JOURNAL OF CATALYSIS 141, 102113 (1993)
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The activities and catalytic roles of different species of potassium in the gasification reactions
of graphite by H,O and CO, are investigated. TEM techniques are used to measure the rates of
monolayer edge recession (uncatalyzed and C—O-K catalyzed) and rates of monolayer channeling
(catalyzed by particles) on the basal plane of graphite reacting with 21 Torr H,O at 700°C. The
turnover frequencies for carbon gasification are: 0.08 s™! (uncatalyzed), 0.15 s~! (catalyzed by
C-0-K groups), and 7.8 s~! (catalyzed by particles). Thus the particles have a high activity,
whereas the C-O-K groups have only a small activity. TGA and literature results using mixtures
of carbon and alkali salts show a sigmoidal dependence of gasification rates on catalyst loading.
This is the result of catalyst dispersion and competition between the C—O-K groups and alkali
particles. A CNDO semi-empirical molecular orbital calculation is performed on model graphite
substrates with —O and —~O-K groups bonded to the {101/} zigzag face and {112/} armchair face.
On the zigzag face, the carbon atom bridging two C-O-K groups gains a large negative charge
(—0.486) and hence is a favorable site for binding an O atom. The surface C—C bonds in this
structure are substantially weakened by adding O atoms on the bridging C atoms, leading to CO
release. The O atoms are supplied by the dissociation of H,O and CO,. The possible reason for
the alkali particles being more active than the C-O-M (where M = alkali) groups is that the
particles can dissociate H,O and CO, at higher rates, by providing either more active sites or higher
activities. The CNDO results also predict that the C—-O-K groups have an inhibiting effect on the

armchair face; an inhibiting effect has indeed been observed earlier in our laboratory.
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INTRODUCTION

Alkali and alkaline earth are the best cata-
lysts for the gasification reactions of carbon
by CO, (to form CO) and H,O (to form H,
and CO), which are the bases of coal gasifi-
cation processes. Because of its impor-
tance, a voluminous literature has been de-
voted to this area and much progress has
been made during the past 2 decades toward
the understanding of the mechanisms of
these catalyzed reactions, possible active
intermediates, and phenomena involved in
catalyst behaviors.

Many kinds of intermediates and mecha-
nisms have been proposed for different cata-
lysts and reviews on the subject can be
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found in the literature (/-7). Among all the
alkali and alkaline earth salts, potassium is
the most extensively studied (due toits prac-
tical importance). The proposed intermedi-
ates for potassium catalysts include metallic
K (8), K,O 8-10) K,0, (1), K,CO; (8, 9),
K-O-C (12-19), and clusters (16, 20, 21).
Of these active intermediates, the C~-O-K
type groups have received wide attention.
Many researchers (/2-/9) have suggested
and some (/2-17) have shown evidence for
the existence of the C-O-M phenolate
groups (here M stands for the alkali or alka-
line earth metal atom) on the catalyst sur-
face under gasification conditions. Mims
and Pabst (13, 15, 16) were the first to sug-
gest and investigate this type of intermedi-
ate. Using a combination of surface derivati-
zation (methylation) and solid-state '*C
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NMR, they demonstrated that under carbon
gasification conditions (770-1000 K), a sig-
nificant fraction (approximately one-quar-
ter) of the potassium in the K,CO,; catalyst
was bonded to the carbon surface in the
form of surface salt complexes which were
characterized as C-O-K groups (phe-
nolates). They further studied (/6) the cata-
lytic role of this type of surface species and
showed that these groups were stable at up
to 1000 K but at higher temperatures sig-
nificant amounts of the potassium would
slowly vaporize. Using FTIR, both Freriks
et al. (14) and Yuh and Wolf (17) observed
the possible phenolate intermediates on sur-
faces of different coal chars and carbons.
The infrared spectra of carbon samples pre-
pared under gasification conditions (500 and
750°C) also showed evidence for the exis-
tence of C-O-K groups.

