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The carbon–NO reaction was studied by scanning tunneling mi-
croscopy (STM) on the basal plane of graphite (HOPG) samples
in a wide temperature range of 500–900◦C. Monolayer etch pits,
multilayer (deep) etch pits, and nascent etch pits were observed
for the graphite–NO reaction in different reaction temperature
regimes. The formation of deep pits and nascent pits became preva-
lent at higher temperatures, e.g., 850◦C with 1% NO. No tempera-
ture “break” point in the Arrhenius plot of the turnover frequency
(TOF) rates was observed. The activation energy for the graphite–
NO reaction was 132 kJ/mol, which was relatively low compared
to literature data. Careful analysis of basal plane STM features
revealed that the often-reported (by others) temperature “break”
point in the Arrhenius plot was caused by the contribution of NO
basal plane c-attack in the higher temperature range, which forms
nascent etch pits and deep pits. The formation of nascent and deep
pits with higher activation energies (than that for monolayer etch-
ing) contributed to the higher apparent activation energy in the high
temperature range. In global rate measurements for the NO-carbon
reaction, it is not possible to distinguish between the monolayer
etching process and basal plane c-attack. The TOF measured by
the STM method were true intrinsic rates for edge site monolayer
recession. For the NO-graphite reaction, the reaction is first order
with respect to NO. The NO–graphite reaction is at least 15 times
faster than the O2-graphite reaction. The NO-graphite and N2O–
graphite reactions might have the same rate-limiting step in the low
temperature range, but have different rate-limiting steps in the high
temperature range. c© 1998 Academic Press

INTRODUCTION

The carbon gasification reactions, i.e., the reactions of
C + O2, C + CO2, C + H2O, C + H2, and C + NO, have been
studied extensively (1–14). The importance of these reac-
tions in combustion processes, catalysis and metallurgy re-
quires a fundamental understanding for these reactions.
Among these reactions, the C + CO2 reaction is the best
understood one. The C + O2, C + H2O, and C + H2 are rel-
atively well understood. The C + NO reaction is the least

1 Address all correspondence to R. T. Yang. E-mail: yang@engin.
umich.edu.

understood reaction. Many experimental techniques have
been used in the studies of carbon gasification reactions.
TPD (temperature-programmed desorption), TGA (ther-
mogravimetric analysis), and TK (transient kinetics) are
among them. For single-crystal graphite, gold-decoration
TEM (transmission electron microscopy) was developed
(2, 15), which allows one to investigate the gasification re-
actions taking place on the graphite basal plane through
the formation of etch pits and channels by imaging the
gold particles nucleated on the edges. A basic understand-
ing on uncatalyzed and catalyzed carbon gasification has
been obtained by the TEM technique (16–23). More re-
cently, STM (scanning tunneling microscopy) was used to
study the graphite basal plane reactions through surface
topographic images (24–27), which included monolayer
etch pits and channeling.

The C + NO reaction is attracting wide interests because
of its environmental ramifications. The emission of nitro-
gen oxides (NO and N2O) from combustion processes is
the cause for several environmental problems, including the
formation of acid rain, stratospheric ozone depletion, and
the “greenhouse” effect. Moreover, localized nitric oxides
from energy generation power plants can cause respiratory
system problems (28, 29). It was found that the use of car-
bon with proper catalysts to convert nitric oxides to CO2

