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Controlled atmosphere electron microscopy has been used to study the effects of small nickel
particles on the hydrogenation of single crystal graphite. These particles propagated channels in the
graphite basal plane, the majority of these channels being parallel to the (1120) directions. Increase
in channel propagation rate occurred with increase in temperature, but at temperatures above
1075 K nickel particle disappearance was frequent, believed to be due to diffusion of metal into
the graphite structure. At higher temperatures graphite platelets were formed from immobile
nickel particles. Quantitative analysis also revealed that the rate of carbon gasification was propor-
tional to the external surface areas of individual particles and not to the leading catalyst/graphite
interfacial area. All these effects and possible reaction mechanisms are discussed.

1. INTRODUCTION

The reactions between carbon and steam
and carbon and hydrogen have been the
subject of many investigations, most of
which have emphasized the complex equi-
libria involved (/). In spite of its technolog-
ical importance, however, very little infor-
mation is available on the catalytic
hydrogenation of carbon.

Tomita and Tamai (2, 3) have conducted
several experiments to study the reactions
with hydrogen of various metal-impreg-
nated carbons at temperatures up to 1300 K.
It was found that methane formation
occurred in several stages with most metals
and this was attributed to the different
degrees of crystallinity of the carbons used.
The order of catalytic effectiveness for var-
ious metals was Rh = Ru=1Ir > Pt > Ni>»
Pd = Co = Fe.

Rewick et al. (4) have studied the plati-
num-catalyzed gasification, in hydrogen
and water atmospheres, of three types of
carbon. It was discovered that a maximum
in the rate of methane production occurred
at ~1125 K, and that the rate was propor-
tional to (partial pressure of hydrogen)!’2,
suggesting that dissociation of hydrogen
was occurring and was rate determining,

McKee (5) found that the graphite—hy-

drogen reaction was strongly catalyzed by
iron, cobalt, and nickel, but that copper,
zinc, lead, and silver, all of which are very
potent catalysts for graphite oxidation,
were inactive,

Tomita and Tomai (6) have also used
optical microscopy techniques to investi-
gate the qualitative catalytic behavior of
several metals, including nickel, on the
hydrogenation of graphite. The actual parti-
cles observed were about 1 um, or even
larger, in diameter, and cut channels in the
graphite basal plane. The results suggested
that, in general, the larger the catalytic
particle, the faster its channel propagation
rate.

Workers using controlled atmosphere
electron microscopy (7) (CAEM) to study
the catalysis of graphite oxidation by sev-
eral metals (8, 9) (with particles of usually 2
to 200 nm in size) found that channel propa-
gation rates were inversely proportional to
particle size. This means that the amount of
carbon gasified was independent of the size
of the catalytic particles and suggests differ-
ences in the rate-determining step in oxy-
gen and hydrogen, if a comparison can be
made between the two particle size ranges
investigated in the two techniques. CAEM
has therefore been used either to confirm or
refute these differences observed for
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nickel, and also to attempt to gain further
insight into the mechanism of this reaction,
by an in situ study of the catalyzed
gasification of graphite in hydrogen.

2. EXPERIMENTAL
2.1. Technique

The controlled-atmosphere electron mi-
croscope, described in detail elsewhere
(7), consists of a JEOL JEM 7A transmis-
sion electron microscope (up to 100 keV),
into which a gas reaction cell can be in-
serted. A specimen, mounted on a plati-
num heater ribbon and incorporated into
the gas reaction cell, can be continuously
observed at temperatures up to 1500 K in
various gas atmospheres. A recent devel-
opment enables the specimen temperature
to be estimated by in situ optical pyrome-
try, without any undue disturbance to the
system (10). The transmission image is
relayed to a closed circuit television sys-
tem, and can be recorded on videotape.
Conventional micrographs can also be
taken.

2.2 Materials and procedure

The hydrogen used (BOC Ltd) was
~99% pure and was further purified by
passing through a commercially available
catalytic purifier, reducing the oxygen con-
tent to <0.1 vpm, and then through a 5A
molecular sieve to remove water.

