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The STM technique has been employed to study the catalysis
of the carbon–NO reaction by alkali, alkaline earth, and transition
metal catalysts. The catalytic actions by the catalysts used in this
study follow the well established modes of channeling, edge reces-
sion, and pitting. The turnover frequencies of the catalyzed reac-
tions are calculated based on the channeling rates on the basal plane
of graphite with 1% NO at 600◦C, and the relative catalytic activities
of the catalysts are compared. NO is dissociatively chemisorbed by
these catalysts, followed by diffusion of O atoms to the edge carbon
sites, where breakage of C–C bonds takes place to free CO. The rate-
limiting step for the gasification reaction by NO is the breakage of
C–C bonds. Ab initio molecular orbital calculations are performed
on model graphite substrates with –O and –O–M groups (where
M=metal) bonded to the zigzag face. The surface C–C bonds in
these structures are substantially weakened by adding –O or –O–M
on the active carbon atom, leading to CO release. The extent of
weakening in the C–C bond energy by different metals is in gen-
eral agreement with the order of catalyst activities measured as
turnover frequencies. The rank order of TOF by different catalysts
is Cu>Ba=K> Sr>Ca>Mg>Na>Co>Fe=Li.
c© 1999 Academic Press
INTRODUCTION

The C+NO reaction is the least understood reaction
among all gas–carbon reactions. Yet it is important due
to its environmental ramifications. The catalyzed C+NO
reaction is receiving increasing attention because (i) it is
a significant reaction in combustion systems and (ii) it is
considered a possible means for NO reduction (1–8). Al-
kali, alkaline earth, and transition metals are among the
best known catalysts for the C+NO reaction as well as the
other gasification reactions of carbon. A large volume of
literature has been devoted to the understanding of these
catalyzed reactions (9–22).

The key to the understanding of the gas–carbon reac-
tion lies in the active surface complexes, and the surface
oxygen complexes play a dominant role in the reaction
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involving oxygen-containing gases. A generally postulated
mechanism (23–27) consists of the oxidation–reduction cy-
cle in which oxygen is transferred to the carbon active sites
through the catalytically active metal species, followed by
breakage of the neighboring C–C bonds and the release
of CO from the carbon structure. The last step is consid-
ered as the rate-limiting step. This mechanism accounts for
many experimental results (28–33) even though the active
intermediates are not well understood.

Various intermediates have been proposed for different
catalysts (34–38). For example, the proposed intermediates
for potassium catalysts include metallic K (39), K2O (39–
41), K2O2 (42), K2CO3 (39, 40), and C–O–K (43–49). Of
these active intermediates, the C–O–K type group has re-
ceived much attention. This surface group is an activated
and stable group which facilitates a high dispersion of the
catalyst. Evidence for the existence of this group and its
role in the carbon gasification reaction have been shown
and discussed by many researchers (43–47). More recently,
the C–O–K group is suggested as the anchor through which
catalyst clusters are attached to the edge carbon sites (32).
It has become evident that the phenolate (C–O–M) groups
do exist and are active for the catalytic carbon gasification
reaction.

A unique and most intriguing phenomenon associated
with the catalyzed gas–graphite reaction is the motion of
the catalyst on graphite which results in the catalytic ac-
tivity. This phenomenon has been revealed and studied on
the basal plane of graphite single crystals, using controlled-
atmosphere TEM (50–52) and etch-decoration TEM (36,
53–55). A number of catalyst motions have been observed.
These include pitting (34, 56), deep channeling (9, 38, 50),
and deep edge recession (57, 58). It has been established,
primarily by Baker and coworkers (59) using controlled-
atmosphere TEM, that the catalyst acts mainly by carv-
ing channels in graphite and coating edges at the graphite
layers to promote edge recession. All channels initiate at
the steps and edges. The dominant mode of catalyst action
depends on the wetting between the catalyst and the car-
bon edges, which in turn depends on the gas environment
and temperature. The catalytic actions are propagated by
6
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adhesion forces; the catalyst is active when it wets the gra-
phite edges.

The controlled-atmosphere TEM technique, however,
relies on the relative contrast of images which requires
channels many graphite layers deep (e.g., >30 layers) and
consequently “overlooks” catalytic events occurring on the
surface layers of graphite. By using etch-decoration TEM,
monolayer channeling has been discovered (17–21).

