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A B S T R A C T

Edges play a determining role in the electronic and transport properties of graphene, how-

ever, their actual morphology and configuration remain unknown. Using ab initio thermo-

dynamics, we have systematically studied the stability and structure of armchair and

zigzag edges of graphene in pure O2 and combined O2 and H2 environments. In total, 81

different nanostructures were investigated, however, only a few of them domain the phase

diagram. Our calculations show that zigzag edges are less stable than armchair edges.

Nonetheless, the former exhibit a much richer diversity in terms of structures. The oxy-

gen-terminated edges occupy the largest regions in the phase stability diagram in compar-

ison with hydrogen-oxygen-terminated edges, which correspond to carboxyl and alcohol

functional groups.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene nanoribbons (GNRs) are bidimensional strips of iso-

lated graphite layers (graphene) featuring widths at the nano-

meter scale. The structural boundary conditions imposed by

their width provide them with unique electrical [13,29,14,6],

optical [22], thermal [3], and mechanical [24] properties. More-

over, these properties can be tuned by the width of the strips.

Recent theoretical and experimental works show that the

band gap of these semiconducting nanoribbons decrease with

their width [14,6]. It is clear then that GNRs offer a great utility

for future electronic devices. In fact, GNRs could increase by

more than 10,000 times the number of transistors per area
in computer chips. However, before the fabrication process

can be scaled up, it is essential to provide control in the syn-

thesis of GNRs, a task that remains unsolved. Most of the

approaches to produce GNRs are top-down techniques, which

implies only limited control over their size and structure

[16,8,38,30,27,43,10,9,21,18,17,5]. Nonetheless, a great improve-

ment has been made with bottom-up synthesis using

molecular precursors. With this method it was possible to

synthesize 7-atoms-wide [4] and 13-atoms-wide [7] GNRs.

The edges of graphene are more reactive than the pristine

basal plane [42,44]. Indeed, GNRs are an excellent platform

for functionalization [1,45,26]. While it is known from experi-

mental studies, which functional groups can be found at the
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edges of GNRs (carboxyls, anhydrates, lactones, phenols, lac-

tols, pyrones and ketones [37,12,11,23,2]), their actual

arrangement and abundance still remains unknown. This is

an ideal scenario for ab initio thermodynamics [32] since,

relying on state-of-the-art quantum-chemistry calculations,

one can estimate which structures shall predominate at a

given chemical potential (or pressure). To stress the impor-

tance of theoretical studies, it is instructive to remember that

the unusual electronic and magnetic properties of GNRs were

first theoretically predicted [13,29] and only then experimen-

tally verified.

Here, we present a theoretical approach to the structure

and stability of graphene edges in an environment containing

H2 and/or O2. Several studies can be related to this work. Lee

investigated the interaction between vicinal functional

groups [25]. It was found that for OH terminations the interac-

tion is attractive, while for NH2, COOH, CN, C6H6 it is

repulsive. The thermodynamics and kinetics of O2 chemisorp-

tion have been studied on graphene clusters and carbon

nanotubes [36]. It was concluded that oxygen dissociates

on armchair edges, while on zigzag the adsorption is non-

dissociative.

Seitsonen et al. investigated the structure and stability of

such edges in O2, CO2, H2O, and NH3 environments by ab initio

thermodynamics [35]. Due to the large number of possible

structures they restricted their work to O/H/N contents as

fixed by the respective molecular stoichiometries. However,

there is no such restriction in nature. Still, several structures

where evaluated and only few resulted stable: armchair lac-

tone in the case of oxygen, and a zigzag edge in the case of

water and ammonia.

Another approach was made by Vanin et al. [41], who stud-

ied the stability of five different edge geometries in the pres-

ence of common gases. They showed that the saturation of

zigzag, and armchair by atomic oxygen and hydrogen are

the most stable for GNRs. Since the topic was to compare

the stability of different edges, only one structure was evalu-

ated for each edge containing oxygen, hydrogen, nitrogen,

and other passivating elements.

