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Monolayer channeling of Ni particles (less than 2000 A diameter) on the basal plane of graphite 
was studied for the catalyzed C/H2 reaction (producing methane). The preferred wetting of Ni on 
the (10%) zigzag edge of graphite determines the channel orientation and is also the driving force 
for channeling. The reaction follows these sequential steps: dissolution of carbon at monolayer 
step/l% interface, diffusion of carbon in Ni, reaction of carbon with chemisorbed hydrogen at the 
Nilgas interface. The last step (the surface reaction) is the rate-limiting step. The close similarity 
between the turnover rates of the surface reaction for monolayer channeling, deep-layer chan- 
neling, bulk reaction (using mixed Ni/C), and methanation (from CO + HZ) suggests that the 
surface reaction is the common rate-limiting step. Moreover, Ni is approximately two orders of 
magnitude more active than F’t for all modes of action except for methanation, where CH., is not the 
only product from pt. Q 1987 Academic Press, 1~. 

INTRODUCTION 

The catalytic hydrogenation of carbon is 
an important reaction to study not only for 
the formation of hydrocarbons from coal 
but also for the understanding of metal 
catalyst-carbon interactions, which are 
important in methanation and Fischer- 
Tropsch reactions. The reaction of carbon 
monoxide and hydrogen to form methane 
and higher hydrocarbons is performed cata- 
lytically with Group VIII metals. The 
mechanisms that have been proposed more 
recently involve the formation and reaction 
of surface carbon; thus a better understand- 
ing of this surface carbon and its reactions 
is needed. 

The reactions of the surface carbon have 
been studied with several different types of 
experiments. From the results a variety of 
mechanistic possibilities have been pro- 
posed. There are three major experimental 
techniques for studying surface carbon gas- 
ification. Bulk reaction rate measurements 
have been made by TGA or evolved gas 
analysis. The second is microscope obser- 
vation and the third involves surface- 
science studies of the surface carbon and its 
gasification. 

The predominant product of the carbon- 
hydrogen reaction at temperatures below 
about 1800 K is methane (2). Studies of the 
carbon-hydrogen reaction catalyzed by 
Group VIII metals (2, 3), and in particular 
by nickel (4-7) have been reported. The 
studies by Keep et al. (4) and by Baker et 
al. (5, 6) were in sifu controlled-atmo- 
sphere TEM studies at 1 torr hydrogen 
pressure. The channels observed in the 
controlled-atmosphere TEM studies are 
many layers deep and thus are visible be- 
cause of thickness contrast. These channel 
depths cannot be accurately dete!mined. 
However, with monolayer (3.35 A deep) 
etch pits and channels, which can be made 
visible only with the aid of gold decoration, 
the depth is known exactly, allowing ac- 
curate calculation of rates. The gold dec- 
oration TEM technique, first applied by 
Hennig (7) to the study of gas-graphite 
reactions, has helped significantly in our 
understanding of the uncatalyzed gas- 
carbon reactions (see reviews in (8-10)). 
The gold decoration technique was used in 
this investigation to study the mechanism 
of the nickel-catalyzed monolayer chan- 
neling in the graphite-hydrogen reaction. 
Although monolayer channeling may not 
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significantly contribute to the total gasi- 
fication rates, its mechanism is the same as 
that for deep-layer channeling, as will be- 
come apparent below. Furthermore, the 
similarity between the mechanism of the C 
+ H2 reaction and that of the methanation 
reaction (from CO + H2), both catalyzed by 
Ni, will be shown and discussed. 

EXPERIMENTAL 

The carbon used in this study was a 
natural single-crystal graphite from Ticon- 
deroga, New York. This graphite was em- 
ployed because of its well-defined crystal- 
line structure and ability to be cleaved into 
specimens thin enough for TEM observa- 
tion while maintaining a large single crystal 
basal plane area. The techniques used to 
prepare the samples for TEM observation 
have been explained in full by Wong (If). 