Recently, scanning tunneling microscopy (STM), a very
powerful tool for studying the structure and physical prop-
erties of conducting and semiconducting solid surfaces (60,
61) has been employed to study the uncatalyzed or cata-
lyzed gasification reactions of graphite (62–66). In STM, a
tunneling current is produced when an anatomically sharp
tip is brought close to the sample surface. The tunneling is
confined to a very small area and the current is sensitive only
to the local surface features. This makes it capable of imag-
ing the sample surface with atomic resolution (67). Another
important feature of STM is its ability to image nonperiodic
or disordered surfaces (68). This is particularly useful for
studying catalytic gasification reactions of graphite, where
the basal plane of graphite is carved by catalyst particles in
shallow or multilayer pits and channels.

An interesting problem concerning catalyzed carbon
gasification is the relative catalytic activities of different
metal compounds in the same reaction atmosphere. In this
work, the catalyzed carbon–NO reaction is studied by the
STM technique using a highly oriented pyrolytic graphite
(HOPG) and alkali, alkaline earth, and transition metal
oxides as the catalysts. The aim of this work was to charac-
terize the different pits and channels created on the surface
of graphite by the catalysts and to study the relative catalyst
activities. It is also our goal to study the reaction mechanism
of the catalyzed carbon–NO reactions. An ab initio molec-
ular orbital calculation is performed in order to provide a
better understanding of the origin of the catalytic activity
for the carbon–NO reaction.

AB INITIO MOLECULAR ORBITAL CALCULATION

Molecular orbital calculation has been proven to be
of great utility in our understanding of chemical bonding
and other chemical phenomena. It has been used to study
chemisorption on graphite surfaces (69–72). In this work,
the Gaussian 94 package (73) was used for all ab initio cal-
culations.

The graphite models used in the calculation are shown
in Fig. 1. Figure 1a is the substrate for the zigzag edge of
graphite; Fig. 1b is the model for the semiquinone inter-
mediate; Fig. 1c is the graphite substrate with a phenolate
group (–O–M, where M is metal). Only zigzag edges of

graphite are considered here because it has been previously
shown that the C–C bonds are stronger on zigzag edges, and
hence the breakage of these bonds is rate-limiting (11, 12,
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FIG. 1. Graphite models for molecular orbital calculations. (a) Model
with hydrogen saturating the edge carbon sites, (b) model of chemisorbed
oxygen on active site, (c) model with –O–M group attached on the active
site (M=metal).

71). In order to minimize the edge effect, hydrogen atoms
are used to saturate the edge site carbons (except the edge
site carbon for reaction). Although there are many methods
of terminating the boundaries, the use of hydrogen remains
to be the best choice in consideration of both charge balance
and chemical environment (13, 69).

Prior to bond energy calculation, the unrestricted
Hartree Fock (UHF) theory at the STO-3G level basis set
was used to optimize the geometry of each of the models
shown in Fig. 1. The optimized structures were then used to
calculate the SCF energies at a higher level, B3LYP/3-21G.
The reason for choosing the minimum basis set for geome-
try optimization is twofold. First, it is known that the com-
putational cost of the all-electron ab initio calculations in-

creases as N4, where N is the number of electrons. With a
large calculation model like C14H7OM used in this study, it
will be too costly to use a larger basis set for geometry
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FIG. 2. STM image showing two types of channeling actions by Li on
the basal plane of graphite after exposure to 1% NO at 600◦C for 90 min.
(a) Constant-width channeling (channel depth, 2.0 nm). (b) Flute shape
channeling (channel depth, 0.67 nm).

optimization. Second, a traditional and most reasonable
way for predicting the total energy of a system is to “per-
form a low-level geometry optimization and run a higher
level single point energy calculation at the optimized struc-
ture” (73). Moreover, energies computed with the B3LYP
functional are surprisingly insensitive to the geometry opti-

mization level (73). The method that we use for comparison
of relative catalytic activities by different catalysts is on the
same basis.
ND YANG

Bond energy is not available in most molecular orbital
calculation packages including Gaussian 94. In our previ-
ous work (13), we used the method of breaking the molec-
ular system of interest into several pieces at the C–C bond
and calculating the C–C bond “dissociation” energy ac-
cordingly. However, when the molecular system was bro-
ken down, the chemical environment was changed and this
might result in errors in the energy calculation. In this work,
we used a better procedure in bond energy calculation as
described in the following steps:

Step 1. Optimize the geometries of the structures shown
in Fig. 1. Then perform single point total SCF energy cal-
culation at each of the optimized structures.

