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Monolayer channeling on the basal plane of graphite was studied for the Pt-catalyzed C-H,
reaction using gold decoration transmission electron microscopy, at temperatures below 1050°C,
H; pressures below 1 atm, and Pt particle sizes below 5000 A. The particle movement is driven by
the adhesion forces between Pt and the {1011} zigzag edge plane of graphite. Larger particles
channel faster but the gasification rate per Pt surface area is the same for all sizes. The rate is
independent of H, partial pressure. The kinetic data suggest that the rate-limiting step is the
reaction on the Pt surface between surface carbon and chemisorbed hydrogen at their equilibrium
amounts. A comparison of the monolayer channeling data and those on multilayer channeling and
bulk measurement indicates that there exists a similarity between the mechanisms. A further
comparison of the kinetic data for the catalyzed C-H, reaction and for the methanation reaction

(from CO + H,) suggests the likelihood of a common rate-limiting step.

INTRODUCTION

The active carbon atoms in the uncata-
lyzed graphite gasification reactions are the
atoms on the crystal steps, edges, and im-
perfections on the surface, having an un-
paired sp? electron. It has become clear in
the last decade that the same active atoms
are also responsible for the solid-catalyzed
carbon gasification reactions. The situation
here is much more complex due to the exis-
tence of a second solid (catalyst) which
usually exists in the form of fine particles
that are in contact with the carbon.

It has been established, primarily by
Baker and co-workers using controlled-at-
mosphere electron microscopy (e.g., Ref.
(1)), that the catalyst acts mainly by carv-
ing channels in graphite and coating edges
at the graphite layers to promote edge re-
cession. All channels initiate at the steps
and edges. The dominant mode of catalyst
action depends on the wetting condition,
which in turn depends on the gas environ-
ment and temperature. The catalytic
actions arc propagated by adhesion forces;
the catalyst is active when it wets the
graphite surface, vis-a-vis
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Y catalyst/graphite < Ygas/graphite

where vy is the interfacial tension.

The predominant product for the carbon-
hydrogen reaction is methane at tempera-
tures below about 1800 K (2). Studies of the
carbon-hydrogen rcaction catalyzed by
Group VIII metals (3, 4), and in particular
by nickel (5-8), have been reported. Using
a gravimetric technique Rewick et al. (9)
studied the platinum-catalyzed hydrogena-
tion reaction and suggested a hydrogen
spillover mechanism. It was later shown by
Holstein and Boudart (2) that the true reac-
tion order with respect to hydrogen was
zero for the platinum-catalyzed reaction,
using a fixed-bed differential reactor. They
suggested that the rate-limiting step is the
carbon-carbon bond breakage at the
metal-carbon interface. The reaction was
studied in the temperature range of 560-
800°C at hydrogen partial pressures below 1
atm. The same reaction was studied using
the controlled atmosphere TEM technique
by Baker er al. (10) at 845-1230°C and 1
Torr hydrogen for the channeling action of
platinum. The conclusion drawn from this
study, as well as from the studies on the
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nickel-catalyzed reaction (3, 6), was that
the rates were proportional to the surface
area of the metal as larger particles chan-
neled at higher speeds, indicating a surface
reaction limited rate process.

The channels visualized in the controlled
atmosphere TEM studies are many layers
deep and are thus visible due to thickness
contrast. These channel depths cannot be
accurately determined. However, with
monolayer (3.35 A deep) etch pits and
channels, which can be visualized only with
the aid of gold decoration, the depth is ex-
actly known thus resulting in accurate cal-
culation of rates. The gold decoration TEM
technique, originally invented by Hennig
(11), has helped significantly in our under-
standing of the uncatalyzed gas—carbon re-
actions (see reviews in (//-13)). The gold
decoration technique was used in this in-
vestigation to study the mechanism of the
platinum-catalyzed monolayer channel-
ing in the graphite-hydrogen reaction. Al-
though monolayer channeling does not sig-
nificantly contribute to the total gasification
rates, its mechanism is the same as that for
deep-layer channeling, as will become ap-
parent below.