Naturally occurring single-crystal graph-
ite from Ticonderoga, New York, was
used. The crystals were purified using a
method described previously (/1) and
cleaved using a standard technique (I2)
until optically transparent. These speci-
mens were then mounted on platinum
heaters and coated with approximately one
monolayer of spectrographically pure
nickel by vacuum evaporation from a
heated tungsten filament. After mounting
the heater in the cell and inserting the latter
in the microscope, hydrogen was intro-
duced at a pressure of 0.5 to 1 Torr, and
allowed to flow over the specimen for half
an hour before the start of the experiment.
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The specimen temperature was then in-
creased gradually and any changes in the
specimen image recorded for analysis later.

3. ANALYSIS

The video record could be transferred to
16-mm film for quantitative analysis, but in
most cases this was unnecessary due to the
relatively slow channel propagation rates.
The required information could be obtained
by taking conventional plate photographs at
suitable time intervals, with the specimen
still at temperature.

In some cases the relative thicknesses of
various areas of the graphite surface were
determined by optical density measure-
ments from these plates.

4. RESULTS
4.1. General Observations

When nickel-coated graphite specimens
were heated in hydrogen, nucleation of the
nickel film, into round particles 10—25 nm in
diameter, occurred at between 825 and
925 K. This was occasionally preceded
by fragmentation of the film and the forma-
tion of particles with a filamentary appear-
ance, though these became round on further
heating. As the temperature was raised,
the particles grew larger, and, on reaching
atemperature of approximately 975 K, those
in contact with edges or steps in the graph-
ite began to cut channels parallel to the
basal plane. Individual channels were of
uniform depth, but frequently not of uni-
form width, being narrow at the point of
formation, but wider along their length, due
to a gradual change in the width of the
particle as it moved. No widening of chan-
nels due to uncatalyzed hydrogenation was
ever observed and experiments with the
beam on and off proved conclusively that
the electron beam was not having any no-
ticeable effect. The channels were 50-200
nm wide and usually very straight, with
occasional 60° changes in direction. Virtu-
ally all channels were formed parallel to the
(1120) directions. Most of the particles
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Fic. 1. Two nickel particles channelling in opposite crystallographic directions. Temperature
1025 K. Facets at the catalyst—graphite interface with both particles are in the (1120) directions.

were faceted at the leading graphite—cata-
lyst interface, these facets also being ori-
ented parallel to the (1120) directions, irre-
spective of the direction of the channel (see
Fig. 1). Very occasionally, a particle was
observed undergoing a 30 or 90° change in
direction, indicating an actual change in
crystallographic direction (see Fig. 1); its
rate, however, appeared unchanged.

As the temperature was raised, the rate
of channel propagation increased, until at

500 nm

temperatures above 1075 K (and occasion-
ally at lower temperatures), the catalyst
particles at the heads of some channels
began to grow smaller, eventually disap-
pearing altogether. This effect is shown in
Fig. 3 when compared to Fig. 2, which
shows the same group of channels before
any nickel loss. This phenomenon occurred
at different rates for different particles, and
appeared to be independent of particle size,
channel depth, and direction.

Fi1G. 2. Channelling nickel particles at 1075 K.
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FiG. 3. Identical area to Fig. 2, showing loss of nickel from two of the channelling particles.

Particles which had not been channelling
and were immobile on the surface were
much more reluctant to disappear, and
those which did so, at temperatures above
1175 K, left behind platelets of the same
size and shape as the original metal parti-
cles (Figs. 4, 5, and 6 illustrate this phe-
nomenon). When the specimen was heated
in oxygen these platelets began to oxidize
at the same temperature as the underlying

graphite, suggesting that they are also gra-
phitic in nature.

4.2. Quantitative Measurements

During the analysis of the results, quanti-
tative measurements of various parameters
involving channelling particles have been
made, and in particular measurements of
the rate at which channels are propagated.
If these channels are linear, and do not

FiG. 4. Immobile nickel particles at 1150 K.
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FiG. 5. Nickel disappearing from immobile particle at 1225 K.

change in width or depth, then the linear
channel propagation rate is proportional to
the rate of carbon gasification. If the chan-
nels are irregular, however, then the area of
the channel produced by the particle (at
constant depth) in unit time is more repre-
sentative of the carbon gasification rate. In
the analysis that follows, all of the channel
propagation rates have been expressed as
area of graphite removed per unit time.

Calculations have shown that there is

less than 1 vpm of methane present in the
gas phase as a direct result of formation by
channelling particles. The rate data ob-
tained will not therefore be restricted by
gas phase equilibrium considerations at the
temperatures used in this study.

