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Ethane hydrogenolysis and carbon monoxide hydrogenation were studied over two niobia
(Nb,Os)-supported nickel catalysts, containing 2 and 10 wt% nickel, which had been reduced in
hydrogen at 573 or 773 K for 1 h. Compared to silica-supported nickel catalysts, these samples had
lower ethane hydrogenolysis activity but higher CO hydrogenation activity. For some samples a
different experimental rate law for ethane hydrogenolysis was observed. In CO hydrogenation, all
samples showed a shift in product distribution to hydrocarbons higher than methane, and olefinic
products were detected. These observations were attributed to strong metal-support interaction
(SMSI). The use of these chemical probes identified different manifestations of SMSI that depend
on crystallite size and reduction treatment. On the basis of these manifestations, a hierarchy
consisting of five stages was developed to rank the extent of interaction in Ni/Nb,Os catalysts. A
mechanism of SMSI was proposed for a physical explanation of this hierarchy.

INTRODUCTION

In a previous paper (/), we reported on
the reduction and chemisorption behavior
of niobia-supported nickel catalysts as part
of our study regarding strong metal—sup-
port interaction (SMSI) (2). Our results
identify crystallite size, reduction treat-
ment, and support reducibility as some of
the critical parameters in a SMSI system. A
niobia-supported nickel catalyst, properly
pretreated, chemisorbs significantly less
hydrogen at room temperature compared to
a silica-supported nickel catalyst.

In addition to a suppression in hydrogen
chemisorption, a niobia-supported nickel
catalyst has unusual activity and selectivity
in CO hydrogenation, as described else-
where (3). These earlier results are for a 10
wt% Ni/Nb,Os sample reduced at 773 K for
1 h. Since then, we have expanded the
work to examine the effects of the critical
parameters of SMSI on reaction activity
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and selectivity. We have also included eth-
ane hydrogenolysis as another probe reac-
tion. The Ni/Nb,Os catalysts were found to
behave very differently with respect to
these two probe reactions.

Ethane hydrogenolysis and CO hydroge-
nation have been used as chemical probes
by many investigators on a large number of
SMSI catalysts over the past few years. Ko
and Garten (4) studied ethane hydrogenoly-
sis over group VIII metals supported on
TiO,. Haller and co-workers (5, 6) have ex-
amined the same reaction on titania-sup-
ported Rh and Rh-Ag bimetallic catalysts.
Recently, results specifically for titania-
supported nickel have been reported by Ko
et al. (7) and Burch and Flambard (8, 9).
Results of SMSI catalysts in CO hydroge-
nation are even more extensive. Nickel, in
particular, has been examined in many
studies as supported-metal catalysts (8—14)
and model support systems (15-17). Other
metals that have been studied include plati-
num (/8), palladium (19, 20), and ruthe-
ninm (21).
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Despite the extensive literature, many
questions remain unanswered concerning
these two reactions over SMSI catalysts,
For example, it is equivocal whether nickel
has a lower ethane hydrogenolysis activity
when supported on titania compared to sil-
ica (4, 9). In the case of CO hydrogenation,
most authors agree that the activity and se-
lectivity are different on a titania-supported
catalyst. However, the controversy centers
on the nature of active sites (8, 14), or the
nature of the interaction itself (13).

In our study of these two reactions over
niobia-supported nickel catalysts, we were
able to identify different stages of strong
metal-support interaction by a systematic
variation of several key parameters. The
purpose of this paper is to present these
new kinetic results and in so doing, develop
a hierarchy system to rank the extent of
SMSI. This hierarchy will be used to criti-
cally examine current literature data, and to
shed some light on the SMSI mechanism.

EXPERIMENTAL
Catalyst Preparation

The preparation of niobia-supported
nickel catalysts were reported in detail else-
where (1). Briefly, the niobia support was
prepared in a manner similar to that de-
scribed by Tauster and Fung (22). This pro-
cedure consists of titrating a methanolic so-
lution of niobium(V) chloride with
ammonium hydroxide. The resultant pre-
cipitate is filtered, washed, and calcined in
oxygen to give a crystalline Nb,Os phase.
The particular support used in this study
was calcined for 2 h at 773 K and had a BET
surface area of about 10 m%/g. Two cata-
lysts, containing 2 and 10 wt% nickel, were
prepared by the incipient wetness impreg-
nation of niobia with an aqueous solution of
nickel nitrate hexahydrate. The weight
loadings were confirmed by atomic absorp-
tion measurements. Prior to Kinetic studies,
the catalysts were heated in flowing hydro-
gen (3 liters/h) at a rate of 10—~15 K/min to
the desired reduction temperature, and held
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at that temperature for 1 h. The average
crystallite sizes of the reduced samples,
measured by X-ray line broadening tech-
nique, were found to be 4 and 9 nm for the 2
and 10 wt% catalysts, respectively. As
shown previously (7), the difference in
crystallite size accounts for the effect of
metal loading on the SMSI behavior of
these catalysts.

