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A metal vapor method was employed to prepare highly dispersed Ni metal catalysts (solvated
metal atom dispersed = SMAD catalyst) supported on MgO. Compared with conventional Ni/MgO
compositions, the SMAD catalysts showed much greater activities for all reactions studied (hydro-
genolysis of methylcyclopentane, MCP; hydrogenation/hydrogenolysis of toluene, TOL; methana-
tion of carbon monoxide, CO; dehydration of isopropyl alcohol, IPA). These high activities for the
SMAD catalysts are attributed to the high surface area of Ni on MgO and the high percentage of
this Ni in a zero-valent state (‘‘reduction degree’’). Conventional methods for preparing Ni/MgO
catalysts did not yield nearly such favorable surface areas or reduction degrees. Nickel particle size
effects were observed during hydrogenolysis studies of MCP and hydrogenation studies of TOL.
These phenomena are explained by assuming the size of an active Ni particle to be largest for
hydrogenolysis of MCP > hydrogenation of TOL > methanation of CO = dehydrogenation of IPA.

INTRODUCTION

Over the past 12 years the field of ‘‘metal
atom (vapor) chemistry’” has become a
well-established synthetic technique in in-
organic and organometallic chemistry (/).
In recent years this method of vaporizing
metals and using the resultant atoms as syn-
thetic reagents has been applied to prepare
organometallic polymers and catalysts.
Francis and Timms (2) ‘‘supported’” metal
atoms in siloxane polymers while Ozin et
al. (3) have supported small clusters in sim-
ilar media. Likewise we have been examin-
ing the clustering/reaction processes of
metal atoms in organic solvent media at low
temperatures (4). Fundamental information
about metal atoms and cluster inter-
actions/mobilities with organic and poly-
mer media is being obtained through these
studies.

Herein we report on the use of the metal
atom-vapor method for the production of
highly dispersed Ni/MgO catalysts (cf.
Scheme 1). Since solvated metal atoms are
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employed as intermediates in these catalyst
preparation schemes we have termed the
catalysts ‘‘solvated metal atom dispersed”’
(SMAD) systems. The method is actually
an extension of the work of Yermakov (5)
and Ichikawa (6) where stable organome-
tallic compounds are used as dispersing re-
agents. The use of organometallic com-
plexes in low valent states allows the
dispersion of the metal in low valent states.
Thus, high-temperature reduction schemes
are not necessary, as they are with the
more conventional salt deposition/H, re-
duction methods. Of course the organome-
tallic dispersion reagents depend on: (1) the
availability of a suitable organometallic
compound with appropriate solubility char-
acteristics and the ability to bind to the
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SCHEME 1. Sequence for the preparation of active
Ni/MgO SMAD catalysts.
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support, and (2) the ability of the dispersed
organometallic to decompose under rela-
tively mild conditions without migration so
that fragments of the reagent (atoms or
small particles) bind tightly to the support,
and (3) the organic groups desorbed do not
polymerize on the support surface or other-
wise interfere with the active catalytic
sites. In the case of Ni, there are a variety
of stable low-valent organometallic com-
plexes available that might be successfully
employed (e.g., bis(cyclooctadiene)Ni(O),
bis(allyl)Ni, Ni(CO),, tris(ethylene)Ni(O),
or bis(cyclopentadienyl)Ni). However,
these are very sensitive and toxic materials,
and are not easy to prepare and work with.
Also, when dealing with other metals, such
as Fe, Co, Pd, or Pt such a variety of com-
plexes is not available.

The SMAD method is a useful extension
of the organometallic dispersing procedure
since: (1) many metals can be employed, (2)
relatively stable organic ligands can be em-
ployed such as toluene or tetrahydrofuran,
(3) it is not necessary to isolate the interme-
diate organometallic (metal atom solvate),
(4) the catalyst preparations can be carried
out under very mild conditions (e.g., — 50°C)
under a vacuum or inert atmosphere, (5) a
wide variety of organic dispersing solvents
or mixtures of solvents can be employed
which could lead to a ‘‘tailoring effect’’ on
catalyst properties, and (6) large-scale
preparations are feasible and necessary
equipment is commercially available.