Besides the comparatively smaller amount of structures

tested, a common limitation in the latter works is that

entropy was not considered in the calculation of the free

energy. To the best of our knowledge, in the present work

ab initio thermodynamics of GNRs is performed for the first

time without imposing any restriction on the O/H content

and including the vibrational entropy into the edge free

energy.

This work is organized as follows: in Section 2, we provide

the details of the modeling and the set-up of the density func-

tional theory (DFT) calculations, the procedure to obtain the

edge free energy, and the strategy to discard unstable struc-

tures without any computational cost. In Section 3, the most

stable edge structures found in this work are shown for two

different environments: oxygen and hydrogen–oxygen atmo-

spheres. Finally, the conclusions are given in Section 4. In

addition, all the details regarding energetic convergence crite-

ria, vibrational considerations, and some unstable structures

which are not shown here are provided in the Supporting

information.
2. Theory

2.1. Modeling and first-principles calculations

We modeled the GNRs as graphene sheets which are periodic

in one dimension (x axis) and truncated by two edges (y axis).

The edges correspond to the so-called armchair and zigzag

configurations. One side of the nanoribbon is bonded to the

species of interest while the other side is closed with hydro-

gen atoms. The gap distance between the periodic edges

and between graphene planes is 12 Å. The width of the nano-

ribbon (from edge to edge) was optimized by increasing the

number of carbon atoms along the y axis until the change

in the edge free energy (explained below) for a two-side

hydrogen-terminated graphene was less than 0.01 eV Å�1.

For this purpose, a distance of 9.27 Å for zigzag edges and of

8.03 Å for armchair edges suffices (see Supporting informa-

tion). The carbon–carbon distance was taken from the opti-

mized graphene lattice constant of 2.46 Å, which is in

excellent agreement with experimental values [19].

All calculations were performed using DACAPO [15], a DFT

code. The electron-ion interactions were accounted through

ultrasoft pseudopotentials [40], while the valence electrons

were treated within the generalized gradient approximation

(GGA) in the version of Perdew, Burke and Ernzerhof (PBE)

[31]. An energy cutoff of 450 eV was used with a (12 · 1 · 1)

k-points Monkhorst–Pack grid [28] for zigzag and armchair

unit cells. In any case, an increase by 1 k-point, or by 50 eV

in the energy cutoff, led to a negligible change in energy of

5 meV. For the relaxations the convergence criterion was

achieved when the total forces were less than 10 meV Å�1.

All the atoms were fully relaxed. Little change was observed

for the hydrogenated edge, and no graphene-sheet corruga-

tion was found.

Regarding the vibrational contributions to the free energy,

we have determined the vibrational frequencies for the edge

atoms of the nanoribbons by nonequivalent displacements

in different directions freezing the remaining atoms in the

equilibrium configuration. The harmonic frequencies at the

gamma point were calculated by diagonalizing the mass-

weighted Hessian matrix, obtained by numerical differentiation

of the analytical gradient with respect to the atomic coordi-

nates. Only the displacements of the edge atoms of the nano-

ribbons were considered while freezing the remaining atoms

in their corresponding equilibrium configuration. We have

found that a very accurate approximation is achieved if

only the adatoms and their closer carbon atoms up to

second neighbors are allowed to vibrate (see Supporting

information).

2.2. Edge free energy, and search strategy

We have determined the stability of several GNRs at a finite

temperature and pressure in the framework of first-principles

atomistic thermodynamics [32]. The environment acts as a

reservoir, therefore, taking/adding atoms from/to the edge

does not change the temperature or the pressure. In ab initio

thermodynamics, it is common to use the term surface free

energy since the topic of study is the surface of a structure.
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In the latter case the free energy is normalized by the area of