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. The kinetics of the monolayer chan- 
neling could thus be accurately followed. 
The details of this technique can be found 
elsewhere (11). 

The nickel catalyst was deposited on the 
sample by means of vacuum evaporation. 
The nickel source was 99.997% pure wire 
from Alfa Products. Upon heating in a 
hydrogen atmosphere the Ni rapidly sin- 
tered into small particles at temperatures 
higher than ca. 600°C. Details regarding the 
experimental apparatus and procedure can 
be found in previous work (12, 23). 

Following the reaction, the samples were 
decorated with gold and placed in a JEOL- 
1OOU TEM for observation. The crystal 
orientations of the decorated graphite edges 
were determined by selected-area electron 
diffraction (II). The experimental variables 
were reaction temperature, time, and hy- 
drogen partial pressure. Control experi- 
ments were performed which showed that 
there were no gas impurity effects and that 
gasification rate was not a function of reac- 
tion time. The stringent gas purification 
procedure as well as the catalyst reduction 

procedure are also described in our earlier 
work (12, 13). 

RESULTSAND DISCUSSION 

The basal plane of graphite samples con- 
tains vacancies at densities of l-20 prne2 
(9). When exposed to reactive gases such as 
02, C02, and H20 the vacancies are ex- 
panded into monolayer etch pits which can 
be observed with gold decoration in a TEM 
(8-11). Exposure of the basal plane to 1 atm 
H2 (rigorously purified) for 10 hr at temper- 
atures up to 1050°C produced no etch pits, 
showing that uncatalyzed hydrogenation 
did not occur under our experimental con- 
ditions. The possibility of a hydrogen spill- 
over mechanism on the nickel-deposited 
basal plane of graphite was first tested. In 
the Ni/C/H2 system spillover would be the 
dissociative adsorption of hydrogen on 
nickel followed by migration of hydrogen 
atoms across the nickel-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 
dislocations then follows. Experiments 
conducted at temperatures ranging from 
400 to 850°C showed no etch pits on the 
basal plane of graphite. Atomic hydrogen is 
highly reactive to edge carbon sites, creat- 
ing etch pits with a turnover frequency of 
32.65 s-’ at 717°C (22). Thus is is concluded 
that hydrogen spillover is not operative on 
the graphite basal plane. 

As in the Pt-catalyzed graphite hydroge- 
nation reaction, two types of origins for the 
monolayer channels were observed: single 
vacancies in the basal plane and the edge of 
monolayer ledges (12). The same evidence 
was also obtained for the Ni-catalyzed re- 
action to show that the shallow channels 
were indeed monolayer deep (12). Deep 
channels at various depths were also seen 
but are not discussed in this work. 

The crystallographic orientation of the 
monolayer channels produced by nickel 
particles in the Ni/C/H* system is the same 
as that found by many others (2, 4-6) in 
studies of deep-layer channels formed by 
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nickel particles. A study (12) of Pt particles 
in the monolayer-channeling mode of cata- 
lysis also shows channeling orientations 
identical to those caused by Ni monolayer 
channeling particles. The nickel particle 
can channel in either the (1120) or (lOi0) 
direction, while the faceted orientation of 
the particles’ leading edge always remains 
in contact with the (10%) face (i.e., wet- 
ting the zigzag face). Figure 1 illustrates 
nickel particles channeling in the (1120) 
direction. The reason for the preferred ori- 
entation has been discussed in detail 
(Z2, 13). 

the rate to be proportional to the surface 
area of the channeling nickel particle ex- 
posed to the gas phase. The rates were 
calculated from the channel lengths by as- 
suming that 

(1) Ni particles were hemispherical and 
(2) all channels were initiated at time 

zero, i.e., when the hydrogen was 
introduced. 

Assumption (1) was made for estimating the 
metal surface area, although the particles 
were partially faceted. 

The rate data show two important re- 

Rates and Mechanism of Monolayer sults: 

Channeling (1) The Ni-catalyzed reaction is zero or- 
The monolayer channeling rates at 800°C der with respect to hydrogen partial 

are summarized in Fig. 2. This plot shows pressure. 