EXPERIMENTAL

The carbon used in this study was a natu-
ral single crystal graphite from Ticon-
deroga, New York. This graphite was em-
ployed due to its well-defined crystalline
structure and ability to be cleaved into
specimens thin enough for transmission
electron microscope (TEM) observation
while maintaining a large single crystal ba-
sal plane area. The techniques used to pre-
pare the samples for TEM observation have
been explained in full by Wong (74).

The technique of gold decoration was
used to make visible the single-layer (3.35
A depth) steps on the basal plane of graph-
ite. Thus the Kkinetics of the monolayer
channeling could be followed. The details
of this technique were explained elsewhere
(14).

The platinum catalyst was deposited on
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the sample by means of vacuum evapora-
tion. The samples were placed on a glass
slide, and slotted electron microscope grids
were placed over the samples which pro-
vided bare areas on the basal plane for reac-
tion. The platinum source was 99.99% pure
wire from Ladd Industries. A triple woven
tungsten V-filament was used as the evapo-
ration source. A platinum thickness of 400
A was deposited, assuming spherical evap-
oration. Upon heating in hydrogen the Pt
islands rapidly dispersed into small parti-
cles at temperatures higher than ca. 700°C.

The catalyzed carbon-hydrogen reaction
was carried out in a quartz tube which was
heated by a split tube furnace. The partial
pressure of hydrogen was regulated by con-
trolling the flow rates of the hydrogen and
helium carrier streams. The temperature
was controlled by an Omega controller with
a thermocouple probe inserted inside the
quartz tube and located in close proximity
to the sample. The samples were placed on
a saphire plate and then in a glazed porce-
lain combustion boat before being placed
inside the reactor. The gas purification and
reaction preflush heatup were found to be
crucial factors in these monolayer channel-
ing experiments.

In a separate study conducted in our lab-
oratory it was found that the ultrahigh pu-
rity hydrogen (99.999% minimum) and the
ultrahigh purity helium (99.999% minimum)
contained levels of O,, H,0O, and CO,; high
enough to cause uncatalyzed reactions,
thus producing etch pits at temperatures as
low as 850°C (16). A high residence time
liquid-N, trap was designed which em-
ployed three separate beds of activated car-
bon, 13X zeolite and 5A zeolite. This puri-
fier eliminated etch pits with any traces of
impurity up to temperatures of 1100°C.

It was important to pretreat the sample
with hydrogen. Without the hydrogen pre-
treatment, the surface oxide on platinum
was found to destroy the integrity of the
basal plane by creating etch pits surround-
ing the Pt. This can be seen in TEM pic-
tures (/6), where an oxidation reaction has
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removed many basal planes of graphite di-
rectly beneath the platinum. The destruc-
tion of the basal plane left the sample un-
suitable for studying the propagation of
monolayer channels. This oxide reaction
was removed by slowly heating up the sam-
ple in a hydrogen atmosphere, thus reduc-
ing the platinum surface and removing the
oxygen, before a temperature necessary for
the carbon-oxygen reaction to occur was
reached. This removal of oxide reaction is
evident in TEM pictures where the gold nu-
cleated on the edge of the platinum showed
no oxide reaction eminating from the plati-
num (/6).

Following the hydrogen reduction pre-
treatment, the samples were then heated in
100% He to the desired reaction tempera-
ture. The hydrogen and helium flows were
then adjusted to obtain the desired partial
pressure of hydrogen. The gas flow was
switched back to pure helium after com-
pleting the reaction and the reactor was
turned off. The split tube furnace was
opened, allowing the samples to cool from
the reaction temperature to less than 200°C
in under 5 min.

The samples were next decorated with
gold and placed in a JEOL-100U TEM for
observation. The TEM micrographs were
used to measure the length and width of the
monolayer channels. Only those channels
originating at lattice vacancies could be
considered monolayer channels with confi-
dence. The diameter of the particles were
also measured from the micrographs. The
orientations of the decorated edges and
steps were determined by selected-area
electron diffraction (/4). The experimental
variables were reaction temperature and
hydrogen partial pressure. Control experi-
ments were performed to show that there
were no gas impurity effects as well as to
prove that gasification rate was not a func-
tion of reaction time.