Previously we have reported on the
SMAD procedure for preparing Ni/Al,Os,
Pd/ALO;, Ag/ALO; (7), and Ni/unsup-
ported (8) systems. The present work deals
in detail with a Ni/MgO system. Toluene
was used exclusively as the solvating me-
dium since for Ni/Al,O, systems this was
found to be the most effective (9).

The choice of the catalyst support is ob-
viously crucial (/0). Our current interest in
MgO as a support is the result of several
factors. First, the SMAD method should be
of great advantage for MgO because on
MgO it is quite difficult to reduce metal
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salts with H,, apparently due to strong in-
teractions of the metal cation with the basic
surface (/7). Hence, it is very difficult to
obtain by classical methods highly reduced
metal on MgO, and sintering during the re-
duction procedure is common. In the
SMAD preparation no reduction step is
necessary. Second, MgO has recently been
shown to be active as the sole catalyst or as
a promoter in hydrogenation of alkenes
(12, 13), Fischer-Tropsch chemistry (14),
and the water gas shift reaction (/5). In
addition, CO exhibits a fascinating chemis-
try on the surface of MgO (16, 17). In
short, MgO and other alkaline earth oxides
have proved to be quite versatile and inter-
esting in recent years. It was our belief that
the combination of high Ni surface area and
a MgO support should generate some un-
usual catalytic properties, especially for
CO reduction. However, we found a
uniqueness in other reactions as well, and
this work is reported fully herein.

EXPERIMENTAL

Catalyst Preparations and
Characterizations

Magnesium oxide was prepared by heat-
treating magnesium nitrate (Mg(NOQjy),
6H,0, analytical reagent from Mallinckrodt
Chemical) in air at 500°C followed by wash-
ing with boiling, distilled water. Magnesium
oxide (hydroxide) so prepared was dried at
110°C for 12 hr in air and then evacuated (3
X 107®* mm Hg) at 800°C overnight. The
BET surface area of the MgO powder was
90 m?/g. Nickel was deposited on the pre-
pared MgO by the metal vapor method (7)
and a conventional method, as described
below:

With the metal vapor method, a sphere of
nickel metal (from Alfa Products) was
loaded in an alumina-coated tungsten cruci-
ble in a 3000-cm?® glass reactor which con-
tained MgO powder prepared in the manner
discussed above. The reactor was cooled
with liquid nitrogen, as shown in Fig. 1.
Nickel metal was vaporized under vacuum
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F1G. 1. Apparatus for catalyst preparation.

(1 x 10 mm Hg) and cocondensed with
toluene vapor on the reactor wall kept at
—196°C. In a typical experiment 0.05-0.4 g
Ni would be cocondensed with 30-120 ml
of toluene. After the cocondensation reac-
tion, the reactor was warmed slowly to
room temperature. During the warm-up pe-
riod, nickel atoms/clusters solvated with
toluene melted down to the reactor bottom
and then were mixed with MgO powder by
magnetic stirring. After slow warming and a
1-hr mixing at room temperature, the Ni-
MgO solvated with toluene was evacuated
overnight in order to remove excess tolu-
ene, and then it was transferred under N, to
an inert atmosphere box (N,). Loading of
the catalyst into the reactor tube (made of
stainless steel, +-in. 0.d. x 1 ft long) was
also done in the nitrogen-filled glove box
(Vacuum Atmospheres, HE-493 DriTrain).

With the conventional impregnation
method, MgO powder prepared as men-
tioned above was impregnated with an
aqueous solution of nickel nitrate (Ni
(NOjy), - 6H,0, reagent grade from Allied
Chemical) followed by drying at 110°C and
then reduced carefully (/8) in a H, stream.
At the final stage of reduction the tempera-
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ture was raised to 550°C, which was neces-
sary to achieve better reduction of the Ni
salt (19).

The BET surface area of the catalyst was
measured by the adsorption of nitrogen gas
at —196°C. The surface area of Ni metal
was measured by hydrogen chemisorption
at room temperature (20). CO chemisorp-
tion at 0°C and O, titration at 430°C were
also carried out to characterize catalysts
(20).

Ni metal contents of the catalysts were
determined by an EDTA titration at 80°C
using 1-(2-pyridylazo)-2-naphthol as indica-
tor at pH 4 (21).

