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ABSTRACT

The demand for better understanding of the mechanism of soot formation is driven by the negative environmental and health impact brought
about by the burning of fossil fuels. While soot particles accumulate most of their mass from surface reactions, the mechanism for surface
growth has so far been characterized primarily by measurements of the kinetics. Here we provide atomic-scale scanning tunneling microscope
images of carbon growth by chemistry similar to that of importance in soot formation. At a temperature of 625 K, exposure of the surface of
highly ordered pyrolytic graphite to 1 Langmuir of acetylene leads to the formation of both graphitic and amorphous carbonaceous material
at the edges of nanoscale pits. Given the similarity of the electronic structure at these graphite defect sites to that of soot material growing
in flames at higher temperatures, the present studies shed light on the mechanism for soot growth. These experiments also suggest that
healing of defect sites in graphene nanostructures, which are of considerable interest as novel electronic devices, should be possible at
modest surface temperatures by exposure of defected graphene to unsaturated hydrocarbons.

The chemistry, structure, and properties of pure carbon
materials such as graphite, carbon nanotubes, and single
graphite sheets (graphene) are attracting great current atten-
tion. This interest is driven by several factors. On the one
hand, these materials provide distinctive electrical properties
with potential for high-performance electronic devices and
sensors. On the other hand, improved understanding of the
chemistry of these materials is a central ingredient for control
of soot formation during the burning of fossil fuels, a problem
with major environmental and health implications.1 There
are at least four consecutive stages in soot growth:2–4 first,
molecular precursors, such as polycyclic aromatic hydro-
carbons (PAHs) are formed, typically through homogeneous
gas-phase reactions of small aliphatic compounds; second,
the PAHs nucleate and further coagulate; third, continued
growth of particles occurs through surface-mediated reac-
tions; and finally, particles fuse or agglomerate to form
micron-sized soot material. Polyacetylene5 and ionic species6

have been proposed as key gaseous species in the early
formation and continuous growth of PAHs. Acetylene is also
thought to play a significant role in this growth process via
the hydrogen-abstraction-C2H2-addition (HACA) mecha-
nism.7 This mechanism has been applied to the surface-
reaction stage of soot formation under the assumption that

reactions occurring at the surface of soot particles are similar
to gaseous reactions taking place at the edges of PAH
molecules. Experimental support for this idea is based on
the observation that surface growth rates for soot particle
formation are proportional to the concentration of C2H2 in
both laminar premixed8,9 and diffusion10 flames.

Recently intense interest has developed in the distinctive
charge-transport properties of few-layer or single-layer
graphitic sheets (graphene).11–15 Both for investigations of
basic physics and for potential device applications, graphene
layers and nanostructures with low defect densities are of
central importance. Further, functionalizing such thin layer
materials for use in applications remains an intriguing and
appealing possibility. Growth of graphitic layers at the edges
of carbonaceous seed materials such as PAHs has the
potential to open new approaches to the preparation of these
materials, which are currently obtained by mechanical
exfoliation11 and thermal decomposition of silicon car-
bide.16,17 Much can be learned about the growth, modification,
and chemistry of these films by investigating with atomically
resolved imaging techniques the chemical behavior of step
edges and pits on model, defected highly ordered pyrolytic
graphite (HOPG) surfaces exposed to reactive gases. In
particular, finding a process to eliminate defects in graphene
would be of great value. This capability would permit
improvement of existing materials and, importantly, would
assist in the fabrication of high-quality patterned graphene
nanostructures.18,19 The chemical behavior of defected graph-
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ite surfaces is likely to mimic reactive processes on single-
layer graphene samples, which have recently been imaged
by ultrahigh vacuum (UHV) scanning tunneling microscopy
(STM).20,21