Effect of temperature. Arrhenius plots of
the channel propagation rate data obtained
from individual particles yielded an appar-
ent activation energy of 220 = 40 kJ mol™!
over the temperature range 975 to 1050 K.

FiG. 6. Platelet remaining after complete nickel disappearance at 1225 K.
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Fi1G. 7. Arrhenius plot for a particle propagating a
channel of width 100 nm.

An example of a plot obtained from a 100-
nm-wide particle propagating a straight
channel is shown in Fig. 7.

Effects of particle size and channel
depth. Occasionally, channelling particles
underwent a gradual change in length, in
some cases even becoming transparent to
the electron beam (see Fig. 8). This in-
crease in apparent area of the particle ap-
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peared to bring about an increase in chan-
nel propagation rate. Figure 9 confirms
that, as a general rule, channel propagation
rate was proportional to the apparent area
of the catalyst particle, providing the parti-
cles compared were at the same tempera-
ture and cutting channels of equal depth.
Exceptions to this rule occurred when the
particles compared had different shapes, in
which case comparison of apparent particle
area would be misleading. To overcome
this problem, specimens were shadowed
with platinum—carbon in two directions at
right angles, so that the heights and shapes
of the particles could be estimated (13) and
only those that were similar used for pur-
poses of comparison. Particle shape varied
from being flat (minimum detectable height
20 nm) to approximately hemispherical, the
latter predominating.

No correlation was found between parti-
cle width and channel propagation rate for
particles that were at the same temperature
and cutting channels of equal depth, indi-
cating that the area of the catalyst—graphite
interface at the head of the channelling
particle was not important in the rate de-
termining process. The widths of the indi-
vidual particles used to obtain the data

FiG. 8. Particle which had increased its length, and become transparent to the electron beam.
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FiG. 9. Channel propagation rate versus apparent
area of various particles channelling at the same
depth in the graphite basal plane, at 1025 K.

for Fig. 9, for example, varied from 65 to
200 nm.

Table 1 shows the effect of channel depth
(determined as a ratio by optical density
measurements) upon the channel propaga-
tion rate. Comparison was made between
pairs of particles at the same temperature
and with similar areas. The results indicate
that the channel propagation rate was in-
versely proportional to channel depth for
particles of the same size; i.e., the volume
of graphite gasified per unit time was inde-
pendent of channel depth.

These effects of particle size and channel
depth suggest that the only factor determin-
ing the amount of carbon gasified per unit
time was the external surface area of the
channelling particle. This was confirmed by
comparing the rates of channel propagation
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by particles whose height, shape, and chan-
nel depth had been determined by shadow-
ing. Absolute rates of carbon gasification
(i.e., volume or amount of carbon gasified
per unit time) could then be calculated, and
compared with the true (calculated) surface
areas of the individual particles. A compari-
son between various types of particle at
1035 K is shown in Table 2, and demon-
strates that the ratio of carbon gasification
rate to particle surface area remains con-
stant at constant temperature.

5. DISCUSSION

5.1. Nickel Disappearance and Platelet
Growth

The gradual disappearance of channelling
particles can be explained by the occur-
rence of either of two processes. The metal
could be evaporating from the surface or
entering between the graphite layers. If the
latter case were true it must be so dispersed
as to be below the resolution of the instru-
ment (2.5 nm). The phenomenon has been
observed in other systems (/4-16) involv-
ing different metals and different gases,
suggesting that the presence of graphite is
the crucial factor. In an attempt to resolve
this problem, nickel was evaporated onto a
silicon support and heated to 1200 K in
hydrogen. Nucleation took place at 1000 K,
but no decrease in particle size was ob-
served upon increasing the temperature,

TABLE 1

Effect of Channel Depth upon Channel Propagation Rate for Particles A and B

Temperature Particle area Rate Channel depth
(K) (nm? x 10 (nm?sec™!) (ratio B/A)
A B A/B
975 33 18.5 15.1 1.25 1.30
1005 1.5 22.4 15.5 1.45 1.20
1005 1.5 89.0 22.4 4.0 4.40
1005 1.5 89.0 15.4 5.8 5.50
1025 1.8 175.8 95.0 1.85 2.40
1075 0.9 137.6 60 2.30 1.90
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TABLE 2

Comparison of Carbon Gasification Rates Produced by Particles of Different Shape at 1035 K

rate

Volume gasification

true particle

Calculated
surface area

Particle
height

Apparent
particle

Volume of
graphite

Channel
depth
(nm)

Graphite
area

Particle

(nm)

removed

removed

true surface area

(nm? X 109

(nm? x 109

sec™!
(nm?® sec™! x 10%)

sec™!
(nm? sec™)

(nm sec™! x 1071
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1.40
1.45
1.40
1.41

1.86
7.05
1.96
3.31

<20
120
40
80

1.86
3.06
1.37
1.51

2.6

10.2
2.75
4.68

520
1020
550
468

<mUA

suggesting that, in this system, nickel loss
was not occurring.