Microreactor System

The kinetic measurements were carried
out in a microreactor system. The gases
used were helium (Airco, 99.999% purity),
hydrogen (Airco, 99.999% purity), ethane
(Matheson, 99.96% purity), hydrogen/CO
mixture (Airco, 25% CO), and nitrogen
(Airco, 99.999% purity). Hydrogen was fur-
ther purified through a DEOXO purifier
(Englehard) and through a molecular sieve
trap (Union Carbide, Linde 5A). The re-
maining gases, except ethane, were passed
through a molecular sieve trap. Ethane was
used directly as supplied. The flow rates of
the various gases were monitored by pres-
sure transducers (Microswitch, Model
142PC 15D), which had been calibrated in-
dividually for each gas.

The reactor consisted of a stainless-steel
tube, 17 cm long and 1.5 cm OD. To hold
the catalyst, a stainless-steel disk and disk
support were fitted 1.5 cm from the open
end of the tube. The amount of sample used
in a typical run was about 300 mg. A chro-
mel-constantan termocouple (Omegaclad)
imbedded in the disk recorded the bed tem-
perature. Heating of the reactor was done
by a cylindrical ceramic heating furnace
which encircled the reactor. The furnace
was controlled by a Variac and a tempera-
ture controller (Nanmac Corp., PC-1) in se-
ries. The reactor outlet is connected to an
on-line gas chromatagraph (Perkin-Elmer
Sigma 2B) for product analysis. The vari-
ous species were separated by a Chromo-
sorb 102 column, and their relative amounts
determined by a thermal conductivity de-
tector. The responses of the detector were
directly analyzed by an integrator
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(Hewlett—Packard, 3390A). The exact pro-
cedure for the GC analysis, including cali-
brations, temperature programming sched-

ules and calculations, are described
elsewhere (23).

Ethane Hydrogenolysis

The reaction of ethane hydrogenolysis
was run at a total pressure of 1 atm with the
reactor operated in a differential mode. The
reactant gases, ethane and hydrogen, were
mixed in a helium carrier stream before en-
tering the reactor. The total flow rate was
18 liters/h, while the flow rates of ethane
and hydrogen were varied in order to obtain
different partial pressures. In a typical run,
a catalyst sample of approximately 300 mg
was loaded into the reactor and reduced, as
described previously. After reduction, the
catalyst was cooled to the reaction temper-
ature in helium at a flow rate of 3 liters/h. It
was then exposed to the reactant gases for 3
min whereupon an effluent gas sample was
taken for GC analysis. Between runs, the
ethane flow rate was cut off while hydrogen
and helium continued to flow through the
reactor for 10 min.

The above procedure was similar to that
used by Yates et al. (24). Their ‘‘bracket-
ing-technique’” was also followed in this
study to determine exponents n and m in
the exponential rate law;

rate = kpg"py™

where pg and py represent the partial pres-
sures of ethane and hydrogen, respectively.
In this approach, a run at a given set of
partial pressures is bracketed by runs at a
standard set of conditions (pg = 0.03 atm,
pu = 0.2 atm). The values of m and n were
then determined by comparing the rate at a
given set of partial pressures with the aver-
age rate of the two standard sets that brack-
eted it. This procedure minimized any vari-
ation in catalytic activity. The activation
energy was determined by studying the ef-
fect of temperature on the reaction rate
with the partial pressures of the reactants
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held at the standard conditions, and analyz-
ing the results in a typical Arrhenius plot.

Carbon Monoxide Hydrogenation

All CO/H, Kkinetic experiments in this
study were operated at a total pressure of 1
atm, a CO/H, ratio of 1/3, a total flow rate
of between 0.5 and 1.8 liters/h, and a reac-
tion temperature between 450 and 510 K.
The conversion of CO was always kept to a
few percents to ensure a differential opera-
tion. The procedure used was similar to
that suggested by Vannice (25). After an in
situ reduction, the catalyst was cooled in
hydrogen (3 liters/h) to the reaction temper-
ature. After the temperature had stabilized,
the feed gas was sent through the catalyst
bed for 20 min, typically at 1.2 liters/h. A
sample of the product gas mixture was then
taken for GC analysis. Next, the feed gas
was replaced by a 20-min hydrogen purge (3
liters/h) that regenerated the catalyst. Dur-
ing this time, the reactor temperature was
reset to a new value for the next run. Reac-
tant flow rates lower and higher than the
standard 1.2 liters/h were also used to ex-
amine the dependence of conversion and
product distribution on flow rate.

Conversion and activation energy of the
reaction were calculated in terms of both
the consumption of carbon monoxide and
the formation of methane. Hydrocarbon
products up to Cs were monitored, and
their distribution was expressed in mole
percent. The emphasis of this study was on
the hydrocarbon products, especially the
olefin/paraffin ratios, so CO, and H,O were
not included in this calculation. For this rea-
son, the mole percentages of all hydrocar-
bons (up to Cs) summed to 100.