RESULTS AND DISCUSSION

The basal plane of the graphite sample
contains vacancies at densities of 1-20
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um=2 (15). When exposed to reactive gases
such as O,, CO», and H,0 the vacancies are
expanded into monolayer etch pits which
can be visualized in TEM with gold decora-
tion (11-15). Exposure of the basal plane,
without deposited catalyst, to 1 atm Hj (rig-
orously purified for 10 h) at temperatures
up to 1050°C produced no etch pits (/6).
(Etch pits were produced, however, with
““Ultrahigh Purity’’ hydrogen that was used
as received.)

The question of whether the hydrogen
spillover mechanism was operative on the
platinum deposited basal plane of graphite
was then studied. In the Pt/C/H, system
spillover would be the dissociative adsorp-
tion of hydrogen on platinum followed by
migration of hydrogen atoms across the
platinum-carbon interface to the basal
plane of carbon. The diffusion of hydrogen
atoms across the basal plane to reactive
sites such as lattice vacancies and disloca-
tions then follows. Experiments were con-
ducted at temperatures ranging from 400 to
1050°C to search the basal plane for etch
pits. No pits were found. Atomic hydrogen
is highly reactive to edge carbon sites creat-
ing etch pits with a turnover frequency of
32.6 s"'at 717°C (17). Thus it is concluded
that hydrogen spillover is not operative on
the graphite basal plane.

Monolayer Channeling: Origins

The viewing of Pt-deposited samples re-
acted with H, at temperatures of 850°C and
higher revealed the formation of shallow
channels on the basal plane. Such channels
are not detectable without gold decoration.
Deep channels at various depths were also
seen but will not be discussed in this work.

Two types of shallow channels are cre-
ated on the basal plane by platinum parti-
cles, as illustrated in Fig. 1. One type is
originated at the single vacancies in the ba-
sal plane while the other is originated at the
step of the ledge. The monolayer etch pits
originating from single vacancies have been
extensively studied (//-15). That the va-
cancy-originated etch pits are indeed mono-
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Fi1G. 1. Platinum particles channeling at 850°C in 1.0
atm hydrogen for 45.0 min. This shows a step in the
basal plane to be a reactive site which initiates chan-
nels.

layer in depth has been elaborately shown
by Hennig (/8). As illustrated in Fig. 1, the
shallow channels do not change depth dur-
ing channeling by the Pt particle. Figures 2
and 3 show, respectively, vacancy-origi-
nated channels before and after crossing
paths. The merging pattern provides further
evidence that the vacancy-originated chan-
nels are monolayer in depth. It has been
found in the uncatalyzed graphite—oxygen
reaction studies that a substantial amount
of monolayer ledges remain on the basal
after sample cleavage (/9). The channels
originated at the ledge shown in Fig. 1 are
also monolayer in depth. It is apparent that
the ledge is also monolayer in depth.

Orientations for Channel Propagation

The orientations of monolayer channel-
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ing is essentially the same as those for deep
layer channeling (3, 5-7, 10). The platinum
particle can channel in either the (1120)
(parallel to the zigzag face) or (1010) (paral-
lel to the armchair face) directions, as
shown in Fig. 4. It is important to note,
however, that the faceted orientation of the
leading front of the channel remained the
same in both channeling directions. In Fig.
4, the particle channeling in the armchair
direction has a flat head leading facet with
the longest side of the particle at the head
of the channel. Figure 1 shows a particle
which has changed from armchair to zigzag
channeling direction, and while channeling
in the zigzag direction the leading head has
an angled facet. The faceted leading face of
the particle is further illustrated in Figs. 5
and 6, which show that the leading face is

1 uM '

FIG. 2. Platinum particles reacted at 950°C in 0.25
atm hydrogen for 30.0 min. This illustrates a vacancy-
originated channel.
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Fi1G. 3. Platinum particles reacted at 850°C in 1.0 atm
hydrogen for 45.0 min. This shows vacancy-originated
channels crossing paths and illustrates equal channel-
ing depths.

always zigzag orientated regardless of the
channeling direction.