Calculation of the vapor pressure of
nickel particles (/7) of the size predominat-
ing in the present study indicates that it will
probably be only one to two orders of
magnitude greater than for bulk material.
Taking all these facts into consideration, it
seems very likely that the cause of particle
disappearance is diffusion of the metal into
the graphite structure.

Another interesting phenomenon was the
formation of graphite platelets from inac-
tive nickel particles, when the temperature
was raised above 1175 K. This suggests
that, at this temperature, a substantial
amount of carbon was dissolving in these
inactive particles and being deposited when
they gradually disappeared. Graphite has
been formed by the dissolution—precipita-
tion of carbon in cobalt and nickel (/8), the
process involving heating the metal in con-
tact with amorphous carbon at 875 to
1275 K and then cooling rapidly, where-
upon graphite was precipitated. Baker et al.
(19) observed the precipitation of carbon
from iron particles that had become immo-
bile on graphite surfaces at 1175 K. Forma-
tion of carbon was not detected in the
present study when the channelling particles
disappeared, so there would appear to
be less carbon present in channelling parti-
cles than in inactive ones, even though the
ratio of the solubility of carbon in nickel at
1175 K (temperature above which platelets
form) to that at 1075 K (temperature at
which channelling nickel particles disap-
pear)is only ~1.5(20).

5.2. Effects of Particle Size and Channel
Depth

It can be seen from Fig. 9 and Tables 1
and 2 that the amount of carbon gasified per
unit time was proportional to the surface
area of the channelling particle, and not to
its width. This implies that reactions at the
leading catalyst-graphite interface were not
rate determining, in disagreement with sug-
gestions by other workers (6), who also
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found that in general the larger the catalytic
particle, the faster its channelling rate.

In oxidation experiments using platinum
(8), palladium (8), and molybdenum (9) as
catalysts, it was found that the linear chan-
nel propagation rate was inversely propor-
tional to particle size (expressed as particle
width) for particles at the same temperature
and channelling at similar depths, indicat-
ing that the overall carbon gasification rate
was independent of particle size. This
therefore is a major difference between
hydrogenation and oxidation reactions.

5.3. Activation Energy

The apparent activation energy for the
gasification of carbon by channelling nickel
particles in hydrogen obtained in this study
was 220 + 40 kJ mol~!, and was approxi-
mately constant over the temperature range
used (975 to 1050 K). At higher tempera-
tures rate data were difficult to obtain due
to the frequent disappearance of the chan-
nelling particles. There have been no values
reported recently for comparison with this
result, except for a value of 110 + 15 kJ
mol~! obtained by Tomita et al. (3) using a
bulk, nickel-impregnated carbon sample,
and values of 130 + 12 kI mol~! (21), 140 +
16 k] mol~! (in temperature range 775 to 875
K) (22), 265 + 17 k] mol™* (at temperatures
below 825 K) (23), and 180 + 9 kJ mol~! in
temperature range 825 to 900 K (23) ob-
tained from the hydrogenation of carbon
deposited onto nickel from various hydro-
carbons. The fact that these values fall
roughly into two groups, one being approxi-
mately half the value of the other, suggests
that perhaps the rate of reaction was con-
trolled by diffusion in those experiments
that resulted in the lowest activation energy
).

Brennan and Fletcher (24, 25) have stud-
ied the rate of hydrogen atom production
from the reaction of hydrogen with plati-
num, gold, and tungsten, finding apparent
activation energies of 214 + 5,212 = 7, and
217 = 4 kJ mol™?, respectively. If a similar
value pertains to the production of hydro-
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gen atoms from reactions with nickel, then
this would suggest that hydrogen atom pro-
duction might be the rate-determining step
in the catalyzed hydrogenation of graphite.

