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Analytical expressions for the description of the oxidation kinetics of the basal planes of the 
graphite surface are proposed. They are developed from an ansatz that extends former theories 
of phase transformations by nucleation and growth to multilayer systems in which the kinetics 
of transformation in subsequent layers is recurrently related. The results from analytical theory 
are compared with computer simulations obtained for an adequate model. Correspondence of 
these results to the structural changes observed in the oxidation of the graphite surface, as 
revealed by scanning tunneling microscopy, is discussed. 

INTRODUCTION THEORETICAL MODEL 

The oxidation of the basal plane of highly oriented 
pyrolitic graphite (HOPG) has been studied by scanning 
tunneling microscopy (STM) .’ It was experimentally ob- 
served that the oxidation of basal planes of the graphite 
leads to the removal of monoatomic carbon layers from the 
graphite surface, layer by layer, via nucleation and growth 
of circular pits on the exposed surface. Two types of sam- 
ples differing in the kinetics of nucleation have been dis- 
tinguished (a) with nuclei that start to grow simulta- 
neously at the beginning of the oxidation leading to pits of 
uniform diameter at the initial stages of the process and 
(b) with nuclei that become active sporadically, which 
leads to pits with a broad distribution of diameters. 

Consider a monoatomic uniform planar layer of car- 
bon atoms which, when undergoing oxidation, disappear 
from the layer as a gaseous product. If the oxidation takes 
place by nucleation and growth, circular pits will expand 
throughout the layer encroaching at later stages of the pro- 
cess. The nontransformed fraction S of the layer at time t 

is related to the potentially transformed area E (with ig- 
nored overlap of the pits) by the relation 

S(t) =exp[ -E(t)]. (1) 

This relation is deduced from the Poisson distribution2 and 
is known as the Avrami equation,4 which is usually ex- 
pressed in the form S= exp ( -Kt”) . 

The phenomena observed have many analogies and 
similar processes have been treated theoretically by many 
authors, a long time ago.2-7 Theories have been developed 
for various phenomena such as crystallization from the 
melt, surface corrosion or propagation of waves on water 
surfaces. They rely on the same model of isotropically 
growing objects nucleated according to various kinetic 
schemes, which lead to different time-laws by which the 
system is transformed from one state to another, e.g., from 
the amorphous to the crystalline state. The most interest- 
ing ingredient of all theories is the handling of the effect of 
encroachment of the growing objects leading to a slow 
down of the overall transformation rate in comparison to 
the rate one would expect without encroachment. 

The potentially transformed area E, with ignored en- 
croachment, depends on the nucleation kinetics, dimen- 
sionality of the system, and on the radial growth rate U. In 
the case of two-dimensional growth of pits, being of inter- 
est in this paper, E is just calculated as a sum of areas of 
circular pits which appear from the beginning of the pro- 
cess. Two kinds of nucleation kinetics are of interest ( 1) 
the nuclei are present in the system and become active 
instantaneously at the beginning of the process or (2) they 
may appear progressively during the course of the process. 

For the two cases of instantaneous and sporadic nucle- 
ation E can be expressed as’ 

In this paper a model to describe the oxidation kinetics 
of the graphite surface is proposed. The model extends the 
application of former theories to multilayer systems in 
which the kinetics of transformation in subsequent layers is 
recurrently related. The results of the analytical theory are 
compared with a computer simulation of an adequate 
model. Correspondence of these results to the experimental 
observations reported in a separate paper’ is discussed. 

E(t) = ?rNgtz, (2) 

where N is the number of instantaneous nuclei per unit 
surface, and 

E(t) =rrnv2 
I 

’ (t-#dT=~n#/3, 
0 

where n is the number of nuclei which appear per unit time 
and unit surface, respectively. 
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Macromolecular Studies, Sienkiewicza 112, 90-363 Lodz, Poland. 
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Physikalische Chemie, Jakob-Welder-Weg 11, D-55099 Mainz, 
Germany. 

This result serves to describe the initial stages of the 
oxidation process of the basal plane of graphite if one starts 
with a uniform surface formed by a single basal plane. As 
the growth of pits in the first layer proceeds, the new sur- 
face of the next layer underneath is exposed on which new 
pits can be nucleated contributing to the overall rate of 
oxidation. In this way the kinetics of oxidation of the ith 

(3) 
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layer will depend on the growth of pits in the i- 1 layer. In 
order to consider this effect we have again to distinguish 
various nucleation mechanisms in the newly exposed lay- 
ers. Two probable cases may be of interest ( 1) the nucle- 
ation occurs at intrinsic defects which will become active 
as soon as they are exposed and (2) the nucleation occurs 
sporadically on the exposed surface. In the first case the 
nucleation rate ni will be given by the density of defects per 
unit layer area and by the rate of exposure of the layer, 
which depends on the kinetics of disappearance of the 
former layer. In the second case the nucleation rate will 
depend on the probability to form a nucleus and on the 
exposed layer area. For the two cases we can write 

