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The origin of reversible hydrogen adsorption on dispersed nickel catalysts has been examined
through analysis of in situ magnetization and chemisorption measurements on a large number of
silica- and alumina-supported catalysts. Parameters considered were crystallite size, extent of
reduction, calculated surface capacity, Ny, measured surface capacity for irreversible adsorption,
N,, slope of the reversible isotherm, b, and surface accessibility, Ny/Ny. Relationships between
experimental variables were used to rule out certain models explaining reversible adsorption and to
support others. Adsorption on the support, spillover, reaction with unreduced nickel compounds,
and surface contamination were eliminated from considerations as inconsistent with observed
magnetic responses. Site heterogeneity within the monolayer was considered unlikely from temper-
ature dependence and other factors. The most significant effect was a correlation between the
degree of accessibility and the areal slope 5/N, showing that the amount of reversible adsorption
increased as surface accessibility decreased. This minimized consideration of multilayer adsorption
on subsurface sites and diffusion into the bulk of the crystallite but reenforced the concept of
diffusion into the inaccessible region of the surface. Extrapolation of hydrogen adsorption iso-
therms to zero pressure is recommended as the best method for measuring exposed surface.

© 1986 Academic Press, Inc.

INTRODUCTION

Hydrogen has become a preferred adsor-
bate for characterizing metal surface areas
with chemisorption isotherms (/). Other
gases, such as carbon monoxide (2), oxy-
gen (3), and hydrogen sulfide (4) are uncer-
tain because of imprecise knowledge of ad-
sorption stoichiometries or penetration into
deeper surface layers. Supported noble
metals readily form distinct monolayers
and hydrogen chemisorption gives metal
surface areas in good agreement with other
techniques (5). However, interpretation is
far from clear in the case of supported
nickel. The purpose of this paper is to ex-
amine alternative adsorption models in or-
der to clarify the situation.

Figure 1 illustrates typical isotherms
from volumetric adsorption techniques. Ini-
tially there is a rapid adsorption at low pres-
sures. Using small hydrogen pulses in a
Pulsed Thermokinetic (PTK) study, Rich-
ardson and Friedrich showed that this
adsorption is irreversible and desorbs very

slowly (6). Saturation is reached with an
average heat of adsorption of 20 kcal/mole.

Irreversible adsorption is followed by a
much slower uptake, approximately linear
with pressure. Apparent equilibrium is
slowly attained over a peiod of minutes or
hours. There is always some uncertainty
since slow adsorption continues up to a
point where the integrity of the vacuum
system forces the operator to declare
steady state. This mode of adsorption is re-
versible and evacuation rapidly removes it.
Readsorption follows a linear path parallel
to the original isotherm but separated from
it by an amount equal to the irreversible
mode.

Data in Fig. 1 are representative of a
large number of experiments in which hy-
drogen chemisorption and magnetic mea-
surements were performed on the same
sample. Details are given elsewhere (7-10).
This procedure allows comparison of the
amount of hydrogen adsorption, N,, as
measured from hydrogen adsorption, with a
value calculated from magnetically derived

419

0021-9517/86 $3.00
Copyright © 1986 by Academic Press, Inc.
All rights of reproduction in any form reserved.



420

7% Ni/Al,04
30f Rg 1.40 nm
Ny — — "
20
31% Ni/Si0O,
Rg 1.95 nm

-
(=)

N, moles hydrogen/g Ni x 10?

0 i . 1 1 1 .
0 100 200 300 400 500 600

PRESSURE, torr

F1G. 1. Typical hydrogen chemisorption isotherms
on supported nickel.

crystallite size distributions, Ny. The mag-
netic method, perfected over many years of
use, provides magnetization versus mag-
netic field curves from which several useful
parameters are extracted. First, the satura-
tion magnetization, M., is a direct measure
of the amount of reduced nickel, giving the
fraction reducibility, fz. Secondly, the
shape may be used to calculate crystallite
volume size distributions, from which the
number of surface sites, Ny, are deduced if
spherical shapes are assumed. For other
shapes, Ny varies accordingly but not sig-
nificantly. The following are apparent in
Fig. 1: (1) Irreversible adsorption is less
than full monolayer coverage indicated by
Nu. (2) Reversible adsorption does not sat-
urate at experimental pressures. (3) There
are differences in the slopes of the isotherm
for different samples.

These results agree with measurements
reported by others, although some find
saturated isotherms for conditions giv-
ing complete reduction (17). Deciding on
monolayer coverage becomes some-
what arbitrary. Some authors extrapolate
the isotherm to zero pressure (12),
others select specific pressures such as
100, 300, or 760 Torr (/3-15). In some
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cases, the Langmuir isotherm is found to fit
(16). Recently the Freundlich isotherm was
used (17).

In the absence of saturation there is no
justification for any of these procedures.
Only an understanding of the nature of the
reversible adsorption will lead to the cor-
rect method. We list most of the proposed
rationalizations below, together with a brief
description. More detailed arguments fol-
low later.