Since its invention some 25 years ago, STM has become
a powerful tool to investigate surface structure and dynamics
with atomic resolution. This capability is extremely valuable
for probing surface reactions. By imaging the same region
before and after exposure to reactive species, for example
through STM tip engagement techniques,22 information about
reaction mechanisms localized at single atomic surface sites
can be extracted. In terms of chemical reactivity, the edges
of large PAHs and the surfaces of soot particles in the third
stage of growth are analogous to the edges of pits, defect
sites and step edges on the highly ordered pyrolytic graphite
samples used in the present study. Controlled exposure of
these well-characterized, defected HOPG sample surfaces to
hydrocarbon fuels such as C2H2 under UHV conditions
provides an opportunity to investigate the fundamental
chemical steps involved in soot formation.

In the present study, HOPG surfaces were prepared with
controlled defect sites. This was accomplished by etching
procedures through exposure to UV light/ozone treatment
and oxygen annealing (see Supporting Information) followed
by high-temperature (1050 K) vacuum annealing. STM
images were then taken of these model surfaces before and
after exposure to acetylene. At moderate surface temperatures
(typically 625 K) no change was observed to the undefected
part of the graphite surface. At the defect sites, however,
reaction with acetylene was found to induce facile growth
of both amorphous and ordered carbonaceous material.

An area of the defected HOPG surface with characteristic
markers was chosen for study, and the defect pits in this
area were imaged first. The tip was then moved away from
this focused, characterized area by 300 nm but was kept
engaged during this process. Following this initial imaging

procedure, the sample was exposed to 1.0 Langmuir of C2H2

gas (at a pressure of 1.0 × 10-8 torr). The tip was moved
back to the original imaging area 10 min after C2H2 exposure,
and STM topographs of the same pits were obtained. (The
tip is moved away from the imaging area before gas exposure
to avoid any surface “shadow effects”,23,24 which could affect
the reaction rate for areas of the surface under the tip.
Continual engagement on a displaced region of the surface
permits the same areas to be reliably imaged both before
and after exposure to reactive gas.)

STM images (not shown) recorded on the freshly cleaved,
defected, and annealed surface showed carbon (0001) terraces
having widths of several hundred nm separated by step edges.
Line profile measurements (not shown) of the pits indicated
that, in most cases, oxygen reacted with the top graphite layer
and left the second layer intact.

Our investigation of the reactivity of these defected
surfaces under exposure to actylene was carried out in UHV
at a temperture of 625 K. We imaged a 300 × 300 nm2 area
(not shown) that included several pits. This region also
included a step edge that served as a useful marker for
returning the selected defects after displacement of the STM
tip during actylene dosing. Images of four pits in this area
were recorded and compared before and after dosing. Two
of them (designated as pits #1 and #2 hereafter) showed clear
changes.

The initial growth stage of sootlike material is clearly
resolved in pit #1 by comparing the images before (Figure
1a) and after (Figure 1b) C2H2 exposure. The growth
occurred at three areas along the edges of pit #1. While in
areas 1 and 2 the new features grow from the edges toward
the center of the pit, a bridge forms across the pit in area 3.
The �3 × �3 R30° superstructure, whose formation has
been ascribed to interference between propagating electronic
waves and reflected electronic waves near defect edges,25,26

can be clearly seen around pit #1 in both Figures 1a and 1b.

Figure 1. STM images (15 × 15 nm2) of pit #1 before (a) and after (b) exposure to 1 L of C2H2 at 625 K. In (b), three areas changed by
this exposure are circled and labeled with numbers.
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The transition from the hexagonally symmetric carbon (0001)
structure, normally observed by STM on undefected graphite
surfaces, to the �3 × �3 R30° superstructure is manifested
in Figure 2, obtained by enlarging the bottom left corner of
Figure 1b. While the group of atoms indicated by the blue
arrow gradually disappears as the scan approaches the pit
edge, the group of atoms indicated by the green arrow
exhibits an increase in their tunneling probability. The
graphite hexagonal structure and the �3 × �3 R30°
superstructure are shown by the model in Figure 2. Note
that the bridge in Figure 3 (enlarged image of area 3 in Figure
1b) displays the same superstructure periodicity (0.445 nm)
as the area near the edges (0.447 nm), as is evident from the
line profiles. Thus, the newly formed bridge has the graphitic
structure.