(4) 

and 

ni(t)=n[ l-Si-l(t)], (5) 

respectively, where N [as in Eq. (2)] is the density of de- 
fects leading to instantaneous nucleation of pits when the 
defect becomes exposed and n [as in Eq. (3)] is the rate of 
sporadic nucleation per unit area and unit time. Consider- 
ing the circular growth with a radial rate v and taking 
encroachment of pits into account we can write 

I I 

t 
Si(t) =exp -7i7? ni(7) (t-T)2dT 1 (6) 

0 

which for intrinsic and sporadic nuclei assumes the form 

Si(t) =exp 

and 

S,(t) =exp 

respectively. 

--nNr? I,’ [ dsi-$(T’] (t-7)2dT] (7) 

s t -WI3 Si&-)(t--7)2d7 
0 

, I (8) 
These recurrent relations allow to calculate the kinet- 

ics of multilayer oxidation numerically. Figures 1 and 2 
show the kinetic behavior of multilayer oxidation for two 
cases differing in nucleation nature, i.e., for instantaneous 
and sporadic nucleation, respectively. Figures 1 (a) and 
2(a) show the time dependencies of the nontransformed 
fraction Si( t) of subsequent layers. In Figs. 1 (b) and 2(b) 
the transformation rate for individual layers -dSi(t)/dt 
and the overall transformation rate 

K(t) = - C dSi( t)/dt (9) 

are presented as a function of time. The value of -dSi( t)/ 
dt characterizes the length of pit edges for individual lay- 
ers, whereas, K(t) is proportional to the length of all pit 
edges at the exposed surface. In this way, both the behavior 
of subsequent layers and of the global sample are charac- 
terized. The two types of nucleation lead to a qualitatively 
rather similar global behavior. The main differences are 
observed at the initial stages of oxidation where in the case 
of instantaneous nucleation the oxidation rate increases 
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FIG. 1. The kinetics of oxidation of a multilayer surface in the case of 
instantaneous nucleation on intrinsic defects. (a) Time dependence of the 
nontransformed area of subsequent layers. (b) Time dependence of the 
transformation rate of subsequent layers and of the overall transformation 
rate (thick solid line). Nucleation density N=0.0009 per unit surface and 
the growth rate U= 1. 

monotonously while in the other case a rapid rate increase 
is observed at the very beginning followed by periodic rate 
changes of the amplitude decreasing with time. When sev- 
eral layers are removed from the surface the global rate of 
oxidation approaches a plateau in both cases independent 
of nucleation kinetics. At this stage the kinetics of removal 
of subsequent layers becomes stationary. At longer times 
the difference between the two cases considered consists 
first of all in a difference in the time of the effective oxida- 
tion of individual layers in comparison to the time lag in 
the oxidation of subsequent layers. When the nucleation 
occurs instantaneously the kinetic curves are broader than 
in the other case. This has the consequence that a different 
number of layers is exposed simultaneously at a given time. 
In the case of instantaneous nucleation the number of lay- 
ers exposed at later stages of oxidation is 6, whereas, in the 
case of the sporadic nucleation only 4 layers can simulta- 
neously be seen at the surface. This effect could eventually 
help to distinguish the nature of the nucleation process 
experimentally. 

It is interesting to prove how the parameters of the 
process, i.e., the growth rate and nucleation density influ- 
ence the global kinetics. Time dependencies of global oxi- 
dation rates at various nucleation densities for the two 
cases considered are shown in Fig. 3, within the time in- 
terval necessary to remove 15 layers from the surface. It is 
seen that the rate of oxidation increases with nucleation 
density in both cases and consequently the time to remove 
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FIG. 2. The kinetics of oxidation of a multilayer surface in the case of 
sporadic nucleation. (a) Tie dependence of the nontransformed area of 
subsequent layers. (b) Time dependence of the transformation rate of 
subsequent layers and of the overall transformation rate (thick solid line). 
Nucleation rate n=O.OCNll per unit t ime and unit surface and the growth 
rate u= 1. 

a given number of layers decreases. It is worth mentioning 
that the rate K(t) reached at the removal of the ith layer 
(i= 15) fits well to the hyperbolic dependence Ki,ls a t-l, 
as illustrated in Fig. 3. It has also been established that a 
master curve can be obtained if the dependencies are plot- 
ted in the coordinates K(t)/(vN’“) vs tvN”’ for the in- 
stantaneous nucleation and as K( t)/( g’3,1’3) vs rt?‘3n”3, 
where n is the nucleation rate, for the sporadic nucleation. 
This allows to deduce the following dependencies: 

