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ABSTRACT: Graphene nanoribbons (GNRs), as an emerg-
ing class of material, hold great potential for the future high
speed and low power electronic and spintronic devices. The
fabrication of GNRs is of the utmost interest in terms of
graphene based device research. Chemical narrowing of GNRs
by oxidation is a promising technique in producing nanorib-
bons of desired widths. In this article, we hope to elucidate the
etching mechanism of zigzag GNR (ZGNR) edge by oxidation
through theoretical investigations. The oxidation mechanisms
and dynamics of the ZGNR edge by O2 and O3 are fully
revealed by density functional theory and statistical theory. The relationship between the reaction time and pressure as well as
temperature is estimated dynamically. These theoretical results successfully interpret the recent experimental results and can be
further used to predict the appropriate oxidation conditions for the precision etching of ZGNRs.

I t is well-known that graphene has become the center of
attention in the field of material research over the past

decade.1 The major milestones in graphene research led to the
development of large area graphene sheets,2 transparent
electrodes,3 and graphene based field effect transistors
(FETs).4 The high electron mobility of >15 000 cm2 V−1 s−1

has been reported in ambient conditions.1 Along with long spin
diffusion length and relaxation times,5 graphene is recognized as
one of the most promising candidates for future electronic and
spintronic devices. However, graphene is semimetallic without a
bandgap. In order to overcome such a hurdle, attempts to open
a bandgap have been made. Quantum confinement by
narrowing graphene into nanoribbons allows the creation of a
bandgap in the orders of the tenth of an eV.6,7 Experimental
results demonstrated the graphene nanoribbon (GNR) energy
bandgap increases with reduced width.8,9 It is crucial to fine-
tune the techniques for the fabrication of GNRs to achieve the
desired nanoribbon widths for specific bandgap openings.
For the two possible edge structures (zigzag and armchair),

zigzag graphene nanoribbons (ZGNRs) possess localized
nonbonding edge states,10 in which every vertex carbon atom
along the edge acts as a radical. Therefore, the edges of ZGNRs
are prone to intense chemical activity. In recent experimental
investigation with the electron spin resonance (ESR) measure-
ments, Rao et al.11 reported that the triplet state O2(

3Σ−
g) can

be adsorbed at the ZGNR edges easily at T = 300 K and PO2 =
1420 Torr. However, ZGNRs do not have the ability to adsorb
many other gaseous molecules, such as H2, N2, He, and Ar. It is
obvious that there is a particular interaction between ZGNRs
and oxygen. Furthermore, Wang and Dai.12 apply this particular
property to narrow ZGNRs without damaging the basal plane
of grapheme at high temperature, which can make the ZGNRs

width to less than 10 nm. It becomes one of the important
techniques9,12−17 to obtain the ZGNRs with desired band gaps.
Nevertheless, despite several theoretical papers discussing

this oxidation reaction published in recent years,18−25 the
oxidation reaction mechanism remains largely unclear. As this
process occurs exclusively at the edge, we have conducted a
systematical investigation aimed at unravelling the oxidation
mechanisms of the edge carbon atom with oxygen and ozone
and their dynamic features. We attempt to predict the etching
rate ZGNRs by oxygen and ozone with high level of accuracy. It
is hopeful that this study would enable much higher control for
experimentalists who design fabrication processes to tailor the
dimensions of ZGNRs.

