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A new catalyst action in catalyzed graphite hydrogenation, termed tunneling, is observed and
studied for Pt, Ni, and Ru. The metal particles undergo tunneling in the a direction of graphite
(parallel to the basal plane), gasifying carbon. The linear speed of tunneling is independent of
particle size. The sequential steps in the reaction are C—C bond breakage and dissolution of
carbon into the metal at the leading-edge carbon—metal interface, diffusion of carbon in metal, and
reaction between C and H on metal surface. The last step is rate limiting, and is a common step for
deep-layer channeling, monolayer channeling, as well as the methanation reaction. Both tunneling
and monolayer channeling actions are at least as important as deep-layer channeling in the overall

rate for graphite hydrogenation.
INTRODUCTION

The graphite hydrogenation reaction
(producing CH,) catalyzed by various
group VIII metals has been the subject of
many studies [e.g., (I-10)]. The studies on
bulk powders employing thermogravimet-
ric analysis (TGA) or evolved gas analysis
do not reveal the catalyst actions by the
metal particles on carbon surfaces. A large
number of microscopic investigations using
optical and electron microscopic tech-
niques have been undertaken to study the
deep-layer channeling action of the cata-
lysts (I, 4=7, 11). A typical SEM picture
illustrating deep-layer channeling is given
in Fig. 1. Another important catalyst
action, termed monolayer channeling, has
been observed and studied in our labora-
tory recently (12-14). The mechanistic
steps involved in monolayer channeling are
similar to those in deep-layer channeling. A
comparison of the contributions made to
the overall reaction rate by deep-layer
channeling and by monolayer channeling
indicates that monolayer channeling is at
least as important as, and likely far more
important than, deep-layer channeling (14).
However, monolayer channeling can be ob-
served only by the gold-decoration tech-
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nique (/5), and is not visible in controlled-
atmosphere TEM (CAEM) studies (7, 5-7,
10). For this reason monolayer-channeling
particles have been thought (mistakenly) to
be undergoing random particle motion on
the graphite basal plane by previous investi-
gators using CAEM.

Still another important catalyst action,
termed tunneling, has been observed in our
laboratory, and the results are presented in
this report. In the metal (or metal oxide)-
catalyzed graphite—oxygen reaction, parti-
cles have been found to move along the ¢
axis (normal to the basal or layer plane) of
graphite into the bulk of the graphite, and
the action has been termed pitting. Pitting
does not occur in the catalyzed hydrogena-
tion reaction. The question to be addressed
is then whether the catalyst particles can
move along an a axis (parallel to the layer
plane) of graphite and gasify carbon. This
catalyst action, termed tunneling, has in-
deed been observed and studied for group
VIII metals (Ni, Pt, and Ru) in the C-H,
reaction.

EXPERIMENTAL

The graphite used in the study was Ti-
conderoga graphite. It was used because of
its large single-crystal sizes as well as the
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FiG. 1. SEM picutre of a deep-channeling platinum particle on the basal plane of graphite after
reaction with 1 atm H- at 1050°C for 7 h and 17 min.

ease of its cleavage. The metal catalyst
powder was placed in contact with the
edges of the graphite crystal. The mixed
sample was supported on a sapphire plate
which was placed in a combustion boat.
The combustion boat was then placed in a
quartz reaction tube for the hydrogenation
reaction. The gases used were hydrogen
(99.999% minimum purity) and helium
(99.999% minimum purity). Gases were fur-
ther purified by passage through long-path
beds packed with 13X and 4A zeolite, both
held at liquid nitrogen temperature. Other
experimental details are given elsewhere
(12, 15).

Figure 2 is an illustration of the three ex-
perimental steps involved in preparing the
sample for viewing of tunnels. Figure 2A
shows the initial application of the catalyst
particle in contact with the graphite crystal
edge. Figure 2B shows the sample directly
after reaction with hydrogen, and Fig. 2C is
a view of the halves of the graphite crystal

after being cleaved open. Mirror images are
seen on the open faces which are the
cleaved tunnel halves with the catalyst par-
ticle remaining on one face. An Amray
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Fic. 2. Schematic of experimental procedure for
studying catalyst undergoing tunneling action in graph-
ite hydrogenation. The graphite crystal is cleaved open
after reaction to reveal halves of the tunnel.
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FiG. 3. SEM of cleaved tunnel which was formed by platinum particle after reaction of graphite/Pt

with 1 atm H, at 1000°C for 1045 min.