( 1) the overall rate of oxidation at long time is 

K a vN”~ (10) 
and (2) the time to reach a certain conversion state is 

tia ,-‘N-l” (11) 
in the case of instantaneous nucleation. If the nucleation is 
sporadic the dependencies are 

K a $13n 1’3 , (12) 
t,a v-2/313-1/3 
I (13) 

SIMULATION 

Computer simulations have been performed on sys- 
tems which correspond to the models presented above. Sys- 
tems of parallel layers consisting of densely packed discrete 
elements on a quadratic lattice of the size 500~ 600 ele- 
ments in each layer have been considered. The process of 
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FIG. 3. The transformation rate as a function of time for various nucle- 
ation densities (a) instantaneous nucleation (curve 1 is calculated for the 
nucleation density N=O.OOtXl2, for each subsequent curve the nucleation 
density is higher by factor 2) and (b) sporadic nucleation (curve 1 is 
calculated for the nucleation rate n=O.OW 002, for each subsequent curve 
the nucleation rate is increased by a factor of 2). Insertions show master 
curves plotted in coordinates characteristic for each nucleation type. The 
broken lines indicate dependencies between global oxidation rate and time 
at the same conversion ( 15 layers are completely removed from the sur- 
face) but variable nucleation densities. 

oxidation is modeled by nucleation of pits of the size of one 
element and subsequent isotropic growth of the pits with 
constant linear rate. In order to avoid boundary effects 
periodic boundary conditions within each layer have been 
assumed. As before two kinds of the nucleation have been 
considered. 

( 1) The nucleation occurs at intrinsic defects ran- 
domly distributed in the system before the oxidation. In 
the first layer, the defects become active nuclei at t=O and 
in other layers at the moment they become exposed. 

(2) The sporadic nucleation consists in random gen- 
eration of single element vacancies, in any one of the ex- 
posed layers, at a given rate. 

The simulation allows a direct observation of the sur- 
face structures which develop during oxidation of multi- 
layer systems. Two series of pictures, at various stages of 
the process, related to the two different nucleation modes 
are shown in Figs. 4 and 5. The characteristic features can 
easily be noticed. In the case of nucleation from intrinsic 
defects all nuclei in the first layer start to grow at the same 
time t=O, consequently the pits are of the same radius 
Fig. 4(a)]. In the next layer the pits start to grow at edges 
of pits in the former layer so that the pits in subsequent 
layers are tangential (if locally this is not influenced by the 
encroachment). 

In the case of sporadic nucleation the sizes of pits are 
broadly distributed already in the tit layer [Fig. 5(a)]. 
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FIG. 4. Illustration of the development of pits during simulated oxidation 
of a multilayer system with instantaneous nuclei (a) I= 10; (b) t=25; 
and (c) t=50. 

The positions of pits in subsequent layers do not have the 
correlation observed in the former case. In both cases, at 
later stages of conversion the structure of the surface be- 
comes almost stationary. The difference in the number of 
layers exposed in the systems with different kinds of nucle- 
ation is seen in agreement with the effect suggested from 
analytical treatment of the model. A comparison of the 
simulated surfaces at later stages (the two first layers are 
completely removed from the surface) for the two nucle- 
ation types is shown in Fig. 6. In the case of sporadic 
nucleation usually 4 layers can be seen simultaneously 
pig. 6(b)], whereas in the other case 6 layers form the 
surface at later stages of the process [Fig. 6(a)]. 

The kinetic features of the simulated systems are char- 
acterized quantitatively by the same quantities as consid- 
ered for the analytical model in Figs. 7 and 8 (compare 
with Figs. 1 and 2). The rate of transformation of individ- 
ual layers is determined from the length of edges of pits 
formed in each layer. 

DISCUSSION 

The results presented above show that the agreement 
between the analytical expressions and the computer sim- 
ulation is qualitatively very good. An important difference 
between simulated and theoretical results can, however, be 

iayer 1 2 3 4 5 6 

FIG. 5. Illustration of the development of pits during simulated oxidation 
of a multilayer system with sporadic nucleation (a) I = 15; (b) t=40; and 
(c) t=80. 

noticed at longer reaction times. Whereas the analytical 
theory predicts that at longer times the rate of disappear- 
ance of subsequent layers become identical the simulation 
indicates a different behavior. In the latter case the depen- 
dencies for individual layers become broader with increas- 
ing time. This has important consequences considering 
changes in the structure of the oxidized surface. In contrast 
to the theoretical prediction the roughness of the system 
increases with time, i.e., more and more subsequent layers 
contribute simultaneously to the exposed surface. It also 
means that in the simulated surfaces after long time deeper 
pits can be formed than the analytical theory would pre- 
dict. This discrepancy can be a result of fluctuations in the 
distributions of nuclei in subsequent layers of the simulated 
systems. 