RESULTS
Ethane Hydrogenolysis

The kinetic results for ethane hydrogen-
olysis over Ni/Nb,Os catalysts are summa-
rized in Table 1. The notation (i, j, k),
where i = metal loading, in wt%, j = reduc-
tion temperature, in K, and & = reduction
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TABLE 1

Kinetic Results for Ethane Hydrogenolysis over Ni/Nb,Os Catalysts

Catalyst and E,* r? n¢ me Activity at 478 K
treatment (kJ/mole) (molecules/s/surface (molecules/s/surface
Ni atom) Ni atom)
(2,573,1) 176 1.74 x 10" 1.1 ~1.1 1.1 x 10~¢
2,773, 180 5.36 x 10 1.0 -1.2 1.2 x 1077
(10,573,1) 183 4,72 x 10" 0.9 -1.7 49 x 10-¢
(10,773,1) 170 4.96 x 10! 1.0 -0.9 1.4 x 1077
(10,573,1, 12 - -6
T73.1-Ny) ¢ 173 9.43 x 10 0.9 1.6 1.2 X 10
(10,573,1, 12 _ _;
773.1-He) ¢ 179 7.19 x 10 0.9 0.8 2.0 x 10

¢ Determined from the temperature dependence of the rate r,, at ethane and hydrogen partial pressure of 0.03

and 0.2 atm, respectively.

b Preexponential factor in the equation ry = r§ exp(—Es/RT).
¢ Exponents in the experimental power rate law, kpg"py™.
¢ Experiments in which the catalyst was heated in an inert gas. See text for explanation.

time at j K in h, will be used throughout this
paper to denote the catalyst and pretreat-
ment. Our previous results (/) show that
catalysts in this study were completely re-
duced under the pretreatments used. The
activity is expressed in molecules of ethane
reacted/s/surface Ni atom (molecules/s/Ni).
The usual procedure of using hydrogen che-
misorption data to determine the number of
surface atoms is inappropriate here, since
these SMSI catalysts show the characteris-
tic suppression of hydrogen chemisorption
(1). Instead, the number of surface sites is
calculated from the average crystallite size,
measured by X-ray diffraction. This ap-
proach implicitly assumes that all surface
sites are active, which may or may not be
true. However, such a calculation will lead
to a meaningful comparison of the relative
activity between catalysts. The activity
data for both ethane hydrogenolysis and
CO hydrogenation in this paper are thus
calculated on the same basis. All Ni/Nb,Oj
catalysts in this study showed a lower ac-
tivity for ethane hydrogenolysis than bulk
nickel or nickel supported on a noninteract-
ing support. As summarized by Burch and
Flambard (9), the activities of the latter ma-
terials range from 2.4 to 7.6 x 10~* mole-

cules/s/Ni measured in the range of 473-478
K. Using a set of experimental conditions
very similar to our own, Taylor et al. (26)
reported an activity range of 1072-10*
molecules/s/Ni at 478 K for Ni/SiO, cata-
lysts containing 1, 5, and 10 wt%. In order
to compare our results with these literature
values, we have included the activities for
Ni/Nb,O;s catalysts at 478 K in Table 1. The
low activities of these catalysts necessi-
tated running the reaction at temperatures
higher than 478 K. The calculation of activi-
ties at 478 K thus involved extrapolation of
activity data with the experimentally deter-
mined activation energy. A comparison of
activity at any other temperature is
straightforward.

It should be noted from Table 1 that al-
though all catalysts underwent a suppres-
sion in ethane hydrogenolysis activity, the
extent of suppression differed. After a 573
K reduction for 1 h, the 2 wt% sample was
about a factor of 5 less active than the 10
wt% sample. Both samples exhibited a fur-
ther decline in activity as the reduction
temperature was raised from 573 to 773 K.

In addition to a change in activity, the
experimental rate law measured for these
Ni/Nb,Os catalysts are different than that
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rate = kpg Py
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FiG. 1. Determination of the experimental rate law
of ethane hydrogenolysis for a 10 wt% Ni/Nb,Os cata-
lyst: (@) reduced at 573 K for 1 h, (W) reduced at 773 K
for 1 h. The ethane partial pressure dependence is only
shown for the (10,773,1) sample as there is little differ-
ence between the two reduction temperatures.

found for Ni/SiO, catalysts. The extensive
work of Sinfelt and co-workers (26, 27)
showed that for Ni/SiO, catalysts, the eth-
ane partial pressure dependence (n) is ap-
proximately +1 and the hydrogen partial
pressure dependence (m) is approximately
—2. In this study the value of n was found
to be in the range 0.9-1.1, similar to that of
Ni/SiO, catalysts. On the other hand, a
much weaker hydrogen partial pressure de-
pendence was found for some of the cata-
lysts. The value of m is about —1 for the 2
wt% sample after reduction at both 573 and
773 K. For the 10 wt% sample, m had a
value of —1.7 after a 573 K reduction, but
increased to —0.9 when the reduction tem-
perature was raised to 773 K. Such a
change is illustrated in Fig. 1.