The recent study of Meijer et al. (19) sug-
gested that the active intermediate was in
the form of clusters with varying sizes (de-
pending on the K/C atomic ratio) and that
the clusters were anchored by phenolate
groups to the carbon surface.

From the above discussion, it becomes
evident that the phenolate (C-O-M) groups
do exist and are likely active. It is also evi-
dent that the catalyst behavior, or the forms
of intermediate, depends largely on the dis-
persion of the catalyst. The phenolate
groups comprise only a fraction of the cata-
lyst; the remainder is in the form of clusters
or particles. The sizes of the clusters or par-
ticles range from tens of angstroms to mi-
crometers. The clusters or particles possess
immense catalytic activities, and their be-
haviors and the catalytic mechanisms have
been studied extensively by using micro-
scopies.

A unique and most intriguing phenome-
non associated with the catalyzed gas—car-
bon reactions is the motion of the catalyst
particles which results in the catalytic activ-
ity. Using graphite as the carbon, three ma-
jor catalyst actions have been observed,
which are described as follows. (1) Deep
channeling: Catalyst particles carve deep,
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multi-graphite-layer channels on the basal
plane of graphite to gasify carbon (7, 22-25).
(The extensive work by Baker has been re-
viewed in (7).) (2) Monolayer channeling:
Catalyst particles carve mono-graphite-
layer channels to gasify carbon (26-32).
These channels are abundant, and propa-
gate at high speeds, contributing signifi-
cantly to the overall gasification rates.
Direct observation of the monolayer chan-
neling has been made with STM recently
(33). (3) Pitting and edge recession: Cata-
lysts form deep pits on both basal plane and
edge planes (/, 7). Edge recession is an ac-
tion similar to channeling; it can involve
both multilayer edge (7) and monolayer edge
(30).

The important question that remains to
be answered is the relative activities of parti-
cles (clusters) as compared to the phenolate
groups. This study was designed to provide
a direct, quantitative comparison between
the activities of these two catalyst species.
Moreover, a fundamental understanding of
the catalytic activity is also given by a
CNDO molecular orbital study.

EXPERIMENTAL

When the basal plane of graphite is ex-
posed to a reactant gas atmosphere, vacan-
cies on the basal plane are expanded (or
etched) into pits because the edge carbon
atoms have a free sp? electron and are the
active sites for gasification. The edge sites
can be decorated with gold nuclei which are
visible in the TEM (5, 22). This experimen-
tal technique was adopted to study the cata-
lyzed gas—carbon reactions, more specifi-
cally, the monolayer channeling action by
catalyst particles (26-32). Since the active
carbon sites are well defined, in both cases,
the turnover rates can be measured (5,
26-32). These techniques were employed in
this study.

The experimental strategy for directly
comparing the turnover frequencies cata-
lyzed by C—O-K groups and by particles is
as follows. Uncatalyzed etch pits are first
formed. Potassium catalyst was introduced
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under conditions most favorable for the for-
mation of the C—O-K groups. Further reac-
tion will show accelerated etch pit expan-
sion (due to the C-O-K groups on the
edges) as well as monolayer channels (by
particles which initiate channels from the
pit edges). The results of this experiment
will yield turnover frequencies for the un-
catalyzed reaction, reaction catalyzed by
C-0-K, and reaction catalyzed by par-
ticles.

A natural single-crystal graphite from Ti-
conderoga, New York, was used for the
TEM study. The reason for choosing this
graphite and a detailed explanation of the
techniques used for preparing the crystals
for reactions, catalyst loading, and subse-
quent gold decoration have been given else-
where (5, 26-32). A TGA study was also
conducted using a polycrystalline, high-pu-
rity graphite. This graphite was nuclear
grade (H-451), with less than 100 ppm “‘ash
content’” and a surface area of 4.1 m*/g.