(1) Adsorption on the support. Support
materials such as SiQ, and Al,O3, with im-
purity levels of transition oxides, may have
weak adsorption sites for hydrogen, espe-
cially when reduced. Although parallel
measurements on supports usually reveal
negligible adsorption, this explanation can-
not be completely dismissed since prepara-
tional procedures for nickel deposition may
develop adsorption sites on the support.

(2) Spillover onto the support. A more
sophisticated version of support adsorp-
tion, this explanation is valid especially in
view of the large amount of evidence sup-
porting spillover phenomena (18, 19). Dur-
ing spillover, adsorption generates hydro-
gen atoms on nickel followed by diffusion
to the support and subsequent replacement
of hydrogen on the nickel surface. Since
extent of hydration of the surface is a fac-
tor, support type and pretreatment are im-
portant parameters.

(3) Adsorption on unreduced nickel com-
pounds. Supported nickel catalysts as usu-
ally prepared consist of a variety of nickel
compounds before reduction—salts, hy-
droxides, oxides, aluminates, silicates, etc.
These are often difficult to reduce so that
the catalyst is a mixture of nickel metal and
unreduced precursor. The latter could ad-
sorb hydrogen weakly and reversibly (20).

(4) Reaction with surface contamination.
Highly dispersed nickel is very reactive
with oxygen. During experimental opera-
tions, nickel could become partially cov-
ered with patches of adsorbed oxygen or
even an oxide film. Oxygen can originate
from impurities in inert gases used to clean
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the catalyst or from leaks during prolonged
evacuation. Another source is the support
itself, especially after extensive heating in
the absence of hydrogen. Hydrogen reacts
with chemisorbed oxygen and replaces the
Ni—O bond with Ni—H. Selwood deter-
mined oxygen—nickel stoichemistry to be
1:2 for low partial pressures of oxygen
(21), so that the reaction is

Ni,—O + 2H,; = H,0 + 2 Ni—H (1)

This is similar to the oxygen titration
method sometimes used to measure surface
areas (22).

Other contaminants, such as carbon,
could act in a similar manner.

(5) Heterogeneous sites. Possibility of
adsorption site heterogeneity is very real.
Crystallographic and experimental evi-
dence strongly suggests that a wide spec-
trum of modes and energetics of adsorption
exists (23). Hardeveld and Hartog pro-
posed that the statistics of these sites may
be represented with an imperfect cubooc-
tahedron model for nearly spherical crystal-
lites (24). Principal crystallographic planes
are (100), (110), and (111). Further site dis-
crimination is possible with face, edge, and
corner atoms on these planes. Steps and
kinks add further complexity (25). Bond ex-
tended the concept by including orbital
symmetry considerations, leading to many
different modes of adsorption (26). Al-
though supported by early calculations of
Shopov et al. (27), this model has since
been challenged by Fassaert and van der
Avoird (28). Nevertheless, evidence for
site heterogeneity persists. Sweet and
Rideal reported very strong adsorption at
coverages from zero to 0.1 with heats of
adsorption from 32 to 25 kcal/mole (29).
This is in agreement with earlier measure-
ments and is assigned by Sweet and Rideal
to adsorption on corners and edges. Calcu-
lations by Fassaert and van der Avoird
agree but further indicate that adsorption
on (100), (110), and (111) planes occurs
preferentially on top of nickel atoms with
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very little plane specificity in heats of ad-
sorption (30). Christmann (31) and Lapey-
oulade and Neil (32) found about 22 kcal/
mole decreasing to 14 kcal/mole above a
coverage of 0.5. Sites with multiple bonding
and ‘‘hole’’ positions in the layer one-half
of an atomic distance below the surface are
estimated to have heats below this range.
Slinken et al. found a correlation between
irreversible adsorption and the ratio of cor-
ner and edge sites assuming rhombic do-
decahedra, but with limited samples (33).

Sites with medium to very strong adsorp-
tion heats (20 to 35 kcal/mole) could ac-
count for irreversible adsorption and follow
Langmuir isotherms with large adsorption
coefficients. Multiple bonding and ‘‘hole”’
adsorption result in weakly held hydrogen
(i.e., reversible) with correspondingly small
coefficients.

The overall isotherm is

D Ny K{3Pi?
1+ KVZPIp

t 2

weak

N, A=
i
strong

1 + K& PI?
where

Ny, = saturation coverage of i strong
sites with adsorption coefficient K

Ng, ; = saturation coverage of j weak
sites with adsorption coefficient Ky ;

Py = hydrogen pressure.