1000A scanning electron microscope was
used to analyze the cleaved tunnel dimen-
sions. From these data the catalyzed reac-
tion rates were calculated.

The particle was assumed to start tunnel-
ing when the hydrogen atmosphere was
introduced into the preheated system. Ex-
periments were performed with the graph-
ite/metal samples heated in helium for sev-
eral hours at the reaction temperature and
no reaction was observed. An assumption
made in measuring rate data was that the
tunneling speeds were not a function of
time, i.e., the catalyst was assumed not to
deactivate. The deep-layer (I, 5~7) and
monolayer (12—14) channeling particles do
not deactivate during the reaction at the
temperatures studied; thus deactivation of
the catalyst during the tunneling action is
highly unlikely.

RESULTS AND DISCUSSION

The catalysts studied for the C—H, reac-
tion were platinum, nickel, and ruthenium.

The particle sizes studied were below 1 um.
Typical SEM pictures of the cleaved tun-
nels created by these three catalysts (fol-
lowing the procedure shown in Fig. 2) are
shown, respectively, for the three cata-
lysts, in Figs. 3, 4, and 5. Particle sizes
varying from 0.1 to 1.0 um were viewed in
the tunneling mode of catalysts. For a par-
ticular size of particles the tunnel lengths
were measured and the longest tunnel mea-
sured was used in the rate calculation.
Shorter tunnels originate from particle
movement (channeling) along the graphite
crystal edges prior to initiation of tunneling
action. The rate data as calculated are
therefore minimum gasification rates. To
within an experimental error of =5%, all
particles were found to tunnel at the same
speed independent of the particle size. This
result is in contrast to monolayer and deep-
layer channeling. In monolayer and deep-
layer channeling, the channeling speed is
proportional to the particle size (for sizes
below 1 um) (6, 7, 10, 12-14). However,
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R24m,

Fi6. 4. SEM of cleaved tunnels which were formed by Ni particles after reaction of graphite/Ni with
1 atm H, at 900°C for 153 min.
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FiG. 5. SEM of cleaved tunnel which was formed by Ru particle after reaction of graphite/Ru with 1
atm H, at 950°C for 225 min.
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these two contrasting behaviors are ex-
pected if the surface reaction at the metal—
hydrogen interface is the rate-limiting step
in both catalyst actions.

Studies on monolayer channeling (12-14)
and deep-layer channeling (5-7) have es-
tablished the following sequential mecha-
nistic steps for the channeling action:
breakage of C-C bonds at the metal—car-
bon edge interface and dissolution of car-
bon into the metal, diffusion of carbon
through the metal, and reaction of carbon
with chemisorbed hydrogen to form meth-
ane on the metal surface. The driving forces
for the particle movement are the adhesion
forces between metal and edge carbon. The
same mechanistic steps and driving forces
for particle movement are also pertinent to
the tunneling action based on the speed-
size relationship and the rate comparisons
to be given below. A further result from the
channeling study is that the surface reac-
tion between carbon and chemisorbed hy-
drogen is the rate-limiting step. The obser-
vation in this study that particles of all sizes
travel at the same speed is an indication
that surface reaction may also be the rate-
limiting step for tunneling. This is because
the surface area of the particle exposed to
hydrogen is proportional to the diameter
squared. The volume of carbon removed
per unit length of tunnel is also proportional
to the diameter squared. Thus, no particle
diameter dependence is expected for a sur-
face reaction-limited process. If the reac-
tion was diffusion (carbon in metal) limited,
smaller particles should tunnel at higher
speeds; however, this behavior was not ob-
served for particles less than 1 um in diam-
eter.

Table 1 shows the rates of tunneling com-
pared to the rates of monolayer channeling
based on per unit metal surface area. The
tunneling rates are consistently higher by
approximately one order of magnitude for
all catalysts studied. A possible reason for
these consistently higher rates for tunneling
is that, inasmuch as both tunneling and
channeling particles are faceted, the gas—

TABLE 1

Comparison of Gasification Rates (Based on Gas—
Metal Interface) for Monolayer Channeling and Tun-
neling