and N2 in the combustion process is a possible approach for
the reduction of nitrogen oxides (30). However, the C + NO
reaction is studied much less than the other carbon gasifica-
tion reactions, and its understanding is in a primitive stage.
There are no satisfactory kinetic models for the reaction,
and much less is known about the reaction mechanism. Sev-
eral groups have investigated the C + NO reaction (31–52).
There are a few excellent reviews for the C + NO reaction
(53, 54). The general conclusions on the C + NO reaction
are: (a) there is a very poor correlation between all avail-
able experimental kinetic data, and the situation is the same
even for graphite samples, the most highly ordered form
of carbon; (b) there is a temperature “break” point in the
Arrhenius plot, wherein the activation energy of the reac-
tion increases from 15–30 kcal/mol (or 63–125 kJ/mol) in
the lower temperature range to 40 kcal/mol in the higher
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temperature range (below about 650◦C); but at the same
time, many investigators did not observe such a “break”;
(c) it is a first-order reaction with respect to NO concentra-
tion; (d) graphite samples generally exhibited low reactivi-
ties and high activation energies, although a large range of
activation energies was observed. Chu and Schmidt studied
the intrinsic kinetics of the reactions between graphite and
NOx (i.e., NO, N2O, and NO2) by the STM technique, and
important conclusions have been reached (25, 35). How-
ever, the highest temperature in their study was 650◦C;
hence the important question on the temperature break
could not be addressed.

In this work, we measured the intrinsic kinetics of the
C + NOx reactions in the temperature range 500–900◦C,
using the STM technique. From the rate results, we will
address several important issues on the kinetics, in particu-
lar, on the temperature break. An explanation is given for
the origin of the “break” point that is observed in the global
kinetics.

EXPERIMENTAL

Materials

HOPG (highly oriented pyrolytic graphite), grade ZYD,
from Union Carbide was used as the carbon sample. Be-
cause of the high purity of this graphite sample, it is possible
to avoid involvement of any catalytic effects, which would
be caused by impurities in the sample. The HOPG sam-
ple is composed of numerous graphite single crystals. The
joining points of these single crystals form mosaic angles.
The HOPG grade code indicates the mosaic angles, and
there is no difference of purity between different grades.
The ZYD sample had a mosaic angle of about 2◦. A detailed
description of the HOPG is given elsewhere (67). Helium
was ultra high purity (from Matheson) and was subjected to
further purification to remove traces of O2 by passing
through copper turnings at 550◦C, since the presence of
O2 would enhance the etching rates. NO and N2O (from
Matheson) were premixed with 1% concentration and used
without further treatment. O2 was high purity grade (from
Matheson) and mixed with helium to obtain desired con-
centrations through a gas blending system.

Gasification Reaction

The HOPG sample was cut and cleaved into small and
thin pieces to fit into the STM sample puck size. The small
HOPG sample pieces were further peeled with Scotch tape
to expose the fresh surface. Then samples were placed on
a sapphire plate held in an alumina combustion boat. The
boat was placed in a quartz tube furnace reactor. Prior to
the gasification reaction, it was necessary to degas the basal
plane in inert gas (helium was used) at 500◦C overnight
(2) in order to remove surface oxide and expose the ac-

tive surface. After degassing, the temperature was raised
to the desired reaction temperature and the gas was
switched to desired reaction gases. After a certain time of
reaction, the reaction gases were switched back to helium
and the temperature was allowed to drop to ambient tem-
perature quickly in order to reduce any postreaction.

STM Experiment

The reacted samples were glued to the STM sample puck
with conducting silver paint. The STM tips were prepared
as follows: first a piece of tungsten wire was cut to pieces
using scissors to form tips, and the cut tips were subjected
to a electrochemical polishing procedure under a 10-V
constant voltage in 1 N NaOH solution (55), and finally,
the polished tips were electrochemically etched under the
same conditions as above but on a high magnification op-
tical microscope to further sharpen the tips (56). The STM
experiments were carried out on a NanoScope III scan-
ning probe microscope (from Digital Instruments) under
ambient conditions. The STM was operated in the con-
stant current mode; this would give the result in height as
the z-parameter, i.e., the z-distance perpendicular to the
basal plane. The general conditions used in this study were:
setpoint = 2.0 nA; bias = 2.0 V; scan rate = 1.0 Hz; integral
gain = 3.0; proportional gain = 2.0. The images shown in the
paper were filtered by lowpass filtering and/or fast Fourier
transform to obtain clearer images. Care was taken to en-
sure that no information was lost during filtering of the
images.