For K{?P}f > 1 and Kg ;Pi* < 1 Eq. (2)
reduces to

Na =Ny + bP  (3)
where
Ny = 2 Ny
and
b = ENR,,'KR,}/Z.
J

Equation (3) has the same general shape
as the isotherms in Fig. 1 over a limited
pressure range.
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(6) Multilayer adsorption. Adsorption on
corner, edge, and top positions of the low
index planes would normally be defined as
a monolayer. Penetration into the second
layer (i.e., bridge and ‘‘hole’’ positions) is
an excess of the monolayer. This view is
supported by Konvalinka et al. who found at
least seven adsorption modes with temper-
ature programmed desorption (TPD) (34).
These authors, however, consider revers-
ible low heat, modes to be ‘‘type C’’ chemi-
sorption, discussed generally by Bond (35).
Pictured as a predissociative, species
formed from combinations of other modes,
they are limited to only a fraction of a
monolayer. It is possible that much of the
reversible adsorption shown in static iso-
therms was not observed during the TPD
studies due to experimental procedures.

(7) Surface inaccessibility. Richardson
and Desai discussed ‘‘surface inaccessibil-
ity’’ occurring when measured surface ar-
eas are less than those calculated from size
determinations (8). Presumably part of the
surface is inaccessible to hydrogen.
Whether this is due to a ‘‘skin’’ of support
over the metal, as first suggested by Linsen
and Coenen (36), to pore trapping (37) or to
strong metal-support interactions (SMSI)
(38—40) is not obvious. Irreversible adsorp-
tion could be a measure of exposed or ac-
cessible surface. Reversible uptake could
follow diffusion from this surface into the
“‘skin’’ or otherwise inaccessible surface.
The mechanism is not clear, but to a first
approximation isotherms similar to Eq. (3)
may be derived, with the exception that the
coefficient b is not an equilibrium coeffi-
cient but a kinetic factor. Exact values de-
pend on experimental conditions.

(8) Bulk diffusion. Permeation of hydro-
gen into metal surfaces is a well-known
phenomena and has been reviewed by
McLellan and Harkins (¢/). Extensive re-
search has shown that hydrogen does in-
deed absorb in nickel with formation of
Ni—H bonds and loss of magnetization.
Measured permeation rates in bulk metal
are, however, exceedingly small (41). Sel-

RICHARDSON AND CALE

wood concluded that absorption is not a
reasonable explanation for reversible up-
take (21). However, Messmer et al. calcu-
lated that the electronegativity difference
between hydrogen and nickel decreases as
the crystallite becomes small, leading to
much larger permeation rates for highly dis-
persed catalysts (42). In some cases, as
much as 4-5 times monolayer coverage has
been detected with platinum (43).

(9) Strong metal-support interaction.
Easily reducible supports, such as TiO,, af-
fect the adsorption properties of dispersed
metals (38). Following reduction at high
temperatures, ability to adsorb hydrogen is
drastically decreased. More common sup-
ports, SiO, and Al,O;, show similar but less
dramatic effects (40). Whether due to elec-
tron transfer (38), activated hydrogen ad-
sorption (44) or surface alloy formation
(45), the phenomenon could be related to
generation of sites for reversible adsorp-
tion.

Many of these mechanisms were covered
in a review by Knor (46) but the question of
the nature of the reversible mode was not
considered.

In view of the many alternatives it is not
surprising that no consensus exists for in-
terpreting hydrogen isotherms. However,
some may be eliminated by considering two
critical properties.

The first is the magnetization loss upon
hydrogen chemisorption. Selwood was the
first to address this problem using both low
and high field measurements (27). The ef-
fect has been confirmed since then (47).
Saturation magnetization of a surface
nickel atom decreases by 0.73 Bohr magne-
tons upon chemisorption of one hydrogen
atom. This is interpreted as electron dona-
tion to the d-band in nickel, effectively fill-
ing the 0.606 d-holes responsible for magne-
tization and influencing neighboring atoms
by decreasing magnetic interaction. Disso-
ciation is implied. The magnetization de-
crease (¢) is the same for both irreversible
and reversible adsorption, indicating that,
although the strength of adsorption is dif-
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ferent, dissociation and nickel interaction is
the same. Selwood found the effect to per-
sist up to pressures of hundreds of atmo-
spheres, concluding that ‘‘full coverage is
never reached.”” Desorption reverses the
process. These observations rule out sup-
port adsorption, adsorption on unreduced
nickel and predissociative type-C adsorp-
tion as major contributors to reversible up-
take.

The second feature is the actual revers-
ibility itself. Surface contamination be-
comes questionable. Reversibility, together
with regain of magnetization, is not likely to
occur in the case of spillover.

Possibilities now begin to narrow. Pre-
sumably strong adsorption (20 kcal/mole or
greater) at low pressure could be mono-
layer coverage of corner, edge, and low in-
dex sites of the accessible surface. Further
uptake occurs through diffusion away from
these sites to less accessible, lower energy
positions with replacement of the original
adatom. Diffusion could be either to sub-
surface positions just below the exposed at-
oms, into the bulk of the crystallite, or to
the inaccessible portion of the surface
nickel, between the crystallite and support.