In spite of this structural difference the global kinetic 
characteristics obtained from the simulated systems agree 
well with the theoretical model. The time dependencies of 
the overall rates as obtained from the theory and from the 
simulated systems, with the same values of nucleation den- 
sities and growth rates, are directly compared in Fig. 9. 

In Fig. 10 the surface morphology of oxidized HOPG 
samples of type A and type B at initial and later oxidation 
stages in air at 670 “C are shown (see also Figs. 2, 3, and 6 
in Ref. 1). A comparison of Fig. 10 with Figs. 4 and 5 
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FIG. 6. A  comparison of simulated surfaces at a longer time of oxidation 
for (a) instantaneous and (b) sporadic nucleation. Pictures are taken 
after the two first layers are completely removed from the surface. 

indicates that the effects observed on the simulated surfaces 
correspond well to the surface morphology of HOPG after 
a real oxidation process. Both for real and simulated sur- 
face morphologies the same characteristic features of mul- 
tilevel terraced structure can be seen, i.e., smaller pits grow 
within bigger ones and remains of the upper layers form 
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FIG. 8. Computer simulated kinetics of oxidation in the case of sporadic 
nucleation. The quantities determined and the parameters correspond to 
these used in Fig. 2. 

pieces with concave curved edges. The differences in sur- 
face structure caused by the two different nucleation types 
considered in simulation correspond also to differences ob- 
served in samples of type A and B. The simulated surface 
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FIG. 7. Computer simulated kinetics of oxidation in the case of instan- FIG. 9. Comparison between theoretical and computer simulated time 
taneous nucleation. The quantities determined and the parameters corre- dependencies of the overall oxidation rate for the two types of nucleation 
spond to these used in Fig. 1. (a) instantaneous nucleation and (b) sporadic nucleation. 
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FIG. 10. Oxidized surfaces of graphite as observed by scanning tunneling 
microscopy at (a) and (b) initial and (c) and (d) later stages of oxida- 
tion for two types of samples with instantaneous nucleation (a) and (c) 
and sporadic nucleation (b) and (d). 

in the case of instantaneous nucleation (Fig. 4) corre- 
sponds to the surface of samples of type A for which the 
simultaneous growth of pits of uniform size was observed 
at initial stages of oxidation [compare Figs. 4(a) and 
IO(a)]. At later stages of oxidation smaller pits growing 
tangentially inside bigger ones have been observed [Fig. 
10(c)] which corresponds to structures presented in Figs. 
4(b) and 4(c). In the same way the simulated surface 
structures in Fig. 5 correspond to HOPG surfaces shown 
in Figs. 10(b) and 10(d) (samples of type B) illustrating 
a distribution of pit sizes at the beginning of oxidation and 
pits nucleated nontangentially within other already exist- 
ing pits [see also Fig. 7(b) in Ref. 11. It is interesting to 
compare the number of carbon atom levels exposed at later 
oxidation stages as observed in real process with the num- 
ber of layers predicted by the analytical expressions and in 
the simulation. In the case of samples of type A the num- 

ber of levels observed was 6 on average. This is in agree- 
ment with the theoretical result obtained under the as- 
sumption of instantaneous nucleation. In the case of 
samples of type B 5 levels can simultaneously be seen at 
later stages of oxidation of HOPG. This number is lower 
then theoretical prediction for instantaneous nucleation (6 
levels) and higher then the prediction for sporadic nucle- 
ation (4 levels). This can be interpreted as an indication 
that in the case of samples of type B the growth of pits 
occurs via nucleation process which is a mixture of spo- 
radic and instantaneous nucleation. This supports the hy- 
pothesis about the presence of defects of different nature in 
samples of type B as postulated elsewhere.’ 

An important property of the surface roughening via 
pit growth, predicted by the analytical model and con- 
firmed by the simulation, is the tendency of leveling off of 
the total length of edges at longer oxidation times. The 
dependencies given by master curves, shown in Fig. 3, will 
be useful to determine conditions of preparation of graph- 
ite samples with a controlled amount of reactive edge car- 
bon atoms which may be further functionalized. It is in- 
teresting to note that a considerable ratio of reactive edge 
atoms to nonreactive basal atoms can be achieved already 
when the third layer becomes exposed [see Figs. 1 (b), 
2(b), 6(b), and 7(b)] i.e., at a degree of conversion at 
which the surface roughness is still very small and the 
surface can be considered as flat on the nanometer scale. 
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