction with adsorbates.
Dissociation of CO has not been reported
during thermal desorption of CO from dif-
ferent Pd single-crystal planes (44); how-
ever, Ichikawa et al. have found that small
Pd crystallites appear to be able to dissoci-
ate CO readily at 373 K during thermal de-
sorption runs (45). In another example, Ta-
kasu et al. have reported a increase of 9.5
kcal mole~! in the activation energy for the
H,-D, exchange reaction over Pd/mica cat-
alysts as the Pd crystallite size decreased
from 2.4 to 1 nm (46). They proposed that
this was a consequence of an increase in the
activation energy of dissociative adsorp-
tion; however, hydrogen adsorption on Pd
is rapid, regardless of crystallite size as
shown by the rapid formation and decom-
position of Pd hydride at 300 K (15). Based
on our results, a more likely explanation is
that desorption is the slow step in this reac-
tion and an increase in Q,y would increase
the apparent activation energy, as shown
by a simple Langmuir—-Hinshelwood model
(47). Regardless of the ultimate explana-
tions, examples exist of catalytic behavior
which changes with crystallite size and may
correlate with changes in Q..

Support Effect

Since the heat of adsorption changes with
Pd crystallite size, support effects on Q.
must be examined at comparable disper-
sions. As shown in Fig. 3, on all the sam-
ples studied, the measured Q.4 values basi-
cally follow a single trend over the size
range from 1000 to 1.6 nm, and no support
effect is obvious. The 2.03% Pd/TiO, (HTR)
samples are not plotted in Fig. 3 because
the suppression of chemisorption after
(HTR) at 773 K prevents an accurate esti-
mation of Pd crystallite size for these sam-
ples; however, since TiO,-supported Pd be-
gins to show a tendency to sinter at
reduction temperatures above 773 K (48), it
is reasonable to assume that the 2.03% Pd/
TiO, (HTR) samples have a dispersion
comparable to or less than that measured
for the low-temperature reduction (LTR)
samples. Therefore, the results in Table 3
indicate that despite the sharp decrease in
hydrogen chemisorption on the Pd/TiO,
(HTR) samples, the H; heat of adsorption
measured on these samples is not signifi-
cantly different from the other catalysts,
within experimental error. Based on XPS
data, charge transfer between metal and
TiO; after HTR has been suggested as the
cause for the suppression in chemisorption
(49, 50). However, interpretations of XPS
data are complicated by size-dependent fi-
nal state effects, and in one case, no evi-
dence of charge transfer was found if such
size effects were taken into account (51).
The explanation invoking a blockage of
chemisorption sites by migrating TiO, spe-
cies onto the Pd surface does not require a
weakened adsorbate—-metal interaction
and, hence, is supported by our results.
Electronic interactions between Pd and
conventional supports such as Al,03, SiO,~
AlLO;, and zeolites have been proposed
based on XPS results and IR data of ad-
sorbed CO (52, 53); however, since IR
spectra of adsorbed CO can strongly reflect
the geometry of the adsorption sites, as
mentioned by Shustorovich (54), and be-
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cause the interpretation of XPS measure-
ments can be complicated, these IR and
XPS results do not constitute unambiguous
evidence for metal-support interactions.
Consequently, for the crystallite size range
examined in this study, we conclude no sig-
nificant Pd—support effect is obvious, and
these results suggest that the electronic
properties of surface Pd atoms are not
markedly affected by the oxide support al-
though metal-support interactions are ex-
pected to be more likely to occur when
metal clusters containing a small number of
atoms are present.