Step 2. For a geometrically optimized structure, we
change equally (increase or decrease) the bond length of
the two C–C bonds of interest (C3–C4 and C4–C5 as shown
in Fig. 1). Consequently, the system energy increases as
the C–C bond length changes because the molecular struc-
ture moves away from its geometrically optimized position,
which represents the minimum on the potential energy sur-
face.

Step 3. Repeat step 2 until there is no further change in
the total energy upon change in the C–C bond length. At
this point, the total energy reaches the level where the two
C–C bonds are thoroughly dissociated from the substrate.
The C–C bond energy is thus obtained from the energy vs.
bond length curves, as the difference between the minimum
and this level.

Since the bond energies of the C3–C4 and C4–C5 bonds are
not distinguishable, we simply divide the total bond energy
by two and assume the final bond energy to be the C–C
bond energy in the graphite model under consideration.

EXPERIMENTAL

The carbon used in this study was highly oriented
pyrolytic graphite (HOPG) from Union Carbide. This
graphite was chosen for its well-defined structure and an
easily prepared, atomically flat surface. Another impor-
tantly feature is its high purity since it is our goal to avoid
any involvement of catalytic effect caused by impurities
in the sample. Details of HOPG are given elsewhere (74).
Ultrahigh-purity helium with a minimum purity of 99.999%
(from Matheson) was used as the inert carrier gas and was
subjected to further purification to remove traces of O2 by
passing through copper turnings at 550◦C, since the pres-
ence of O2 would enhance the graphite etch rates.

Ten catalysts (Li, Na, K; Mg, Ca, Sr, Ba; and Fe, Co,
Cu) were studied. The catalysts were dispersed on the
basal plane of graphite from 1.0 N nitrate solutions. At

our reaction temperature of 600◦C, all the catalyst precur-
sors, nitrate compounds, should have been decomposed to
form oxides. So the catalyst particles were metal oxides.
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However, since the reactant contained 1% NO, some ni-
trites could be formed depending on the thermodynamic
equilibria with the metal oxides. Before dispersing catalyst
particles on the basal plane of graphite, the graphite sample
was cut and cleaved into small and thin pieces (to be fitted in
the STM). The small HOPG pieces were further peeled with
Scotch tape to expose the fresh surface. Then the sample
was placed on a filter paper, on which the solution was dis-
persed. After air drying, the catalysts were dispersed on the
basal plane as confirmed by microscopy. The graphite sam-
ple containing catalyst was placed on a sapphire plate that
was held in an alumina combustion boat (36). The boat was
placed in a quartz tube furnace. Prior to the reaction, the
graphite basal plane was degassed overnight in helium at
500◦C (36). After degassing, the temperature was raised to
the reaction temperature of 600◦C and the gas was switched
to the reactant (mixture of 1% NO and 99% He). After
90 min of reaction, the reaction gases were switched back
to helium and the temperature was allowed to drop to room
temperature.

The STM experiments were carried out on a
NanoScope III scanning probe microscope (from Digital
Instruments) at 300 K in air. The tungsten tips were ob-
tained by electrochemical etching of the cut tungsten wire
at 10 V constant voltage with 1.0 N NaOH as the etching
solution. The constant current mode was used for all im-
ages with scanning rates adjusted for the best images. Other
scanning parameters were integral gain, 3.0; proportional
gain, 2.0; setpoint, 2.0 nA; and bias, 2.00 V. The surfaces
were first randomly imaged in a large 40× 40 µm2 area for
about 10 different regions on each sample. Those show-
ing interesting features were closely scanned with lower Z
ranges and slower scan rates to obtain clear images with
high resolutions. All images presented were flattened (i.e.,
digitally treated to remove tilt in the sample relative to the
tip-scanning plane) and some large-scale images were fil-
tered by lowpass filtering for higher resolutions. Care was
taken to ensure that no information was lost during filtering
of the images. The STM images presented in this paper are
representative of numerous images measured on different
areas of the reacted HOPG surfaces.