Tomita and Tamai (20) interpreted the
same phenomenon for deep layer channel-
ing in terms of reactivity anisotropy. A
more plausible interpretation can be made
based on an analysis of the interfacial ten-
sions initially proposed by Baker et al. for
the Ni/graphite system (6, 7).

The balance of the interfacial tensions, as
shown in Fig. 7 for the Pt-zigzag face, is

Vzigzag = YPtzigzag T YP COS 0 (D

where v is the surface (in contact with gas)
or interfacial tension. Likewise for the arm-
chair face:

Yarmchair = YPr-armchair T Ypt COS 0. )]

GOETHEL AND YANG

The values of vyigzag and Yarmcnaic WeTE reé-
ported to be 4.8 and 5.5 J/m?, respectively
(21). Using these values and Eqgs. (1) and
(2), the condition for the zigzag face to have
a stronger wetting interaction is

[‘}’Pt-zigzag] < ['YP(«armchair - 0.7 J/mZ] (3)

The above condition must hold in order for
the Pt particle to maintain contact with the
zigzag {1011} face of graphite, as observed
in the monolayer channeling.

An interesting observation found only in
monolayer channeling experiments can be
seen in Fig. 8. Here a particle was found to
produce a large hexagonal pit at 900°C. Fig-
ure 9 shows this to be the beginning of a
vacancy-originated channel. The particle

F1G. 4. Platinum particles reacted at 850°C in 1.0 atm
hydrogen for 45 min. This shows particles channeling
in the armchair direction with a flat head facet at the
leading edge of the channel.
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F1G. 5. Schematic representation of particles chan-
neling in the zigzag direction.

produces a larger hexagonal pit width than
that of the resulting channel. The particle
wetting the zigzag face (preferentially) is
the driving force for particle movement,
and the larger initial hexagonal pit can also
be explained. At first the particle is reacting
against six zigzag faces, thus being pulled in
six directions until this is no longer stable.
Then the particle starts channeling, which
slightly elongates the particle and causes
the channel to be narrower. This larger ini-
tial hexagonal pit was not found to occur
below 900°C where the particle is more
rigid. The particle movement in this mono-
layer channeling system exhibits a measure
of the strength of the metal-support inter-
action since the step is only 3.35 A high
while the average particle is 3000 A in diam-
eter.

Rates and Mechanism of Monolayer
Channeling

The monolayer channeling rates at 950°C
are summarized in Fig. 10. The only mean-

F1G. 6. Schematic representation of particles chan-
neling in the armchair direction.

ingful rate expression was based on the sur-
face area of the channeling Pt particle. The
rates were calculated from the channel
lengths by assuming that (1) Pt particles
were hemispherical and (2) all channels
were initiated at time zero, i.e., when the
hydrogen was introduced. The latter as-
sumption was a valid one as Baker et al.
(10) noted that, in the Pt/graphite/H, sys-
tem, platinum particle movement on the ba-
sal plane did not occur at temperatures be-
low 1000°C. Thus monolayer channeling
occurs only when the Pt particles are ini-
tially in contact with lattice vacancies and
steps.

S

—>

< "
7Pt—Zngag ZigZag

FiG. 7. Balance of interfacial tensions, showing the
condition for wetting.



348

.25 uM

——

FiG. 8. Platinum particle reacted at 900°C in 1.0 atm
hydrogen for 31 min, illustrating vacancy as the origin
of a monolayer channel.

The rate data show two important
results:

(1) The Pt-catalyzed reaction is zero or-
der in hydrogen partial pressure.

(2) The rate 1s limited by the exposed Pt
surface.