The surfaces were first scanned randomly at 100 ×
100 µm2 on about 10 different regions to find featured ar-
eas. These featured spots were further scanned with a lower
z-range and a slower scan rate to obtain clear images with
high resolution in both plane (x-y) direction and the z-dir-
ection. The etching rates were measured from average di-
ameters over several of the largest etch pits on the same
sample.

RESULTS AND DISCUSSION

Fundamental Consideration

Anisotropy on the graphite surface refers to the orders
of magnitude higher reactivities on the edge carbon atoms,
i.e., on the zigzag or armchair faces, than on the basal plane.
This anisotropy is caused by the free sp2 electron on the
edge atoms. When the basal plane of graphite sample is
exposed to a reactant gas, a single vacancy on the basal
plane, which is surrounded by three edge atoms, can be
expanded to form an etch pit, and this pit is one atomic
layer deep, i.e. 3.35 Å. The graphite gasification reactions
take place through this type of edge recession process (2).
Therefore, the reaction rate for this process is the intrinsic
rate for edge site etch process, and in turn, the study of
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FIG. 1. STM image of blank graphite sample treated under the same conditions as the reaction at 750◦C, but without the presence of NO, time =
30 min.

graphite gasification reactions on the basal plane can be
used to establish some fundamental kinetic understanding
for carbon gasification reactions. The calculation of rate for
etch pit expansion, i.e., TOF (turnover frequency), has been
well established as Eq. [1] (17, 57),

TOF = rate
(

atoms gasified
edge atoms × s

)
= ρ0001π D d D/dt

ρ1120π DH

= 0.4689
d D

dt
= k P exp(−E/RT), [1]

where ρ0001 = 0.377 carbon atoms/Å2, ρ1120 = 0.120 car-
bon atoms/Å2, H = monolayer step height = 3.35 Å for
graphite, D = diameter of the monolayer pit, t = time of
gasification reaction in seconds, k = preexponential fac-
tor, E = activation energy, T = reaction temperature in K,

and P = partial pressure of reactant. Therefore, the acti-
vation energy can be obtained through the slope of the
ln(TOF) − 1/T plot.

Besides the monolayer etch pit formation, there are other
processes that also take place during carbon gasification
reactions. The c-attack, or basal plane atom abstraction,
causes the formation of nascent pits with smaller diameters.
Since the times of birth of these nascent pits are not known,
the calculation of rates for these pits would be meaningless.
For the C–NO reaction, formation of nascent pits become
significant at temperatures higher than 750◦C. The contri-
bution by the nascent pit formation to the overall gasifica-
tion rate increases with temperature. The actual contribu-
tion is not measured in this work. In addition, multilayer
pits are sometimes observed and are usually caused by the
screw dislocation in the graphite crystal where cooperative
effects (among adjacent layers) can be involved (2).
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FIG. 2. STM image of graphite sample after reaction with 1% NO at 550◦C, time = 120 min.

Etching Process of NO–Graphite Reaction

Figure 1 is an STM image of a blank graphite sample
treated in the same run as the reaction at 750◦C, but with-
out the presence of NO. The image clearly shows that the
sample surface is clean and featureless, indicating that the
pretreatment procedure does not produce any surface fea-
tures.

At 550◦C the etch pits were formed through the reaction
with 1% NO, as shown in the STM image in Fig. 2. The pits
in the image are all circular in shape with approximately the
same diameter and are monolayer in depth. These results in-
dicate that the etching process occurred uniformly over the
basal plane, as in the case of the graphite–O2 reaction (2).

