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A combination of controlled-atmosphere electron microscopy and in-site electron diffraction
techniques have been used to study the manner by which certain metal sulfides interact with 0.2
Torr hydrogen. In these experiments single crystal graphite was used as a probe material since its
reactivity in both molecular and atomic hydrogen is well characterized. When the metal sulfide was
in direct contact or physically separated from the graphite probe, pitting of the basal plane regions
was observed even at room temperature. This unusual behavior is believed to result from the action
of atomic hydrogen which is produced via reversible dissociation of molecular hydrogen on the
metal sulfide particles. These species are extremely reactive towards the m-electrons present on the
graphite basal planes and this action leads to the creation of pits. At the low pressures used in this
work. it is clear that the atomic species can migrate not only by surface diffusion processes

(spillover) but also by transport through the gas phase.

INTRODUCTION

Transition metal sulfides are used exten-
sively as hydrotreating catalysts with the
most important reaction in this category
being hydrodesulfurization (HDS), and
there are a number of excellent reviews on
this subject (/-4). In such systems the pre-
cise manner by which hydrogen interacts
with the sulfide catalyst is a key factor to
the understanding of the mechanism. The
reaction of metal sulfide catalysts with hy-
drogen is a complex process and is depen-
dent 10 a large degree on the structural fea-
tures of the system. Most fundamental
experimental and theoretical studies have
focused attention on molybdenum disulfide.
which possesses a layered lattice structure
in which Mo*" cations are located at the
centers of triangular prisms. The MoS, lay-
ers are bonded to one another by van der
Waals interactions through the $°~ anions.
In this type of structure atoms on the basal
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plane differ from those located at edges and
consequently give rise to differences in their
mode of interaction. It is generally believed
that the edge sites are responsible for the
activity of this type of catalyst, with the
basal plane being relatively inert (5).
Stevens and Edmonds (6) investigated the
interaction of hydrogen on various MoS,
samples and found that adsorption on the
cdge sites commenced at about 155°C and
reached a maximum at 225°C. In contrast,
temperatures of 205°C were required to in-
duce adsorption of hydrogen on the basal
plane regions and this process occurred to
a substantially lower degree. Edge site ad-
sorption was shown to be completely re-
versible in nature with no products been
detected during the desorption step. Wright
et al. (7) studied the interaction of hydrogen
with alumina-supported molybdenum disul-
fide catalysts using a combination of hydro-
gen adsorption and inelastic neutron scatter-
ing techniques. They found that the uptake
of hydrogen was several times higher than
that which was expected from nitrogen ad-
sorption experiments. In order to account
for this unusual behavior, they suggested
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that the adsorption of extra hydrogen could
arise from intercalation into the layered
structure of the sulfide particles or alterna-
tively as a result of hydrogen “‘spillover™
onto the alumina support. Furthermore,
they concluded that hydrogen reacted with
the supported catalyst to form S—H groups
on the MoS; crystallites and was also pres-
ent on the alumina. Significantly, no evi-
dence for the presence of SH, groups or
molecular hydrogen was found on the sur-
faces of the MoS, . Similar conclusions have
recently been reported by Polz e¢f «l. (8)
from their work using both polycrystalling
MoS, and alumina supported sulfided Mo
catalysts. They suggested that the high
H/Mo ratios obtained for the alumina sup-
ported catalysts (~4) were the result of a
combination of higher surface areas and hy-
drogen ‘‘spillover.”” Raman spectroscopy
studies indicated two possible mechanisms
for hydrogen dissociation, heterolytic disso-
ciation on Mo-S pairs and homolytic disso-
ciation on disulfide (S-S)* edge groups,
however, it was not clear which particular
sites were responsible for the activation and
eventual dissociation of hydrogen mole-
cules (9).

Baker et al. (10) used in-situr electron mi-
croscopy techniques to study the reactivity
of molybdenum disulfide in various gaseous
environments, including hydrogen. They re-
ported that the reduction of single crystal
MoS, in hydrogen was a relatively sluggish
process and that attack appeared to be con-
fined to the edge regions. Complementary
in-situ electron diffraction analysis showed
that at 365°C loss of sulfur in the form of
H,S resulted in the formation of Mo,S; and
as the temperature was increased to 675°C
there was evidence for the formation of me-
tallic Mo.