New features were observed in the lower part of pit #2
and covered about 60% of the pit area. A honeycomb
superstructure,26 which is adjacent to the pit edge, can be
seen in an image of the growth area (Figure 4). Line profiles
(Figure 5) show that the honeycomb superstructure possesses
the same periodicity (0.219 nm) as the hexagonal symmetric
carbon (0001) periodicity (0.229 nm) on the graphite surface
(the line profile for the graphite surface is not shown). The
model in Figure 4 depicts the honeycomb superstructure on
a hexagonal symmetric surface. The blue line in the model
represents the line profile (Figure 5) through the indicated
carbon atoms, and the two green arrows mark the starting
and ending points of the distance measured in the line profile.

In addition to the honeycomb superstructure, two clumps of
carbonaceous material with sizes of ∼1 nm × 1 nm wide
can be identified. They do not show the carbon (0001)
hexagonal periodicity or any of the two superstructure
periodicities mentioned above.

On the basis of these results, we can make several
observations about the reactivity of solid carbon substrates
with the simple hydrocarbon fuel acetylene. First, at least
for the modest temperatures (625 K) used here, there is no
evidence of reactivity with surface sites other than defects
or step edges. This reflects the stability of the delocalized
π-bonded graphite sheet structure and the corresponding high
barrier to attack by the stable-gas phase reagents. The
possibility that acetylene breaks up upon impact and the
fragments (e.g., C2H) diffuse to the reactive edge sites cannot
be ruled out by the present data; however such radical species
would be expected to react with even the stable delocalized
π-bonded graphite sheet structure, a feature that is not
observed in the images.

Second, defect sites are clearly more reactive; 2 of 4
investigated defects exhibited carbonaceous growth even for
these mild reaction conditions (T ) 625 K) and modest C2H2

exposure times. The low reactivity of graphite compared to
soot is well documented, and the present results suggest that
at least one reason for this is the paucity of reactive surface
sites on typical graphite samples. Indeed, the ability of STM
methods to probe a single “interesting” (i.e., reactive) site
in the midst of a plethora of unreactive sites is one of the

Figure 2. (a) Magnified (7 × 7 nm2) STM image of Figure 1b highlights the transition from a graphite hexagonal structure (outlined by
the black diamonds) to a �3 × �3 R30° superstructure (outlined by the blue diamond). The black arrows indicate the starting and ending
points of the line profile shown in (b). The meaning of the blue and green arrows are explained in the text. The model in (c) shows the
bridge formed across pit #1 and the transition from hexagonal to superstructure. The blue circles represent the graphite atoms “visible” to
the STM tip. Green circles outline the superstructure. Orange circles show the pit edges before C2H2 dosing.
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great advantages of the technique. Nevertheless, to the extent
that the electronic structure around graphite defect sites
mimics the electronic structure of traditional soot material,
graphite reactivity can serve as an excellent model system
for unraveling the mechanisms of soot growth. Third, there
is clear evidence for the growth of both amorphous and
graphitic material at defect sites due to reaction with
acetylene (see, e.g., Figures 1, 3, and 4). An interesting
question for further study is whether graphite can be cleanly
annealed to remove defects by a suitable combination of
different hydrocarbon fuels or reaction conditions. Such a
procedure could be of great value in producing large scale
single graphite (graphene) sheets for use in two-dimensional
electronic device applications and for optimizing nanostruc-
tures prepared from these materials. From a standpoint of
soot formation mechanisms, it will be important to see
whether both amorphous and ordered graphitic structures are
observed at higher temperatures and with different fuel
mixes.