RESULTS AND DISCUSSION

Alkali Metal-Catalyzed Graphite–NO Reaction

The alkali metal catalysts (Li, Na, and K) showed the
same actions on the basal plane of graphite in NO. The
common catalyst actions were multilayer channeling and
edge recession. The deep channels all originated from mul-
tilayer steps and edges of the graphite. Unlike our previ-
ous work (17–21) using single-crystal graphite (from Ticon-

deroga, New York), no monolayer etch pits and monolayer
channels were found on the graphite basal plane. Using
STM, Chu and coworkers (64) also observed mostly mul-
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tilayer channels on HOPG during catalytic gasification re-
actions. This was due to the different crystal structures of
these two kinds of graphite. The HOPG used in this study
consisted of small crystals joined together at an average
“mosaic spread angle” of 2◦; i.e., the average angle of align-
ment at boundaries was 2◦. These boundaries were formed
by joining multilayer edges of two or more single crystals.
Multilayer channels were initiated from these boundaries.
In contrast, the single crystals used in our previous work
(17–21) contained no boundaries, but had many vacancies.
Monolayer channels and pits were initiated from these va-
cancies (17–21).

Shown in Figs. 2a and 2b are two STM pictures of lithium
catalyzed graphite basal plane after reaction with 1% NO at
600◦C for 90 min. The two pictures were taken at different
areas of the graphite sample, but both showed channels of
about the same length (1.0µm) despite differences in depth
(2 nm vs 0.67 nm). The channel length did not depend on
the channel depth. This is consistent with our previous TEM
results showing that the C–C bond breakage at the graphite
edge-catalyst interface was the rate-limiting step in alkali
catalyzed monolayer channeling (11).

Two types of multilayer channels were observed on the
graphite basal plane catalyzed by lithium. The first type
had nearly uniform width and was generated by a large
catalyst particle initiated on a multilayer step. Such action
is illustrated by the STM picture shown in Fig. 2a, where a
large catalyst particle remained at the leading edge of the
channel. Another type of multilayer channels were those
with a fluted shape which were usually the result of smaller
active catalyst particles coated on the channel walls. Thus
only very small and sometimes no catalyst particles could
be observed at the leading edge of the channels. Exhibited
in Fig. 2b is a typical fluted shape double-layer (two lay-
ers deep) channel with a tiny catalyst particle at its leading
edge. Two possible reasons for the gradual disappearance
of channeling particles have been suggested (75). First, the
catalyst particles may evaporate from the surface; and sec-
ond, the catalyst particles may enter between the graphite
layers. Due to the low melting points of the alkali metal
compounds, it is most likely that these catalyst particles
would exhibit liquid-like behavior at 600◦C in NO and they
either evaporated or coated on the channel wall.

It is obvious that the channels in Figs. 2a and 2b were initi-
ated from particles of different sizes. However, they showed
the same length, i.e., the same channeling rate. Geothel and
Yang (18) have discussed in detail the rationale for deter-
mining the different rate-limiting steps based on the depen-
dence of channeling rate on the particle size of the catalyst.
The results of the lithium catalyzed graphite-NO reaction
showed a lack of dependence of the channeling rate on the

particle size. The independence of channeling rate on par-
ticle size indicates that the rate-limiting step was the break-
age of C–C bonds at the carbon-catalyst interface. This
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FIG. 3. STM image showing the channeling action of Na catalyst on
the graphite basal plane after exposure to 1% NO at 600◦C for 90 min.

conclusion is in agreement with the conclusion obtained
from bulk carbon studies. Isotope exchange experiments
(21, 22, 28, 31) showed that oxygen exchanges between
the gas reactant molecules and alkali metal catalyst were
much faster than the carbon gasification rates, hence the
C–C bond breakage was the rate-limiting step.

Channeling by the other two alkali catalysts, Na and K,
exhibited similar behaviors, except their different rates as
will be explained shortly. Both modes of attack, edge reces-
sion and channeling, occurred simultaneously during the
reaction. Figures 3 and 4 show STM pictures of the basal
plane after the Na and K catalyzed NO-graphite reactions.
Figure 4 also gives a clear picture of edge recession in which
the upper region in the picture was five layers below the
lower region of the picture, and a flute shaped channel was
initiated from the edge.

Alkaline Earth-Catalyzed Graphite–NO Reaction

Four alkaline earth metal catalysts (Mg, Ca, Sr, and Ba)
were studied under the same reaction conditions as those
of the alkali metal catalyzed reactions. Similar to the alkali
metal catalyzed C–NO reaction, channeling actions were
also found on all of the four alkaline earth catalysts, shown
in Figs. 5 through 8. However, multilayer pits were also seen
on all of the alkaline earth catalyzed graphite samples.