In the current investigation we have at-
tempted to gain a clearer understanding of
the manner by which hydrogen interacts
with various metal sulfides, including MoS,,
FeS,, and FeS as a function of temperature
by using controlled-atmosphere electron mi-
croscopy techniques to investigate a model
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system consisting of single crystal graphite,
a well characterized material for which reac-
tivity with hydrogen in the presence of metal
additives has been extensively studied (/7).

EXPERIMENTAL PROCEDURE

The experiments reported here were car-
ried out in a modified JEOL 200CX TEM
electron microscope. This instrument is
equipped with a custom designed environ-
mental cell, which accommodates a heating
stage. Specimens can be heated up to a tem-
perature of 1000°C while at the same time
being cxposed to a gas environment at pres-
sures up to 3.0 Torr. The resolution of this
instrument when used in conjunction with
a high sensitivity closed-circuit television
system is of the order of 0.4 nm (/2). In
addition to being able to directly follow
changes in the appearance of a specimen as
it is undergoing reaction, it is also possible
to use the microscope in the diffraction
mode and obtain information about the
chemical state of the specimen at any stage
of the experiment.

Transmission specimens of single crystal
graphite and molybdenum disulfide were
prepared by a standard cleaving procedure
(13). Metal sulfide powders, ultrasonically
dispersed in iso-butanol, were introduced
onto thin sections of single crystal graphite
and mounted onto microscope grids. With
this procedure it is possible to obtain a dis-
persion of small particles about 5 nm in size.
Metals were deposited onto the graphite
substrates by evaporation of spectrographi-
cally pure tron wire from a tungsten filament
and by passing a high current through a
molybdenum filament at a residual pressure
of 10°% Torr. The conditions were selected
so as to produce a film of metal at least one
atom on average thickness.

In this investigation two types of speci-
men arrangements were utilized, which are
shown schematically in Fig. 1. In layout (a),
the catalyst particles (metal or metal sulfide)
were placed in direct contact with the graph-
ite specimen, and the observations made
were limited to areas in the vicinity of the



METAL SULFIDE-HYDROGEN INTERACTION

ERRXX
s
IR L LS
K g
255

toSelele

o RN
..0'.

25
59002809000
XXX

o
>

25
%
2

‘.

oo
ot

%
S

Metal Sulfide T
Nickel grid

(a)

Single crystal
graphite

Metal sulfide on

single crystal graphite Single crystal graphite

(b)

Fi1G. 1. Schematic representation of specimen ar-
rangements: (a) metal sulfide catalyst and single crystal
graphite probe in direct contact: (b) metal sulfide and
graphite probe physically separated.

catalyst particles. For the second design (b),
a microscope grid was cut in half and one
section contained a pristine transmission
graphite specimen and on the other, the cat-
alyst mounted in the same manner as shown
in (a) or in the form of a crystal of molybde-
num disulfide. In this arrangement the cata-
lyst and graphite probe reactant were physi-
cally separated. It was essential that when
this type of specimen was placed into the
environmental cell the reactant gas stream
came into contact with the catalyst prior to
passing over the clean graphite, the compo-
nent under observation. In a complemen-
tary series of reactions pristine samples of
graphite mounted on nickel grids were
treated under the same reaction conditions
in order to establish the effect of both the
electron beam and the presence of the metal
on the reaction.

Single crystal molybdenum disulfide and
graphite originated from Froland, Norway,
and Ticonderoga, New York, respectively.
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Iron sulfides and molybdenum sulfide pow-
ders (99.9% purity) were purchased from
Aldrich Chemical Co. Inc; iron, and molyb-
denum wires (0.127 mm diam.) both
99.999% purity were purchased from Alpha
Products. The reactant gas, hydrogen
(99.999% purity), was obtained from
Alphagaz and used without further purifi-
cation.