■ COMPUTATIONAL METHODS

The geometric parameters of the stationary points on the
oxidation reaction potential-energy surfaces of the ZGNR edge
with O2/O3 were optimized by Gaussian 09 program26 utilizing
B3LYP functional27 with 6-311G(d,p) and 3-21G(d) basis sets.
For these solid−gas reaction systems, the critical parts
concerning direct reaction atoms (High level) was calculated
by the 6-311G(d,p) basis set and the other atoms (Low level)
by the 3-21G(d) basis sets, which was performed by ONIOM
method28 implemented in Gaussian. The vibrational frequen-
cies were calculated at all stationary points to determine the
energy minimum structures and transition states. There is only
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one imaginary vibrational frequency for each one transition
state.
The oxidation reaction rate constants were calculated by

using the statistical mechanics and transition state rate theory in
the VARIFLEX program.29 The vibrational state densities were
calculated by the direct state counting approach with the
Beyer−Swinehart algorithm.30 The contribution of both 3-
translation and 3-dimenstion rotation were excluded for all
stationary points except the gas phase molecule O2 and O3. The
pressure dependence was treated by master equation using the
Boltzmann probability of the complex. The potential energy
path of the barrierless association process was approximated
with the Morse potential function along the reaction coordinate
in conjunction with the other two potentials, which are
corresponding to the conserved and transitional degrees of
freedom orthogonal to the reaction coordinate. The potential
for the conserved degrees of freedom corresponds to the
normal-mode vibrations in the separated fragments and is
assumed to be the same as in the fragments. The potential for
the transitional degrees of freedom is described in term of
internal angles with sinusoidal functions.31 The relationship of
oxidation reaction time with the pressure of O2 and O3 was
calculated by solving the rate differential equations. The details

of the dynamical formulas are provided in Supporting
Information.

■ RESULT AND DISCUSSION
Oxidation by O2. In our other article,32 we discussed the

electronic spin state of the ZGNR edge and the alternating α
and β spin configuration was considered as ground state of
ZGNR. We can model ZGNR edge by C28H13(

2A′), as shown
in Figure 1, to interact with O2(

3Σ−
g), since only one oxygen

atom of O2(
3Σ−

g) can approach the edge carbon atom.
Consequently, the initial oxidation of the outermost row
carbon atoms of the ZGNR edge by oxygen molecules can be
represented by the C28H13(

2A′) + O2(
3Σ−

g) model reaction
(denoted as reaction (1)). As shown in Figure 3, this reaction
contains two low energy steps:

′ + Σ → +−C H ( A ) O ( ) P1 COg28 13
2

2
3

(1a)

″ + Σ → +−C H O ( A ) O ( ) P2 COg24 9 5
2

2
3

2 (1b)

The products, intermediates and transition states are denoted
by the capital letters P, INT, and TS, respectively, in reaction
(1). The main geometric parameters of these species calculated
theoretically are all displayed in Figure 1 and their energies,

Figure 1.Main geometric parameters (bond lengths in Å) of intermediates (INT), transition states (TS), products (P), and C28H13(
2A′) for reaction

(1).
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frequencies, and coordinates are listed in Table S1 of the
Supporting Information in detail.
In reaction 1a, the adsorption complex INT1 is first formed

with a C−O bond of 1.3421 Å and an adsorption energy of
−45.2 kcal/mol, almost equal to the value of C10H6(

1A′) +
O2(

3Σ−
g) → C10H6O2 (3A″) discussed in our other report,32

which is in close agreement with −45.5 and −45.1 kcal/mol
predicted by Park et al.33 and Zhou et al.,34 while it is higher
than Sendt and Haynes’s value (−32.3 kcal/mol)24 in the
doublet-C22H9O2 + O2(

3Σ−
g) system and lower than Silva-

Tapia et al.’s result (−66.3 kcal/mol)25 in the triplet-C46H16O +
O2(

3Σ−
g) system. Clearly, there is no reaction barrier in the

combination of the carbon radical and the O2(
3Σ−

g) molecule.
The potential energy (V) versus the approaching distance (R)
of C-OO can be described by a Morse function: V(R) = 48.1{1
− exp[−4.064(R − 1.520)]}2 kcal/mol.
In the adsorption complex (INT1), the dangling O atom

behaves like an active radical. Comparing the elimination of the
dangling O through the breaking of the O−O bond and the
formation of a four-membered ring structure by attacking the C
atom adjacent to the adsorbing C atom by the dangling O,24