Heat of Absorption

The formation of a stable bulk hydride
under mild conditions is a distinctive prop-
erty of Pd as compared to other group VIII
metals. Both model calculations and exper-
imental data have suggested a great similar-
ity between H-Pd interactions in bulk hy-
dride and those between Pd and
chemisorbed hydrogen (41, 55, 56). Al-
though the heat of bulk hydride formation,
Qab, is much lower than that of adsorption,
the Pd-H bond strengths in the two sys-
tems are still comparable. As shown in Fig.
4, Q. changes with Pd crystallite size in a
trend almost identical to that observed for
Q.a; however, it should be emphasized that
the measured Q,, value may not represent
the true Q,, value for the more highly dis-
persed samples because of the removal of
weakly adsorbed hydrogen during evacua-
tion, as mentioned in the discussion of che-
misorption. Because weakly adsorbed hy-
drogen contributes to a larger fraction of
the reversible uptakes measured on highly
dispersed samples, most of the increase in
Q. may be due to a larger contribution
from the weakly adsorbed hydrogen. How-
ever, a model calculation has suggested a
stronger bonding between absorbed hydro-
gen and Pd should occur in the region near
the surface (57), which implies that QO
should increase as the Pd crystallite size
decreases and the remaining bulk Pd atoms
become adjacent to the surface atoms. This

conclusion is further supported by a cluster
calculation which has shown a larger than
normal H-Pd bonding for a hydrogen atom
inside a Pd, cluster (43). Therefore, size ef-
fects may also contribute to some of the
increase in the Q,, measured for the highly
dispersed samples. For samples with a low
surface-to-volume ratio (low dispersion),
the contribution from weakly adsorbed hy-
drogen is negligible and the Q. values mea-
sured for these samples were 8.7 *+ 1.0 kcal
mole™!, which is close to values (9.3 + 0.3
kcal mole™!) reported for bulk Pd in the lit-
erature (58-60). Most backsorption iso-
therms were carried out at a H, partial pres-
sure of 150 Torr, and the Q. measured
corresponds to formation of the S-phase
hydride; however, one measurement for
the Pd powder was made at 6 Torr H, pres-
sure, and this Q,, of 5.8 kcal mole™! corre-
sponds to formation of the a-phase and is
also in good agreement with a value of 5.6
kcal mole~! reported in the literature (61).

Bulk hydride formation also provides a
test for models proposed to explain the sup-
pression of chemisorption on Pd/TiO,
(HTR) samples. If this decrease in chemi-
sorption is due to an electronic interaction
between Pd crystallites and TiO, at the
metal-support interface, all the atoms in
the Pd crystallites are likely to be affected.
Based on this interpretation a suppression
of bulk hydride formation comparable to
that of chemisorption might be expected;
however, data for the 2.03% Pd/TiO, sam-
ples indicated a much more drastic reduc-
tion in hydrogen chemisorption than in bulk
hydride formation as the reduction temper-
ature was increased from 448 to 773 K (Ta-
ble 2). On the other hand, these results are
consistent with the explanation that chemi-
sorption suppression is primarily due to
blockage of the Pd surface by TiO, species
because bulk hydride formation would not
be affected unless the surface of a Pd crys-
tallite was completely blocked or encapsu-
lated so that no H, adsorption at all could
occur. This interpretation is further sup-
ported by the similar Q,, values measured
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for the 2.03% Pd/TiO, HTR and LTR sam-
ples.

SUMMARY

Integral heats of adsorption of hydrogen
have been measured calorimetrically on a
family of Pd catalysts, and they appear to
be insensitive to the support used. Al-
though hydrogen chemisorption on Pd/TiO,
samples decreases sharply after HTR, hy-
drogen heats of adsorption on these sam-
ples are not significantly different from
those on other typical catalysts, within ex-
perimental error. Therefore, these results
support the explanation that suppressed
chemisorption on Pd/TiO, (HTR) is due to a
blockage of Pd surface sites by migrating
TiO, species. In a number of cases, sup-
ports have been reported to affect the cata-
lytic properties of Pd, and the results of this
study suggest that if they do, it is through a
mechanism which does not require a
change in the heat of adsorption. However,
the heat of adsorption of hydrogen in-
creases sharply as the Pd crystallite size
drops below 3 nm, and such a change may
result in the changes in catalytic behavior
reported for some reactions. Similar to the
Q.4, the heat of hydride formation is unaf-
fected by the support and increases as Pd
crystallite size decreases; however, this in-
crease may be partially due to a contribu-
tion from weakly adsorbed hydrogen which
is removed during hydride decomposition
and readsorbed during its formation.
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