Heicklen et al. have studied the formation of soot material
and PAHs in the temperature range 570 to 820 K by
pyrolyzing alkynes (acetylene and vinylacetylene) at partial
pressures of ∼10 torr.27 The mechanism for this process was
identified as homogeneous radical reactions. In the present

experiments where C2H2 molecules were leaked into the
UHV chamber at room temperature, collisions with the hot
graphite surface would be required to produce an activated
species (C2H2*), which in turn could collide with another
gas phase molecule to produce, e.g., a radical such as C2H.
Such a radical might undergo further (reactive) collisions
with the surface. However, given the low pressure of
acetylene employed in the present experiments (10-8 torr)
such a scenario is highly unlikely. Radical attack of the
graphite surface from the gas phase can also be expected to
produce chemistry on the smooth (undefected) graphite
planes, which is not observed in the current experiments.

Surface reactions can take place through either the
Eley-Rideal or the Langmuir-Hinshelwood mechanisms.28

In the Eley-Rideal mechanism, gas phase reactants collide
with reactive surface sites and undergo chemical reactions
without equilibrating with the surface. Since the total dosage
of C2H2 is 1.0 L in the present experiments, each atomic
surface site, on average, has the chance to collide with one
C2H2 molecule during the entire dose time. If the surface
reactions take place through the Eley-Rideal mechanism,
carbonaceous species would only cover the initial pit edges.
However, the experimental results show that the carbon-
aceous materials cover significant regions of the pit area

Figure 3. (a) Magnified (9 × 9 nm2) STM image of area 3 in Figure 1b. The line profile in 3b shows that the newly formed bridge has the
same periodicity as the superstructure at the pit edges. The black arrows indicate the starting and ending points from which the periodicities
were calculated.
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(Figures 3a and 4a). Therefore, surface reactions almost
certainly take place through a Langmuir-Hinshelwood
mechanism in which carbon is initially captured through
physisorption of the incident C2H2 molecules. These mol-
ecules then diffuse, either on the graphite terraces or within
the defect pits, until they desorb or encounter reactive sites.
At these sites, as discussed below, reactions lead to the
formation of the observed carbonaceous material. On the
basis of estimates of the energy barriers for desorption and
diffusion of physisorbed acetylene molecules, we expect
diffusion over several nanometers to occur (see Supporting
Information). This distance is sufficient to explain the
quantity of carbonaceous material observed experimentally.
In the STM images, we see no evidence of physisorbed
acetylene, just as expected given the very short lifetime of
the molecules on the surface.

The terminations of step edges and defect sites for oxidized
carbonaceous materials have attracted the attention of both
experimentalists and theoreticians for many years. Chemical
titration,29,30 temperature-programmed desorption,31 scanning
tunneling microscopy and spectroscopy,32 as well as quantum-
chemistry calculations,33 suggest that these edges are termi-
nated by hydroxyl and carboxyl functional groups for
samples prepared in air. Upon high-temperature annealing
in UHV, the oxygen and hydrogen atoms are expected to
desorb (at least partially) from the surface in the form of
H2O, CO, and CO2.31 Thus, it is likely that the heavily

annealed samples investigated in our UHV study have at least
some zigzag structural defect sites terminated with unreacted
carbenes and/or armchair structures terminated with unre-
acted carbynes.33 These highly reactive structures present
likely points for further radical initiated reactions with
unsaturated hydrocarbons such as C2H2, even at the relatively
low temperatures employed in the present experiments. It is
interesting to speculate whether the absence of carbonaceous
material growth observed experimentally for two of the pits
might reflect the absence of such “dangling bond” reactive
sites.