Catalytic Activity Measurements and
Product Analysis

Catalytic activity measurements were
carried out in a conventional pulse micro-
reactor connected to a gas chromatograph.
Pure hydrogen (99.8% pure, this gas was
purified by passing it through molecular
sieves kept at —196°C) was used as a carrier
gas. A schematic diagram of the system is
shown in Fig. 2. Catalyst loaded in the reac-
tor was heat-treated at 400°C in a hydrogen
stream (60 cm3/min) for 2 hr, and then it
was cooled down to the desired reaction
temperature.

In the case of liquid samples, 1 ul of
toluene (TOL) and methylcyciopentane
(MCP) or 2 ul of isopropyl alcohol (IPA)
was injected using a 10-ul syringe at inter-
vals of 12 min (MCP and IPA) or 20 min
(TOL). MCP and TOL used in this work
were spectral-grade reagents from Eastmas
Kodak, and IPA was a certified ACS re-
agent from Fisher Scientific Company. All
of these were dried over molecular sieve 5A
before use. Unreacted samples and reac-
tion products were analyzed on a 25% SE-
30 on Chromosorb P packed in an alumi-
num column (¥in. o.d. x 15 ft long) at 85°C
(for MCP) and 110°C (for TOL), and 20%
Carbowax 20M on Chromosorb P packed in
an aluminum column (}in. o.d. x 10 ft long)
at 110°C (for IPA). In the case of a gas
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sample (carbon monoxide), 2.8 cm?® of gas
was injected by use of a gas sampling tube at
intervals of 10 min. Carbon monoxide (99%
pure, from Union Carbide Co.) was purified
by passing it through a reduced copper cat-
alyst at 180°C and then molecular sieves at
—70°C, respectively. Gas analysis was car-
ried out by use of an activated charcoal
column (% in. 0.d. x 10 ftlong) at 100°C and
a Chromosorb 102 column (3 in. 0.d. X 15 ft
long) at 1060°C.

RESULTS AND DISCUSSION

L. Catalytic Activities of SMAD Catalysts
vs Conventional Catalysts

A. Hydrogenation of methylcyclopen-
tane (MCP). Figure 3 indicates the extent
of conversion of MCP observed over 2.8
wt% Ni SMAD and 4.5 wt% Ni conven-
tional catalysts. In spite of the lower Ni
content, the SMAD catalyst showed much
higher activity, actually 13 times greater at
250°C (as later shown in Fig. 8). It was
shown that the MgO support itself, having
been treated with toluene and pretreated in
the same way as the Ni/MgO catalyst, pos-
sessed no catalytic activity under the im-
posed conditions. Also, since Ni is well

known as a hydrogenolysis catalyst (22),
we conclude that Ni provides the main cat-
alytically active site for this hydrogenolysis
reaction. The great difference in activity
between the SMAD and conventional cata-
lysts is most likely simply due to a much
greater dispersion degree and greater per-
centage of Ni in a zero-valent active state
for the SMAD catalyst (this will be dis-
cussed more in Section III).

Products of the MCP reaction are Cg (7-
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FiG. 3. Hydrogenolysis percentage conversions of
MCPvs temperature. O: 2.8 wt% SMAD catalyst, 100
mg. A: 4.5 wt% conventional catalyst, 100 mg.
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hexane, 2-methylpentane, 3-methylpen-
tane), cyclohexane, C; (n-pentane, 2-
methylbutane), cyclopentane, C, (rz-butane
and 2-methylpropane), C; (propane), C,
(ethane), and C, (methane). Cyclohexane
was not observed with the SMAD catalyst.
Product distributions are summarized in
Fig. 4. The molar ratio of lower-molecular-
weight products increased and the ratio
of higher-molecular-weight products de-
creased with increasing conversion. The
production of Cg species and cyclo-
pentane/methane required the cleavage of
only one C~C bond in MCP:

&

1
5 2
4 3

/\/\/ {1-2 or 1-5 cleavage)

A

AN s cleavage)
Q /CH4 {1-6 cleavage)

(2-3 or 4-5 cleavage)

Other hydrocarbons, of course, require the
cleavage of at least two C—C bonds, either
concertedly or successively (e.g., MCP —
C¢— C; + C, > C, + 2C; — 6C,). The
increase in the amount of low-molecular-
weight hydrocarbons with increasing con-
version (Fig. 4) would suggest successive
secondary reactions become important.
Hence, we cannot be sure of what the pri-
mary product distribution is at high conver-
sion. Therefore the plots in Fig. 4 were
extrapolated back to zero conversion. The
product distributions so calculated are
shown in Table 1, and these represent the
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primary products for several SMAD cata-
lysts and a conventional catalyst.