The catalyst precursor was KNO;, and
was puratronic grade supplied by Alfa Prod-
ucts (Danvers, MA) with a purity well above
99.9%. The CO, and N,, used for gasifica-
tion (the TGA experiment) and as a carrier,
respectively, were both of ultrahigh purity
grade (99.99% minimum purity for both),
and were both subjected to further purifica-
tion to remove traces of O, by passing
through a bed of copper turnings at 550°C.
For the TEM samples, the catalyst was dis-
persed on the basal plane of graphite from
aqueous solution. The graphite sample was
placed on afilter paper on which the solution
was dispensed. After air drying, the cata-
lysts were dispersed on the basal plane, as
confirmed by optical microscopy.

The graphite samples (with or without cat-
alyst) were placed on a sapphire plate held
in an alumina combustion boat. The boat
was placed in a quartz tube reactor. Prior
to reaction, it was necessary to degas the
basal plane of graphite in N, at 500°C over-
night (5). After degassing, the temperature
was raised to the reaction temperature and
the gas was switched to the reactant (in this
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experiment, water vapor saturated in N,
was used) and the samples were reacted for
a desired period of time.

In order to obtain graphite samples with
edge sites covered by the C-O-K groups.
the following experimental procedure was
adopted. First, the samples without catalyst
were reacted for 2 h at 730°C. Etch pits (with
hexagonal shapes, Ref. (3)) were created by
water vapor. The KNO; catalyst was then
deposited on some of the samples using the
method described above. The remaining
samples were without catalyst in order to
obtain the uncatalyzed turnover frequency
under the same reaction conditions. Dilute
KNO; solutions were used to avoid con-
gested channels on the basal plane. Both
samples (with and without catalyst) were
subsequently subjected to reaction (for 3 h).

For the TGA study, the nuclear graphite
was first ground to a powder, and impreg-
nated with KNO, from a dilute solution. The
K/C ratio was controlled by the ratio of the
catalyst precursor to graphite. Very dilute
solutions were used since low K/C ratios
were desired. The mixtures were dried in air
at 120°C. In each experiment, 80 mg sample
was used.

RESULTS AND DISCUSSION

TEM: Turnover Frequencies of
Uncatalyzed, C—0-K Catalyzed, and
Purticle-Catalyvzed Reactions

Figure | is a TEM picture of the etch pits
formed on the basal plane of graphite. The
pits were decorated with gold nuclei, and
only the gold nuclet were visible in the TEM
(5). The pits were formed by reacting with
water vapor, at 21 Torr partial pressure and
730°C for 2 h. These pits were monolayer
(one graphite layer deep), hexagonal in
shape, and were bounded by zigzag edges
of graphite (5). The turnover frequency cal-
culated from this result was 0.13 C atom/C
atom/s (or s ).

Figure 2 is the TEM picture of the gold-
decorated etch pits on graphite which was
further reacted with H,O (21 Torr) at 700°C
for 3 h, after first reaction at 730°C for 2 h.
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Fi1G. 1. TEM picture of monolayer etch pits (decor-
ated by gold nuclei) on graphite basal plane after reac-
tion in 21 Torr H,O at 730°C for 2 h. The pits are
bounded by zigzag faces.

From the difference between the sizes in
Figs. 1 and 2, the turnover frequency for
700°C (at 21 Torr H,0) was 0.08 s~ ',

The reacted samples shown in Fig. | were
further dispersed with KNO; (which decom-
posed well below the subsequent 700°C re-
action temperature) and subjected to further
reaction with H,O (21 Torr) at 700°C for 2
h. It has been shown that C~O-K groups
were formed on the carbon surface under
this reaction condition (/12-19). These re-
acted samples were decorated with gold nu-
clei and examined in a TEM. The TEM pic-
ture is shown in Fig. 3. The pits in Figs. 2
and 3 could be directly compared, since they
were subjected to the same reaction history,
with the only difference in the added po-
tassium catalyst. The pits in Fig. 3 were
irregular in shape; however, they were
larger in all directions as compared to the
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pits in Fig. 2, the uncatalyzed pits. Figure
3 also shows channels carved by catalyst
particles. These were monolayer channels,
initiated from the edges of the monolayer
etch pits (32).