In a previous paper (1), we reported that
further heating of a (10, 573, 1) sample in an
inert gas to 773 K changes the chemisorp-
tion behavior, and that the effect is differ-
ent between nitrogen and helium. For com-
parison, identical treatments were used in
this study, and the results are presented as
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the last two enteries in Table 1. It was
found that the activity of ethane hydrogen-
olysis dropped after heating in either nitro-
gen or helium to 773 K for 1 h, with a larger
drop observed for the latter. In fact, the
activity of the (10,573,1,773,1-He) sample
was comparable to that of a (10,773,1).
Concurrent with the drop in activity, the
(10,573,1,773,1-He) sample also had a value
of m of —0.8. This is to be contrasted with
the (10,573,1,773,1-N,) sample, which
maintained approximately the same values
of n and m as those for (10,573,1) and also
had a less severe drop in activity.

CO Hydrogenation

The activity and selectivity of all cata-
lysts in this work were studied as a function
of temperature and flow rate. The tempera-
ture variation was used to obtain the activa-
tion energy. The flow rate variation enabled
the conversion to be changed at a constant
temperature so that the effect on product
distribution could be observed. Table 2 lists
a typical series of runs for the (10,773,1)
sample. The first notable result is that the
catalyst produced a large amount of hydro-
carbons other than methane. Ni/SiO, cata-
lysts, by comparison, produce primarily
methane (/0, 12). Perhaps even more in-
triguing was the fact that of these higher
hydrocarbon products, a large fraction
were olefins. The olefin/paraffin ratio was
particularly large for C; and C, hydrocar-
bons.

The product distribution shown in Table
2 is very similar to those for other Ni/Nb,Os
catalysts, in that the two characteristics of
a lower methane yield and high olefin/paraf-
fin ratios were always observed. Instead of
presenting all product distributions, we
chose to compare these catalysts in terms
of their kinetic parameters. Shown in Table
3 are activation energies and turnover fre-
quencies, expressed in terms of both CO
conversion and methane formation, for the
various samples. The turnover frequencies
were calculated for 548 K to allow a direct
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TABLE 2

Product Distribution for a 10 wt% Ni/Nb,Os Catalyst Reduced at 773 K for 1 h

Temperature Flow rate CO conversion Hydrocarbon distribution Olefin/paraffin

(K) (I/h) (%) (mole %) ratio

C, C, G Cy Cs C, C; C,
476 1.2 2.2 43.8 327 12.1 591 5.52 0.05 0.55 1.30
476 1.8 1.0 51.6 37.0 937 206 — 0.06 0.44 120
476 0.8 3.1 47.1 335 146 3.14 1.59 0.05 046 0.60
484 1.2 2.4 51.0 31.0 147 3.00 0.30 0.02 0.55 1.45
489 1.2 4.0 529 286 137 4.54 027 0.02 032 0.48
489 1.8 2.5 514 301 141 313 1.25 0.06 0.56 0.94
489 0.5 7.7 51.8 275 143 6.30 0.09 0.01 0.16 0.45
500 1.2 59 552 249 139 494 1.04 0.02 023 0.22

comparison with literature values. At the
same temperature, the activity for Ni/SiO,
catalysts in CO hydrogenation is in the
range of 0.5-1.5 x 1072 s~! (9). Bartholo-
mew et al. (12) studied several Ni catalysts
covering a wide crystallite size range, and
reported turnover numbers which vary be-
tween 1.3 and 4.9 x 1073 s~! at 525 K in
terms of methane, and 1.7-5 X 1073 s~ lin
terms of CO. Extrapolation of our data to
525 K gives corresponding values of 3.3-
7.6 x 1073 and 0.9-2.0 X 1072 s~!. It thus
appears that the CO hydrogenation activity
of Ni/Nb,O;s catalysts is comparable to, or
even better than that of Ni/SiO, catalysts.

TABLE 3
Kinetic Results for CO Hydrogenation over
Ni/Nb,0; Catalysts

Catalyst and treatment Turnover
Activation frequency

energy at 548 K
(kJ/mole) (x 1072571
Ecn, Eco Ncu,  Neo

(2,573,1) 112 112 1.9 4.2
(2,773,1) 128 99 2.6 3.5
(10,573,1) 123 123 24 6.3
(10,773,1) 116 112 1.8 5.8
(10,573,1,773,1-N,)* 126 101 1.1 2.3
(10,573,1,773,1-He)*° 112 103 1.6 4.8

¢ Experiments in which the catalyst was heated in an inert
gas. See text for explanation.

As will be discussed later, there are some
uncertainties in making a direct comparison
between different supports. However, the
Ni/Nb,Os catalysts did not undergo a sup-
pression in CO hydrogenation activity, as
in ethane hydrogenolysis.

Table 3 shows that the activities of vari-
ous Ni/Nb,Os catalysts do not differ by
more than a factor of 2 to 3; it is thus diffi-
cult to identify the effects of crystallite size,
reduction temperature, and heating in an in-
ert gas on that basis. A careful examination
of all the product distributions, however,
identified one characteristic with which dif-
ferent catalysts may be differentiated. This
characteristic is the abundance of C, hydro-
carbons. To illustrate this point the molar
ratios of C,/C, for all catalysts at compara-
ble temperatures and conversion levels are
shown in Table 4. Such a ratio is around 0.2
for catalysts reduced at 573 K, but more
than double its value for catalysts reduced
at 773 K. Interestingly enough, the higher
temperature itself was insufficient to cause
such an effect, as heating the (10, 573, 1)
sample in nitrogen to 773 K gave a ratio of
0.166. On the other hand, heating the same
sample in helium to 773 K raised the ratio to
0.525. This observation provides yet an-
other piece of evidence that heating in the
two inert gases resulted in samples display-
ing different chemical reactivity.
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TABLE 4