the surface. In this work however, we are interested in the

configurations of the edge of graphene; therefore, it is more

suited to use the term edge free energy (c). In contrast with

the former case, the free energy is normalized by the length

of the edge (L). The expression for c is the following

cðT;pÞ ¼ 1
L

GGNR � nCGgph � nHlH � nOlO

� �
� cH ð1Þ

where GGNR is the Gibbs free energy of a graphene nanoribbon

with nC; nH, and nO carbon, hydrogen, and oxygen atoms,

respectively; Ggph is the Gibbs free energy per atom of the

infinite graphene layer, lH and lO are the chemical potentials

of hydrogen and oxygen, respectively. Since we are only inter-

ested in the oxidized side of the nanoribbon, the energy of

forming the hydrogen-terminated side (cH) must be sub-

tracted. This is calculated by

cHðT;pÞ ¼
1
2L

GH � nCGgph � nHlH

� �
ð2Þ

where GH is the Gibbs free energy of the graphene nanoribbon

fully closed by hydrogen. The factor of two accounts for the two

edges.

The Gibbs and the Helmholtz free energies (F) are related

by

G ¼ Fþ pV ð3Þ

However, the pV term is negligible as long as the pressure is

below 100 atm (where it keeps in the order of 0.1 meV). In

turn, the Helmholtz free energy is defined as

F ¼ EDFT þ Fvib ð4Þ

where EDFT is the total energy (electronic + ionic) obtained by

DFT and it can be interpreted as the Helmholtz free energy

of the system at zero temperature and neglecting zero-point

vibrations. Fvib is the vibrational contribution to the

Helmholtz free energy, it depends on the vibrational modes

xi and the temperature T via

Fvib ¼ � �h
2

X
i

xi þ kBT
X

i

ln exp
�hxi

kBT

� �� �
ð5Þ

where �h and kB are the reduced Planck and Boltzmann con-

stants, respectively. The first term corresponds to the zero-

point energy and the second to the entropy. In summary,

the expression for the Gibbs free energy can be reduced to

Gðxi;TÞ ¼ EDFT þ Fvibðxi;TÞ ð6Þ

In addition to the total energy, the vibrational frequencies

have to be evaluated, which can be also done using DFT

calculations.

The chemical potential of oxygen is obtained by

lO ¼
1
2

EDFT
O2
þ EZPE

O2
þ l0

O2
ðT;p0Þ þ kBT ln

pO2

p0

� �� �
ð7Þ

where EZPE
O2

is the zero-point energy of the oxygen molecule.

Correspondingly, the chemical potential of hydrogen is given

by

lH ¼
1
2

EDFT
H2
þ EZPE

H2
þ l0

H2
ðT; p0Þ þ kBT ln

pH2

p0

� �� �
ð8Þ

For convenience, we can rewrite Eq. (1) as

cðT;pÞ ¼ 1
L

GGNRðTÞ � nCGgphðTÞ
� �

� qHlHðpÞ � qOlOðpÞ � cHðpÞ ð9Þ
where qx ¼ nx=L is the hydrogen or oxygen density. The den-

sity of x (x = H, O) determines the slope of c vs. lx.

A useful expression that we shall use is the formation

energy

Ef ¼
1
L

EGNR � nCEgph � nHEH2
=2� nOEO2

=2
� �

� EfH ð10Þ

where EfH is the formation energy of the other border of

graphene, terminated with hydrogen atoms:

EfH ¼
1
2L

EHGNR � nCEgph � nHEH2
=2

� �
ð11Þ

These energies correspond to total DFT energies, neglecting

the contributions of vibrations, temperature, and pressure.

According to its definition, the lower the formation energy

the higher the stability of the structure. A negative value of

the edge free energy corresponds to an exergonic process.