FIG. 1. Nickel particles cha?neling at 800°C in 1 atm hydrogen for 10 min. This illustrates nickel 
particles channeling in the (1120) (zigzag) direction. 



FIG. 2. For nickel particles in the monolayer chan- 
neling mode of catalysis at 800°C the gasification rate, 
in carbon atoms per second per channnel, is plotted 
versus the particle surface area exposed to the gas 
phase. 

(2) The rate is limited by the exposed Ni 
surface area. 

A size dependence can be seen in Fig. 3 
where two particles of different diameters 
have channeled different lengths. The 
large-diameter particle channels a longer 
distance than the small-diameter particle. If 
the reaction were limited by the rate of 
reaction occurring at the Ni-graphite step 
interface then all particles would have trav- 
eled equal distances, as the graphite step 
is monolayer in depth. This result shows 
that the rate-limiting step cannot be the 
breaking of carbon-carbon bonds. The re- 
sult also illustrates that the reaction is not 
diffusion controlled by products or reac- 
tants diffusing through the nickel, because 
diffusion control would have resulted in 
faster channeling for smaller-diameter par- 
ticles. 

The result of rate dependence on ex- 
posed nickel surface area implies that the 
rate-limiting step is the reaction on the Ni 
surface. Two possible mechanisms exist. 
The first is the dissociative chemisorption 
of Hz on nickel being rate limiting. This 
mechanism contradicts the observed zero- 
order hydrogen pressure dependence. Fur- 
ther evidence against the hydrogen spill- 
over mechanism can be obtained in a calcu- 
lation of the methane production rate based 
on the rate of chemisorption of hydrogen 
on Ni, assuming four chemisorbed H are 
needed for each CH4 molecule. A sticking 
coefficient of 0.1 is assumed for an order- 
of-magnitude approximation (14-17). Us- 
ing this sticking coefficient and assuming 
the rate to be limited by the rate of H2 
adsorption results in a CH4 production rate 
of 3 X IO’* molecules/(s X cm* Ni) for the 
Ni-catalyzed carbon-hydrogen reaction at 
800°C. This value is eight orders of magni- 
tude higher than the experimental value of 
3.6 x lOI molecules&s X cm* Ni). The only 
remaining plausible mechanism for the Ni 
monolayer channeling is illustated in Fig. 4. 
Carbon dissolves in Ni and diffuses through 
the Ni particle to the exposed Ni surface, 
where the methanation reaction takes 
place. An Eley-Rideal mechanism for the 
reaction between surface carbon and gas- 
phase HZ is not important, judging from the 
zero-order hydrogen dependence. The rate- 
limiting step is thus the reaction between 
surface carbon and chemisorbed hydrogen 
on the Ni surface. 

The results of the rate being dependent 
on exposed Ni surface was previously re- 
ported by Keep et al. (4) for the Ni/C/H2 
system in an in situ TEM deep layer chan- 
neling study. The same dependence was 
also found by Baker et al. for Ni (5, 6), also 
in an in situ TEM deep-layer channeling 

Comparison of Rates of Methanation with 
Monolayer, Deep-Layer Channeling 
and Bulk Reaction 

The monolayer channeling mechanism 
can be directly related to the Ni-catalyzed 
methanation reaction (from CO and H2) in 
which a carbidic carbon intermediate is 
involved in the reaction mechanism. Thus a 

_ direct comparison between the monolayer 
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study., The hydrogen pressure dependence 
was not measured in these in situ studies. 
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FIG. 3. Nickel particles reacted at 750°C in 1 atm hydrogen for 10 min. This illustrates larger particles 
channeling longer distances than smaller particles. 

gasification rates obtained in this study and 
the methanation rates is in order. 