The implication is that exposed surface is
best measured by extrapolation to zero
pressure using Eq. (3). The conclusion is
correct only if the diffusion processes in
(1), (2), or (3) above are confirmed, a diffi-
cult task. Much of existing evidence has
been obtained by different researchers, us-
ing widely varying experimental techniques
on samples prepared in many ways. Results
are inconsistent and no trends obvious.

However, techniques have been devel-
oped in this laboratory for measurement of
hydrogen isotherms, crystallite size distri-
bution and degree of reduction on the same
sample (9). Uncertainties introduced by ex-
perimental methods inherent in different
sampling techniques are avoided and more
reliable information obtained.

Several such studies have been made
over the past 5 years, involving different
investigators studying similar catalysts un-
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der a wide range of conditions (48-50).
From this information it is possible to ex-
tract consistent themes that confirm the ap-
propriateness of an interpretation, as well
as shedding further light on the complex na-
ture of reversible hydrogen adsorption.

EXPERIMENTAL

Catalyst preparation. Homogeneous pre-
cipitation—deposition techniques were used
to prepare two types of catalysts reported
in this work (51). The supports were (1)
SiO; in the form of Cab-O-Sil and (2) sam-
ples of y-Al,O, of differing pore size distri-
butions (50). Each support was slurried
with nickel nitrate solution and urea at
90°C. Slow hydrolysis of urea produced a
very homogeneous and highly dispersed
nickel compound precipitated on the sup-
port.

Final products ranged from 20 to 35 wt%
Ni on SiO; and 5 to 10 wt% Ni on ALO;.

Reduction procedures. Samples were
loaded into in situ cells described in detail
earlier (9), reduced in hydrogen at 350-
500°C, and cleaned in He at slightly higher
temperatures. Magnetic and chemisorption
measurements were then carried out as re-
ported. Saturation magnetization values for
samples cleaned at different temperatures
were identical, indicating that this proce-
dure does indeed remove adsorbed hydro-
gen without surface-induced oxidation (9,
37, 51).

Magnetic measurements. Magnetization
measurements covered the range 0 to 15
kOe and —196 to 25°C and data used to esti-
mate the fraction of nickel reduced, fz,
crystallite size distribution, calculated sur-
face area, Sy, m?%/g Ni(red), and surface
monolayer capacity Ny, moles H/g
Ni(red). Exact procedures are described in
earlier publications (9).

An improved apparatus was used in some
of the experiments, involving a Vibrating
Sample Magnetometer manufactured by
Princeton Applied Laboratories and a Var-
ian electromagnetic, together with a spe-
cially designed quartz cell for in situ mea-
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TABLE 1

Statistics of Nickel Parameters

Catalyst: 32 wt% Ni/SiO,
Reduction: 400°C, 6 h

RunNo. fr R, (mm) N, x 104 b X 10* b/N,
1 0.735 1.33 11.3 0.293  .0259
2 0.707 1.16 11.3 0.313  .0277
3 0.732  1.19 10.3 0.267 .0259
4 0.709 1.33 11.3 0.282  .0250
Average 0.721 1.25 11.0 0.288  .0261
SD 0.015  0.09 0.5 0.019  .0011

Note. fx, fraction of nickel reduced; R,, average
crystallite radius based on surface area calculated
from magnetic crystallite size distribution; N,, inter-
cept of Eq. (3), moles H,/g Ni(red); b, slope of Eq. (3),
moles of H,/g Ni(red) - Torr.

surements (48). This equipment measured
the rate of magnetization loss upon hydro-
gen adsorption, leading to rates of hydro-
gen chemisorption at constant pressure.
Chemisorption measurements. Volumet-
ric chemisorption studies were made di-
rectly on the same sample in the magne-
tometer cell using an apparatus reported
previously (9). Reduction and cleaning
procedures were the same but the sample
was evacuated for several hours at the
cleaning temperature. Sufficient time (5-
45 min) was allowed for equilibrium or
pseudoequilibrium in each point. This gave
the isotherm at 25°C in terms of N,, moles
H,/g Ni(red), versus hydrogen pressure.
Typical results are given in Table 1, using
Eq. (3) to determine N, and 4.
Experimental conditions. The results dis-
cussed in this work were obtained over a 5-
year period on different studies of crystal-
lite size effects in catalysis. Many of these
experiments are described elsewhere (7-9,
37, 48-50). Sample preparation and mea-
surement techniques were the same. Six
different operators were involved in these
studies. Some degree of reproducibility is
seen in data shown in Table 1. These were
identical measurements on four different
samples of the same catalyst. Runs 1, 2,
and 3 were carried out by one operator,

RICHARDSON AND CALE

Run No. 4 by another. This level of preci-
sion has been achieved repeatedly. Statisti-
cal parameters in Table 1 are used to reach
certain conclusions regarding significance
of experimental variations. They reflect the
precision of both the magnetic (fg and Ry)
and the chemisorption (N, and b) parame-
ters.