From the results of the catalyzed reaction
(Fig. 3), one may obtain information on rates
catalyzed by the C-O-K groups as well as
that catalyzed by particles. As mentioned,
the pits in Fig. 3 were larger, due to cata-
lyzed edge recession. As will become clear
later, the C-O-K groups had the lowest
catalytic activity; the activity increased as
the size of potassium cluster or amount of
potassium was increased over the C-0O-K
groups. Therefore, the turnover frequency
for the C-~O-K catalyzed reaction could be
calculated from the narrowest portions of
the etch pits. The value obtained in this man-
ner was 0.15 = 0.03 s~!. This value was

FiG. 2. TEM picture of monolayer elch pits on graph-
ite basal plane. The sample was reacted with 2t Torr
H,O first at 730°C for 2 h followed by 3 h at 700°C.
and then gold-decorated.
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F1G. 3. TEM picture of monolayer etch pits on graph-
ite basal plane. The sample was reacted in 21 Torr H,O
first at 730°C for 2 h followed by KNQO, deposition and
further reaction at 700°C for 3 h before gold decoration
for TEM.

nearly twice that of the uncatalyzed reac-
tion, 0.08 s !,

The turnover frequency for the reaction
catalyzed by particles could be calculated
from the channel length (27-32). Here the
longest channel was used because not all
channels were initiated from the start of the
reaction; e.g., some particles migrated to
the edges of the pits where channeling could
be initiated. From the longest channels, the
turnover frequency was 7.8 = 0.5 s~ !, This
value was slightly lower than that measured
in a previous study in which 8.5 = 0.4 s™!
was obtained for 690°C (32). The difference
was likely caused by different loadings and
hence different dispersions of the catalyst.

The monolayer (and deep-layer) channels
carved by alkali and alkaline earth catalysts
were unique in that they had a fluted appear-
ance (Fig. 3 and Ref. (32)). Since the two
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sides of the channel were covered by
C-0O-M groups, it was possible to estimate
the ratio of rates catalyzed by the particle
and by C-O-M groups, from the shape of
the fluted channel (32). For the C/H,O/K
system, the estimated ratio was in the range
30-50 (32), which was close to the value of
52 observed in this study.

TGA: Sigmoidal Dependence of Rate
on K/C

The dependence of gasification rate on the
amount of catalyst loading, expressed in
K/C atomic ratio, was measured using ther-
mogravimetric analysis (TGA). The nuclear
graphite was used as the carbon sample.
Because the rates were too low with 21 Torr
H,0, CO, at 1 atm was used as the gaseous
reactant. The results are shown in Fig. 4.

The range of K/C was 0-0.005, because
the rates leveled off beyond this range. The
rates changed significantly at small burnoff
and large burnoff levels. For this reason,
rates at 10-15% burnoff, where the rates
were relatively steady, were taken.

The results shown in Fig. 4 exhibit a sig-
moidal behavior. A review of the literature
revealed that this behavior was also ob-
served for a number of carbons and for both
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Fi1G. 4. Gasification rate (in g/g/h) of graphite powder
impregnated with KNO,; (which decomposed upon
heating) in 1 atm CO, at 700°C.
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H,O and CO, reactants, with a variety of
alkali salt catalysts (/6, 19, 34, 35), although
this behavior has not been explained. The
ratio of K/C at which the gasification rate
levels off depends on the gas—carbon system
as well as the catalyst and reaction condi-
tions. However, the most important factor
appears to be the surface area of the carbon.
For example, with an activated carbon
(which had a large surface area), the level-
off point was 0.05-0.1 K/C ratio (/9),
whereas for nuclear graphite (with a low
surface area), Fig. 4 shows a level-off point
of approximately 0.002.