We can rewrite Eq. (9) as

cðT; pÞ ¼ Ef þ DFvibðTÞ � qHðlHðpÞ � EH2
=2Þ � qOðlOðpÞ � EO2

=2Þ
� ðcHðpÞ � EfH Þ ð12Þ

where the entropic term DFvib has been defined as

DFvibðTÞ ¼ 1
L

Fvib
GNRðTÞ � nCFvib

gphðTÞ
h i

ð13Þ

In this manner, we have decomposed the edge free energy c in

their main parts: the total energy (electronic + ionic) Ef , the

entropic energy DFvib (mainly due to the vibrational frequen-

cies in the nanoribbon), and the terms on account of oxygen

and hydrogen chemical potentials. Now, let us determine an

expression for the formation energy difference DEf and the

edge free energy difference Dc for two species (A and B) with

the same hydrogen and oxygen density. Since qH and qO are

the same then

DEf ¼ Ef ;A � Ef ;B ¼
1
L

DEGNR � DnCEgph

� �
ð14Þ

DcðTÞ ¼ 1
L

DGGNRðTÞ � DnCGgphðTÞ
� �

ð15Þ

using Eq. (6) in Dc and regrouping gives

DcðTÞ ¼ 1
L

DEGNR � DnCEgph þ ðFvib
A ðTÞ � Fvib

B ðTÞÞ
h i

ð16Þ

where Fvib contains the vibrational terms of each system.

Since the latter difference is considerably smaller than the

other terms, it can be neglected, which gives nothing but

the formation energy difference

Dc � DEf ð17Þ

Thus, by comparing the formation energy of two edges with

the same H and O density, one can estimate the difference

in their edge free energy.

At this point, it is important to explain the strategy to find

stable graphene nanoribbons. It is extremely demanding, if

not virtually impossible, to cover all the possible hydrogen-

oxygen combinations of graphene edges [35]; however, we

can anticipate whether the edge free energy of a certain struc-

ture is worth performing or not. As it is deduced from Eq. (17),

if structure A and B have the same oxygen density, and

Ef ðAÞ � Ef ðBÞ, then A is more stable than B in the whole inter-

val of lO. Therefore, it is not necessary to calculate the edge

free energy of structure B. We restricted our study to systems

with a maximum of three unit cells along the edge. We have
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not concerned ourselves with the reaction processes to pro-

duce such structures, since the kinetics are not within the

scope of this work.

Finally, a brief remark is made concerning the thermody-

namic limits for hydrogen and oxygen chemical potentials.

The upper limits are given by the chemical potential at which

both hydrogen and oxygen molecules are formed, which is

our reference potential for both species (lH ¼ lO ¼ 0). We have

chosen as the lower limits those hydrogen and oxygen chem-

ical potentials that are accessible experimentally at very high

temperatures (900 K).

3. Results

The schemes of the most stable nanoribbon edges found in

this work are shown in Fig. 1. The structures are sorted by

increasing oxygen and hydrogen densities (qO and qH, respec-

tively) and increasing formation energy. First, the bare edges,

hydrogen-terminated and oxygen-terminated edges are pre-

sented. Following on, several possible combinations of hydro-

gen- and oxygen-terminated edges are illustrated.
Fig. 1 – Schematic configuration, labeling oxygen/hydrogen den

cell, and formation energy (Ef ) in eV Å�1 for oxygen- and hydro

nanoribbons. The structures shown above are periodic through

represented using blue and red circles, respectively, while the g

neighbors. The label of relevant structures are highlighted in bo
Let us start with the bare edges. The zigzag unreconstructed

edge (z0) was found to be spin-polarized due to dangling bonds.

The unpolarized zigzag edge is 0.18 eV Å�1 higher in energy

with respect to the polarized zigzag edge. In contrast, the

reconstructed zigzag edge (z57), proposed by Koskinen et al.

[20] is not magnetic. This structure forms triple bonds and

wider bond angles, making it the most stable pure carbon edge

of graphene. The armchair edge (a0) also does not present mag-

netic properties since in this case the uncoordinated carbon

atoms are first-neighbors, and can therefore make a triple bond

between them. Calculations of spin were also performed for

several structures but, unless mentioned, none of the other

edges presented here possess magnetic properties.

Regarding the formation energy, it was found that for

those conformations with strong carbon–oxygen bonds, such

us ketones, carboxyls, and alcohols, a clear linear trend is

observed with respect to the oxygen density. Structures with

higher oxygen density have lower formation energies (see

Supporting information).