Figures 3 and 4 show results from higher temperatures,
i.e., 700–750◦C, where pits with different diameters were ob-
served. The observation of a variety of sizes indicates that

when the reaction temperature was increased, the possibil-
ity of a NO c-attack process increased. The NO c-attack
results in the formation of nascent pits (2), which have
smaller diameters than the original pits since the etching
process is delayed until the formation of nascent vacancies
by the NO c-attack. The detailed depth profile through sec-
tion analysis for the pit in Fig. 4 is shown in Fig. 5. It is clearly
seen that the etch pit is monolayer deep with 3.39 Å in the
z-direction (c-axis in the conventional graphite crystal ori-
entation), which is the layer–layer distance of graphite of
3.35 Å. An interesting observation from Figs. 3 and 4 is the
formation of double layer pits, one in the right-middle of
Fig. 3 and another near the center of Fig. 4. Section analysis
in Fig. 6 indicates that the pit on the second layer is also of
monolayer depth, based on the second layer (double layer
depth from the top layer) with 3.20 Å, see the b-b′ pair of
cursors. This observation is quite common for our sample.
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FIG. 3. STM image of graphite sample after reaction with 1% NO at 700◦C, time = 45 min.

This double layer pit was developed when the etching of
the first layer pit exposes a vacancy on the second layer
plane. Usually the double layer pits are tangential to the
first layer pits, i.e., they always have the same reaction rate
at the point of contact. However, the double layer pits in
Fig. 3 are not tangential to the first layer pit; there was some
obvious distance between two pits on different layers. The
double layer pits apparently resulted from the NO c-attack
on the second layer, forming nascent pits on the second
layer.

When the reaction temperature was further increased,
multilayer pits formed throughout the basal plane, indicat-
ing a severe gasification reaction had occurred, both on the
basal plane and at the c-axis, resulting in multilayer etching.
Figure 7 shows a multilayer pit more than 20 layers deep
that was formed at 900◦C, and this was a very common ob-
servation through our experiment when the temperature

was increased to 850◦C. The multilayer pit is concentric
rather than tangential, indicating that its formation mech-
anism was different from that for the monolayer pit. The
multilayer pit does not have the perfect circular shape of the
monolayer pits, although it is generally rounded. Since the
catalytic reaction (by catalysts or impurity) should be faster
than the noncatalytic one, one should be able to observe the
formation of multilayer pit under both high and low temper-
atures. Since the multilayer pits are observed only at high
temperatures, the involvement of catalysts or impurities is
ruled out. Another possible explanation for the formation
of deep multilayer pit is the existence of screw dislocations
within the graphite sample, which were the reactive sites.
However, screw dislocations are actually a combination of
many vacancies on different layers, and they are much more
reactive than a single vacancy under the whole temperature
range. Again, since the multilayer pits were not observed at



          

250 CHEN, YANG, AND GOLDMAN

FIG. 4. STM image of graphite sample after reaction with 1% NO at 750◦C, time = 30 min.

low temperatures, a mechanism based on screw dislocations
is ruled out.

The only plausible explanation for the formation of the
deep pits at high temperatures is as follows. We first note
that the homogeneous dissociation constants (forming oxy-
gen atoms) are substantially higher for NO than for O2,
H2O, and CO2. A comparison of the equilibrium dissoci-
ation constants is given in Table 1. The dissociation con-
stants (K) are listed for four reactions: 2NO → N2O + O;
O2 → O + O; H2O → H2 + O; and CO2 → CO + O. From
Table 3, it is seen that the dissociation of NO is much eas-
ier than O2, H2O, and CO2. Consequently, more nascent
pits on the basal plane are expected from NO since oxygen
atoms are responsible for the abstraction of carbon atoms
from the basal plane, as we have observed previously (2,
57, 58). Furthermore, dissociation of the oxygen-containing
molecules (i.e., NO, O2, H2O, and CO2) is facilitated on the

TABLE 1

Comparison of Homogeneous Dissociation
Equilibrium Constants (K)