RESULTS
(«) Metal Sulfides!Graphite—Hvdrogen

When graphite specimens containing par-
ticulates of either molybdenum disulfide or
the iron sulfides (FeS, or FeS) were exposed
10 0.2 Torr hydrogen a very unusual pattern
of behavior was observed. Immediately fol-
lowing the introduction of the gas attack
of the basal plane regions of the graphite
support took place at room temperature.
This action initially took the form of the
creation of very tiny pits which became visi-
ble when their width had expanded to ap-
proximately 1.2 nm and their depths reached
a level sufficient to allow a contrast differ-
ence to be observed in the transmission im-
age betwceen the pit and the surrounding un-
attacked graphite. In some cases the
presence of very shallow pits, which would
not be observed by conventional transmis-
sion electron microscopy. was revealed due
to the formation of relatively dense residues
produced in the reaction which accumulated
at the pit boundaries.

It was evident that in the early stages of
the reaction the pits tended to be generated
in clusters which were aligned in definite
directions with respect to the graphite sub-
strate. Examination of numerous areas
showed that the hexagonal arrangement was
predominant. On continued reaction at the
same temperature the pits increased in size
and in a given group gradually merged with
each other to form a single larger entity up
to 10 nm in width. Examination of these
more highly developed pits showed that
they tended to acquire a hexagonal outline
and at this stage generally contained an in-
ternal region of unattacked carbon. The ap-
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Fi6. 2. Transmission electron micrograph of a molybdenum disulfide/graphite specimen which has
been reacted in 0.2 Torr hydrogen at room temperature. The locations (A) and (B) indicate the
appearance of pits in the early and more developed stages. respectively.

pearance of pits produced on graphite in
the presence of an molybdenum disulfide
catalyst following reaction in hydrogen for
5 min is shown in the transmission electron
micrograph, Fig. 2. Inspection of this micro-
graph shows the development of the pits
from a hexagonal outline (A) to the state (B)
where expansion and removal of the inner
region has occurred, however, in this region
it is significant that no metal sulfide catalyst
particles are visible.

A more mechanistic approach to the un-
derstanding of the mode by which the initial
and more developed pits are formed on the
basal plane of graphite is shown in the sche-
matic rendition, Fig. 3. The orientation of
the so-called armchair face {112/} and zig-
zag face {1011} are also indicated in this dia-
gram. Although the regions of graphite in
direct contact with metal sulfide particles
were readily attacked, it was significant to
find that pits were also produced at locations

remote from the catalyst. Such sites were
generally in the vicinity of surface imperfec-
tions such as vacancies, emergent disloca-
tions, steps and along twin bands.

The expansion of pits produced on FeS/
graphite specimen during exposure to hy-
drogen at room temperature is shown in the
sequence of stills taken from the TV moni-
tor, Fig. 4. The time period between Figs.
4A and 4D is 6 min. From frame-by-frame
analysis of several sequences, it has been
possible to obtain a measure of the linear
increase in pit width as a function of time.
A typical example of the data obtained from
this operation is shown in Fig. 5, and from
the slope of the line a value of 0.015 nm/
sec has been estimated for the rate of edge
recession at room temperature.

A feature which must always be taken
into consideration with experiments carried
out within the electron microscope is
whether the electron beam exerts any effect
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FiG. 3. Schematic representation of the basal plane of graphite showing the C-C bond cleavage
processes necessary to form initial and more developed pits. Also indicated in the diagram are the
Miller indices of the zig-zag {101}, and the armchair {112/} faces.

on either the gas or the solid under investiga-
tion. Concern that this problem was being
encountered in the current work was dis-
pelled by performing *‘blank experiments™
in which specimens were reacted in hydro-
gen with the beam turned off for periods
of up to 2 hr. When such specimens were
eventually examined it was clear that there
have been extensive reaction prior to expo-
sure to the beam. In contrast, when clean
graphite specimens supported on nickel
grids were treated under the same condi-
tions no change in appearance of the surface
was observed, indicating that the interac-
tions of hydrogen with either the tungsten
filament or nickel grid were not exerting any
influence on the reaction. As mentioned
above, when graphite-supported metal sul-
fides were exposed to the electron beam for
prolonged periods in the presence of hydro-
gen, a carbonaceous residue was observed
to form on the surface and tended to accu-
mulate at edge and steps sites including the
walls of pits. Eventually this deposit became
so heavy that many surface features were
obscured and it was apparent that the gas-

ification reaction was being inhibited. In
contrast, this detrimental effect was not so
pronounced in ‘*blank experiments’” carried
out over the same time periods. Further-
more, when various metal/graphite speci-
mens were reacted under the same condi-
tions under continuous electron beam
exposure then no deposition of material was
observed.