In our study, we have also considered the molecular

adsorption of H2O and O2. However, none of them resulted
sity (qO/qH) by number of oxygen/hydrogen atoms per unit

gen-terminated edges of armchair and zigzag graphene

out the nanoribbon edges. Hydrogen and oxygen atoms are

raphene edge is represented by lines connecting first

ld text. (A colour version of this figure can be viewed online.)
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in stable configurations in comparison with other structures

having equal oxygen and/or hydrogen density. In fact, all

the investigated molecular adsorptions show positive Ef

(endothermic). More information about these and other

unstable configurations are provided in the Supporting

information.

3.1. Oxygen-containing environment

As we can see from the oxygen-terminated edges in Fig. 1,

several nanoribbons show negative free energies, the lowest

correspond to zo11 for zigzag and ao9 for armchair edges.

The thermodynamic stability diagram for graphene nano-

ribbons in a pure O2 atmosphere at 300 K is shown in Fig. 2.

Only the most stable armchair, zigzag, and bare edges are pre-

sented. Note that for bare edges qO is equal to zero, so that

they appear as horizontal lines in the diagram.

For armchair GNRs, the stable edges are: ao5, ao8, and ao9.

However, only two have the lowest energies, dominating the

phase diagram: ao9 at high oxygen pressure and ao5 at lower

pressure. Meanwhile, for zigzag edges, three stable structures

emerge: zo2 at low oxygen chemical potential, zo6 at interme-

diate potentials, and zo11/zo12 at higher chemical potential.

The formation energy of zo12 is only 0.01 eV Å�1 higher than

that of zo11, and even with entropic considerations it is hard

to predict which one is more stable. None of these zigzag

nanoribbons are more stable than ao5 or ao9 within the oxygen

chemical potential limits. This indicates that only two arm-

chair edges should be stable in an oxygen environment from

ultra-high vacuum to high pressures.

At lower lO, zo2 is more stable than zo6 although the forma-

tion energy of zo2 is 0.22 eV Å�1 higher than that of zo6 (see

Fig. 1). This is due to the fact that zo2 has a relative lower oxy-

gen density and consequently shows a lower slope in Fig. 2.

We have also found that neglecting the vibrational entropy

leads to some changes in the thermodynamic stability dia-

gram, the most important of which is the appearance of zo2
Fig. 2 – Edge free energy of the most stable oxygen-terminated g

at 300 K. For clarity, results for zigzag edges are shown in the in

right. (A colour version of this figure can be viewed online.)
as the most stable edge at low oxygen potentials (see Support-

ing information).

Some oxygen-terminated structures in Fig. 1 have been

already studied by Seitsonen et al. [35] (labeled differently)

although without taken into account of the entropy effect.

The calculated formation energies in our study are in good

agreement with their reported work. However, small differ-

ences in edge free energies were found which we attribute

to the vibrational entropy. To the best of our knowledge, none

of the edge free energy curves presented in Fig. 2 have been

reported before, with the exception of ao5 and the bare edges

[35].

3.2. Hydrogen–oxygen-containing environment

In this section we extend our analysis to the two-component

environment, H2 and O2. Since now the edge free energy c

depends on both lH and lO, the two-dimensional graph in

Fig. 2 turns into a three-dimensional one. If we project the

lowest edge free energies of such a graph onto the lHlO-plane,

the stability regions of the most stable phases are obtained,

which are shown in Fig. 3. The zigzag and the armchair

edge-terminations are shown separately and for three differ-

ent temperatures: 100 K, 300 K, and 600 K.

In this case an additional constraint for the thermody-

namic limits appears since the combination of H2 and O2

can produce water [39], therefore

lO þ 2lH < DHf ðH2OÞ ð18Þ

where the formation energy of water is DHf ðH2OÞ ¼ �2:34 eV.