Ka

NO → 2NO → O2 → H2O → CO2 →
T (◦C) O + N N2O + O O + O H2 + O CO + O

925 1.9 × 10−22 3.2 × 10−9 6.2 × 10−16 1.2 × 10−17 1.6 × 10−17

825 5.7 × 10−25 7.7 × 10−10 6.1 × 10−18 3.8 × 10−19 3.9 × 10−19

725 5.3 × 10−28 1.4 × 10−10 2.4 × 10−20 6.2 × 10−21 4.2 × 10−21

625 1.0 × 10−31 1.8 × 10−11 2.8 × 10−23 3.9 × 10−23 1.8 × 10−23

525 2.5 × 10−36 1.3 × 10−12 6.2 × 10−27 7.4 × 10−26 1.7 × 10−26

425 2.8 × 10−42 5.0 × 10−14 1.3 × 10−31 2.4 × 10−29 2.5 × 10−30

a Calculated from free energies of formation data, JANAF Thermo-
chemical Tables, 2nd ed., NSRDS. National Bureau of Standards, Wash-
ington, DC, 1971.
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FIG. 5. Section analysis for STM results from Fig. 4, showing etch pit with monolayer depth of 3.39 Å.
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FIG. 6. Section analysis for STM results from Fig. 4, showing double layer etch pit depth of 3.20 Å corresponding to the second layer or a total
depth of 6.67 Å from the first layer.

edge carbon atoms, i.e., active sites, via

C(edge) + NO → C(O) + N2O. [2]

The dissociation rate constants on active sites of carbon
for H2O and CO2 have been carefully measured by Walker
and co-workers (59, 60). The rates for NO dissociation on

the carbon active sites are not known but are undoubtedly
higher than for the other gases. Hence, it is expected that
there is a high concentration of oxygen atoms within the
etch pit when the temperature is high. The oxygen atoms
generate new vacancies and a new pit within the first pit.
The process repeats itself and successive inner pits are thus
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FIG. 7. STM image of graphite sample after reaction with 1% NO at 900◦C, showing a multilayer pit with over 20 layers and a tapered pit, time =
5 min.

formed. This process results in the deep pit observed in
this work. It is important to note that these deep pits are
prevalent at high temperatures for the C + NO reaction,
and it (i.e., deep pitting) clearly contributes significantly to
the global rate of gasification. The mobility of oxygen on
the basal plane (16, 17) would facilitate the formation of
deep pits. The cooperative effects on the multilayer edges
(i.e., the recession rates can be significantly higher on the
multilayer edges than that on the single-layer edge) (61, 62)
would further increase the gasification rates.

Finally, Fig. 8 presents an image of graphite gasified with
5% NO at 600◦C, which is five times higher in NO con-
centration than all of the other runs. The calculated TOF
for this run is about 1.51 s−1, exactly five times of 1% NO
run. (The data are listed in Tables 2 and 3). This result indi-
cates that the graphite gasification with NO is a first-order
reaction with respect to NO concentration.

It is important to compare our kinetic data to the avail-
able literature data of Chu and Schmidt (25). Under the
same reaction conditions, i.e., 600◦C and 1% NO, our rate
(TOF) is 0.28 1/s with an activation energy of 132.3 kJ/mol.
From their data, estimated from the Arrhenius plot, the
TOF is about 1.0 1/s, and their activation energy for mono-
layer etching is 91 ± 3 kJ/mol. The narrow temperature
range in their report (from 500◦C to 650◦C) might affect
the accuracy of their activation energy data. The difference
between the TOFs is noticeable, but is not thought to be
very significant, since for the same TOF, the discrepancy
in temperature would be about 50◦C. Our TOF data for
the HOPG-O2 reaction from a parallel experiment is very
well correlated with the TOF data for Ticoderoga graphite–
O2 reaction by gold-decoration TEM (2). Therefore, it
is reasonable to believe that our TOF data for HOPG–
NO reaction is accurate. The pretreatment procedure, i.e.,
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FIG. 8. STM image of graphite sample after reaction with 5% NO at 600◦C, time = 20 min.

degassing and purification by high purity grade helium (car-
rier gas), as well as reaction conditions (i.e., temperature
and gas sequencing) may play a significant role if they are
well controlled.