RESULTS AND DISCUSSION
Shape of the Isotherm

Most of the hydrogen chemisorption data
were taken in the pressure range 25 to 300
Torr. The isotherm shown in Fig. 2 was ob-
tained with measurements extended to
lower pressures. The sample was 32 wt%
Ni/SiO; reduced at 400°C. Magnetic char-
acterization gave an average ‘‘surface’’ ra-
dius, R, of 1.35 nm, with a fraction of re-
duced nickel, fx, of 0.709. For low pressure
points (<10 Torr) adsorption was rapid and
equilibrium reached in minutes. Much
longer times were required for higher pres-
sure readings. Usually 45 min to 1 h were
sufficient. At this ‘‘steady state,’’ true equi-
librium was not established but further
changes were very slow.

The data in Fig. 2 were fitted to a modifi-
cation of Eq. (2)

NiKIPY
T 1+ KPP

with a regression coefficient of 0.9976. The
isotherm shape is generally consistent with
the model of Langmuir-type, dissociative
adsorption on a very strong site followed by
adsorption on weaker sites. At higher pres-
sures, Eq. (4) reduces to Eq. (3), which was
used to analyze all subsequent data. Signifi-
cantly better statistical precision was
achieved compared to first-order pressure
dependence. However, the exact signifi-
cance of b, whether thermodynamic or Ki-
netic, depends upon the prevailing mecha-
nism.

Na + NpK&Pit 9

Heats of Adsorption

A sample of 20 wt% Ni/SiO; (fg = 0.95,
R, = 1.74 nm) was studied over a wide pres-
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F1G. 2. Pressure dependence of hydrogen chemisorption.

sure range at 30 and 40°C and isosteric
heats of adsorption calculated from the iso-
therm. Results are superimposed on the
30°C isotherm shown in Fig. 3, indicating
an almost constant value of 18-19 kcal/
mole for irreversible adsorption with an im-
mediate decrease at the onset of reversible
adsorption. This decrease continues with

coverage. Interpretation of isoteric heats of
adsorption in this manner may not be com-
pletely justified, yet results are remarkably
consistent with previous determinations.
Whether or not the decrease is due to
heterogeneity in adsorption sites or to in-
duced effects from repulsion of adatoms is
not clear from these measurements alone.
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Fi1G. 3. Temperature dependence and heats of adsorption of hydrogen chemisorption.



426

TABLE 2

Effect of Temperature on Adsorption Parameters

Sample:  20% Ni/SiO,

Reduction: 400°C, 16 h

R 1.74 nm

fR: 0.95

T (°C) Ny x 10* moles/g Ni(red) b x 10¢

23 15.7 0.273
30 16.2 0.273
39 16.4 0.287
51 15.4 0.288
60 14.4 0.290
70 12.1 0.371
80 11.4 0.409
100 10.2 0.415

Temperature Effects

Measurements were extended to higher
temperatures for the sample in Fig. 3. Table
2 shows the parameters found for Eq. (3).

Initially, both Ny and b remain essentially
constant. Above about 50°C, N, decreases
and b increases. The multiple site model
implies that b should decrease due to tem-
perature dependence of Kz. However, with
increasing temperature weaker irreversible
sites become more reversible, decreasing
Ny and increasing b through Ny.

Alternatively, if b reflects kinetic rather

TABLE 3

Magnetization Loss on Hydrogen Chemisorption

Catalyst: 32 wt% Ni/SiO,
Reduction: 400°C, 4 h
R,: 3.14 nm
fr 0.707
P (Torr) Na % 104 AM. g
moles/g Ni(red) M.
19.6 12.6 —0.172 -0.70
48.9 13.7 —0.190 —0.71
140.9 14.7 —0.210 -0.73
236.8 15.2 -0.220 -0.74
+20h — —0.250
. AM. (0.606)
e =

M. N.2)(58.9)
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than equilibrium effects, then b should in-
crease with temperature.

Rate of Adsorption

Magnetization loss was used to measure
rates of adsorption. In order to confirm that
magnetization loss is identical for different
modes of adsorption, measurements of rel-
ative saturation magnetization, AM../M.,
were made at different points during the
adsorption process. Results are given in
Table 3.

These results confirm that both irrevers-
ible and reversible adsorption lead to identi-
cal magnetic interaction with the nickel,
i.e., the dissociation and electron transfer
process is the same. Furthermore, contin-
ued decrease in magnetization after 20 h
shows that slow uptake still occurs even
after establishment of ‘‘steady state.”

Other workers have discussed the fact
that ¢ is also a function of applied magnetic
field (4¢7). This was confirmed in Table 4 for
fields used in the continuous rate measure-
ments.

By combining the data in Tables 3 and 4 it
was possible to calibrate the magnetization
change at 14 kOe with amount of hydrogen
adsorption using a corrected value of €. In
this way, the continuous rate data shown in
Fig. 4 was obtained.