Abundance of C; Yield in CO Hydrogenation over
Ni/Nb,Os Catalysts

Catalyst and treatment Temperature CO conversion Molar ratio

(K} (%) of C,/Cy
(2,573,1) 499 2.6 0.196
2,773,1) 496 13 0.434
(10,573,1) 495 4.1 0.207
(10,773,1) 489 4.0 0.541
(10,573,1,773,1-N,)¢ 494 2.1 0.166
(10,573,1,773,1-He)? 488 2.7 0.525

4 Experiments in which the catalyst was heated in an inert gas. See
text for explanation.

DISCUSSION
Results of Reaction Studies

Our results show that nickel catalysts
were less active for ethane hydrogenolysis,
but more active for CO hydrogenation
when supported on niobia than on silica.
Similar trends have been reported for
nickel catalysts supported on titania (4, 10—
12), another SMSI oxide (22). As noted
previously, our turnover frequencies are
calculated using a dispersion based on X-
ray diffraction, and not on hydrogen chemi-
sorption which is suppressed on these cata-
lysts (1). The uncertainty in quantifying
active sites has always been a problem with
catalysts which exhibit anomalous chemi-
sorption behavior. Vannice (28) showed
that the turnover frequency on titania-sup-
ported metal catalysts can vary by 1 to 2
orders of magnitude depending on the basis
of calculation. Even for a Ni/SiO, catalyst,
the turnover frequency will be different if
the hydrogen uptake on the spent, rather
than the fresh catalyst is used (/0). In the
case of CO hydrogenation, the possible loss
of activity due to nickel carbonyl formation
also needs to be considered (29). This is an
important point when a comparison is made
between different supports, as it has been
shown that nickel carbonyl formation is sig-
nificantly slower on Ni/TiO, than on Ni/
SiO, catalysts (10). To ensure a meaningful
comparison among catalysts we analyzed
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our data consistently with the method de-
scribed. Consequently, it is apparent that
our catalysts behaved differently when pa-
rameters such as crystallite size, reduction
temperature, or reaction conditions were
varied, and that the difference is not simply
due to the method of calculation.

Aside from activity, our data identify
several features characteristic of SMSI.
One of them is the change in the experimen-
tal rate law for ethane hydrogenolysis, spe-
cifically the less negative dependence of the
rate on the hydrogen partial pressure. To
understand the physical basis of such a
change, one needs to examine the mecha-
nism of ethane hydrogenolysis. In the
mechanism suggested by Sinfelt (27), a less
negative value of m corresponds to a less
hydrogen-deficient surface species, C,H,.
This in turn corresponds to a lower dehy-
drogenation activity relative to the hydro-
genolysis activity. Recently, Martin (30,
31) proposed an alternative mechanism
which allows for the competitive adsorp-
tion of methane and hydrogen. This mecha-
nism leads to a different rate law, and a
different physical significance of the hydro-
gen partial pressure dependence. Further-
more, Martin showed that the reaction or-
der with respect to hydrogen partial
pressure decreases with increasing temper-
ature on Ni/SiO, catalysts. This is a note-
worthy point as a catalyst with lower eth-
ane hydrogenolysis activity must be studied
at higher temperatures to get an appreciable
conversion. Our observed change in the ex-
ponent could thus be due to a temperature
effect, or to a different surface species as
stated above. In any event, our observation
that the exponent changed for some cata-
lysts and not for others is significant, as this
parameter provides a gauge for the extent
of SMSI. We shall return to this point later.

Another interesting manifestation of
SMSI in our kinetic results is the unusual
selectivity pattern for supported nickel cat-
alysts. The shift in product distributions

" has been previously found for TiO, (10-12)

and Nb,Os (32) supported nickel catalysts
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in CO hydrogenation. But these studies did
not report an appreciable yield of olefins, as
was observed here. In a study with a model
supported nickel catalyst, Kao et al. (16)
identified a significant ethylene yield in CO
hydrogenation. For the same reaction, Kat-
zer et al. (33) found that rhodium produces
C, olefin when supported on titania, but not
on silica, and Morris et al. (21) reported
higher propene/propane ratio for Ru/TiO,
catalysts than for Ru/SiO, catalysts.
Dalmon and Martin (34) suggested that CO
hydrogenation can be viewed as a reverse
reaction of hydrogenolysis, in the sense
that selectivity for higher hydrocarbons (C-
C bond formation) increases with decreas-
ing activity for hydrogenolysis (C-C bond
rupture). Our data on Ni/Nb,Os catalysts
are consistent with this scheme. It is nota-
ble that catalysts that produce a large
amount of C, have the lowest ethane hydro-
genolysis activity. Furthermore, the high
olefin yields observed in several SMSI sys-
tems reflect the low hydrogenation activity
of these catalysts. This low activity may be
due to the weak binding of hydrogen atoms,
as reported by Chen and White (35) on
TiO,-supported platinum. Mériaudeau et
al. (36) also found that for titania supported
Pt, Ir, and Rh catalysts, hydrogen adsorp-
tion capacity and hydrogenation—dehydro-
genation activity follow the same trend. It
is not surprising that Ni/Nb,O; catalysts
which suppress hydrogen adsorption would
have low hydrogenation (as shown by
higher olefin yields) and dehydrogenation
(as shown by a different hydrogen partial
pressure dependence in ethane hydrogenol-
ysis) activity.