Two STM pictures showing the typical pitting action by
the alkaline earth catalyst are shown in Figs. 7b and 8. A

deep layer hexagonal pit was found on the sample with Sr
catalyst as shown in Fig. 7b. The depth profile showed that
the depth of the pit was 3.72 nm, i.e., about 11 graphite lay-
ND YANG

FIG. 4. STM image showing the channeling action of K catalyst on
the graphite basal plane after exposure to 1% NO at 600◦C for 90 min.
The upper (dark) region is five layers below the lower region.

ers, and the width of the pit was about 3 µm. As can be ob-
served from the picture, there were still some bright catalyst
particles around the big hexagonal pit. The pit was hexago-
nal, possibly bounded by armchair faces because these faces
were inhibited and thus limiting the growth rate according
to our previous TEM and molecular orbital calculation re-
sults (11).
FIG. 5. STM image showing the channeling action of Mg catalyst on
the graphite basal plane after exposure to 1% NO at 600◦C for 90 min.
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FIG. 6. STM image showing channeling action of Ca catalyst on the
graphite basal plane after exposure to 1% NO at 600◦C for 90 min.

Pitting reactions were even more severe on the Ba cata-
lyzed graphite sample. As shown in Fig. 8, on the 10×
10 µm2 area, there are nine uniform deep-layer pits with
the depth varying from 2 to 48 nm. The initial pits were

expanded by edge recession to produce hexagonal-shaped
pits. As the reaction continued, the pits became progres-
sively circular in shape.

catalyzed by alkali and alkaline earth catalysts as shown in
Figs. 9 through 11. Two STM pictures showing the channel-
ing and pitting actions on the Fe catalyzed graphite basal
FIG. 7. STM image showing (a) channeling and (b) hexagonal pitting a
600◦C for 90 min. The hexagonal pit in (b) is 3.72 nm or 11 layers deep.
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FIG. 8. STM image showing channeling and deep layer pitting (pit
depth, 2–48 nm) actions of Ba catalyst on the graphite basal plane after
exposure to 1% NO at 600◦C for 90 min.

Transition Metal-Catalyzed Graphite-NO Reaction

Reactions of transition metal catalysts with graphite also
showed both channeling and pitting phenomena. The main
features of the channeling were essentially the same as those
ction of Sr catalyst on the graphite basal plane after exposure to 1% NO at
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FIG. 9. STM image showing (a) channeling (depth, 2.32 nm or 7 layers)

after exposure to 1% NO at 600◦C for 90 min. (b) also shows shallow chan

plane are shown in Figs. 9a and 9b. Both flute-shape chan-
nels and constant-width channels were observed. From the
section analysis of STM, the channel in Fig. 9a was 2.32 nm
in depth, i.e., about seven graphite layers deep. The channel
shown in Fig. 9b had a uniform depth of about 0.7 nm (i.e.,
two layers), and despite the difference in the channel depth
with that in Fig. 9a, they had almost the same channel length
FIG. 10. STM image showing channeling and edge recession of Co
catalyst on the graphite basal plane after exposure to 1% NO at 600◦C for
90 min. Three planes vary in heights by two layers each.
and (b) deep layer pitting actions of Fe catalyst on the graphite basal plane
els (depth, 0.7 nm).

of about 1.25–1.5 µm. Again the lack of dependence of the
rate of channeling on channeling depth indicated that the
C–C bond breakage was the limiting step for the gasifica-
tion reaction. Also shown in Fig. 9b is a large multilayer pit.
Except for the first layer, the pits were concentric and did
not have a perfect circular shape, but they were generally
rounded. It appears that the first layer of the pit was
FIG. 11. STM image showing the fast channeling action of Cu catalyst
on the graphite basal plane after exposure to 1% NO at 600◦C for 90 min.
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initiated by catalyst wetting. The catalyst would disperse
to coat on the monolayer edges of the pit in the first layer,
causing both edge recession and channeling, hence the ir-
regular shape. The second and other lower layers of the
pit grew at slower rates because they were formed later
and also they had less or no catalyst on the edge. It is ex-
pected that there is a high concentration of oxygen atoms
within the inner layers of the pit. The oxygen atoms gener-
ate new vacancies and a new pit within the first layer. The
process repeats itself and successive inner layers were thus
formed.

The channeling and edge recession actions of Co cata-
lyst on the graphite basal plane can be seen from Fig. 10.
Besides channeling, vigorous edge recession took place on
the graphite basal plane. Three planes of different depths
can been seen. The depth profile showed that each lower
plane was two graphite layers below the planes above it.