These two results have been observed,
separately, for the Pt/graphite/H, system
by other experimental techniques. The
zero-order hydrogen dependence was re-
ported by Holstein and Boudart (2) based
on bulk rate measurement at temperatures
below 700°C using powdered graphite (a
carbon black) impregnated with highly dis-
persed Pt. The dependence of rates on Pt
dispersion was not reported in their study.
In the deep layer channeling studied with in
situ TEM, a Pt-surface limited rate was re-
ported by Keep et al. (5) for the Ni/graph-

GOETHEL AND YANG

1 uM
P

F1G. 9. Platinum particle reacted at 950°C in 1.0 atm
hydrogen for 30 min. The initial hexagonal pit of the
vacancy-originated channel has a larger width than the
resulting channel.
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Fi1G. 10. For platinum particles in the monolayer
channeling mode of catalysis at 950°C the gasification
rate, in carbon atoms per second per channel, is plot-
ted versus the particle surface area exposed to the gas
phase.
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FiG. 11. Temperature dependence of the Pt-cata-
lyzed monolayer channeling rate.

ite/H, system in which a linear dependence
of rate (of carbon gasified) per particle on
the particle area was obtained. The same
dependence is also seen in the results of
Baker et al. for Ni (6, 7) and Pt (10) sys-
tems. The hydrogen pressure dependence
was, however, not studied in the in situ
TEM experiments (the pressure was fixed
at 1 Torr). Based on the above comparison,
a similarity in the reaction mechanism is
already evident among monolayer channel-
ing, deep layer channeling, and bulk mea-
surement. Further comparisons will be
given below.

The temperature dependence of the
monolayer channeling rate is given in Fig.
11, from which an activation energy of 57
kcal/mole is obtained. The activation en-
ergy of 62 kcal/mole was reported by Hol-
stein and Boudart (2), and 60 kcal/mole by
Baker et al. (10).

Based on the rate data, conclusions can
be drawn regarding the mechanism of the Pt
catalyzed monolayer channeling. Several
mechanisms can be eliminated as the rate-
limiting step based on the linear rate depen-
dence on the particle area shown in Fig. 10.
These include: (1) the Pt-catalyzed carbon—
carbon bond breakage, (2) H spillover on Pt
followed by reaction at the Pt—carbon inter-
face, and (3) direct reaction between H; and
carbon at the Pt—carbon interface. For any
of (1)-(3) to be the rate-limiting step, the
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channeling speed would have to be inde-
pendent of particle size. The hydrogen
spillover mechanism also contradicts the
observed zero-order hydrogen pressure de-
pendence, as pointed out by Holstein and
Boudart (2). Further evidence against the
hydrogen spillover mechanism can be ob-
tained in a calculation of the methane pro-
duction rate based on the rate of chemi-
sorption of hydrogen on Pt, assuming four
chemisorbed H result in a CH; molecule.
Brennan and Fletcher (22) reported a stick-
ing coefficient of 0.24 for the chemisorption
of hydrogen on Pt at 1500°C. (The gas-
phase hydrogen atom production rate re-
ported by these authors should not be used
for the purpose of this calculation (9).) Us-
ing this sticking coefficient, the CH, pro-
duction rate in the Pt-catalyzed carbon-hy-
drogen reaction at 950°C would be 6.7 X
102 molecules/(s X cm? Pt), assuming a hy-
drogen spillover mechanism. This value is
nine orders of magnitude higher than our
experimental value, 4 x 10" molecules/(s
X cm? Pt) (16).

The only plausible mechanism for the Pt
monolayer channeling is illustrated in Fig.
12. Carbon dissolves in Pt and diffuses
through it (and on the Pt surface) to the Pt
surface where the methanation reaction
takes place. An Eley-Rideal mechanism
for the reaction between surface carbon and

C/ij A Ha

S B J/
> ne T~

H H

SINGLE CRYSTAL GRAPHITE

FiG. 12. Schematic representation of the mechanism
for monolayer channeling in the Pt-catalyzed C—H; re-
action. Pt wets the zigzag edge preferentially (with a
smaller contact angle than on the other planes), pro-
viding the forces for movement. Surface reaction on Pt
between C and H is the rate-limiting step for the parti-
cle sizes used in this study. (Sizes of Pt particles and
graphite layers are not drawn to scale.)
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gas-phase H, is not important judging from
the zero-order hydrogen dependence. For
the particle size range observed in this
study, i.e., below 5,000 A diameter, diffu-
sion of carbon is not the rate-limiting step.
The rate-limiting step is the surface reac-
tion between surface carbon and chemi-
sorbed hydrogen on Pt, at their respective
equilibrium amounts.