TABLE 2

Summary of TOF (1/s) for the Graphite–NO Reaction with 1% NO in He at 1 atm Measured by STM

T (◦C) Time (s) 1000/T (1/K) TOF1 TOF2 TOF3 TOF4 TOF5 TOF6

900 300 0.85 17.52 20.61 27.32 53.27 60.44
850 600 0.89 13.28 15.19 17.63 18.09
800 1200 0.93 6.91 7.27 8.17 9.67
750 1800 0.98 2.87 3.77
700 2700 1.03 1.21 1.50 1.51 1.58 1.58 1.67
650 3600 1.08 0.65 1.00
600 5400 1.15 0.28 0.28 0.31
550 7200 1.22 0.082 0.086 0.089 0.089 0.093 0.099
500 10800 1.29 0.033 0.036 0.037 0.037 0.042

Kinetic Behavior of NO–Graphite Reaction

The observation of a “break” point in the Arrhenius plot
with two activation energies for the NO–carbon reaction
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TABLE 3

Summary of TOF (1/s) for Gas–Graphite Reactions under Different Reaction Conditions

T (◦C) 500 550 600 650 700 750 800 850 900

Sample Reactant

HOPG 1% NO 0.04 0.10 0.28 0.85 1.44 3.51 9.98 18.0 32.9
HOPG 5% NO 1.51
HOPG 1% N2O 0.29 17.3
HOPG 20% O2 4.46 17.3
Ticonderogaa 36% O2 1.1 3.0 7.1 15.8

a Natural graphite single crystal (2).

has been reported by many sources in the literature. How-
ever, there is also evidence for the absence of the “break”
point, and the activation energies with no “break” point
generally were low, as has been discussed in recent reviews
(53, 54). This “break” point in the Arrhenius plot is not well
understood, although the transition temperature indicates
a change in mechanism, and the NO–carbon reaction in
two temperature regimes can be controlled or dominated
by different elementary processes with different activation
energies (53, 54).

As discussed above, because of the unknown history of
nascent etch pits, the etch pit diameter measurement should
be carried out only on the original pits. To achieve this goal,
we first scanned the surface on a very large area, 100 ×

FIG. 9. Temperature dependence (Arrhenius plot) of the graphite–NO reaction using STM for the TOF (turnover frequency in 1/s) measurement
of monolayer etch pits.

100 µm2. Then certain area were scanned and only the di-
ameters of the largest pits, i.e., the original pits, were mea-
sured. Furthermore, the diameter versus time data (hence,
TOF) for different pits were collected to generate the error
bars as shown in Fig. 9. Table 2 lists primary (average) data
from nine runs at different temperatures. Figure 9 presents
the temperature dependence of the data in Table 2.