As the temperature was increased to
100°C it was evident that attack became
more random in nature so that the entire
graphite surface gradually acquired a tex-
tured appearance. It was also apparent that
pits which had been produced at lower tem-
peratures increased in depth and tended to
become progressively more circular in
shape. At this stage of the reaction many
pits had expanded reaching sizes of up to
4.0 um in diameter, and frequently merged
with adjacent ones with a consequence that
there was wide spread removal of entire lay-
ers from the graphite surface.

The intensity of the reaction increased
significantly as the temperature was gradu-
ally raised to 200°C. Unfortunately, the in-
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F1G. 4. A sequence taken from the television monitor over a period of 6 min showing the expansion
of pits produced during the interaction of 0.2 Torr hydrogen with an FeS/graphite specimen at room
temperature (see text).
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F16. 5. A plot of the linear expansion of pits created in graphite from the interaction of FeS with 0.2
Torr hydrogen as a function of time at room temperature.

discriminate mode of attack made it impos-
sible to identify any dynamic events that
could be followed for the purposes of esti-
mating rates of graphite hydrogenation.
Moreover, the gradual deterioration in qual-
ity in the transmission image due to collec-
tion of deposit on the specimen made it dif-
ficult to resolve many surface features. In
studies where the temperature was held at
350°C for extended periods of time the at-
tack became so extensive that specimens
lost their integrity and experiments were
normally terminated.

On the other hand, when specimens
which had been allowed to react in hydrogen
at room temperature for periods of up to 2
hr were subsequently heated in a continuous
fashion to about 500°C an entirely different
pattern of behavior was observed. Under
these conditions, the expansion of pits was
arrested and the surface underwent a cleans-
ing operation as the carbonaceous residue
was removed as a result of volatilization
and/or gasification. If, at this stage, the tem-
perature was lowered to room temperature,
then restoration of pitting activity could be
achieved. On continued heating to above
500°C, the sulfide particles were observed

to exhibit a change in morphological charac-
teristics from faceted structures to a more
globular geometry. This transformation,
which occurred at about 725°C with the iron
sulfides and at 775°C for molybdenum disul-
fide, was most clearly evident with particles
located at edge regions which appeared to
be quite fluid and tended to wet the graphite.
This behavior was a prelude to the restora-
tion of catalytic activity, seen as the propa-
gation of channels by these particles when
the temperature was increased by a further
100°C. An example of the channeling action
is shown in the electron micrograph, Fig. 6,
which was taken of a molybdenum disulfide/
graphite specimen undergoing reaction in
hydrogen at 900°C.

In an attempt to determine whether the
catalytic action could be sustained at even
greater distances from the sulfide particles,
another set of experiments was carried out
using a different specimen design. This in-
volved complete physical separation of the
supported metal sulfide and the graphite
probe component. When this combination
was treated in 0.2 Torr hydrogen then attack
of the unadulterated graphite surface was
once again observed at room temperaure. In
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Fii. 6. Transmission electron micrograph showing the formation of channels produced across the
basal plane surfaces of graphite at 900°C from a specimen on which molybdenum disulfide was initially
present.

these systems, however, there was a modu-
lation in the severity of the reaction com-
pared to that where the catalyst and graphite
were in intimate contact. It was significant
to find that the incidence of pit formation
showed a steady decline as one scanned
across the graphite surface in the opposite
direction to that where the sulfide catalyst
particles were located.