With supported SMAD catalysts the
products are Cq, cyclopentane/C,, and
C;/C, (the amount of C, produced is about
the same as that of cyclopentane + other Cy
species, as would be predicted). On the
other hand, a wider range of products is
produced with the conventional catalyst
and the unsupported Ni SMAD system. So
on the supported Ni SMAD catalysts only
one or two bond cleavages occur, whereas
on conventional and unsupported SMAD
systems multiple, concerted, bond cleavage
is much more prevalent. This result is prob-
ably related to the size of the Ni particle on
these different catalysts. Supported SMAD
catalysts should contain smaller Ni parti-
cles whereas the conventional and unsup-
ported SMAD systems should have larger
particles (unsupported Ni SMAD sinters at
250-350°C) (8). According to Dalmon and
Martin (23), in order for C—-C cleavage to
occur, certain size ensembles of surface Ni
atoms are necessary. The required size is
different for one, two, or three concerted
bond cleavages; one C—C cleavage requires
an ensemble of 12 Ni atoms, two cleavages
require 17 Ni atoms, and three cleavages
require 22 Ni atoms. (Dalmon and Martin
were investigating n-alkane reactions; we
are assuming that the results they obtained
are qualitatively applicable to our studies
of MCP.) Thus, we conclude that our MCP
studies show that supported Ni SMAD cat-
alysts possess considerably smaller, active

TABLE 1

Product Distributions (mole%) Observed for Hydrogenolysis of MCP over Different Catalysts

Catalyst Cy C,; Cs C, Cs CP Cs
0.6 wt% Ni/MgO SMAD 36 0 0 0 10 34 20
1.6 wt% Ni/MgO SMAD 40 0 0 0 10 35 15
2.7 wt% Ni/MgO SMAD 37 0 0 0 11 37 15
2.8 wt% Ni/MgO SMAD 34 0 0 0 12 36 18
6.2 wt% Ni/MgO SMAD 30 0 0 0 12 38 20
Ni.SMAD (unsupported) 56 3 3 8 10 10 10
4.5 wt% Ni/MgO conventional 55 5 5 10 12 8 5
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FiG. 4. Product distributions observed during MCP hydrogenolysis: (A) a 2.8 wt% Ni/MgO SMAD
catalyst and (B) a 4.5 wt% Ni/MgO conventional catalyst.

Ni particles than the conventionally pre-
pared catalyst.

B. Hydrogenation and hydrogenolysis of
toluene (TOL). Figure 5 illustrates conver-
sion and selectivity observed in the TOL +
H, reaction over these catalysts. The reac-
tions that took place are:

3H, 0 (1)

4H, O + cH (2)
Hy O-+w O
0%, 7 CH, 4

The conversion/temperature  reaction
curve has a maximum at 190-230°C, and a
minimum at 290-320°C. Below 250°C only
reaction (1) occurred. Above 250°C reac-
tions (2), (3), and (4) also took place. As is
demonstrated by Figs. 5 and 8 (which
shows the maximum conversion at 190-
230°C/1 mg Ni), the SMAD catalysts pos-
sessed much higher activities than the con-

ventional catalyst. These high activities
could again be attributed to the ultrahigh
dispersion of Ni in the SMAD systems.

At 350°C, reaction (3), cleavage of one
C-C bond, and reaction (4), cleavage of six
C-C bonds, occurred simultaneously. The
selectivity to reaction (3) using the SMAD
catalysts was low compared with the con-
ventional systems. However, we believe
this apparent low selectivity is due to sec-
ondary reactions on the very active SMAD
catalyst surfaces. If we compare SMAD
and conventional catalysts at stages of simi-
lar conversions, higher selectivity to reac-
tion (3) is observed for the SMAD systems.
Again this could be rationalized by assum-
ing much smaller particle sizes for the
SMAD systems. Also, this points out the
potential advantage of the metal vapor
method for the preparation of more selec-
tive hydrogenolysis catalysts.

