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Catalytic Decomposition of Methanol
at Low Pressures by Nickel

The catalytic decomposition reactions of
organic molecules at very low pressures on
clean metal surfaces have been compara-
tively little investigated. We have chosen
to study the reaction of methanol, at pres-
sures between 1 X 10% and 1 X 1077 Torr
(1 Torr=133.3 N m™2), on a nickel
filament. The reaction has previously
been studied at intermediate pressures
(1072-10~% Torr) both on gold and on
nickel wires (/) and it was reported that at
low temperatures (< 273 K) the carbon-
oxygen bond was broken on the nickel sur-
face; at a higher temperature (295 K) the
main reaction was the formation of H,(gas)
and H,O(gas) while further increase of
temperature (> 500 K) led to the forma-
tion, principally, of CO(gas) and Hs(gas).

The apparatus has been described pre-
viously (2) and was unchanged. Briefly, it
consists of a glass ultrahigh vacuum sec-
tion (P, < 5 X 1071 Torr) to which gas
can be admitted from either of two storage
volumes through all-metal valves. The
chamber is connected to the pumps by a
similar valve. Adjustment of the aperture
of this latter valve allows a suitable rate of
flow of methanol vapor over the filament
to be selected. The nickel filament had
been cleaned previously by the oxidation
and reduction procedure which is thought
to remove carbonaceous impurities (3) and
was a highly effective H,/D, equilibration
catalyst (4). However, it is not possible to
make a quantitative assessment of the
cleanliness of the filament (4) and it has
been suggested that to produce the
Ni(111) plane in a contamination-free
state, supplementary argon-ion bombard-
ment is necessary (5).

The decomposition reaction was ob-
served  mass spectrometrically by

streaming methanol vapor (at room tem-
perature) over the filament maintained
between 160 and 1050 K. When steady-
state conditions had been reached, the
mass spectrum was recorded with an
omegatron radiofrequency mass spectrom-
eter. This instrument formed an integral
part of the UHV system and was at-
tached to the filament chamber by wide-
bore tubing. The only reaction that could
be detected was the formation of carbon
monoxide and hydrogen, which process
started at filament temperatures above 370
K. The filament temperatures were visited
in random order and no measurable de-
cline in reactivity took place within any
particular series of experiments. However,
some slight degradation of methanol to
surface carbon was also taking place as
shown by the reduction in the reactivity of
the filament over a prolonged period of
experimentation. The initial reactivity
could be restored by a sequence of oxida-
tion and reduction.

In view of the observed decomposition
reaction it was clearly necessary to charac-
terize the behavior of the filament towards
carbon monoxide and hydrogen separately.
Previous measurements of the uptake of
hydrogen (2) had shown that the surface
coverage decreased continuously with in-
creased filament temperature between 160
K 39X 10" mol ¢cm™2?) and 430 K
(immeasurably small). In similar experi-
ments with carbon monoxide the uptake
varied smoothly with changes in either gas
pressure or filament temperature, and on
flashing the CO-covered filament prac-
tically all of the gas had desorbed by the
time the filament reached 490 K.

The observations on methanol at the
higher filament temperatures agree entirely

179

Copyright © 1975 by Academic Press, Inc.
All rights of reproduction in any form reserved.



180

with the work of Roberts and Stewart (/);
the differences at lower temperatures may
well be due to the obscuring of the reac-
tion by the wall effects which were promi-
nent throughout our, low pressure, experi-
ments.

The reactivity of the filament can conve-
niently be expressed by its efficiency E.
This quantity is defined by the equation

__rate of CO production
rate of CH;OH collision’

Under the steady-state conditions of the
experiments the rate of production of CO
must equal the rate at which it is pumped
away. This latter rate is directly propor-
tional to pcokco, Where po is the partial
pressure of CO and k¢, is the first order
pumping constant of the aperture of the
exit valve. The partial pressure of CO due
to decomposition is obtained from the
measured peak height of mass 28, after
this has been corrected for the background
contribution to mass 28. The propor-
tionality constant is calculated from the
volume of the apparatus and the kinetic
theory of gases. The rate of collision of
methanol is calculated from its partial
pressure (measured by the omegatron) and
the area of the filament. The results of
these experiments are shown in Fig. 1.
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Fi1G. 1. Methanol decomposition on a nickel fila-
ment. (O) Pyeon: 1 X 1077 Torr, keo: 0.58 sec™; (A)
Pumeon: 2.4 X 1077 Torr, kot 0.33 sec™; (O) pumeon:
6 X 1077 Torr, k¢y: 0.23 sec™.
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NOTES

The most interesting features of these
results are:

1. the essentially zero activity for fila-
ment temperatures below 370 K;

2. the rapid rise in E above 370 K to a
sharp maximum near 520 K;

3. the considerable fall in E above 550
K to a value at 1000 K which is only about
1/10th of the maximum.

When seeking an interpretation of these
results it is natural to look first at the gen-
eral features of the interactions of CO and
H, with the filament. However, there does
not seem to be anything in these to ac-
count for the rapid rise in E between 370
and 500 K since both gases appear to have
a continuous range of binding sites on the
surface. For neither gas, therefore, is there
a filament temperature which can be called
the “desorption temperature” above which
the continuous decomposition of methanol
might become measurable as the result of
the rate-determining desorption of reaction
products. We are thus led to support the
earlier suggestion, made in relation to a
reaction at much higher methanol pres-
sures (6), that decomposition is controlled
by the surface reactions of methanol itself.
Such a conclusion is in accordance with
the interpretation by Roberts and Stewart
of their high temperature observations,
though they attributed the smooth decom-
position of the molecule, without cleavage
of the C-0 bond, to *“‘extensively incorpo-
rated carbon during early stages of the in-
teraction” (/).

If it is accepted that surface processes
are rate-determining it becomes of interest
to explore whether geometric factors are
likely to be of particular importance in the
decomposition process, that is to say,
whether the reaction can be described as
“demanding” (7). The surface of a well-an-
nealed nickel filament, it is suggested, con-
sists predominantly of two closely packed,
low-index planes, namely, the (100) and
the (111) planes (2). On one of these, the
(111), the dimensions of the methanol mol-
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F1G. 2. Possible dissociation mechanism of methanol on Ni(111). At bottom right of diagram the molecule is
in its initial adsorbed state. Decomposition proceeds by the breaking of the C-H bonds, as in top left of
diagram, followed by recombination of hydrogen atoms and desorption of H, and CO.

ecule do indeed match the interatomic
spacings and a possible mechanism for the
decomposition process is shown in Fig. 2.

The temperature dependence of the
reaction, which is much more marked than
is usual with the reactions of simpler gases
(8-70), may then be the balance between
the tendency for the (activated) surface
reaction to go more rapidly at higher tem-
peratures and the decreasing probability
that methanol molecules will meet the geo-
metric demands of the initial adsorption
process as their thermal agitation in-
creases.
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