The activation energies quoted above,
however, have been determined by measur-
ing the production of gaseous H atoms from
the reaction of hydrogen with various
metals and comparison with values ob-
tained in this study can be made only if the
rate-determining step in Brennan and
Fletcher’s experiments is some part of
the chemisorption-surface dissociation
process and not desorption of H atoms into
the gas phase. The good agreement be-
tween the values for the activation energy
might therefore be fortuitous.

5.4. Possible Reaction Mechanisms

The direction of the channelling particle
is of particular interest, when attempting to
elucidate the reaction mechanism. Virtually
all the active particles in this study propa-
gated channels in the (1120) direction. This
reaction anisotropy has been observed in
the past for the graphite-hydrogen system
(5, 6) and also in the metal-catalyzed reac-
tion of graphite with oxygen (7, 9) and
carbon dioxide (/4). This suggests that the
removal of carbon atoms from the (1120)
face occurs more readily than from the
(101/) face (26). The fact that the facets at
the graphite—catalyst interface were always
oriented parallel to the (1120) directions,
irrespective of channel direction, supports
this view.

Tomita and Tamai (6) proposed a mecha-
nism for the catalysis of graphite hydroge-
nation in which removal of carbon atoms
from (112]) faces was assumed to be fast,
while removal of carbon from (101)) faces
was slow and rate determining. It can be
seen from Fig. 9 and Tables 1 and 2,
however, that the amount of carbon
gasified per unit time was proportional to
the surface area of the channelling particle
and not to its width or channel depth. This
suggests, therefore, that in the system stud-
ied here, ‘‘reaction’ at the particle surface
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was rate determining and not reaction at the
graphite—catalyst interface. The rate of dif-
fusion of active species to or from the
interface does not appear io be the limiting
step, since a dependence on particle radius,
rather than area, would then be expected.
Diffusion must, however, occur, and possi-
ble active species are hydrogen atoms (as
hydrogen sorption is dissociative on nickel)
(27) and carbon atoms, suggesting two pos-
sible types of reaction mechanism outlined

2RDLE s O ICaLlII IS AR ARSI OLLUAAASe

Mechanism A. It is suggested here that
adsorption of hydrogen takes place onto the
nickel particle surface, followed by dissoci-

atinn intn atnme Thaca atame than diffiica
ailln Mo atCls. 1 nlsC atoms inén Giause

(by bulk and/or surface processes) to the
leading graphite—catalyst interface and re-
act there to form methane. If the rate of
reaction of these hydrogen atoms at the
(112]) face is greater than at the (101/) face,
then this will produce both the hexagonal
facets at the leading particle-graphite inter-
face and the preferred channel orientation.
The rate-determining step is assumed to
be some part of the chemisorption/
dissociation process, as this would explain
(a) the rate dependence upon the catalyst
surface area, and (b) the rate indepen-
dence on the leading catalyst—graphite
interfacial area.

Other workers (4, 28) have suggested

“‘spillover”” of hydrogen atoms from metal
surfaces as being the important process in
the catalytic hydrogenation of graphite, but
it has generally been assumed that the
hydrogen atoms then migrate to active sites

on the carbon surface, and react there to
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form methane. It may be postulated that
methane is formed at the boundaries of the
three phases carbon-~hydrogen atom-—
nickel, i.e., at the head of the channelling

narticlag
Paiieavs,

Mechanism B. Another possibility in-
volves an interaction between the catalyst
and the graphite. Carbon dissolves in the
nickel particle, diffuses through it to its

outer surface where it reacts with hvdrooen

UITE SRAIALL WAILL I ITAVLS VWatid Gy Uil

(gas phase, or sorbed) to form methane.

This surface reaction would be rate-deter-
mining, in order to explain the observed
effects of particle size. This mechanism has
the advantage that there are no reactant and
product pathway problems, as in mecha-
nism A (22).

Recent studies (29) on the catalytic effect
of nickel foils on the hydrogenation of
carbon black and diamond in the tempera-
ture range 1173-1373 K have shown that
solution of carbon occurred in the metal
during the gasification process, lending sup-
port to this idea.

However, observations in support of
mechanism A are:

(1) There appears to be more carbon
present in inactive than in active nickel
particles. If the gasification process pro-
ceeds by mechanism B, then the channel-
ling particle would become saturated with
carbon, as seems to be the case for inactive
ones.