Eq. (18) defines the line shown in Fig. 3, whereby water con-

densates. Nevertheless, the gas phase reaction H2 þ 1=2O2

! H2O is kinetically hindered, allowing us to neglect it in

our study. Thus, we shall consider a ‘‘constrained thermody-

namic equilibrium’’ [33] in which H2 and O2 are in thermody-

namic equilibrium with graphene nanoribbons individually,

while H2 and O2 in the gas phase are not. We will refer to
raphene nanoribbons versus the oxygen chemical potential

set. The corresponding structures are also illustrated at the



Fig. 3 – Surface phase diagram of stable hydrogen- and oxygen-terminated graphene nanoribbons as a function of chemical

potentials (in eV) for three temperatures. Top and bottom phase diagrams correspond to zigzag and the armchair edges,

respectively. The oblique line marks the stability limit of structures with respect to water formation; species above this line

are metastable. Inside the dashed square are the pressures accessible experimentally (10�13 to 103 atm). The corresponding

structures are also shown above and below the diagrams. (A colour version of this figure can be viewed online.)
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the upper part of the condensation line as the metastable

region, and the lower one as the stable region.

For armchair and zigzag configurations, oxygen-termi-

nated edges occupy a larger region in the diagram as com-

pared to the hydrogen–oxygen edges. This is because

oxygen–carbon bond is more stable than both the hydro-

gen–carbon bond and the hydroxyl-carbon bond.

The armchair edges exhibit a rather poor diversity of com-

pounds in terms of structure in comparison with zigzag edges

as shown in the surface phase diagram. The entire stable

region is only dominated by three structures: ah1, ao5, and

ao9. Only two combined hydrogen–oxygen edges appear in

the metastable region (aoh15 and aoh16), and both of them con-

tain carboxyl functional groups. Changes in temperature

from 100 to 600 K have a negligible effect on the armchair

edges, while on zigzag ribbons some differences are observed.

On the other hand, for zigzag edges several phases were

found to be stable in the phase diagram. The stable region

is predominantly occupied by three oxygen-terminated edges

(zo2, zo6, and zo11/zo12); one hydrogen-terminated edge (zh1);

and one combined hydrogen–oxygen-terminated edge
(zoh07), which consists of the alternation of an alcohol and a

ketone. The latter is the only combined edge found below

the condensation line in the phase diagram. Several stable

phases were also found in the metastable region, all of them

contain carboxyl or/and hydroxyl functional groups.

We have found that armchair ribbons are more stable than

the zigzag ones, so that if both edges were compared in the

same surface phase diagram, only the armchair structures

would emerge (bottom of Fig. 3).

The dashed squares in Fig. 3 mark the experimental limit,

which is the limit of achieving the O2 and H2 pressure exper-

imentally. If zigzag and armchair edges could be obtained

separately, only one zigzag (zoh17) and one armchair edge

(ao9) would be observable at 100 K. However, at higher temper-

atures, the size of the dashed square box increases, and thus

almost every conformation of armchair and zigzag edges

shown in the phase diagrams would be observable

experimentally.

In order to explain the trends observed in the phase dia-

grams of Fig. 3, we have decomposed the edge free energy c

in Table 1. According to Eq. (12), we have explicitly calculated



Table 1 – Formation energies Ef and energy differences of the vibrational contribution to the Helmholtz free energy. The
selected systems correspond to the stable structures at temperature T = 300 K and experimentally accessible pressures,
according to Fig. 3. All the energies are in eV Å�1.

qH qO Ef DFvib (100 K) DFvib (300 K) DFvib (600 K)

Arm
aoh16 2.0 4.0 �1.132 0.149 0.136 0.068
aoh15 2.0 3.0 �0.995 0.143 0.135 0.085
ao9 0.0 4.0 �1.152 0.077 0.057 �0.021

zz
zoh17 1.0 2.0 �0.958 0.198 0.185 0.118
zoh16 0.33 1.66 �0.802 0.103 0.093 0.046
zoh13 0.5 1.5 �0.722 0.060 0.057 0.033
zoh08 1.0 1.0 �0.553 0.061 0.059 0.042
zo12 0.0 1.5 �0.634 0.038 �0.001 �0.06
zo11 0.0 1.5 �0.635 0.053 0.052 0.035
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the terms corresponding to the total energy (Ef ) and to the

entropic contributions (DFvib), defined in Eqs. (10) and (13),

respectively. The terms corresponding to the chemical poten-

tials in Eq. (9) have not been included in the table because

they are constant (at a given pressure p, and temperature T).