A H,/temperature treatment of a SMAD
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catalyst was carried out in order to assess
the thermal stability of the catalyst as well
as the change in activity. The TOL + H,
reaction was employed as the ‘‘detector”
of change. Thus, Fig. 6 plots the conver-
sion-selectivity vs heat treatment tempera-
ture of the Ni/MgO SMAD catalyst. During
heat treatment a H, stream (60 cm3/min)
was passed over the catalyst. After heat
treatment the catalyst was cooled to the
desired temperature and toluene injected
and conversion measured. As Fig. 6 dem-
onstrates, the activity of the catalyst in-
creased with heat treatment temperature up
to about 400°C. This indicates that a surface
cleaning process occurs in this range, prob-
ably involving the loss of carbonaceous
groups (24). Little change in catalytic activ-
ity between 400 and 500°C heat treatment
was observed, indicating that the cleaning
process was completed and that the cata-
lyst is stable toward sintering at least to
500°C.

C. Methanation of carbon monoxide
(CO). Figure 7 compares the activity of a

typical SMAD catalyst with a typical con-
ventional catalyst for CO methanation. Al-
though CH, was the only product over the
less active conventional catalyst, CO, was
also detected over the SMAD system when
conversion exceeded 30 mole%. The forma-
tion of CO, could occur by reaction (6) or

M,

CO + 3H; — CH, + H;0, (5
CO + H,0 - CO; + H,, (6)

or
2C0 - C + CO,, %)

although in the presence of excess H, (H,
was the carrier gas) reaction (6) seems most
likely. At low conversions the amount of
H,0 available for reaction (6) is apparently
not high enough to allow detection of CO,.

When a larger amount of conventional
catalyst was employed along with higher
temperature, CQO, formation was detect-
able. Therefore, there does not appear to be
anything unique about the active sites of
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the SMAD catalysts, but they obviously
possess much greater methanation activity
than the conventionally prepared system.
D. Dehydrogenation of isopropyl alcohol
(IPA). Isopropyl alcohol is readily dehy-
drogenated over metal catalysts (22). We
studied this reaction to gain further com-
parative data between Ni/MgO SMAD and
conventionally prepared systems. The re-
action was carried out by pulsing the alco-
hol over the catalyst at 150°C in a He
stream. The support, MgO, had no activity
under these conditions. The percentage de-
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Fi1G. 7. Conversion and selectivity of CO to CH, (2.8
wt% Ni/MgO SMAD catalyst, 50 mg; 4.5 wt% con-
ventional Ni/MgO catalyst, 90 mg).
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hydrogenation conversions/1 mg Ni did not
change much for a series of different load-
ings of Ni on MgO (see Fig. 8). However,
the conversions were very much higher
(several times) for all the SMAD catalysts
than for the conventional systems em-
ployed.

1. Effect of Ni Loadings; Particle Size
Effects

Figure 8 plots the conversions calculated
for 1 mg Ni for a series of SMAD catalysts
of varying loadings and for a conventional
catalyst of 4.5 wt% Ni. Conversions of
MCP are taken at 250°C reaction tempera-
ture, TOL at the maximum between 190
and 230°C, CO at 350°C, and IPA at 150°C.

As Fig. 8 indicates, MCP and TOL con-
versions showed maxima at approximately
2.7 and 1.6 wt% Ni, respectively, for the
SMAD catalysts. We had observed this
phenomenon before for TOL conversion
over Ni/Al,O, SMAD catalysts (7), and at-
tributed it to the formation of optimum
crystallite /particle sizes by employing spe-
cial SMAD experimental methods. Thus,
during preparation of the SMAD catalysts
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FiG. 8. Percentage conversions for TOL, CO, IPA,
and MCP for different loadings of Ni on MgO (all
catalysts; standardized to 1 mg Ni for each system). ©,
A: Hydrogenation of TOL. @, A: Methanation of CO.
O, A: Dehydrogenation of IPA. @, A: Hydrogenolysis
of MCP. S, @, O, @: SMAD catalyst. A, A, A, A:
Conventional catalyst.
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the amounts of dispersing solvent and cata-
lyst support, and/or metal can be varied. It
would be predicted that smaller metal parti-
cles would be deposited on the support un-
der higher-dilution conditions and when
small amounts of metal are employed (va-
porized) (25). Heavier metal depositions
would favor larger particles and, thus some
of the metal would be lost to the inner
reaches of the particles/crystallites. (Un-
fortunately the crystallites, even in the
heavy-loading cases, are too small to mea-
sure accurately by X-ray techniques.) (7).