the lowest energy channel is the dangling O atom attacking the
carbon atom of C-OO to form INT2 via a transition state
(TS1) with a potential barrier of 17.1 kcal/mol. It is 7.1 kcal/
mol lower than Sendt and Haynes’s result24 and in good
agreement with Silva-Tapia et al.’s result.25 The intermediate

complex INT2 lies below INT1 by only 3.7 kcal/mol and can
rearrange to the lower energy intermediate INT3 via transition
state TS2 with a potential barrier of 11.5 kcal/mol by breaking
the O−O bond and inserting one of the two oxygen atoms into
the adjacent C−C bond while breaking the C−C bond. INT3 is
a quite stable intra ester structure that sits 58.9 kcal/mol below
INT2. Following the strong exothermicity of 110.4 kcal/mol
from the reactants C28H13(

2A′) + O2(
3Σ−

g) to the intermediate
INT3, the reaction can go through the transition state TS3 to
produce P1 and CO with an exothermicity of 114.8 kcal/mol.
Although TS3 is 63.7 kcal/mol higher than INT3, it is 46.7
kcal/mol below the C28H13(

2A′) + O2(
3Σ−

g) reactants and is
the lowest transition state in energy. The new product P1 is
formed by replacing the C atom of ZGNR edge with one
oxygen atom.
In fact, each carbon radical of the ZGNR edge can absorb

one oxygen molecule to form a P1-like product as discussed
above. Therefore, the rational model cluster, C24H9O5 (2A″),
with O2(

3Σ−
g), can undergo a second oxidation step (1b).

From a weak adsorption complex INT4 over a low barrier
transition state TS4 to a slightly stronger adsorption complex
INT5, the energy changes from −1.0 kcal/mol to −0.6 kcal/
mol to −15.3 kcal/mol and the adsorption interatomic distance
of O−C (labeled with C7−O39) shortens from 2.575 to2.329
Å to 1.432 Å. Next, the dangling O atom is easily absorbed by
the neighboring C atom connecting the precursory oxygen

Figure 2. Main geometric parameters (bond lengths in Å) of intermediates (int), transition states (ts), products (p), and C28H12(
1A′) for reaction

(2).
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atoms through the adsorption barrier of TS5, which is only 0.7
kcal/mol. The adsorption product INT6 is made up of a five-
membered ring and sits below C24H9O5 (

2A″) + O2(
3Σ−

g) by
38.1 kcal/mol. INT6 is not stable enough because it can easily
rearrange into the INT7 configuration via TS6 with much more
exothermicity of 97.7 kcal/mol. This process goes over a barrier
of only 9.5 kcal/mol with the separation of O−O and C−O
bonds (O39−O40 and C7−O37). The rearranged complex
(INT7) contains two intra ester structures and a tetrahedral
carbon. The tetra−C-O- bond (labeled with C6−O36) of INT7
is easily broken via the transition state TS7 to form its isomer
INT8, for which the forward and reverse barriers are 11.2 and
10.5 kcal/mol, respectively. However, from INT8, CO2 is more
readily eliminated with a low energy barrier of 4.9 kcal/mol via
the transition state TS8. At the lowest energy, −125 kcal/mol,
the products P2 and CO2 complete in this reaction process.
From the P2 structure, we can see that there is a new carbon

radical appearing at the vertex of the hexagon with the
completion of reaction 1b. Apparently, with the all −CO2
groups in the P2-like structure eliminated, the new ZGNR edge
reappears and its width is reduced by 2.069 Å from the
precursor ZGNR.
In light of the above oxidation mechanism of ZGNR edge

with oxygen molecules, the reaction kinetic properties can be
predicted by variational transition state theory with master
equations. The temperature range is chosen to be from 300 to
2000 K and the pressure ranges from 0.01 Torr to 100 Torr.
The result shows that there is a pressure effect only in the low
temperature range of <500 K. In 300−500 K, the rate constant
decreases with the increasing pressure and, because the rate
constant is too small, the reaction would be dynamically very
slow. Figure 4a illustrates the rate constants of reactions 1a and
1b with respect to reciprocal temperature at 1 Torr pressure.
We observe that both rate constants increase rapidly with the
increasing temperature from 300 K and reach the maxima at