Interestingly, when nickel is promoted
by potassium, the selectivity of CO hydro-
genation is shifted to higher hydrocarbons
(37, 38) and the hydrogenolysis activity de-
creases (37). These effects are usually un-
derstood in terms of electron donation from
potassium to nickel. Since similar trends
have been observed for SMSI catalysts, it is
tempting to postulate an analogous transfer
of electrons from the support to the metal.
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Indeed, such a transfer.has been suggested
by experimental measurement (15) and the-
oretical calculation (39). However, one
must be cautious in drawing such an anal-
ogy. In the case of potassium promotion
CO hydrogenation activity actually de-
creases (38); such is not the case for SMSI
catalysts. There are thus subtle differences
between potassium promotion and SMSI, a
point to be discussed in detail later.

A final point to be made about our kinetic
results is that they reinforce our earlier con-
clusions based on hydrogen chemisorption
data (7). In particular, the experiments in-
volving heating the (10,573,1) sample in an
inert gas clearly indicate the different ef-
fects due to nitrogen and helium. The use of
helium always resulted in a more interact-
ing catalyst. To have a meaningful compari-
son among the different catalysts as a
function of several parameters, a more
systematic way of characterizing the extent
of SMSI needs to be developed. Such a de-
velopment is presented in the next section.

Development of a Hierarchy

Results in this study along with those of
an earlier report (1) for Ni/Nb,O;s catalysts
identify several manifestations of SMSI be-
havior in hydrogen chemisorption, ethane
hydrogenolysis, and CO hydrogenation.
The observation that some of these mani-
festations occur on certain catalysts but not
others suggests that there could be several
stages of SMSI. These stages need not be
discrete, rather they represent a gradual
change in the chemical behavior of a SMSI
catalyst as the extent of interaction gets
stronger. The strength of the interaction it-
self depends on parameters such as crystal-
lite size, reduction treatment, and metal/
support combination. If a comparison is
to be made between different catalysts, then
it is desirable to have a system with which
the extent of the interaction can be ranked.
By comparing results of Ni/Nb,Os and Ni/
SiO, catalysts, we have established the fol-
lowing criteria on the manifestations of the
SMSI behavior:
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SAMPLE AND
TREATMENT

STAGE
| ufmfw]v

(2,573,1)

(2,773,

(10,573,1)

(10,773, 1)

(10,573,1,
773,1-Ny)

(10,573, 1,
773,1-He)

F1G. 2. The extent of strong metal-support interac-
tion for Ni/Nb,Ojs catalysts as a function of crystallite
size, reduction temperature, and inert effect. The
stage number corresponds to the number of criteria as
explained in the text.

I. A shift in product distribution in CO
hydrogenation with comparable or better
activity.

II. Lower ethane hydrogenolysis activ-
ity.

III. Lower hydrogen chemisorption ca-
pability.

IV. A different rate law for ethane hy-
drogenolysis (reaction order with respect to
hydrogen partial pressure changes from
~=2to ~—1).

V. A high C, yield in CO hydrogenation.

The above criteria are listed in the order
of increasing degree of metal-support inter-
action. The stage of interaction for a partic-
ular catalyst is in turn given by the number
of criteria it has met. It should be noted that
this ranking system is specifically devel-
oped for Ni/Nb,Os catalysts with respect to
the three chemical probed used in this
study. Its applicability is illustrated in Fig.
2, which clearly shows the effects such as
crystallite size and heating in an inert gas
on the extent of interaction. Furthermore,
Fig. 2 shows that all the niobia-supported
nickel catalysts meet the first three criteria,
making the separation of these stages sus-
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pect. However, it must be remembered that
niobia is a very interacting support (22),
and suppresses hydrogen chemisorption on
supported-nickel catalysts even at mild re-
duction treatments (/). Clearly then, to dis-
tinguish these stages, evidence must be
found on nickel catalysts supported on
other less interacting materials. For Ni/
TiO, catalysts, we previously observed (7)
that a (10,573,1) sample shows a normal hy-
drogen chemisorption behavior but a sup-
pression in ethane hydrogenolysis activity.
Burch and Flambard (9) also reported that
for Ni/TiO, catalysts, the decline in hydro-
gen chemisorption is less than the decline in
catalytic activity. These observations thus
establish the relative positions of criteria II
and III. The results of Burch and Flambard
(9) also help to differentiate the first two
criteria. These authors show that a 8.5 wt%
Ni/TiO, catalyst, after reduction at 723 K,
has an ethane hydrogenolysis activity com-
parable to that of Ni/SiO,, but is almost 40
times more active in CO/H, reaction. The
combined data for niobia-supported and ti-
tania-supported nickel catalysts thus estab-
lish our hierarchy, as proposed.