An interesting comparison between the
rates of monolayer channeling, deep-layer
channeling, and bulk measurement can be
made if the above mechanism is operative
in all modes of the Pt-catalyzed reactions.
The bulk rate of Holstein and Boudart (2) at
640°C (the highest temperature at which
rates are given) is 8.4 ng/m?/s, or 5.2 x 10"
C atoms/s/cm? Pt. The depths of the deep
channels were not measured in the study by
Baker et al. (10). The particle sizes were
smaller, mainly in the range between 300
and 500 A diameter. Assuming channel
depths of 10 to 15 graphite layers (33.5-50.2
A), their rates would extrapolate to 1.0-1.5
x 10" C atoms/s/cm? Pt at 640°C. Our
monolayer channeling rates, extrapolated
to the same temperature, gives 3.9 X 10" C
atoms/s/cm? Pt. This comparison infers
that the same mechanism is operative in all
three modes of catalytic action. The fixed-
bed powder reaction by Holstein and
Boudart was at low temperatures where Pt
does not wet graphite. It was likely, how-
ever, that pitting and channeling on the
multilayer edges of the smalil graphite crys-
tals took place in the reaction (simply by
gravity).

The rates reported here should correlate
with the rates of the methanation reaction
(from CO + H,), since the generally ac-
cepted mechanism of this reaction is the hy-
drogenation of the ‘‘carbidic” carbon on
the metal surface. Agreement of kinetic
data between the two reactions (Metal/
graphite/H; and Metal/CO + H;) would in-
dicate a common rate-limiting step. Unfor-
tunately, kinetic data for Pt-catalyzed
methanation are not available (since metha-
nol is the predominant product for Pt). Ki-
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netic data are available, however, for both
reactions catalyzed by Ni. The activation
energy for the Ni catalyzed carbon-hydro-
gen reaction is much lower than that cata-
lyzed by Pt. A value of 23 kcal/mole was
reported for deep-layer channeling (6) and
25 kcal/mole (3) was reported for bulk
(mixed powder) reaction. Goodman et al.
(23) reported rate data of the hydrogenation
reaction of the Ni (100) surface precarbided
by CO. The activation energy (at tempera-
tures below 372 K) was 21 kcal/mole, in
agreement with the Ni-catalyzed carbon-
hydrogen reaction data. Comparison of the
rate data is difficult due to the widely differ-
ent temperatures used for these two reac-
tions. Nonetheless, rates based on per Ni
surface area extrapolated to the same tem-
perature for the two different reactions fall
within one order of magnitude: 1.2 X 10 C
atoms/s/cm? Ni from the deep-layer chan-
neling data (5), 2.7 x 105 C atoms/s/cm? Ni
from the bulk reaction data for Ni/carbon
black/H, (8), and 2 x 10' C atoms/s/cm?
Ni from the methanation data of Goodman
et al. (23), all extrapolated to 1035 K.

CONCLUSIONS

(1) The rate-limiting step in the Pt-cata-
lyzed graphite—-hydrogen reaction by
monolayer channeling is the surface reac-
tion on Pt between surface carbon and
chemisorbed hydrogen. The carbon is sup-
plied by the breakage of C—C bonds at the
interface between Pt and zigzag graphite
edges followed by diffusion, neither of the
two steps are rate-limiting for Pt particle
sizes below 5000 A.

(2) The particle movement is driven by
adhesion forces between Pt and edge planes
of graphite. The preferred wetting edge
plane is the {1011} zigzag plane and the fol-
lowing relationship holds for the interfacial
tensions:

YPt-zigzag < ('YPt-armchair - 0.7 J/mZ)

(3) Comparison of the monolayer chan-
neling data with those in the literature on
multilayer channeling and bulk rate mea-
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surement (using mixed powders) indicates
that the same mechanism is operative in all
three modes of catalytic action. A further
comparison of the Kinetic data for the cata-
lyzed C/H; reaction and for the methana-
tion reaction (from CO + H;) suggests the
likelihood of a common rate-limiting step.
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