Thus, hydrogenolysis of MCP and hydro-
genation of TOL apparently are affected by
ensemble effects on the particles, and
thereby are affected by particle/crystallite
size. However, it is interesting that metha-
nation of CO and dehydrogenation of IPA
are not so affected. This seems reasonable
since it would be expected that the active
site for the CO or IPA reactions would
probably not need to be large in terms of
the ensemble of atoms on the surface. On
the other hand, it is rather easy to imagine
where MCP and TOL would require more
Ni atoms in order to ‘‘sit down’’ on the
active site.

Particle size effects on hydrogenation
and hydrogenolysis have, of course, been
studied by many very able investigators
(23, 26-28). The work of Dalmon and Mar-
tin (23) on n-alkane hydrogenolysis is of
particular recent interest, as mentioned be-
fore. In our studies, however, there is an
added dimension. That is that the particles
are deposited for each SMAD catalyst in
the same exact way with no need for con-
cern about sintering during metal reduc-
tion, salt crystallization effects during dry-
ing, or other complicating features bound to
be encountered during conventional cata-
lyst preparations. We believe our direct
comparisons with different reactions and a
series of SMAD catalysts convincingly
show a strong particle size effect for TOL
hydrogenation, a mild effect for MCP, and
no recognizable effect for CO or IPA con-
versions.
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Consideration of the similarity of per-
centage loadings optimum for MCP and
TOL conversions would suggest that simi-
lar-sized particles are optimum for each.
Furthermore, CO and IPA are converted
efficiently even by very small Ni particles
that would be present with the low load-
ings. However, this indicates that mon-
atomic Ni must not be highly prevalent as a
supported species, since it is believed that
at least a small ensemble effect is necessary
(28).

HI. Surface Area and ‘‘Reduction
Degree’’ of Ni

From the results above it is clear that the
Ni/MgO SMAD catalysts exhibit much
higher activity than analogous conventional
catalysts. The high activity is apparently
due to high dispersion, high percentage of
Ni in the reduced zero-valent state, and in
some cases, optimum particle sizes. Can
we collect data to support these conten-
tions?

In the recent past Ni metal surface areas
have been measured by selective gas ad-
sorptions, X-ray line broadening, electron
microscopy, and related techniques (29—
31). However, when very small Ni particles
are supported, it becomes impossible to use
X-ray methods, and exceedingly difficult to
use electron microscopy methods. Also,
chemisorption may not be reliable because
of the suppression of chemisorption (espe-
cially H,) by support effects on the elec-
tronic properties of the Ni (20). In an analo-
gous way, CO chemisorption may not be
accurate because the stoichiometry
(Co:Ni) may change as the Ni particles
become small and support effects become
more dominant.

Thus, keeping in mind the possible errors
involved, and realizing that trends would be
useful anyway, we decided to proceed with
chemisorption studies since, in our labora-
tory, we had no other practical approach to
obtaining the data we wanted (25). Table 2
summarizes the surface areas of Ni on MgO
that we determined by H, chemisorption
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assuming the ratio H (chemisorbed)/Ni
(surface) is 1/1 and the surface area of one
Ni atom is 6.77 A? (20). The values ob-
tained should be treated as minimum.

The results shown in Table 2 are quite
interesting. Initial examination of the hy-
drogen chemisorption data would suggest
that some property of the catalysts causes a
great deal of scatter or unreliability in the
data. This is certainly partially true and we
have attributed this to the presence of
significant amounts of carbonaceous spe-
cies even after H, treatment at 400°C. How-
ever, the H, chemisorption values are re-
producible for each catalyst, and, even
more importantly, CO chemisorption fol-
lows the same trends. That is, if H, chemi-
sorption is suppressed in one sample, CO
chemisorption is also suppressed (mole
H,/g-atom Ni vs mole CO/g-atom Ni). But
interestingly a plot of moles CO/moles H vs
percentage Ni loading shows a smooth pro-
gression from very high values of CO/H for
low Ni loadings to low CO/H ratios for high
Ni loadings. Since this is a smooth progres-
sion and dependent on two different chemi-
sorption experiments (CO and H,), we con-
clude that whatever affects the efficiency of
chemisorption, both CO and H; are affected
similarly ¢(not random), but since the CO/H
values do decrease with increase in Ni load-
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ing, differences are accentuated by Ni parti-
cle size. We assume Ni particle sizes would
be smallest for low Ni loadings. These par-
ticles are apparently covered by carbona-
ceous material or support surface atoms in
such a way that H, chemisorption is se-
verely suppressed while CO chemisorption
is less severely suppressed. On going to
higher Ni loadings (and supposedly larger
particles) the CO/H ratio approaches unity,
suggesting that CO and H, are chemisorbed
with equal affinity, a result that does sup-
port our assumption that higher Ni loadings
lead to larger particles and vice versa.