(b) Metal/Graphite—Hvdrogen

This series of experiments was conducted
in order to provide a comparison to the
events observed with the metal sulfide/
graphite-hydrogen systems at high temper-
atures, where the catalytic action might be
attributable to the presence of the respective
metals. When iron/graphite and molybde-
num/graphite specimens were heated in 0.2
Torr hydrogen they exhibited similar pat-
terns of behavior. Nucleation of discrete
metal particles ~2.0 nm in diameter was
achieved by raising the temperature to

550°C. On further heating, the particles
continued to increase in size and eventually
were observed to exhibit mobility on the
graphite surface (iron at 750°C and molyb-
denum at 825°C). It is possible that this
action was the result of the creation of
monolayer channels across the surface, the
presence of which might be difficult to
detect in the transmission image. This be-
havior resulted in both a dramatic increase
in average particle size resulting from colli-
sion and coalescence processes, and an
enhancement in the number of such parti-
cles accumulating at the potentially active
graphite edge and step sites. In both sys-
tems onset of catalytic attack was found
to occur at 890°C as thesc particles were
seen to create channels across the basal
plane. This action remained the exclusive
form of attack up to 1000°C, there being
no evidence in these experiments for either
pit formation or deposition of extraneous
carbonaceous material.
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(¢) In-Situ Electron Diffraction Analysis

In a final series of experiments the elec-
tron microscope was operated in the in-situ
diffraction mode and patterns taken of the
FeS,/graphite specimens at various stages
of the reaction during heating from room
temperature up to 850°C in 0.2 Torr hydro-
gen. The advantages of using graphite as an
internal standard for this type of examina-
tion was stressed in a previous study from
this laboratory (/4). Table 1 shows the dis-
tribution of possible chemical species which
are present during reduction of iron disulfide
over the temperature range 240 to 850°C and
Figs. 7A-7C show a selection of patterns
taken at various stages of the reaction. Ex-
amination of the data shows that reduction
of FeS, to FeS and Fe,S; (Pyrrhotite) starts
to occur at 240°C and at 500°C these latter
sulfides become the stable phases. On in-
creasing the temperature to 750°C metallic
iron (both o and y phases) begin to appear
along with Fe;C. Dissolved carbon in the
respective metallic phases probably has a
significant effect on the measured d-spac-
ings of the species and may account for the
deviations observed from the theoretical
values. The sequence of events found with
the iron sulfides is similar to that observed
in a previous study where this approach was
used to follow the progressive reduction of
MoS, (10).

DISCUSSION

In the present investigation dealing with
the mechanistic features of the interaction
of hydrogen with metal sulfides we have se-
lected single crystal graphite as the medium
on which probe reactions are to be con-
ducted. This well characterized material is
an ideal candidate for this type of study:

(1) In the absence of a catalyst, the graph-
ite—hydrogen reaction does not proceed at
temperatures below 1000°C (/5).

(i) Most metals are known to catalyze the
reaction at temperatures in excess of 600°C
by a channeling mode (/7).

(iii) The channels are created when the
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metal particles encounter edges and steps,
and generally follow definite crystallo-
graphic directions across the graphite basal
plane. The channels are predominantly
straight and occasionally change directions
by 60° and 120°, but always tend to maintain
their orientation parallel to the {101/} zig-zag
faces.

(iv) In contrast to catalytic oxidation reac-
tions of graphite, attack perpendicular to
basal plane regions to form pits is an event
which is rarely observed in the presence of
hydrogen, and,

(v) graphite is a conductor which is not
subject to ‘*charging effects’’ during interac-
tion with the electron beam.

The major feature which emerges from
this study is that the interaction of hydrogen
with certain metal sulfides produces a spe-
cies, which even at room temperature is
highly reactive towards the m-electrons
present on the graphite basal plane and this
action leads to the creation of pits. The ob-
servation that the carbonaceous solid does
not necessarily have to be in direct contact
with the metal sulfide particles in order for
hydro-gasification to occur, indicates that at
the gas pressure used in these experiments,
it is possible for the active species to be
transported through the gas phase in addi-
tion to the surface migration route. The in-
tensity of this action appears to increase
with temperature up to a certain point and
then come to a complete halt. Catalytic ac-
tivity could, however, be regenerated by
lowering of the temperature to a previously
active regime.