800 K for k1a and at 600 K for k1b. Beyond the temperatures for
the maximum rate constants, k1a drops down slightly and k1b
keeps constant basically, while k1a is several orders of magnitude
higher than k1b in high temperature range because reaction 1a is
more favorable to proceed than reaction 1b. Therefore, reaction
1b is the rate-determining step. Also, the effects of the errors in
energy barrier on the theoretical rate constant was checked for
this reaction. At the temperature of 800 K and the pressure of 1
Torr, k1a is predicted to be 2.61 × 10−11 cm3 s−1. With a given
±20% energy barrier error of the key transition state (TS1), k1a
are estimated to be 2.51 × 10−11 and 2.63 × 10−11 cm3 s−1 at
the TS1 energies of −24.7 and −31.5 kcal/mol. This signifies
that the 20% error in barrier energy only causes a small change
on the rate constant, because of the strong exothermic nature of
the reaction and the positioning of the transition state below
the reactants in energy. The same weak correlation between
barrier energy and rate constant applies to k1b, as well as
reaction (2) discussed later in this report. Therefore, these
theoretic results remain reliable despite any modest deviation in
the reaction energy surface defined by density functional theory
calculations.
To consider the appropriate reaction condition to avoid

reacting too quickly or inefficiently, the dynamic properties of
the C28H13(

2A′) + O2(
3Σ−

g) model reaction were investigated.
We varied the temperature over 500−1200 K and the O2
pressure over 0.01−5 Torr, and solved the rate differential
equations of reactions 1a and 1b. For one reaction cycle
including the reactions 1a and 1b, two and a half carbon atoms
(2.5C) of the ZGNR edge would be consumed with the release
of CO and CO2. Taking 2.5C as a reacting unit, the linear
concentration of the ZGNR edge can be estimated to be 2.68 ×
107 cm−1. With the first row carbon atoms of ZGNR edge
oxidized and the second row carbon atoms exposed, the
oxidation reaction of the second row carbon atoms would start
before the first row carbon atoms are completely oxidized. If

Figure 3. Potential energy surfaces of graphene edge with O2(
3Σ−

g) and O3(
1A1), in kcal/mol. (1a) and (1b) are the two low energy reaction steps

for the initial oxidation of the outermost row carbon atoms of ZGNR edge by O2(
3Σ−

g) (reaction (1)). (2a-c) represent the potential energy surface
of the three reaction steps for the ozonolysis process of the ZGNR edge (reaction (2)).
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the first row carbon atom oxidation proceeds rapidly, the
oxidation of the second row carbon atoms might occur with a