The TEM results, discussed above, show
that the C-O-K groups have only a small
catalytic activity, whereas the particles or
clusters have considerably higher activities.
This result can be used to interpret the sig-
moidal behavior. At very low catalyst load-
ings, the catalyst is dispersed on the surface
carbon atoms to form C-O-K groups. In-
creasing the catalyst loading will only in-
crease the activity slightly due to the low
activity of the C-O-K groups. Further in-
creasing the catalyst loading will result in
nucleation and clustering of the catalyst,
forming clusters and particles which have
high activities. Thus a steep rise in rates
with K/C occurs in this range of loading.
Upon still further increase in catalyst, the
carbon surfaces will be saturated with parti-
cles, which will not increase the rates. In
fact, this can lead to a further increase in
the particle sizes, resulting in a decline in
the gasification rates, which has also been
observed (34). The locations of the turning
points in the sigmoidal curve depend on the
dispersion of the catalyst and the surface
area of the carbon.

This interpretation is in agreement with
the methylation results of Mims and Pabst
{16), which showed that the C-O-K groups
increased with K/C ratio most rapidly in the
low K/C range, followed by slower in-
creases and an eventual decrease.

According to the above interpretation,
one would expect that different heat pre-
treatments of the catalyst/carbon samples
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would result in different catalyzed gasifi-
cation rates due to different dispersions of
the catalyst. This was indeed observed by
Wigmans er al. (36) (although they at-
tributed their results to catalyst vaporiza-
tion and solid-state reaction between car-
bon and alkali). In their experiment, alkali/
carbon samples were heat treated (for 30
min) at 752, 802, and 852°C, before reaction
with H,O at 752°C. The pretreatments at
higher temperatures resulted in large de-
creases in rates. The interpretation based
on our results is that pretreatment at a
higher temperature leads to better alkali
dispersion, hence more C-O-K groups and
less clusters and particles are formed on
the carbon surfaces.

Origin of Activity of C-O-K Groups

A molecular orbital (MO) calculation was
performed in order to provide an under-
standing of the origin of the catalytic activity
of the C-O-K groups for the carbon gasifi-
cation reactions by H,O and CO,. The MO
method used here was the semi-empirical
CNDO (Complete Neglect Differential
Overlap) approximation of Pople and Bever-
idge (27). The CNDO method can give cor-
rect geometry and dipole moments (38). The
computer program used in this work was
QCPE No. 584 provided by the Quantum
Chemistry Program Exchange Center of
Indiana University. In this program, the
CNDO parameters of oxygen and carbon
were given, but not for potassium. A set
of CNDO parameters was available from
Hojer and Meza (39). Since different CNDO
parameters for the same elements were
given by different sources, all parameters
from Hojer and Meza were used for the en-
sembles containing potassium, for consis-
tency reason.

The main active sites on graphite are on
the two edge planes: {101/} or zigzag face
and {112/) or armchair face. Thus, C-0O-K
groups on these two edge sites were consid-
ered, shown in Figs. 5 and 6, respectively.
Each figure shows four structures; Struc-
tures I and 2 were used to compare the local-
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FiG. 5. Model substrates with zigzag face on graphite for CNDO molecular orbital calculation.

ized electron densities, whereas Structures
3 and 4 were used to compare the C-C bond
strengths when additional oxygen atoms
were attached. The largest sizes of the
model substrates shown in Figs. 5 and 6,
considering the symmetry, contained nearly

186 atomic orbitals, which was the maxi-
mum number allowed by the program. This
limited the number of C-0O and C-0-K
groups on the substrates. Another model
substrate with all edge sites saturated by
hydrogen atoms, as done by Hayns (40),
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as K
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Structure 1

Structure 3

Structure 4

FiG. 6. Model substrates with armchair face on graphite for CNDO molecular orbital calculation.

was also included in calculation. But for the
carbon atoms of interest to this work, little
differences were found. Experimental val-
ues for C—C bond length (1.42 A) and angle
(120°) were used, and these values were
fixed. Geometry optimization (for the low-
est total energy) was performed to deter-
mine the bond lengths for C-0O, O-K, and
C-C when one of the carbon atoms was also
bonded to an O atom. The bond angles were
fixed, as shown in Figs. 5 and 6. The O-K
bonds might not be in-plane; but the effects

caused by the out-of-plane O—K bonds were
expected to be negligible or small. The out-
of-plane O atoms (Os; in Fig. 5 and O, and
0., in Fig. 6) formed bonds normal to the
graphite basal plane.