The idea that there are different stages of
SMSI is in itself not a new one, as different
authors have found evidence for a more
strongly interacting system with increasing
reduction temperature (9, 22). The advan-
tage of our proposed hierarchy, however,
lies in its ability to identify the stage of a
particular catalyst with respect to three
chemical probes and thus provide a firm ba-
sis for comparison among different sys-
tems. Due to the many parameters that
could affect the extent of interaction in a
SMSI catalyst, the hierarchy as a whole
also provides a better characterization than
the commonly used criterion of hydrogen
chemisorption. These points are particu-
larly relevant for comparing results from
different laboratories. For example, the Ni/
TiO, catalyst in the work of Ko and Garten
(4) is apparently at a more interacting state
than those studied by Burch and Flambard
(9) under mild activation treatments. This
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difference could be due to the smaller crys-
tallite size and more severe reduction treat-
ment used in the former study, and could
account for the much stronger suppression
in ethane hydrogenolysis. In fact, Burch
and Flambard (9) also observed a strong
suppression in ethane hydrogenolysis activ-
ity with more severe reduction conditions.
Unfortunately we cannot apply our full hi-
erarchy to their more severely reduced
samples, as these authors did not report
any corresponding hydrogen chemisorption
data, nor an experimental rate law for eth-
ane hydrogenolysis.

Mechanism of SMSI

As mentioned above, the various stages
of SMSI correspond to a gradual, rather
than discrete, change in catalyst behavior
as the extent of interaction gets stronger. It
has been well established that reduction of
the support is a necessary step for SMSI
behavior (40). Tauster and Fung (22) first
noted an empirical correlation between the
extent of SMSI and oxide reducibility for
supported iridium catalysts. A qualitatively
similar trend was reported in our previous
work (I) on titania-supported versus
niobia-supported nickel catalysts.

The sequence of events following the re-
duction of the support remains a matter of
debate. The work of Kao et al. (15, 16)
shows that for a model supported nickel
catalyst, there is a charge transfer from the
support to the metal. If electron transfer is
indeed a prevailing mechanism for SMSI,
then it is of interest to compare the chemi-
cal properties of our catalysts with those of
potassium-promoted nickel catalysts, as
the promoting effect of potassium is be-
lieved to be associated with electron dona-
tion as well (38). Such a comparison re-
veals some  similarities.  Potassium
promotion on nickel has been shown to de-
crease ethane hydrogenolysis activity (37,
41, 42), and shift the product distribution of
CO/H, reaction to higher hydrocarbons
(37, 38). Similar trends were found in this
study for Ni/Nb,Os catalysts. However, the
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decrease in ethane hydrogenolysis for our
catalysts (a factor of about 102-10%) is sig-
nificantly larger than that found for potas-
sium promotion (less than a factor of 50)
(41, 42). Perhaps more disturbing is the fact
that potassium promotion decreases the ac-
tivities of both ethane hydrogenolysis and
CO/H, reaction (37, 41, 42), whereas the
activities for the same two reactions are af-
fected in different directions for SMSI cata-
lysts. Thus it is apparent that electron
transfer may play a role in SMSI, but by
itself cannot adequately explain our obser-
vations.

The inadequacy of a simple electron
transfer argument suggests the presence of
some type of geometric effect. Recently,
convincing arguments have been put forth
by Santos et al. (43) for Fe/TiO, and Re-
sasco and Haller (44) for Rh/TiO, catalysts
that there is a migration of the reduced ox-
ide onto the metal particle. Results in this
study are also consistent with the presence
of such oxide species on the metal surface.
For example, these species can lower eth-
ane hydrogenolysis activity through a sim-
ple geometric effect of diluting active nickel
ensembles. Sinfelt er al. (45) reported a
very significant decrease in ethane hydro-
genolysis activity with increasing Cu con-
centration in a series of copper—nickel al-
loys, and the analogy between the dilution
effect due to copper and that due to oxide
migration was first emphasized by Resasco
and Haller (44). It should be noted that in
the unsupported Cu-Ni catalysts used by
Sinfelt et al., the surface copper concentra-
tion is very high even at a low bulk copper
concentration, due to the preferential seg-
regation of copper to the surface (46). The
recent work of Dalmon and Martin (47),
who used supported Ni—-Cu alloys with sim-
ilar surface and bulk compositions provides
an alternate basis of comparison. These au-
thors also observed a significant, but less
gradual drop in ethane hydrogenolysis ac-
tivity of these supported Ni—Cu alloys as
the copper content increases. Such an ob-
servation is fully accounted for by a purely
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geometric effect of dilution. Interestingly,
the hydrogen partial pressure dependence
in the rate law remains the same (~-2) in
this series of catalysts, despite the drop in
activity.