Goodman et al. (18-22) have performed 
extensive studies on catalytic methanation 
over a single crystal Ni( 100) catalyst. Their 
results are consistent with a mechanism in 
which an active surface carbon species is 
the dominant intermediate for CH4 forma- 
tion. Auger studies (19) reveal that the 
methane production rate (molecules/ 
surface site/s) is a function of the surface 
carbon concentration. Table 1 shows their 
data extrapolated to a surface concentra- 
tion of 0.9 and raised to 800°C. 

The data by Goodman et al. show a linear 
dependence of rate on carbon coverage, X, 

Single Crystal GraphiteA 

FIG. 4. Schematic representation of the mechanism 
for monolayer channeling in the Ni-catalyzed C-HZ 
reaction. Ni wets the zigzag edge preferentially (with a 
smaller contact angle than on the other planes), pro- 
viding the forces for movement. Surface reaction on 
Ni between C and H is the rate-limiting step for the 
particle sizes used in this study. (Sizes of Ni particles 
and graphite layers are not drawn to scale.) 
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TABLE 1 

Rate of Methanation on Ni(100) of Carbon 
Formed from CO Disproportionation” 

Fractional monolayer 
carbon coverage 

X 

Turnover number 
(CH4 molecules/Ni 

site/s) 
N CH.4 

0.22 4.1 x 102 
0.43 4.1 x 10’ 
0.64 4.1 
0.85 4.1 x 10-s 
0.90 2.4 x 10-l 

L? Data extrapolated to 800°C from Ref. (19). 

from 0.15 to 0.50, which is extrapolated to 
X = 0.90. Nickel monolayer channeling at 
800°C expressed on a per Ni site basis 
yields 2.1 x 10-l CH4 molecules/Ni site/s. 
This is an excellent agreement with their 
data at high carbon coverages. 

A high concentration of surface carbon is 
plausible, as indicated by the work of 
Blakely ef al. (23-26) on phase segregation 
of carbon on Ni(ll1). It was found in this 
work that a surface condensed phase (inter- 
preted as a carbon monolayer) is precipi- 
tated on the Ni( 111) face from bulk solution 
and has a range of stability of -100 K. At 
800°C the bulk solubility of C in Ni is 0.41 
at.%. At temperatures up to 900°C a surface 
condensed phase of carbon on the Ni sur- 
face will be stable even though bulk solubil- 
ity will have increased to 0.64 at.% and the 
bulk nickel concentration is only 0.41 at.% 
C. The reverse can then also apply for the 
channeling mechanism discussed in Fig. 4. 
Take 800°C as an example. The bulk satu- 
rated concentration of C in Ni is 0.41 at.% 
at 800°C and is 0.24 at.% at 700°C. Thus the 
carbon concentration gradient through the 
Ni particle can vary from the saturation 
value of 0.41 at.% at the Ni/graphite inter- 
face to as low as 0.24 at.% at the Ni/H2 
interface while a nearly monolayer cover- 
age of carbon remains stable on the Ni( 111) 
surface. No attempt was made by Blakely 

et al. (23-26) to study the kinetics of this 
condensed carbon phase formation. 

The monolayer channeling rates may also 
be compared with the rates of (a) deep- 
(multi) layer channeling and (b) bulk reac- 
tion between a mixture of nickel and car- 
bon. The rates based on per nickel surface 
area at 800°C are 3.5 x 10” C atoms/s/cm’ 
for deep-layer channeling (4) and 3 .O x lOI 
C atoms/s/cm2 for bulk reaction of Ni/ 
carbon black/H2 (7). These rates compare 
reasonably well with the monolayer chan- 
neling rates, further indicating a common 
mechanism. 