Reactions of graphite with NO catalyzed by Cu were
found to be extremely fast. A feature unique to the Cu
catalyzed graphite–NO reaction was the formation of very
narrow and long channels as shown in Fig. 11. Both straight
and randomly oriented channels were seen.

The high channeling speed by Cu indicated that Cu was a
most active catalyst for the C+NO reaction. It is interesting
to note that Cu is also a most active catalyst for C+O2

reaction (e.g., 9, 10). The narrow channels indicated a high
dispersion of Cu forming fine particles.

As noted earlier, no deep pitting was observed with the
alkali catalysts. Deep pitting was prevalent with alkaline
earth and transition metal catalysts. Deep pitting requires
formation of oxygen atoms (which create new vacancies on
the basal plane). Hence the above result indicates that the
alkaline earth and transition metal catalysts are also good
catalysts for NO dissociation. The dissociation constants of
NO (forming N2O+O), O2, CO2, and H2O have been com-
pared (76). The dissociation constants at 600◦C were 10−11

for NO and 10−23 for O2, CO2, and H2O. The relatively high
dissociation constant of NO is the reason for the vigorous
pitting for the C+NO reaction. For channeling, wetting is
important. The melting points of the alkali catalysts are gen-
erally lower than those of the alkaline earth and transition
metal catalysts. This may also be a reason for the dominance
by channeling for the alkali catalysts.

Turnover Frequencies

The turnover frequency for the catalyzed reaction could
be calculated from the channeling rate (17–21). Only chan-
nels with both ends well defined were used because not all
channels were initiated from the start of the reaction.

By measuring the lengths of the channels which had both
clearly defined beginnings and ends and assuming that all

channels were initiated at time zero, i.e., when NO was in-
troduced, the rates were calculated. Here the rates were
expressed as turnover frequencies based on the active sites
ON–NO REACTION 293

TABLE 1

The Channeling Turnover Frequencies for the C+NO Reaction
by Different Catalysts by 1% NO at 600◦C and 1 atm, with Error
Limits ±0.1 1/s

Catalyst Li Na K Mg Ca Sr Ba Fe Co Cu
TOF (1/s) 0.8 1.4 3.8 1.5 1.7 2.8 3.8 0.8 1.1 4.5

of carbon. The active sites were clearly defined, since they
were located at the front leading edge of the catalyst par-
ticle. The turnover frequencies (in C atom/C atom site/s)
for the different catalysts are listed in Table 1. The channel-
ing rates were reasonably uniform from particle to particle,
and had error limits within ±0.1 1/s. As we can see from
the table, the most active catalyst was Cu and the activi-
ties follow the rank order: Cu>Ba=K> Sr>Ca>Mg>
Na>Co>Fe=Li.

The fact that all the alkali, alkaline earth, and transition
metal catalysts began to exhibit appreciable channeling ac-
tivities at the same temperature suggests that the same re-
action pathway was followed (12).

The following sequential steps are generally involved
in deep channeling as well as monolayer channeling ac-
tions during the gasification reactions of carbon (18):
(i) chemisorption and reaction of gas molecule (O2, CO2,
H2O, or NOx) at the catalyst–gas interface; (ii) transport
(diffusion) of oxygen atoms/ions through or over the cata-
lyst particle to the catalyst–carbon interface to form bond-
ing with the edge carbon atoms; and (iii) breakage of
carbon–carbon bonds to free the edge carbon to release
CO. For deep channeling in the graphite–oxygen reaction,
Baker et al. (77) showed that the speed of channeling is
inversely proportional to the catalyst particle size, indicat-
ing that diffusion of carbon through the catalyst particle is
the rate-limiting step. In our study of carbon-NO reaction,
as stated previously, there was no dependence between the
particle size and channeling speed. A reasonable conclusion
is that the breakage of the carbon–carbon bonds is the rate-
limiting step; the breakage occurs at the graphite monolayer
or multilayer step (where the edge carbon atom has an un-
paired sp2 electron) by the influence of the catalyst.