Instead, the oxygen and hydrogen densities qO and qH are

displayed.

The entropic contribution is significantly important in

structures with lighter atoms (like hydrogen) or less coordi-

nated groups (like alcohols or ketones) because of their larger

vibrational frequencies (see aoh16, zoh17, and zoh16). In particu-

lar, the temperature effect on the entropy can explain the dis-

appearance of zoh13 from the phase diagram at 600 K. The

values in Table 1 show that the structures zoh16 and zoh13 have

similar formation energies as well as oxygen and hydrogen

densities. Nevertheless, at higher temperatures, the entropy

favors zoh16, since the vibrational frequencies of zoh16 are lar-

ger than that of zoh13. A similar behavior is observed for the

edges zo11 and zo12, which are almost isoenergetic at 300 K.

In general, structures with low formation and vibrational

energies dominate the phase diagram. However, their final

distribution depends on their oxygen and hydrogen densities.

Carboxylic groups have the highest formation energies but

their high oxygen and hydrogen contents make them stable

only in the regions with high pressures (high chemical poten-

tials). A clear example of this observation is the structure ao9,

that has a low formation energy and is stable in a wide region

of the diagram, but becomes unstable at low lO. For the zigzag

edges, some of the structures present in Table 1 have larger

formation energies than the edges containing carboxylic

groups (zoh17, zoh16). Nevertheless, the former systems domi-

nate the phase diagrams due to their small qO and qH.

The DFvib values are of the order of 0.2 eV Å�1 or less, which

can be as much as the 20% of the Ef. It is therefore important

to consider the entropic term in Eq. (4).

From Figs. 1 and 3 we can conclude that the calculated

most stable combined hydrogen-oxygen-terminated edges

for both zigzag and armchair structures are those fully termi-

nated by carboxyl functional groups. In an experiment carried

out by Salzmann et al. [34] carboxyl-terminated graphene

nanoribbons were synthesized in a single oxidation proce-

dure from single-wall carbon nanotubes and nitric acid. This
experiment is in good agreement with our computational

finding. We would expect these structures to occupy a larger

region in the phase diagram of Fig. 3 in aqueous media, where

the carboxyl groups can be further stabilized.

4. Conclusions

We have calculated surface phase diagrams from ab initio

thermodynamics to predict the most stable graphene nano-

ribbon edges in oxygen and in hydrogen–oxygen environ-

ments. Overall, for both pure O2 and combined O2 and H2

environments the armchair edges are more stable than the

zigzag edges. Despite of the large number of possible edges

studied (81), only few structures appear to be the most stable

in a particular environment, all of them belong to armchair

edges. The structures ao5 and ao9 are the most stable for an

oxygen atmosphere. For a hydrogen–oxygen atmosphere

these two edges occupied the largest portion of the phase dia-

gram, followed by ah1. Only two edges combining hydrogen

and oxygen were found in the phase diagram: aoh15 and

aoh16, both containing carboxyl groups. In agreement with

this finding, carboxyl-terminated nanoribbons have been

observed experimentally.

In contrast, the chemistry of zigzag edges is far more

diverse than that of the armchair edges. Four stable struc-

tures emerge as the most stable in an oxygen environment,

and ten stable and metastable structures appear in the phase

diagram for a hydrogen–oxygen environment. All the edges

with hydrogen and oxygen combined appear in the metasta-

ble region, above which water can be formed, with the sole

exception of zoh07, a repeating unit of an alcohol and a neigh-

boring ketone.

The vibrational contribution to the edge free energy plays

an important role in both oxygen- and hydrogen–oxygen-ter-

minated nanoribbons; therefore, it must be taken into

account. Temperature has a negligible effect on the stable

armchair edges, while on zigzag ribbons it may destabilize

structures with relatively low vibrational frequencies.

We believe that all these findings bring some insights to

experimentalists to gain a better understanding of the GNRs

edges and therefore can aid in the controlling of the chemis-

try of such promising structures.
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