The CNDO results will be reported in
terms of electron net charge and diatomic
energy. The net charge for an atom is de-
fined as:

N(e) = localized electron population
— number of electrons in valence shell;
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TABLE 1

Net Charge (Electrons) of Carbon Atoms in Substrates with Zigzag Edge (see Fig. 5)

Number Structure | Structure 2 Number Structure | Structure 2
12 0.1579 —0.1548 25 0.2401 —0.0626
13 0.2401 —-0.0626 26 0.1359 —0.1605
14 0.1359 —-0.1605 27 0.3211 —0.1867
24 0.1579 —0.1548 28 ~0.0128 —0.4863

for carbon atoms,
N(e) = localized electron population —4.

The C-~C bond strengths were represented
by the diatomic energies. The diatomic en-
ergy calculated by CNDO is the contribu-
tion to the total energy by any of two atoms
in the substrate (39). It is not equal to the
bond energy, but can be used for direct com-
parison of bond strengths.

The net charges of different carbon atoms
are given in Tables 1 and 2. The results 1ndi-
cated that the chemisorption of O atoms on
the edges, for both zigzag and armchair
edges, caused positive charges—i.e., defi-
ciency of electrons—on the carbon atoms.
However, when K atoms are attached
(forming C-O-K groups), net charges de-
creased—i.e., electron populations in-
creased. The increase in the electron density
was more pronounced when the C-0O-K
groups were attached to the zigzag edges.
The most significant increase occurred at
Cx, the carbon atom connecting two
C~0O-K groups, with a net charge of
—0.486. This is understandable because the

bridge carbon atom received electrons from
both K atoms.

From the results of the net charges, it was
expected that the bridge carbon atom (that
connects two C-O~K groups) would be the
most favorable site for O chemisorption.
For this reason, an O atom was added to
Cy position in Fig. 5, and calculations were
made to see how the C-C bond strengths
were influenced. These C~C bonds must be
broken for releasing CO for gasification. For
comparison, O atoms were also added to
similar positions on the armchair face
(Structures 3 and 4 in Fig. 6).

The bond strengths, as expressed by di-
atomic energies, are shown in Tables 3 and
4. It is well known that CNDO consistently
overestimates the bond energy. However,
for the carbon and oxygen system, it is an
empirical rule to divide the energy by a fac-
tor of ~5 for comparison with experimental
bond energy (40). The values given in Tables
3 and 4 are sufficient nonetheless for com-
parison purposes. It is seen from Table 3
that the C-C bonds on the zigzag face were
substantially weakened when O atoms were

TABLE 2

Net Charge (Electrons) of Carbon Atoms in Substrates with Armchair Edge (see Fig. 6)

Number Structure 1 Structure 2 Number Structure | Structure 2
15 0.1728 —0.0287 21 0.1751 -0.0038
16 0.0558 —0.0813 2 0.1728 —0.0287
17 0.2297 —0.0003 29 0.0558 —0.0813
18 0.1751 —0.0038 30 0.2297 —0.0003
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TABLE 3

Carbon-Carbon Bond Strengths in Substrates with Zigzag Edge (Fig. 5), Expressed by
Diatomic Energy (kcal/mol)

Bond Structure 1 Structure 2 Structure 3 Structure 4
Cy~Cy 474.49 543.20 400.04 398.17
Cyx—Cy 474.49 543.20 400.04 398.17
C—Cy 419.75 526.90 414.29 509.20
Cy-Chy 419.75 526.90 414.29 509.20

added to the bridge carbon atoms (Cs),
bridging both C-O and C-O-K groups. As
aconsequence, the C-C bonds could be eas-
ily broken for gasification to take place. The
question still remained as to why C-0O-K
catalyzed the reaction, because the C-C
bonds were equally weakened in both Struc-
tures 3 and 4 (Fig. 5 and Table 3). The an-
swer to this question lied in the high negative
charge on the bridge carbon atom (C,g) for
Structure 4, see Table 1. The bridge carbon
between two C-O-K groups was more fa-
vorable for O chemisorption than that be-
tween two C-O groups. Consequently,
more oxygen chemisorption on the bridge
carbon atom would occur with the presence
of potassium. The rate of carbon gasification
should be directly proportional to the con-
centration of the C(O) species on the bridge
carbon.