The above evidence shows that neither
electron transfer nor dilution effects alone
can satisfactorily explain our data. We are
thus led to believe that, similar to the con-
clusions of Resasco and Haller (44), elec-
tronic and geometric effects are working in
concert on our Ni/Nb,Os catalysts. The
idea of the surface being covered by migrat-
ing oxide species is particularly appealing
in that it provides a possible reason for the
different behavior of the two probe reac-
tions. Although the presence of migrating
species decreases the ethane hydrogenoly-
sis activity, the activity for CO hydrogena-
tion will not be adversely affected if special
active sites exist at the interface between
the metal surface and these species. It is
necessary to invoke these active sites as
from a pure geometric viewpoint, the pres-
ence of migrating oxide should decrease the
CO hydrogenation activity due to a diluting
effect similar to that observed for Ni-Cu
alloy films (48), and such was not the case
for Ni/Nb,Os catalysts. Burch and Flam-
bard (8, 9) have postulated new active sites
for CO hydrogenation at the metal-support
interface. We suggest that these sites are
not limited to the contact area between the
metal crystallite and the support, rather
they are distributed over the crystallite sur-
face. Recall that the samples used by Burch
and Flambard are at an early stage of inter-
action (no significant suppression in ethane
hydrogenolysis activity). It is probable that
at this stage the migration process has not
occurred to an appreciable extent, conse-
quently special sites associated with metal-
reduced oxide interface will be limited to
the periphery of the crystallite. The argu-
ment above is supported by the work of
Chung et al. (49), who found similar cata-
lytic behavior between TiO,/Ni(111) and
Ni/TiO,(100) samples in CO hydrogenation.

Recently several investigators have pub-
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lished electron microscopy results which
show a structural change of the supported
metal crystallites in several SMSI systems.
Pillbox, or raftlike, structures are found for
Pt (50, 51), Ni (52), and Ag (53) supported
on various oxides of titanium. In this study
we have no direct evidence for a structural
change of the nickel crystallites. On the
other hand, the possible occurrence of such
a process is not inconsistent with our chem-
ical observations. For example, the mani-
festations of Stages IV and V in our more
interacting catalysts could be related to a
morphological change. The fact that a more
severe reduction treatment was necessary
to get a catalyst into these later stages sug-
gests that for these samples, the migrating
oxide concentration on the crystallite sur-
face was higher. Perhaps a critical oxide
coverage is associated with a morphologi-
cal change.

The mechanism of SMSI discussed thus
far not only forms a physical basis for our
hierarchy, but also provides insights into
the parameters which have been found to
be important for Ni/Nb,Os catalysts (7).
This mechanism is consistent with the facts
that SMSI affects the smaller crystallite
more at a given reduction temperature, and
becomes more severe with increasing re-
duction treatment. When a comparison is
made between TiO, and Nb,Os supports,
the more interacting behavior of the latter
can be accounted for by its higher reducibil-
ity in addition to its lower melting point
which would facilitate migration. Finally,
the difference between heating a (10,573,1)
sample in nitrogen versus helium can also
be explained. Nitrogen adsorption on TiO,-
supported Rh (54) and Ni (55) catalysts has
been reported. Nitrogen adsorption on the
metal-support interface can hinder the mi-
gration of the reduced species, resulting in
a less interacting catalyst compared to the
one heated in helium.

Our model shares many common fea-
tures with those suggested by Santos et al.
(43) and Resasco and Haller (44). These
similarities suggest the same mechanism for
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TiO, and Nb,Os as SMSI supports. How-
ever, there appears to be a subtle difference
when different metals are supported on
these oxides. In particular the direction of
electron transfer seems to be different be-
tween Ni and Fe (43). Vannice (28) also
pointed out that the effects of SMSI on CO
hydrogenation vary markedly among
Group VIII transition metals. We thus want
to emphasize again that our hierarchy and
model are developed specifically for sup-
ported nickel catalysts. The application of
this hierarchy to other metal/support com-
binations, or the development of similar
ranking systems on the basis of additional
chemical probes, will hopefully further elu-
cidate the nature of SMSI.

SUMMARY

Niobia-supported nickel catalysts have
been shown to exhibit chemical behavior
different from that of silica-supported
nickel catalysts in ethane hydrogenolysis
and CO hydrogenation. For these catalysts
the activity for ethane hydrogenolysis is
lower, and the experimental rate law is dif-
ferent for the more severely reduced sam-
ples. In the case of CO hydrogenation, the
activity is not adversely affected but the
product distribution shifts to higher hydro-
carbons that contain a significant amount of
olefins. These observations are attributed
to strong metal-support interaction
(SMSI). SMSI is found to be stronger for
the catalyst with a smaller crystallite size at
the same reduction temperature, or with in-
creasing reduction temperatures for the
same catalyst.

The use of hydrogen chemisorption, eth-
ane hydrogenolysis, and CO hydrogenation
has identified different manifestations of
SMSI. A particular catalyst may show any
number of these manifestations depending
on the support, the crystallite size, and the
reduction treatment. These observations
suggest that there are different stages of
SMSI, and lead to the development of a
hierarchy with which the extent of interac-
tion for SMSI catalysts can be systemati-
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cally ranked and compared. To provide a
physical basis for this hierarchy, a mecha-
nism of SMSI that involves the reduction of
the support and the subsequent migration
of the reduced oxide onto the metal surface
is proposed.
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