slight delay. Figure 5A shows the predicted reaction time for
the first row carbon atoms of ZGNR edge to be oxidized by
60%, 80%, and 99% at different temperatures and oxygen
pressures. At a given temperature, there is a linear logarithm
relationship between the reaction time and the oxygen pressure,
in which the reaction time shortens with the increasing oxygen
pressure. At any given oxygen pressure, the reaction time
decreases with the increasing temperature and reaches the
shortest time at 700 K. Above 700 K, the reaction time starts to
lengthen continuously with increasing temperature, because k1a
decreases slightly at temperatures >800 K. Also, we can see that
the lines in 700−1200 K are densely distributed. It shows the
temperature influence on the reaction time is not as sensitive as
oxygen pressure. In Wang and Dai’s measurement12 of
graphene edge etching by O2, the etching rates are about 3−
5 nm/min at 1023 K and 0.1 Torr O2 pressure and 3.8−5 nm/
min at 1073 K and 0.025 Torr O2 pressure. According to Figure
5A-c, at 1023 K and 0.1 Torr O2 pressure the reaction time is
estimated to be 4 s. The predicted etching rate should be 3.1
nm/min, which is consistent with the experimental value.
Consequently, at oxygen pressure higher than 0.1 Torr the
oxidation reaction of the second row carbon atom starts to
proceed when the first row carbon atoms are approaching the
point of depletion. As shown in Figure 5A-a, at 1073 K and
0.025 Torr O2 pressure the reaction time is predicted to be 3.4
s. The predicted etching rate should be 3.7 nm/min, which is
also close to the experimental result. At oxygen pressure lower
than 0.025 Torr, the oxidation reaction of the second row
carbon atom starts when the first row carbon atoms are 60%
oxidized. The etching rate at 0.025−0.1 Torr may be predicted
by Figure 5A-b, in which the oxidation reaction of the second
row carbon atom begins to take place when the first row carbon
atoms are 80% oxidized.

Oxidation by O3. The ground state ozone molecule,
O3(

1A1), is of a diradical electronic configuration. There are
two unpaired electrons with opposite spins at the two terminal
oxygen atoms. These two oxygen atoms can simultaneously
combine with two adjacent carbon radicals of ZGNR edge with
little effort. Using the model of C28H12(

1A′) in Figure 2, the

Figure 4. Rate constants of oxidation of ZGNR by (a) O3(
1A1) and

(b) O3(
1A1) with respect to reciprocal temperature.

Figure 5. Reaction time of the oxidation of ZGNR edge. (A) The reaction time with respect to oxygen pressure. (B) The required time with respect
to ozone pressure. (a), (b), and (c) represent 60%, 80%, and 99% of the outermost row carbon atoms of the ZGNR edge to be eliminated by
oxidation.
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ozonolysis mechanism contains three lowest energy steps as
following

′ + → +C H (A ) O (A ) p1 CO28 12
1

3
1

1 (2a)

′ + → +C H O (A ) O (A ) p2 CO26 10 4
1

3
1

1 (2b)

→ +C H O p3 CO25 11 6 2 (2c)

as shown in Figure 3, in which the intermediates, transition
states, and products of reaction (2) are all designated in lower
case, int, ts, and p, respectively, in order to distinguish them
from reaction (1). The main geometric parameters of these
stationary points are all displayed in Figure 2 and their energies,
frequencies, and coordinates are listed in Table S2 of the
Supporting Information in detailed.
In reaction 2a as shown in Figure 3, the first intermediate

complex (int1) is formed barrierlessly from C28H12(
1A′) +

O3(
1A1) with an exothermic energy of 150.7 kcal/mol and two

C−O bonds (labeled with C1−O41 and C8−O43) of about
1.38 Å. This barrierless process can be expressed by a Morse
function: V(R) = 156.2{1 − exp[−3.309(R − 1.500)]}2 kcal/
mol. Because of such a large association energy, the reverse
reaction is difficult to occur under ambient conditions.
However, the succeeding reaction from int1 to int2 proceeds
with ease via the transition state ts1. The energy of ts1 is almost
the same as that of int1, while int2 is 21.5 kcal/mol below int1.
With the formation of int1, one O−O bond (labeled with
O42−O43) elongates to 1.6067 Å and would break
immediately transforming itself to int2, which has an active
peroxy group like INT1 in the C28H13(

2A′) + O2(
3Σ−

g)
reaction. As a result, the dangling oxygen atom (O42) can make
contact with the C atom (C1) to form a COO trigonal
structure (int3) via the transition state ts2 with a barrier of 25.3
kcal/mol. The intermediate int3 is 163.1 kcal/mol below
C28H12(