Ab Initio Molecular Orbital Calculation Results

After full geometry optimization, i.e., all geometry pa-
rameters were allowed to change during the optimization,
each of the structures reached a minimum on the potential
energy surface. The optimized parameters for the graphite
models were very close to that of experimental data with
deviations less than 0.5%. All the dihedral angles were

either 0◦ or 180◦, indicating that the planar structures of
graphite were maintained. The analysis of geometry param-
eters for each individual model was not meaningful since
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FIG. 12. Energy vs bond distance curves for different models (refer to
(f) C14H7OCa, (g) C14H7OCu.

our graphite models were finite and the geometry parame-
ters were not uniform for different bonds in the model. The
ab initio results will be reported in terms of C–C bond en-
ergy before and after –O and –O–M groups were attached
to the active carbon site.

Figure 12 shows the energy vs C–C bond distance curves
for different models. Each curve has an energy minimum
which corresponds to the C–C bond distance at the opti-
mized length. The system energy is increased with the C–C
bond distance away from the optimized position. When

the bond length is further increased, the energy curve ap-
proach
totally

the three alkali metals (Li, Na, and K) studied; one of the
riodic
lyst in
es a certain energy level which is the energy for the
dissociated model. The difference between this en-

TABLE 2

Calculated C–C Bond (C3–C4 and C4–C5, see Fig. 1) Energies for Different Models

alkaline earth metals, Ca, which is next to K in the pe
table; and Cu, the most active transition metal cata
Model C14H7 C14H7O C14H7OLi C
C–C BE 216.5 203.9 200.8

Note. The bond energies are in kcal/mol. The experimental
ig. 1): (a) C14H7, (b) C14H7O, (c) C14H7OLi, (d) C14H7ONa, (e) C14H7OK,

ergy level and the energy minimum was taken as the C–C
bond energy for different models.

The C–C bond energies of different models are summa-
rized in Table 2. In order to reduce the computational cost,
not all of the 10 catalysts in this study were calculated. How-
ever, the models we chose for calculation were representa-
tive. They were (refer to Fig. 1): (i) the graphite model sat-
urated with hydrogen; (ii) the graphite model with O atom
attached to one of the active carbon, C4; (iii) graphite mod-
els with –O–M group attached to C4, where M stands for all
14H7ONa C14H7OK C14H7OCa C14H7OCu
197.7 193.9 196.1 197.6

C–C bond energy is about 170 kcal/mol.
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this study. From the table, it is clear that the C–C bonds
on the zigzag face were substantially weakened when an O
atom was added to the active carbon site, C4, and was further
weakened by adding M to the O atom. As a consequence,
the C–C bonds could be more easily broken for gasifica-
tion to take place. One can see that the bond energies are
very close, indicating that different elements do not have
a large influence on the total bond energies of the C4–C3

and the C4–C5 bonds. This result is in agreement with the
experimental fact that the gasification reactions catalyzed
by all alkali elements showed very close activation energies
(28, 29).

Comparing Tables 2 and 1, we can see that the relative
order of the extent of the C–C bond weakening by different
–O–M groups is in general agreement with the order of cata-
lytic activity results from the TOF measurements; i.e., the
more the C–C bond is weakened by the –O–M group, the
more active M is in the catalytic channeling. Cu catalyst is
an exception. As we can see from Table 2, the C–C bond
energy with the –O–Cu group attached to the active carbon
is 197.6 kcal/mol and it is not the smallest among the cata-
lysts studied, but it showed the highest activity in catalytic
channeling. There are a number of possible reasons for the
disagreement on Cu; the small model size is one of them.
Further calculations with larger models are needed to yield
more accurate results.

NO–Graphite Reaction Mechanism

Based on electron microscopy observation and molecular
orbital calculations, we have proposed a unified mechanism
for all carbon gasification reactions by oxygen containing
reactants (e.g., O2, H2O, CO2, and NO) (11–13). The unified
mechanism was based on semiempirical molecular orbital
calculations and experimental results on alkali-catalyzed
gasification reactions and was capable of explaining the ki-
netics of the C+H2O and C+CO2 reactions catalyzed by
alkali and alkaline earth catalysts.

From the proposed unified mechanism and from the STM
and ab initio calculation results we have obtained in this
study, the mechanism for the graphite–NO reaction,

C(edge)+ 2NO⇔ N2O+ C(O) [1]

N2O+ C(edge)⇔ N2 + C(O) [2]

N2O+ C(O)→ N2 + CO2 [3]

C(O)→ CO, [4]

is proposed, where C(edge) is the edge carbon site with a

free sp2 electron; i.e., C4 in Fig. 1, C(O) represents the –C–O
group shown in Fig. 1b. The first two steps are fast and the
last two are slow and are hence rate determining.
N–NO REACTION 295
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