Since the solubility and diffusivity of 
carbon in nickel at the reaction tempera- 
tures are known, it is possible to estimate if 
the methane formation rate can be limited 
by diffusion under the experimental condi- 
tions. An equilibrium solubility is assumed 
at the interface between graphite edge and 
the leading edge of nickel (see Fig. 4), i.e., 
0.41 at.%. The total concentration gardient 
may be estimated as 0.41-0.24 at.%, or 4.7 
x 10e3 g/cm3. The diffusivity of carbon in 
nickel at 800°C is 1.4 x lo-* cm2/sec (27). 
Thus a minimum flux can be estimated for 
diffusion from the source to the farthest end 
of the largest particle. The diameter of the 
largest nickel particle was 1400 A. Using 
Fick’s law, 

DAC 
minimum carbon flux = - 

L 
= 2.36 x 1017 C atoms/s/cm2 

where D is the diffusivity, AC is the con- 
centration gradient, and L is the maximum 
path length. This value is much greater than 
the measured gasification rate of 3.6 x lOI 
atoms/s/cm*. This comparison indicates 
that the particle must be considerably 
larger for carbon diffusion to be a limiting 
step. This comparison is, however, based 
on the assumption that the dissolution of 
carbon in nickel at the leading edge is 
instantaneous. 

It is also interesting to compare rates for 
two different catalysts, Ni and Pt. For 
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FIG. 5. Temperature dependence of the Ni- 
catalyzed monolayer channeling rate. 

monolayer channels, the rates of Ni are two 
orders of magnitude higher than those of Pt. 
For example, the rate for Ni is 3.6 x lOI 
CH4 molecules/cm’/s at 800°C and that for 
Pt is 1.5 x 10” CH4 molecules/cm2/s at the 
same temperature (12). Expressed in the 
same rate units, Ni is also more active than 
Pt by about two orders of magnitude for 
deep-layer channeling and bulk reaction. 

In deep-layer channeling Baker eC al. 
(5, 28) found that at 1250 K Ni channeled at 
a rate of -3 rim/s and Pt channeled at a rate 
of 0.1 nmis for particles of similar sizes. 
The depths of the channels are not known 
and could be different, but the rates still 
reflect difference in catalytic activity. For 
bulk studies Grigor’ev er al. (7) found a Ni 
catalyzed gasification rate of 9.8 x 1016 C 
atoms/cm2 Ni/s at 1000°C and a Pt- 
catalyzed gasification rate of 2.6 x lOI C 
atoms/cm2 Pt/s at 1100°C. This once again 
reflects the order-of-magnitude difference 
in catalytic activity between Ni and Pt. This 
is a further evidence that the same step is 
rate limiting for all four modes of reaction. 

The temperature dependence of the 
monolayer channeling rate is given in Fig. 
5, from which an apparent activation 
energy 33 + 5 kcal/mol is obtained. Baker 
et al. (5) reported an activation energy of 
23.6 ? 3 kcal/mol and Keep et al. (4) 

reported an activation energy of 53 + 10 
kcal/mol over the temperature range of 700 
to 775°C. A bulk reactor study using a 
nickel-impregnated carbon sample was per- 
formed by Tomita ef al. (2) and yielded an 
activation energy of 26 + 4 kcal/mol. 

Monolayer channeling was found to com- 
mence at approximately 700°C which 
agrees with the observation by Keep er al. 
(4). Baker ef al. (5), however, reported 
deep-layer channeling starting at 845°C. No 
obvious reason for these large differences 
in activation energy and initiation tempera- 
ture can be given. 

CONCLUSION 

The rate of monolayer channeling for 
Ni-catalyzed graphite hydrogenation is 
considerably higher than that catalyzed by 
Pt, e.g., by a factor of 240 at 800°C. 
However, the mechanism for monolayer 
channeling is the same for both catalysts: 
breakage of C-C bonds at the interface 
between metal and zigzag graphite edge, 
dissolution of carbon in metal, diffusion of 
carbon to the metal/H2 interface, followed 
by the surface reaction of carbon and che- 
misorbed hydrogen. For Ni particles with 
sizes below 2000 A, the surface reaction is 
the rate-limiting step. 

Comparison of the monolayer channeling 
rates with literature data on deep-layer 
channeling and on bulk reaction (between 
mixed C/Ni) indicates that the same mecha- 
nism is operative in all three modes of 
catalytic actions. A further comparison of 
the rates with methanation rates (CO + HZ) 
expressed as turnover frequencies suggests 
that they have the same rate-limiting step. 
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