1A′) + O3(
1A1) and it can be readily rearranged into an

isomer int4, which is 221.1 kcal/mol below C28H12(
1A′) +

O3(
1A1), via the transition state ts3 with a barrier of 24.3 kcal/

mol. Despite having undergone two transition states from int2,
int4 can be formed promptly because both ts2 and ts3 are much
lower than C28H12(

1A′) + O3(
1A1) in energy. It can be seen that

int4 contains the function groups of both ester (C−O−CO)
and quinine (CO), which is consistent with the experimental
result observed by Mawhinney et al.35 in the oxidation of the
rim of a single wall carbon nanotube with ozone. Then, int4 can
decompose into products p1 and CO by the breaking of two
bonds (C1−O4 and C1−C2) and the forming of another O−C
bond (O41−C2) via the transition state ts4 with a barrier of
51.4 kcal/mol. The products p1 + CO are 233.7 kcal/mol
below C28H12(

1A′) + O3(
1A1). In addition, the oxidized

product, p1, contains one CO group and one C−O−C
part. Therefore, with the completion of reaction 2a, both CO
and C−O−C groups can be formed alternately along the
ZGNR edge.
Oxidized graphene corresponding to p1 can be represented

by C26H10O4(
1A′) for the second reaction step 2b. Combining

with the second O3(
1A1), a physic-adsorption complex (int5)

can form with an exothermicity of 7.3 kcal/mol by electrostatic
interaction between C26H10O4(

1A′) and O3(
1A1). Evidently,

there is no barrier in the C26H10O4 + O3(
1A1) → int5 process.

However, there is a transition state (ts5) between the physic-
adsorption complex (int5) and the chemic-adsorption complex
(int6). Since, ts5 is merely 0.6 kcal/mol higher than C26H10O4
+ O3(

1A1) and int6 is 36.1 kcal/mol lower than C26H10O4 +

O3(
1A1), the process of int5 → int6 could occur instanta-

neously with the 7.9 kcal/mol barrier. It is apparent that the
O−O bond strength is weakened from O3 molecule to int6.
Following the formation of int6, the reaction further proceeds
to a lower energetic intermediate int7 via transition state ts6 by
breaking both O−O and C−O bonds (O41−O42 and C8−
O37) simultaneously. The energies of ts6 and int7 are 7.0 and
57.1 kcal/mol below C26H10O4 + O3(

1A1). From int7, the active
dangling O atom (O42) can attack the C atom (C8) of the C
O group to form the intermediate int8 through transition state
ts7. The barrier of this process is 20.4 kcal/mol and int8 is only
0.7 kcal/mol lower than ts7. It is apparent that int8 is unstable.
On one hand, the reversal from int8 to int7 can occur readily,
on the other hand, with the breaking of the O−O bond (O43−
O42) and two C−C bonds (C6−C7 and C7−C8), a forward
decomposition leads to the more stable products p2 + CO via
ts8 with the barrier of 4.5 kcal/mol. Since p2 + CO is also
below C26H10O4 + O3(

1A1) by 119.3 kcal/mol, this
decomposition is easy to take place.
From the above reaction 2b, one can find that the C−CO2

bond (C7−C8) in p2 is stretched to 1.524 Å, which could
enhance the CO2 elimination and the new C radical formation
(product p3) from p2. In order to keep the newly formed C
radical from being contaminated by the surrounding O atoms,
the doublet state C25H11O6 is used to replace the singlet state
p2 for investigate the following CO2 elimination. We can see
that, through the transition state ts9, reaction 2c undergoes the
CO2 elimination process and the elimination barrier is only 4.6
kcal/mol. This elimination produces stable CO2 and the p3
radical, which are 25.3 kcal/mol lower than C25H11O6. With the
CO2 eliminated on other sites, a new ZGNR edge is formed.
Consequently, the ZGNR edge has been narrowed as the result
of the consecutive reactions 2a, 2b, and 2c.
Figure 4b shows the predicted rate constants of the above