A hydrogen abstraction, C2H2 addition (HACA) mecha-
nism has been proposed for the growth of soot particles at
high temperatures in flames.3,4,34 The HACA mechanism
consists of two repetitive steps: a hydrogen atom at the edge
of a PAH or soot surface is abstracted by a hydrogen atom
in the gas phase, followed by C2H2 addition to the radical
site generated in the first step. To keep the surface growing,
hydrogen atoms must be supplied continuously from the gas
phase. In flames hydrogen atoms are available from the
thermal dissociation of hydrogen molecules. However, under
UHV conditions, there is no source of H atoms and only a
vanishingly small amount of H2 is available from residual
background gas in the chamber. Nevertheless, as mentioned
above, reactive sites are likely available at the pit edges where
addition of C2H2 molecules to the edge radical sites is
energetically favorable and can initiate the growth of

Figure 4. (a) STM images (8.7 × 8.7 nm2) of the reacted area in pit #2. The honeycomb superstructure is outlined by blue hexagons. The
model in panel b highlights the superstructure. The blue circles represent the graphite atoms “visible” to the STM tip. The red hexagons
represent the superstructure. The blue line shows how the line profile, presented in Figure 5, was obtained. The green arrows indicate the
starting and ending points of the line profile in Figure 5.
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carbonaceous material. This obviates the necessity for the
first step in the HACA mechanism since radical sites are
already present from the annealing procedure employed with
the UHV sample. However, the growth should have stopped
after the edges react with the C2H2 molecules if free radicals
cannot be supplied continuously at the newly formed edges.
Our experimental results show that graphitic structures keep
growing until the pits are significantly covered (Figures 3a
and 4a).

An adaptation of the HACA mechanism, which could
replenish free radical sites at the newly formed armchair
edges of the carbonaceous particles as the growth progresses,
can be envisioned (reaction 1). First, a C2H2 molecule reacts
with an existing free radical formed during annealing at one
armchair site (step 1), followed by hydrogen atom migration
from the aromatic ring to the side chain (step 2). This
migration facilitates the direct cyclization between the side
chain and the aromatic ring.35 Finally, the ring closing
reaction would need to be accompanied by H2 molecule

release, resulting in a free radical site at the newly formed
front edge (step 3). This last step might limit the rate of this
reaction given its possibly substantial barrier. In the HACA
mechanism, the ring closing reaction is accompanied by H
atom release appropriate for growth at the higher tempera-
tures characteristic of combustion flame soot formation.

Besides armchair edges, zigzag edges certainly also exist
at the defect and step edge sites. In addition, cyclization at
the armchair edges by reaction with C2H2 molecules will
lead to zigzag edges.36 A mechanism for the continuous
growth of PAHs at zigzag edges has been proposed by
Frenklach et al.34 and references cited therein. This mech-
anism can be adapted to the present experiments in a manner
similar to that described above for the armchair edge
mechanism presented in reaction 1.

Figure 5. Line profile of the honeycomb superstructure in Figure 4 shows that it has the same periodicity as that of the normal graphite
surface.
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In summary, growth of carbonaceous material on graphite
surfaces has been directly observed using scanning tunneling
microscopy. Exposure of deliberately defected graphite
samples to acetylene in ultrahigh vacuum at a surface
temperature of 625 K results in the formation of both ordered
and amorphous new carbon growth. No reaction is observed
to take place on smooth graphite surface planes. The low
dose of acetylene used in these experiments indicates that
the observed growth of new carbon structures proceeds
through a mechanism in which initially physisorbed species
equilibrate at least partially with the graphite substrate and
diffuse on the surface to the defect sites where reaction takes
place. Scanning tunneling spectroscopy will be used in the
future to determine the nature of the electronic structure of
the reactive surface sites both before and after growth of
carbonaceous material. Given the similarity of the electronic
structure at these graphite defect sites to that of soot material
growing in flames at higher temperatures, studies of this type
are expected to shed light on the mechanisms for soot growth.
In addition these experiments suggest that repair of defect
sites in single sheet graphene structures, materials of
considerable interest for future electronic devices, may be
possible using exposure to unsaturated hydrocarbons at
modest surface temperatures.
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