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Correlations Between Surface Structure and Catalytic Reactivity
for Alkane Hydrogenolysis Over Nickel

D. W. Goodman, Sandia National Laboratories, Albuquerque, NM 87185
USA

Summary

Kinetic studies over different crystal planes of nickel show the
hydogenolysis of n-butane to be structure sensitive. “Significant
differences in product formation rates are observed between the
Ni(111) and the Ni(100) surfaces. The open (100) surface demon-
strates a much higher activity toward rupturing carbon-carbon
bonds than does the (111) surface. These results together with
previous studies on ethane and cyclopropane hydrogeaolysis con-
firm this result to be a general one. Futhermore an excellent
comparison of the product distribution as a function of tempera-
ture between a Ni(100) catalyst and a polycrystalline nickel
catalyst suggest that (100) facets dominate the chemistry of the

polycrystalline surface.
Introduction

The hydrogenolysis of saturated hydrocarbons, or the rupture of
carbon-carbon bonds-by hydrogen, is well-known to be structure-
sensitive, that is their rates per surface metal atom vary with
the percentage of metal exposed on the catalyst [1]. Various
interpretations for this structure-sensitivity have been offered,
many of which are based upon geometric arguments. Assuming that
geometric considerations do play a significant, if not dominant,
role in giving rise to the Structure-sensitivity of certain
surface catalytic reactions, then the effect should be amenable
to quantification using different orientations of metal single

crystal catalysts.

Integrating in a single apparatus surface analyticai technidques
with the ability to study reaction kinetics at elevated pressures
has proved to be quite useful in correlating structural and com-

positional changes with reaction dynamics [2,3]. Specifically,
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for several reactions excellent comparisons have been made between
rates and activation energies measured for single crystal catal-
ysts and those observed for high-area, supported catalysts [2].
These reactions, methanation of CO [3] and CO5 [4], and hydrogena-
tion of ethylene [5] are known to be structure-insensitive reac-
tions. .The chemistry manifested on diffe}ent facets has been
found to be indistinguishable. In contrast, recent results for -
ethane [6] and cyclopropane [7] hydrogenolysis over different
facets of nickel have shown marked differences in rates and
activation energies. These differences were ascribed to the
apparent superior ability of the "open” Ni(100) surface to cleave
carbon~carbon bonds compared to the more densely packed Ni(11l)
surface. It was suggested that the tendency of the (100) surface
to promote hydrogenolysis more rapidly than the {(111) surface

was related to the relative spacings between the high coordina-
tion sites on the two planes, the spacing on the (11l) surface
being close to a carbon-carbon bond distance whereas the spacing
on the {100) surface is considerably larger. On the (111} sur-
face the carbon-carbon bonds can remain intact yet bond in the
high coordination sites, those sites believed to accommodate the
most stable bonding [8)]. This is not the case for the (100)
surface, therefore a driving force exists on this surface for
breaking carbon-carbon bonds and allowing the individual carbons
to migrate to the preferred high coordination bonding sites.

This interpretation suitébly explains the general experimental
observation that on high-area, supported catalysts, a reduction
in activity is associated with an increase in particle size.
Sintering to larger particles is expected to yield a larger
proportion of (111) surfaces, the thermodynamically more stable
surface. Since the ratio of the open surfaces tc the (111) sur-
faces falls with an increase in particle size, the hydrogenolysis
rate will accordingly fall. Of great interest to this interpre-
tion is the question of its applicability to other hydrogenolysis
reactions. With this in mind we have carried out similar studies
for n-butane and cyclopropane hydrogenolysis. The results for
eyclopropane have been reported in detail elsewhere [7]. Here
we will concentrate on the n-butane hydrogenolysis data and
their implication to the reaction mechanism of alkane hydrogen-

olysis in general.
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Figure 1. A schematic of the surface analysis/microcatlytic
reactor used in these studies. :

Experimental

The apparatus for this work is shown in Fig. 1. It consists of
two bakeable ultra~high vacuum chambers, connected by a metal
valve and separately pumped. The base pressure in the analysis
chamber and the reactor is 10710 Torr. The single crystals of
nickel {~ 1.0 cm? surface area) are mounted on tungsten leads and
heated resistively. The sample is mounted on a retraction bellows
and can be translated horizonally to various positions in either
chamber. The samples were cleaned by oxidation at 1400K in 1078
Torr Oy followed by reduction at 800K in 5 Torr Hy.. A typical