Catalyst Temperature Monolayer Tunneling
©Cy channeling {C atoms/cm?fs)
{C atomsfcm?/s)
Pt 1000 1.0 x 10M 3.3 x 1088
Ni 900 1.01 x 101 1.3 x 10'6
Ru 950 1.7 x 1018 1.1 x 1016

metal interfaces on the tunneling particles
may consist of more energetic and active
faces, e.g., higher-index faces. Another
possible contributing factor to the higher
rates would involve the C-C bond breakage
step (at the carbon-metal interface) in the
overall rate. Although surface reaction is
clearly the slowest step, the C~C bond
breakage step may have also intruded into
the overall rate. The multilayer graphite
edge in tunneling would provide a larger
carbon source and hence a higher overall
rate for tunneling than for monolayer chan-
neling. A more interesting explanation in-
volves the cooperative effect. The coopera-
tive effect refers to the orders-of-magnitude
higher rates for carbon gasification on a
multilayer graphite edge than on a mono-
layer graphite edge. This effect has been
observed for graphite gasification by O, (17,
18) and by H,O (19). Although not under-
stood, the cooperative effect manifests that
a lower energy is required for breaking the
C~C bonds on a multilayer edge than on a
monolayer edge. And such an effect could
result in the observed one-order-of-magni-
tude higher rate for tunneling compared to
monolayer channeling. The mechanism for
C-C bond breakage is also not understood,
but the involvement of electron transfer is
probable (2, 20).

Surface reaction between carbon {from
dissociation of CO) and chemisorbed hy-
drogen has been thought to be the rate-lim-
iting step for the methanation reaction.
Table 2 shows a rate comparison of metha-
nation with the three modes of catalyst
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TABLE 2

Comparison of Rates for Methane Production by
Three Catalytic Actions in Carbon Hydrogenation and
Methanation

Mode of Action Pt Ni Ru
Monolayer channeling 1.49 x 1013 LO1 x 10 1,15 x 10%°
(900°C) (C atoms/cm?
metal/s)
Deep-layer channeling® 0.1 3.2 17.8
(975°C) (nm/s)
Tunneling (C atoms/cm? 327 x 1015 1.28 = 10'6  1.06 x 106
metal/s) (1000°C) (900°C) (950°C)
Methanation? (350°C) NA¢ 9.7 x10% 8.0 x l0%

¢ Results by Baker et al. (1, 6, 7, 10); channel depths unknown.
# Results by Goodman et al. (J6).
¢ Methanol is the predominant product.

action in carbon hydrogenation. For deep-
layer channeling (/, 5-7, 10) the Ru-cata-
lyzed gasification rate is substantially
higher than the Ni-catalyzed rate. This con-
flicts with the rate comparison in mono-
layer channeling and in tunneling where the
rates are nearly equal for Ni and Ru. The
rates of methanation at 350°C are also (/6)
of the same order of magnitude for Ni and
Ru catalysts.

Figure 6 illustrates the mechanistic steps
involved in the tunneling action. Surface re-
action between carbon and hydrogen atoms
is clearly the slowest step. The C-C bond
breakage step may have an effect on the
overall rate. The tunneling of Ru (Fig. 5)
exhibits a random direction (unlike Ni and
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FiG. 6. Schematic representation of the mechanism
for tunneling in the metal-catalyzed C-H, reaction.
The adhesion forces at the metal-graphite interface
provide the driving forces for particle movement.

Pt which take well-defined directions). This
may be related to the fact that Ru has a
much higher Tammann temperature than
Ni and Pt. However, the fact that Ru under-
goes tunneling at all was unexpected, be-
cause the solubility of carbon in Ru was
thought to be nil. The vigorous tunneling
action by Ru requires large fluxes of carbon
through the metal, which in turn requires a
reasonably high solubility. The solubility of
carbon in Ru was measured by a simple and
accurate TGA technique (details to be pub-
lished elsewhere). The C/Ru solubility at
850°C is 0.102 at.%, a reasonably high solu-
bility.

The relative contribution by tunneling to
the overall C—H; reaction compared to that
by deep-layer channeling can be estimated.
An estimate may be made by considering
the reaction between a mixture of catalyst
powder and small graphite crystals. Deep-
layer channeling is undertaken by metal
particles in contact with the graphite edges
near the exterior basal planes of the crystal.
Tunneling takes place by particles on the
large-edge surface area. By considering
0.25-um metal particles mixed with 100-pm
graphite disks (with equal diameter and
thickness), the ratio of the number of tunnel
initiation sites to the number of deep-layer
channel initiation sites is 200 to 1. Since
both catalytic actions are nearly limited by
the surface reaction, the rates for the two
actions are equal for particles of the same
size. The above estimate illustrates the rel-
ative importance of tunneling to the overall
reaction. The relative importance of mono-
layer channeling to deep-layer channeling
has been discussed elsewhere (/4).
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