This intriguing pattern of behavior can be
rationalized according to the following argu-
ments. At low temperature graphite can
only undergo attack due to interaction with
atomic species, generated from the dissocia-
tion of molecular hydrogen with metal sul-
fides via areversible chemisorption process.
This reaction will continue until conditions
are reached which favor weakening of sul-
fur-metal bonds and the concomitant re-
lease of hydrogen sulfide. At higher temper-
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TABLE {

Electron Diffraction Pattern Analysis of FeS,/Graphite as a Function of Temperature in 0.2 Torr H,

Temperature
C)

Calculated
d-spacings
{nm}

d-spacings

FeS,

FeS

Fe,S;

Fe,C

a-Fe

240

300

400

600

700

750

800

850

0.2861
0.2651
0.1902

0.3939
0.2908
0.2680
0.1953

0.3945
0.2867
0.2715
0.1949

0.2944
0.2727
0.2543
0.2127
0.1974
0.1698
0.1655
0.1491

0.3005
0.2590
0.2125
0.1754
0.1636
0.1500

0.5099
0.3077
0.2623
0.2126
0.1765
0.1653
0.1513
0.1304
0.1060

0.3044
0.2589
0.2121
0.2055
0.1743
0.1644
0.1506
0.1331
0.1296
0.1236

0.3034
0.2584
0.2151
0.1864
0.1701
0.154]
0.1319
0.1119

0.3059
0.2636
0.2157
0.1849
0.1831

0.2873(011)

0.1911(121)

0.2693(101)
0.1960(006)

0.2873(011)
0.2712(020)
0.1941(204)

0.27120020)
0.21171021)

0.1693(002)

0.2661(112)

0.3882(102)
0.2892(111)
0.2661(112)
0.1953(120)

0.3882(120)
0.2892¢111)

0.1953(12th
0.2940(004)

0.2556(104)
0.2141(105)
0.1960(006)
0.1705(031)
0.1653(032)
0.1492(220)

0.2984(110)
0.2584(200)
021410015}
017480123y
0.1638(116)
0.1503(125)

0.5168(100)
0.2123(103)
0.2661(112)
0.2141(105)
0.1748(123)
0.1653(302)
0.1503(125)
0.1294(306)
0.1059(325)

0.25840200)

01739205}
0.1638(116)
0.1503(125)
(.1330(224)
0.1294(036)
0.1227(403)

0.2584(020)
0.2158(023)
0.1854¢212)
0.1705(301)

0.13300224)
0.1123(141)

0.2661(112)
0.2158(023)
0.1847(115)
0.1833(016)

0.2873(222)
0.2639(224)

0.1952(602)

(4.2873¢222)
0.2734(315)
0.1952(602)

0.2734(315)
0.2545(026)

0.1974(331)
0.1695(337)

0. 1486(440)

0.3044(11 1)

0.2056(130)

0.1646(310)
0.1509(003)
0133131
0.129820%)

0.3023(11H)

0.1547(311)
013290123
0. 1116(014)

0.3023(111H

0.2041(110)

0.25790110)
0.21050H1 1)

0.1631(210%

0.1289¢220)

0.2579¢110)

0.1823(200)
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FiG. 7. Electron diffraction patterns of an FeS./graphite specimen taken at various temperatures
during the interaction with 0.2 Torr hydrogen: (A) 300°C, (B) 500°C, and (C) 75¢°C.
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atures, the sulfides are converted to the
metallic state and the mode of gasification
of graphite will revert to that normally asso-
ciated with the metal, i.e.. channeling. In
this regard, the data obtained from the in-
situ electron diffraction analysis is ex-
tremely relevant in establishing the limita-
tions of the sulfides examined in the present
study with respect to their chemical stability
at a given temperature. In the case of FeS,.
decomposition into pyrrhotite and/or FeS
appears to take place at around 300°C and as
a consequence this reaction would interfere
with the dissociative hydrogen chemisorp-
tion step. A somewhat more extended reac-
tivity range was found with MoS,, where
decomposition into Mo,S; starts at ~450°C
(10). On the other hand, decomposition of
FeS does not occur until temperatures in
excess of 750°C and as a result it is probable
that this sulfide will exhibit the widest tem-
perature range for the generation of atomic
hydrogen species.