- Auger spectrum of a clean nickel surface is given in Refs. [3]
and [10]. High purity hydroéén was used in all kinetic measure-
ments. The n-butane was triply distilled from a low temperature
bath to assure purity. '

Regults and Discussion
~

Fig. 2a shows the specific reaction rate (product molecules/
substrate surface atom/s) or turnover frequency (TF) for methane
formation from n-butane over a Ni(100) catalyst plotted in
Arrhenius -form. The»values shown are for a.H2/n—butane ratio of
100 and a total pressure of 100 Torr. At a given temperaure the
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Figure 2. A comparison of n-butane hydrogenolysis over single
crystals of nickel. Pressure = 100 Torr. Hy/n-butane
ratio = 100.

rate of methane production over an initially clean crystal was
constant in time with no apparent induction period. No self-~
poisoning was observed for reaction periods of hours and extensive
conversions. The carbon level during reaction remains constant

at a submonolayer coverage as determined by Auger spectroscopy.
The turnover frequency (CHg/Ni surface atom/s) during a fixed

time (typically 1000s) was determined using the Ni{100) atom
density of 1.62 x 1015 atoms/cm?2.

The slope of the line obtained for the Ni{100) data corresponds

to an activation energy of 25 kcal/mole. This value as well as the
measured rates are close to the activation energies and rates
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found for the methanation reaction as well as ethane hydrogenolysis
over this surface. This close comparison between activation
energies and rates suggest that these reactions over a Ni(100)
cai:alyst are following the same raction pathway and are limited

by the same reaction step. For methanation it has been shown

{111 that the reaction rate is determined by a delicaté balance

of the surface carbide formation step and the step involving its
removal by surface hydrogen. Both ethane and n-butane hydrogen-
olysis on this surface then .likely involve a similar single-atom,
surface carbon: formation step followed by its reduction by hydrogen
and these steps control the kinetics.

Anderson has proposed [13] that the reaction rate for ethane
hydrogenolysis is methane formation controlled because of

the similarities in the témperature dependence of the hydrogen-
olysis rates and the rates of deuterium/hydrogen exchange. This
mechanism could entail first the formation of a single-atom,
(partially hydrogenated), carbonaceous species followed by hydro-
gen reduction to methane--precisely the methanation mechanism.
For hydrogenolysis then, we propose that the reaction enters the
methanation sequence at the rate-limiting, carbon-hydrogenation

point.

Figure 2b shows the kinetic data for n-butane hydrogenolysis over
a Ni{lll) catalyst at identical conditions as for those data of
Figure 2a. These data, ' as well, are steady-state values with no
evidence of self-poisoning. As observed for the (100).cata1yst,
the carbon level during reaction remained constant at a submono-
layer coverage. The specific rate was determined using the
Ni(1lll) atom density of 1.88x1015 atoms/cmz. It is evident that
the activity of the Ni(1ll) surface toward n-butane hydrogenolysis
to methane is considerably less than that observed for the (100)
surface. A similar lower activity was seen for the (11l1) surface
compared to the (100) surface for ethane [6] and cyclopropane

{7] hydrogenolysis. The degree of inactivity of the (111) facet
is uncertain at this point because edge effects and surface
defects could contribute to the residual activity. It is clear,
however, that the intrinsic activity of the (100) surface far
exceeds that of the (111) surface for rupturing carbon-carbon
bonds. Without data for other crystal facets we cannot state
that all activity of a polycrystalline particle is due to (100)
surfaces: however, the data do suggest this to be the case.
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Figure 3. Hydrogenolysis of n-butane over a Ni{100) single
crystal catalyst. Pressure = 100 Torr. H2/n-butane
ratio = 100.

Figure 3 shows the product distribution from n-butane hydrogen~
olysis on a Ni(100) catalyst as a function of reaction temperature.
As is observed for a polycrystalline [13] catalyst, higher tem-
peratures lead to a preference for methane product. Of great
interest regarding the question of the relative contribution of
(100) surfaces to total product formation for a polycrystalline
catalyst is a comparison of the selectivity of the (100) catalyst
with that found for a polycrystalline one as a function.of tem-
perature. Figure 4 shows this comparison with the present (100)
data- compared with the previous data of Anderson’ and Baker {13]
on polycrystalline nickel films. The comparison is a remarkably
good one and strongly suggests that the {100) surface is either
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