Adsorption was followed at 760 Torr for

TABLE 4
Effect of Applied Field on Magnetization Loss
of Adsorption
Catalyst: 32 wt% Ni/SiO,
Reduction: 450°C, 16 h
R;: 1.14 nm
fr: 1.00
H (kOe) (AM/M) 25°C at 760 Torr, 20 h
2.0 —0.482
4.0 -0.462
6.0 —0.450
8.0 —0.435
10.0 —0.423
12.0 —0.413
14.0 —0.407
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120 min and after a 20-h ‘‘soak’ period.
Desorption at an average hydrogen pres-
sure of 1-2 Torr was then carried out and
the rate of removal of adsorbed hydrogen
(i.e., gain of magnetization) determined. As
anticipated, the initial rate of chemisorption
was rapid until irreversible adsorption was
complete. The rate continued to decrease
by orders of magnitude during subsequent
reversible adsorption. Desorption of re-
versible hydrogen was complete in about
150 min at rates approximately the same
as initial reversible uptake. Desorption

stopped close to the value of Ny determined
from static volumetric adsorption, validat-
ing both experimental procedures and the
assumption that extrapolation of the iso-
therm does indeed give the irreversible
amount.

Rates found from the data in Fig. 4 are
given in Table 5.

Effect of Unreduced Nickel

Identical magnetic response over the
complete chemisorption range rules out any
possibility of slow adsorption on unreduced

TABLE 5

Rates of Adsorption

and Desorption

Catalyst:  22.9 wt% Ni/SiO,
Reduction: 450°C, 16 h

R: 1.00 nm

Jx: 0.75

N,: 12.8 x 104

N, x 10* moles H,/g Ni(red)

mole H,/g Ni(red)
Rate, mole H,/g Hi(red) min

Absorption Desorption
0-14 1.35 x 1073 0
15.5 1.85 x 104 6.50 x 107
17.5 4.50 x 107¢ 9.00 x 10-°
19.0 7.60 x 1076 5.30 x 107
20.5 1.67 x 1076 7.50 x 10°8
23.0 1.67 x 1077 2.50 x 10°¢
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TABLE 6
Effect of Degree of Reduction

Catalysts: 20-32 wt% Ni/SiO,
Reduction: 350-450°C, 6-12 h
R;: 1.14-1.51 nm

Run No. fR Rs (nrn) No x 104 b x 10¢ b/No
1 0.708 1.16 11.3 0.313  0.0277
2 0.735 1.33 11.3 0.293  0.0259
3 0.781 146 12.6 0.298 0.0237
4 0.817 1.34 11.0 0.247  0.0225
5 0.929 1.51 13.9 0.257 0.0185
6 1.00 1.14 10.6 0.183  0.0173

nickel. However, possible influence on the
adsorptive properties of metallic nickel
through interaction with unreduced phases
(SMSI) must be considered. The mecha-
nism is not clear, but could involve electron
transfer into surface layers or blockage of
metal sites by a layer of unreduced material
through which hydrogen must diffuse.
Samples discussed here cover a moder-
ate range of degree of reduction but suffi-
cient to show an effect. Experiments made
on a number of similar samples reduced un-
der conditions giving different levels of re-
duction but with approximately the same
crystallite size are shown in Table 6.
Despite the fact that b has a finite value at
complete reduction, there is a definite de-
crease as fr increases. For example, con-
sidering Runs 1 and 6 with crystallite of the
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same size, a statistical z-test shows a signifi-
cant difference at the 0.05 level, i.e., there
is a 95% probability that the samples are
different. Although not a main factor, the
presence of unreduced nickel silicate ap-
pears to contribute to the slope. These
same conclusions apply to the ratio b/Nj.
Even the fully reduced catalyst may still
contain traces of unreduced material,
enough to have an effect.

Effect of Crystallite Size

The effect of crystallite size is seen in a
series of sintering experiments on freshly
reduced samples. Two types of catalysts
are considered, 32—45 wt% Ni/SiO, and 6-
10 wt% Ni/Al,O5. Data are given in Tables
7 and 8, respectively.

For both types of samples, interpretation
is complicated by the fact that sintering
produces not only an increase of crystallite
size but also a major decrease in Ny, reflect-
ing a drop in degree of accessibility or ex-
posure of the surface. Several observations
are significant. First, as the crystallite size
increases and N, decreases, b also de-
creases but b/Ny shows an increase. Sec-
ond, b is a factor of 3-5 greater for the
Al,Osz-supported samples. Finally, there are
differences in trends for the samples which
may be due to variations in pore size distri-
bution, etc.