(2) The apparent activation energy ob-
tained in this study for the gasification
process is in very good agreement with
values obtained for hydrogen atom produc-
tion with several metals (but see Section
5.3).

(3) Long, ‘“bullet-shaped’ nickel parti-
cles (see Figs. 1 and 8) were observed quite
frequently, demonstrating that reaction
along the sides of these particles was negli-

glble. It is difficult to understand why car-
bon solution should not occur if mechanism
B prevails. If mechanism A is operative,

however, either gaseous reactants or prod-
ncte mioht be cancino the nickel narticle not

UL Aiigils U% Lausilip Vb INOATL pelallt A%

to “‘wet’’ the graphite along the channel
sides. There might also be specific sites on
the catalytic particle where gasification oc-
curs, as has been suggested by other
workers (6).

(4) Comparison between carbon and hy-
drogen permeabilities through nickel calcu-
lated from published data (20, 30-34) sug-
gests that even the bulk hydrogen

nermeation rate alone (i.e,, excluding any

PUAILCQUuULN QT QIVERS G5y, TAVIERSINS

transport over the external surface of chan-
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nelling particles) is approximately two or-
ders of magnitude higher than that for car-
bon at 975 K.

These comparisons by themselves, how-
ever, do not prove that gasification is pro-
ceeding by mechanism A. For mechanism
B to be feasible and consistent with the
observed dependence of gasification rate
upon particle surface area, carbon diffusion
through channelling particles must be faster
than the gasification rate at the surface of
the particle enabling this surface reaction
between carbon and hydrogen to be rate
determining. This means then, if gas-
ification occurs by mechanism B, that
carbon must be capable of diffusing through
particles of the size observed in this study
(50-200 nm in width) at a rate that is faster
than the gasification rate observed experi-
mentally. The maximum rate of carbon
diffusion occurs when this diffusional
process is rate determining, i.e., when the
concentration of carbon on the particle
surface is zero. An approximate calculation
of this rate of carbon diffusion is shown in
the Appendix and demonstrates that
gasification by mechanism B is possible.

A more definite conclusion as to the
reaction mechanism may be reached when
the catalytic effects of other metals in hy-
drogen and other gases have been com-
pleted (14, 15).

APPENDIX

Approximate Calculation of the Carbon
Gasification Rate Expected if Carbon
Diffusion through Nickel Catalyst
FParticles Is Rate Determining

Let us take the case of a ‘‘hemispheri-
cal” particle, channelling to a depth of 10
nm, the channel width and length being 100
nm, at a temperature of 1035 K. As can be
seen from Table 2, at 1035 K the volume of
carbon gasified per unit area of particle
surface per second is 14 x 102 nm sec™!,
Therefore, the observed carbon gas-
ification rate for this particle would be
2r x S0P x 14 x 1072 nm® of carbon
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sec!. The density of graphite is 2.25 g
cm™3, so that the observed gasification
rate would be

2 X S50 x 14 x 1072 x 107
x 2.25 =495 x 1078 g C sec!.

If the reaction of carbon at the surface
of the particle to form methane is fast
compared with its rate of diffusion, then
the surface concentration of carbon will
be zero. Assume that the carbon con-
centration at the leading nickel-graphite
interface is equal to its solubility at
1035 K (i.e., 9.52 x 1073 g cm™ (20)).
The diffusion coefficient for carbon
through nickel has also been determined
(20) and is equal to 8.2 x 107° ¢m? sec™!
at 1035 K. The leading catalyst—graphite
interfacial area = 107! cm?.

The longest path length for carbon atoms
diffusing through the particle will be 100 nm
(i.e., from the leading graphite/catalyst in-
terface to the rear of the particle). There-
fore the rate of carbon diffusion through a
“‘slab” of length 100 nm, using Fick’s law
in the steady state, will be

9.52 x 1072 x 8.2 x 107% x 10~
100 x 1077
= 8.0 x 1077 g C sec™!.

This will obviously be an underestimate, as
it neglects the radial diffusional flow of
carbon to the outer hemispherical surface
that will occur in the real situation; how-
ever, it can be seen that even the rate
calculated above is faster than the experi-
mental rate would be, showing that the
catalyzed gasification of graphite by hydro-
gen could be occurring by diffusion of car-
bon atoms through nickel particles (i.e., by
mechanism B).
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