The large CO/H values clearly indicate
that H, chemisorption is seriously sup-
pressed, especially in the samples with low
Ni loadings. Thus, the Ni surface areas for
these SMAD catalysts are probably much
higher than the chemisorption data indi-
cate.

As expected, the SMAD catalysts
showed high *‘reduction degrees’” while the
conventional system did not (cf. Table 2).
These results reemphasize the problems in-
volved in reducing Ni?* on supports, espe-
cially MgO (11, 32), and the usefulness of
the SMAD method in such instances.

CONCLUSIONS
The metal vapor method is effective for

TABLE 2

Surface Area and Reduction Degree of Ni on MgO

Catalyst Surface area® Reduction degree?® CO/H ratio®
(m?*/g Ni) (%)
0.4 wt% Ni/MgO (SMAD) 39 100 7.8
0.6 wt% Ni/MgO (SMAD) 67 100 8.8
1.6 wt% Ni/MgO (SMAD) 19 —_ 3.0
2.7 wt% Ni/MgO (SMAD) 110 90 3.0
2.8 wt% Ni/MgO (SMAD) 53 65 2.2
6.2 wt% Ni/MgO (SMAD) 145 62 1.7
8.9 wt% Ni/MgO (SMAD) 37 82 1.2
4.5 wt% Ni/MgO (conventional) 15 19 3.5

¢ Calculated from H, chemisorption data.

® Determined by O, titration at 430°C. Represents the percentage of Ni in the zero-valent state.
¢ The ratio of CO chemisorbed to H atoms chemisorbed.
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preparing highly dispersed Ni/MgO cata-
lysts. Since solvated metal atoms are inter-
mediates in the process, the catalysts so
prepared are termed ‘‘solvated metal atom
dispersed” or SMAD. These catalysts pos-
sess high Ni surface areas and a high per-
centage of Ni in the zero-valent state. Con-
ventionally prepared Ni/MgO catalysts,
prepared by Ni?* reduction, have much
lower Ni surface areas and percentage of Ni
in the zero-valent state (reduction degree).
The catalytic activities of the SMAD cata-
lysts outstrip by many times the activities
for the conventional systems in methylcy-
clopentane (MCP) hydrogenolysis, toluene
(TOL) hydrogenation and hydrogenolysis,
carbon monoxide (CO) methanation, and
isopropyl alcohol (IPA) dehydrogenation.
In some cases their unique activities are
due in part to MgO as the support. Further-
more, the MgO stabilizes the Ni particles
toward sintering even as high as 500°C in a
stream of H,.

Particle size effects were observed for
MCP and TOL reactions, but not CO and
IPA reactions. For these studies, the opti-
mum particle size effect was strongest for
TOL hydrogenation. Our results would
suggest that the preferred particle is largest
for MCP > TOL > CO = IPA. Thus, even
very small particles are effective for CO
methanation and IPA dehydrogenation.

Generally, the SMAD catalyst produc-
tion method yields high-activity catalysts
because of (1) the achievement of ex-
tremely high dispersion and small particle
size, (2) the high percentage of metal in the
zero-valent state on the support, and (3)
during the preparation the organic disper-
sant not only acts appropriately to prevent
M atoms/clusters from growing large, but
also to protect the surface of the supported
atoms/clusters before actual catalyst use,
at which time the organics can be removed
from the surface bareing active sites (the
organic moieties are fragments of the or-
ganic dispersant molecules and are bound
tightly especially throughout the interior of
the particles (4, 7, 8).
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