According to our experimental procedure, the measured
TOF rates should be the true intrinsic rates for edge site
reaction. From this analysis, we find an activation energy
of 132.3 kJ/mol (31.6 kcal/mol), which would classify our
NO–graphite reaction in the group of the lowest reactivity
and the highest activation energy among NO–carbon reac-
tions reported in the literature. Not unexpectedly, this result
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shows that graphite (the highest ordered form of carbon)
has the lowest reactivity and the highest activation energy
and that the activation energy is indeed directly related to
the crystalline order of carbon material. Furthermore, this
order of carbon material could be represented by the ratio
of edge sites versus basal plane sites. The most important
conclusion, however, is the lack of a “break” point in the
Arrhenius plot and, as a result the activation energy, is rela-
tively low, compared to the values in the literature reported
on various carbons. With careful analysis of STM images,
it becomes clear (as shown in Figs. 3 and 4) when the re-
action temperature reaches about 700–750◦C, the temper-
atures corresponding to the reported “break” point in the
Arrhenius (53), the NO c-attack and multilayer etching be-
come important. These processes will become increasingly
important in the NO–graphite reaction as the temperature
is further increased. The estimated activation energy for
NO c-attack is 170 kJ/mol (35). The activation energy for
multilayer etching is about 116 kJ/mol (63), which is in the
same range of the activation energy of monolayer etching.
In the experimental kinetic procedures reported in the liter-
ature, it is not possible to distinguish between the edge site
reaction (monolayer etching), basal plane attack (c-attack),
and multilayer etching. The generally observed kinetic be-
havior that is reported in the literature only reflects the
global rates of the NO–carbon reaction, and thus it is not
surprising that two temperature regimes with two activa-
tion energies and a “break” point in the Arrhenius plot are
often reported. With our results, the following conclusions
can be made: (a) the temperature “break” point with two
temperature regimes and two activation energies for NO–
carbon reaction is caused by the contribution of NO basal
plane c-attack and the formation of deep pits in the high
temperature regime; (b) the higher activation energies of
NO c-attack, compared to the monolayer and multilayer
etchings, contribute to the higher apparent activation en-
ergy as obtained in the global rate measurements for the
NO–carbon reaction (53); (c) “intrinsic rate” can only be
related to a certain process, i.e., either to edge site reac-
tion or c-attack reaction or multilayer etching, since each
process has a different mechanism; (d) the lower activation
energy is associated with the true “intrinsic rate” of mono-
layer edge site only. It is worth noting that the variation
in the kinetic behaviors reported from many sources (53,
54) can be attributed to the different dominating roles of
the three processes above (monolayer etching, basal plane
c-attack, and multilayer etching) and that the overall be-
havior of the actives sites could be a statistical average of
the behavior of those individual processes.

Comparison of NO–Graphite Reaction to Other Reactions

Table 3 summarizes the data for graphite gasification re-
actions using various gases and reaction conditions. In the
case of the 5% NO run, which was discussed above, the data

indicates a first-order reaction with respect to NO concen-
tration. In the low temperature range, the NO reaction has
about the same reaction rate as N2O i.e., 0.28 1/s for NO
and 0.29 1/s for N2O. Since the N2O-carbon reaction is con-
sidered an elementary reaction, the result above implies
that in this low temperature range, the NO–carbon reac-
tion has the same rate-limiting step as N2O–carbon does,
and it might be the step of desorption of surface complexes
(54, 64). However, in the high temperature range, different
rates are observed, 9.98 1/s for NO and 17.3 1/s for N2O at
800◦C, indicating different rate-limiting steps for the two re-
actions. Since the same elementary step of the N2O–carbon
reaction no longer controls the NO–carbon reaction rate,
other factors must be slowing down the NO–carbon reac-
tion rate. There is evidence that the formation of N2 through
NO/N2O reduction does not involve a surface nitrogen in-
termediate (65, 66). While N2O can react on the surface to
release N2, the dissociation of NO should involve the coor-
dination between two NO molecules. Therefore, instead of
surface desorption, the NO coordination may play a role for
the rate-limiting step at high temperatures. From Table 3,
the NO–carbon and O2–carbon reactions are first order with
respect to NO or O2 concentrations. (Fractional orders for
the C–O2 reaction are often found in the literature.) Since
the TOF is ∼3.5 1/s for 1% NO and ∼4.5 1/s for 20% O2, the
NO–carbon reaction proceeds at least 15 times faster than
the O2–carbon reaction. Finally, the variation in the kinetic
behavior for graphite samples (53) was not observed in our
two totally different graphite samples. One of our graphite
samples is HOPG with very high purity and the other is nat-
ural single crystal graphite from Ticonderoga, New York.
The 750◦C run shows almost the same TOF after accounting
for different O2 concentrations according to the first-order
kinetic rule. Once again, this result is different from those
reported (53), and the possible reason is our unique STM-
based method for obtaining the intrinsic rate of the edge
site reaction. We would expect the same nondiscretion for
the NO–carbon reaction with different graphite samples by
taking into account the intrinsic rate for edge site reaction.
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