Hydrogen is known to undergo reversible
dissociative adsorption on molybdenum di-
sulfide (6-9), and it might be expected that
other metal sulfides, including iron sulfide,
would exhibit similar chemisorption charac-
teristics. As a consequence, provided that
the rate of the recombination step can be
minimized such systems may be regarded
as atomic hydrogen generators. In order to
maximize the utilization of such atomic spe-
cies in a chemical reaction transportation
processes become a major concern. In this
regard. it i1s important to consider the phe-
nomenon of migration or “*spillover’” of ad-
sorbed species which is known to occur in
a number of supported metal catalyst
systems.

Pioneering studies by Boudart et al. (/6)
demonstrated that hydrogen spillover from
hydrogen crystallites to an alumina support
took place by migration of atomic species
across carbon bridges between the metal
and the oxide. In subsequent studies other
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workers (/7-19) invoked the phenomenon
of hydrogen spillover to account for the
finding that platinum could facilitate the hy-
dro-gasification of graphite at temperatures
as low as 400°C. There is now abundant
evidence in the literature that migration of
atomic hydrogen can occur over a variety of
surfaces (20). Although diffusion of atomic
hydrogen through the gas phase has been
proposed (2/), we believe that the dynamic
observations reported from the current
studies are the first definitive evidence that
such process can occur.

The reaction of atomic hydrogen with car-
bon has been the subject of numerous pa-
pers, one of the earliest dating back to 1946
(22). In these studies the atomic species
were generated either in low pressure micro-
wave discharge units or by dissociation of
molecular hydrogen over a heated tungsten
filament. There is a general consensus that
the reaction between graphite and atomic
hydrogen can take place at a relatively rapid
rate at room temperature and pressures of
up to 2.8 Torr (23-28). Wood and Wise (26)
studied the effect of temperature on the re-
action and claimed that the system exhibited
an activation energy of 5.5 kcal/mole and
went through a maximum at about 525°C.

The changes in appearance of a graphite
surface following exposure to atomic hydro-
gen at 700 to 800°C were examined using
optical and scanning electron microscopy
techmques by McCarroll and McKee (27).
They found that hexagonal-shaped pits were
produced in the basal plane, the sides of
which were oriented parallel to the {101/}
crystal faces. In more recent studies Yang
and co-workers (29, 30) used extended
Hiickel molecular orbital (EHMO) calcula-
tions to explain the reactivity of atomic hy-
drogen formed from thermal dissociation of
molecular hydrogen with graphite. From
these model studies they showed that the
{101/} zig-zag faces were more reactive than
the {112/} armchair faces. This theoretical
treatment was complemented with experi-
ments which involved transmission electron
microscopy observations of gold decorated
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graphite specimens which had been reacted
in molecular hydrogen for 2 hr at 1435°C.
They demonstrated that atomic species
produced under these conditions attacked
the basal plane regions to create monolayer
pits.

The major dilemma encountered in the
present work was the progressive build up
of carbonaceous deposits on the graphite
surface, a feature which became most pro-
nounced at 300°C and could be removed
by raising the temperature to 500°C. This
finding suggests that during the interaction
of atomic species with graphite, the decom-
position products contained a selection of
high molecular weight hydrocarbons which
have a tendency to condense on the speci-
men surface. In contrast, when metal/
graphite systems are heated in hydrogen
methane is the sole product and the speci-
mens remain relatively clean throughout
the reaction.

It is clear that this approach holds a great
deal of potential for the conversion of car-
bonaceous solids into a variety of extremely
useful precursor hydrocarbon molecules.
The notion of producing atomic hydrogen
via various discharge techniques is ex-
tremely interesting and offers the opportu-
nity of controlling the energy of the atomic
species, however, this experimental ap-
proach is fraught with technical difficulties
when one attempts to scale up such a reactor
system. The question which arises is can
one perform such reactions by generating
atomic hydrogen species from a somewhat
simpler route, i.e., by catalytic dissociation
of molecular hydrogen. The model studies
carried out in the present investigation indi-
cate that this is a viable proposition at the
low pressures used in the in-situ electron
microscopy experiments. The verification
that similar conversions can be achieved on
a larger scale must await the results of fur-
ther studies.
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