It is important to note that sintered states
shown in Table 8 indicated no change in

TABLE 7

Effect of Crystallite Size

Catalyst:

25-40 wt% Ni/SiO,

Reduction: 400°C, 4-8 h

Sintered:  600°C, 4-8 h, He
Sample fiz  Condition R,(nm) N, x 10* b x 10* bIN,
25 wt% 0.90 Fresh 1.96 1.1 0.392  .0353
Sintered 3.36 1.97 0.237  .1203
31 wt% 0.95 Fresh 1.95 13.7 0.352  .0257
Sintered 2.85 4.03 0.256  .0635
34 wt% 1.00 Fresh 2.04 12.1 0.240  .0198
Sintered 3.91 3.02 0.200 0662
36 wt% 0.94 Fresh 2.31 12.3 0.233  .0189
Sintered 3.05 3.66 0.247  .0674
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TABLE 8

Effect of Crystallite Size

Catalyst:

7 wt% Ni/AlLO,

Reduction: 400°C, 4-8 h

Sintered:  500-600°C, 1-20 h, He

Sample  f Condition R, (nm) N, x 10* b x 10* b/N,
1 0.589 Fresh 1.40 7.28 1.48 0.203
Sintered 1.56 5.17 1.35 0.261

Sintered 1.73 3.31 1.11 0.335

Sintered 1.97 2.58 0.833  0.323

Sintered 2.41 1.34 0.658  0.428

2 0.634 Fresh 1.36 13.8 1.41 0.102
Sintered 1.62 8.59 1.13 0.159

Sintered 1.74 7.07 1.06 0.150

Sintered 2.07 5.04 0.834 0.166

Sintered 2.28 2.64 0.687  0.260

3 0.645 Fresh 1.53 9.23 1.43 0.154
Sintered 2.08 4.82 1.33 0.276

Sintered 2.24 3.35 1.10 0.327

Sintered 2.68 2.80 0.775  0.277

Sintered 2.82 1.80 0.697  0.387

saturation magnetization. Increasing the in-
accessibility does not appear to involve
electronic effects.

Effect of Degree of Accessibility

Possible correlation with degree of acces-
sibility, @ = Ny/Npy, is best considered by
reexamining some of the data in Table 8.
Table 9 shows reorganization in which sam-
ples have been grouped in three ranges of
crystallite size but decreasing values of .

Within each size group the effect of inac-
cessibility becomes clear. As the degree of
accessibility decreases, the value of b/N,
increases. The pattern is followed over the
size range studied. It is interesting, that for
each size, b remains approximately con-
stant but decreases with increasing size.
The significance of these results will be dis-
cussed later.

Effect of Support

The effect of support material is demon-
strated in the data of Fig. 1 and Tables 7
and 8. Yet it should be noted that support is
not the only major difference in these sam-
ples. Concentration and fractions of re-

duced nickel are significantly different and
complicate direct comparisons.

Nature of Hydrogen Adsorption

In order to clarify the meaning of these
results presented above, we summarize the
pertinent factors as follows.

(1) There are two types of adsorption—

TABLE 9
Effect of Degree of Accessibility

R, (nm) o b x 10¢ b/ N,
1.36 0.437 1.41 0.102
1.53 0.328 1.43 0.154
1.62 0.324 1.13 0.159
1.40 0.238 1.48 0.203
1.56 0.187 1.35 0.261
2.07 0.242 0.834 0.166
2.08 0.233 1.33 0.276
1.97 0.118 0.833 0.323
2.28 0.140 0.687 0.260
2.41 0.075 0.658 0.428
2.82 0.118 0.697 0.387

Note: Catalyst: same as in Table 8.
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very rapid, irreversible adsorption, essen-
tially complete at pressures of 1-2 Torr,
with a heat of about 18 kcal/mole, and
slow, reversible adsorption that approaches
pseudoequilibrium in about an hour but
shows continued uptake for 20 h or more,
with a heat of adsorption of less than 12
kcal/mole (Fig. 3).

(2) Both types of adsorption are dissocia-
tive and donate electrons to the bulk to the
same extent (Table 3).

(3) The amount of irreversible adsorption
decreases and reversible adsorption in-
creases with temperature (Table 2).

(4) The ratio of reversible to irreversible
increases as either the crystallite size in-
creases or the degree of accessibility de-
creases (Tables 7 and 8).

(5) The ratio of reversible to irreversible
varies with the support, increasing from sil-
ica to alumina (Tables 7 and 8).

(6) Reversible adsorption decreases as
reducibility increases but does not disap-
pear completely at full reduction (Table 6).

Let us examine these observations and
their applicability to possibilities outlined
earlier. There is little question that irrevers-
ible adsorption occurs on exposed centers
of high adsorptive energy. Most likely these
are on corner and edge sites and atop sur-
face atoms on face planes, as suggested by
both experimental evidence on single crys-
tals and theoretical calculations (31-33).
Low pressure uptake as represented by ex-
trapolation to zero pressure is then a rea-
sonable way to estimate monolayer cover-
age. The fact that this gives areas smaller
than calculated from crystallite size distri-
butions has been interpreted as due to sur-
face inaccessibility (8). This conclusion is
sensitive to assumptions made in the mag-
netic calculations, the most critical being
shape and a constant stoichiometry of ad-
sorption independent of crystallite size (9).
Other problems, such as oxygen contami-
nation during measurement, etc. have been
thoroughly checked for and ruled out.
Shape selection is arbitrary, although most
authors favor spherical geometry (23, 24).