three reaction steps in the temperature range of 300−2000 K.
The rate constant (k2a) of reaction 2a is in the ranges of about 1
× 10−10 to 2 × 10−12 cm3/s and is negative temperature
dependent because of its strongly exothermic and barrierless
process, while the rate constant (k2b) of reaction 2b is about 6−
3 orders of magnitude less than k2a and is positive temperature
dependent. However, the rate constant (k2c) of reaction 2c is
strongly positive dependent on the temperature because of its
small positive decomposition barrier. The reaction 2b is clearly
the rate-determining step. It would cause excess concentrations
of the intermediates and p1 of reaction 2a, especially in low
temperature and at the beginning of the reaction. With the
increasing temperature, the rate of reaction 2b increases to
reduce the concentrations of the intermediates and p1 of
reaction 2a. This explains Mawhinney and co-workers’
experimental result,35 which indicates that the infrared spectra
of ester and quinone functional groups were observed at 298 K
and begin to dwindle at 473 K and, then, completely disappear
at 873 K.
On the basis of the rate constants and rate differential

equations of reaction (2), the relationship of reaction time with
respect to O3 pressure is revealed in Figure 5(B). Because one
reaction cycle may consume four carbon atoms (4C) of the
ZGNR edge, the 1-dimensional concentration of the ZGNR
edge can be assumed to be 2.01 × 107 cm−1 in terms of reaction
unit 4C. Analogous to reaction (1), three plots represent the
time-pressure relationship of the ozonolysis of the top row
carbon atoms of ZGNR edge to 60%, 80%, and 99%. It can be
seen that the ozonolysis time shortens with the increasing O3
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pressure. At a given O3 pressure, the reaction time is very long
at temperatures under 400 K because of limited value of k2b at
this temperature, while at 500 K the reaction time shortens
dramatically because of the significant increase of k2b. With
further temperature increase, the reaction time still drops, but
the change is much less significant. This implies that at high
temperature the reaction time is not very sensitive to
temperature change. In order to compare reaction (2) with
reaction (1) dynamically, Figure 6 displays the change of

reaction time with respect to the temperature at the pressure of
0.05 Torr (O2 or O3) and the edge 80% oxidized. It is obvious
that the reaction time of reaction (1) is much longer than that
of reaction (2) at under 600 K because of the smaller k1a and
k1b, while the former is somewhat shorter at above 600 K since
k1b is about a factor of 2 times greater than k2b. At high
temperature and low O3 pressure, ozonolysis has a slightly
longer reaction time, which is favorable to control the process
of etching ZGNR edge. Therefore, ozone molecule might be a
good oxidant like oxygen molecule for etching ZGNR edge.

■ CONCLUSION
In summary, the oxidation mechanisms of ZGNR edge by O2
and O3 have been studied by using density functional theory.
The C28H13(

2A′) + O2(
3Σ−

g) model reaction (1) is a
consecutive two-step reaction and the C28H12(

1A′) + O3(
1A1)

model reaction (2) involves a consecutive three-step reaction.
In the first reaction step, the exothermicity of reaction (1) is
estimated to be 114.8 kcal/mol and that of reaction (2) is 233.7
kcal/mol. The rate-determining step is the second step for both
reactions. The dynamic analysis shows that, for one row carbon
atoms etching, the oxidation time shortens significantly with
increasing O2/O3 pressure. For reaction (1), it shortens rapidly
when the temperature increases from 400 to 700 K and
lengthens slowly at temperatures higher than 700 K. For
reaction (2), the reaction time at 400 K is very long, while at
500 K it shortens dramatically. At temperatures over 500 K, the
reaction time continues to drop, but the change is much less
significant. Therefore, the etching processes of ZGNR by the
oxidation of O2 and O3 can be precisely controlled by
temperature and pressure. Also, this theoretical result predicts

the O3 etching process can act as an excellent alternative to the
existing O2 process.
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