The catalytic mechanism described above
can also explain the well known observation
reported in the literature that the activation
energies were not changed in the alkali and
alkaline earth catalyzed carbon gasification
reactions by H,O and CO, (4/—46). The

CNDO results showed that with or without
potassium, the C~C bonds on the surface
(Structures 3 and 4 in Fig. 5) were equally
weakened (Table 3). Therefore, one would
not expect a decrease in the activation en-
ergy by potassium. However, the highly
negative charge on the bridge carbon atom
(Table 1, C,g) increased the density of the
weakened C-C bonds by chemisorption of
oxygen, resulting in an increased rate. The
O atoms were supplied by dissociative che-
misorption of H,0 or CO, on edge carbon
sites (/) or potassium species (32).

The CNDO results for the armchair face
were very different from that for the zigzag
face. Results in Table 4 indicated that the
C-C bonds on the armchair face were actu-
ally strengthened by the C-O-K groups
(Structure 2), and that chemisorption of O
atom on the bridge carbon (between two
C-0-K groups) also strengthened the C-C
bonds. Structure 3 (Table 4 and Fig. 6) was
the favorable intermediate for gasification
on the armchair. These results indicated that
the C-0O-K groups should inhibit the gas-
ification reaction. The inhibition of the

TABLE 4

Carbon-Carbon Bond Strengths in Substrates with Armchair Edge (Fig. 6), Expressed by
Diatomic Energy (kcal/mol)

Bond Structure 1 Structure 2 Structure 3 Structure 4
Cyi~Cy 457.81 577.16 396.02 510.44
Cxy-Cyy 457.81 577.16 396.02 510.44
Cy-Cs 431.12 550.78 408.91 458.35
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C-H,O0 reaction by K,CO; was actually ob-
served in our laboratory (47), where the
monolayer etch pits on the basal plane con-
taining K,CO; grew at a slower rate at
600°C. The pits were hexagonal, possibly
bounded by armchair faces because these
faces were inhibited (thus limiting the
growth rate) according to the CNDO results.
The inhibition was not observed in the ex-
periments reported in the current work be-
cause all faces were zigzag faces; potassium
was deposited on the zigzag faces which
were preformed by the uncatalyzed reaction
(Fig. 1).

Activity of Particles (Clusters)

In our previous study (32), the kinetics
and mechanism of graphite gasification by
H,O and CO, catalyzed by five alkali and
alkaline earth metal catalysts were investi-
gated by studying the monolayer channeling
action on the basal plane of graphite. It was
concluded that CO, and H,O were first dis-
sociatively chemisorbed by these catalysts,
followed by diffusion of O atoms/ions to the
edge carbon sites, where breakage of C-C
bonds took place to free CO. The C-C bond
breakage was the rate-limiting step.

The recent study of Meijer et al. (/9) indi-
cated that the particles or clusters were an-
chored through C-O~K groups to the car-
bon surface. Our CNDO results, described
above, further indicated that the amount and
the rate of supply of O atoms to the bridge
carbon atoms (bridging two C—O-K groups)
on the zigzag face would determine the cata-
lyzed gasification rate. The surface of the
alkali clusters and particles were apparently
more capable of dissociating H,O and CO,,
as compared to the C-O-K groups and the
uncovered edge carbon surface atoms. This
higher dissociation activity of particles was
consequently the reason for the fact that
particles were more active than the C-O-K
groups.
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