RICHARDSON AND CALE

Linsen and Coenen advocate hemispheres
(36), a model very consistent with strong
support bonding, but this would increase «
only by a factor of 60%. Trends with values
of « less than unity would still exist. Size-
dependent considerations are not consis-
tent with observations which show « de-
creasing with both thermal treatment (49)
and smaller pore sizes (37).

Diffusion to lower energy sites may oc-
cur with subsequent replacement from the
gas phase. The net result is a further trans-
fer of electrons, with reduced magnetiza-
tion, and an overall lower heat of adsorp-
tion as the hopping-replacement process
takes place. Alternatively, reversible ad-
sorption could be direct dissociation on
weaker sites. It is impossible to discrimi-
nate further on the basis of existing evi-
dence.

There are three possibilities for the loca-
tion of these weaker sites: (1) lattice posi-
tions more appropriately described as
“holes’’ in the surface, i.e., subsurface in-
terstecies, (2) traps deep in the bulk of the
crystallite, accessible by diffusion of a per-
meation or absorption nature, (3) locations
within the interface between the metal and
the support, i.e., the inaccessible part of
the surface.

The key factor is the ratio of b/ N, and its
variation with degree of reduction, crystal-
lite size, degree of accessibility, and sup-
port. The factor b is proportional to con-
centration of sites, 2 ;Ng,, for an adsorptive
process. In the case of diffusion, b is a func-
tion of DAt, where D is some diffusion co-
efficient, A the dimension over which diffu-
sion occurs, and ¢ the time of the process.
In either case, N, is the exposed nickel sur-
face containing adsorptive sites or from
which diffusion must occur.

For adsorption on subsurface positions,
b/Ny is a measure of surface concentration
of available sites. Its value should be inde-
pendent of accessibility for the same crys-
tallite size, degree of reduction and sup-
port. Results in Tables 6, 7, 8, and 9 do not
indicate this.
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With bulk diffusion, Ny is approximately
equivalent to A so that b/ Ny is related to the
diffusion coefficient. Likewise, this should
be independent of accessibility and degree
of reduction. Dependence on crystallite
size may be expected since Messner et al.
(42) have calculated that electronegativity
differences between nickel and hydrogen
decrease for smaller crystallites, thus facili-
tating adsorption. However, data in Table 9
appear to give the opposite effect. Ex-
pected permeation rates are also orders of
magnitude lower than those in Table 5 (41).

Support effects indicate b/N, ratios 4-5
times higher for Al,Os than SiO,. It could
be argued that inclusion of small amounts
of aluminum oxide in the nickel might suffi-
ciently alter the interatomic spacings and
thus diffusion rates so as to facilitate
greater uptake. Similar behavior has been
invoked in the concept of paracrystallinity
used to explain coprecipitated NiO-Al,O3
systems (52).

Finally, one must consider that, if sub-
surface adsorption or diffusion is occurring,
then it should be universal. Although re-
versible adsorption is usually found, there
are sufficient and reliable reports of its ab-
sence in saturation isotherms (/1) to sug-
gest that it is some artifact of the catalyst
preparation or treatment.

Surface diffusion into the inaccessible in-
terface, on the other hand, is generally
more consistent with the data. Table 9
clearly shows an increase in b/ N, as N, de-
creases, i.e., as the amount of inaccessible
surface increases. Tables 7 and 8 support
this if the decrease in accessibility is given
more importance than the increase in crys-
tallite size. Other supportive evidence in-
cludes the increase with the fraction of un-
reduced nickel compound (Table 6), and
the increase for Al,O; (Table 8). It is ex-
pected that the chemistry of the support in
the interface should play some role. The
degree of reduction may be more significant
than indicated since Al,Os-supported cata-
lysts were poorly reduced.

Our interpretation must be qualitative in
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the absence of a detailed theory to describe
this type of interfacial diffusion. Hydrogen
ions are generated on the exposed metal
surface and diffuse into the interface in
amounts that can be quite large. The nature
of the adsorption sites is not apparent. Al-
though not completely conclusive, the
weight of evidence favors this model for re-
versible adsorption. It is hoped that future
experiments will be designed to test this hy-
pothesis.

CONCLUSIONS

The reversible mode of adsorption found
in hydrogen chemisorption isotherms on
nickel has been found to be dissociative,
similar to irreversible, but with a lower heat
of adsorption. Adsorption on the support or
unreduced oxide, spillover to the support
and reaction with contamination are ruled
out as inconsistent with these properties.

Diffusion into subsurface layers, bulk or
inaccessible interface are considered as
possibilities. Dependence of the ratio of re-
versible to irreversible adsorption on fac-
tors such as extent of reduction, crystallite
size, degrees of accessibility and type of
support, as well as measured rates and tem-
peratures dependence, favors the interfa-
cial diffusion model. This explanation is ac-
cepted as the most plausible, although
many features of the model are not clear.

Determination of the accessible surface
area by extrapolation of isotherms to zero
pressure is thus the best method for inter-
preting hydrogen chemisorption measure-
ments.
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