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I. INTRODUCTION

Molybdenum disulfide (MoS2) is the most widely used solid
lubricant in space applications. Ultralow friction of MoS2 coat-
ings has been measured in low oxygen pO2

friction tests without
exposure to the atmosphere, both in ultrahigh vacuum or in an
inert gas. Atomic oxygen is prevalent in space and impacts objects
orbiting the Earth;1,2 the modification of MoS2 by atomic oxygen
is thus of significant fundamental and technological interest.

MoS2 is highly anisotropic, with a hexagonal structure formed
by stacking closely packed S�Mo�S trilayers. EachMo atom lies
at the center of the triangular prism formed by its six neighboring
S atoms (Figure 1), whereas each S atom has threeMo neighbors.
The bonding in each S�Mo�S trilayer is mainly covalent in
nature, and is thus strong. By contrast, the S�Mo�S trilayers are
weakly bonded to each other by van derWaals (vdW) forces. The
thickness of each S�Mo�S trilayer is 3.16 Å, and adjacent
trilayers are 3.0 Å apart.

The experimentally observed superlubricity of MoS2 depends
on the formation of a transfer film.3,4 It has been reported that the
high reactivity of MoS2 edge sites may have an influence of the
formation of this film.4�6 In space conditions, the oxidation by
atomic oxygen may change the fundamental surface chemistry at
MoS2 edges, and thus its lubricity.

1,6 However, the mechanisms
of atomic-oxygen induced oxidation of MoS2 edges at the atomic
level are not fully understood. A number of theoretical studies
have primarily focused on the catalytic properties of the (101h0)
faces of MoS2, including the stability of hydroxide terminated
MoS2 edges. Varying the S coverage on MoS2 (101h0) edges,
Schweiger et al.7�10 identified six uniqueMoS2 triangular-shaped
nanoparticles. Further, they determined the structural and elec-
tronic properties of these nanoparticles. The energetics of
oxygen substitution in the infinite MoS2 solid film was calculated
by Fleischauer et al.6 using the molecular orbital approach. They
found that MoS2 solid films are susceptible to attack by atomic
oxygen. This is also consistent with the fact thatMoS2 can oxidize

to MoO3. The experimental binding energy of O2 is 5.16 eV,
corresponding to 2.58 eV per atom,11 which places a high energy
barrier to atomic oxygen formation; thus atomic oxygen cannot
be produced thermally in appreciable quantities and is not
important at ambient conditions.

Here, we perform first principles calculations of the oxidation
of MoS2, that is, the energies required to replace a sulfur atom on
the surface with an oxygen atom at various surface and edge
positions. We develop a model to analyze the oxidation energies
in terms of the change of the atomic energies of O and S atoms
involved in the oxidation, and the response of the rest of the
system to the oxidation process. Finally, the origin of the
susceptibility to atomic oxygen of the six nanoparticles is
discussed in terms of the projected local electronic density of
states.

II. METHODS

A. Computational Methods. All calculations, except those
specifically indicated otherwise, are performed with density
functional theory (DFT) using a plane-wave basis set as im-
plemented in the Vienna ab initio Simulation Package
(VASP)12�16 software. For the exchange-correlation functional,
the generalized gradient approximation (GGA) with the core
electron correction17 proposed by Perdew and Wang18�21 is
used with a cutoff energy of 300 eV. The validation of this
selection of pseudopotential can be found in ref 7.
The geometry optimization is performed using a conjugate-

gradient minimization of the total energy. The Hellman�Feyn-
man forces acting on the ions are calculated at each optimization
step. The criterion for geometry optimization is that the forces
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ABSTRACT: Density functional theory is used to determine the energetics of
atomic oxygen substitution in an infinite single MoS2 trilayer and on the edges of six
structurally distinct MoS2 nanoparticles. The wide range in the oxidation energy
(�0.9 to�2.4 eV) is found to be primarily due to differing degrees of charge transfer
between atoms of interest and the resulting variation of the electrostatic energy of the
system. For the edges at which no S�S bond is formed, a lower Mo-coordinated site
is generally more susceptible to oxygen substitution than a higher Mo coordinated
site. For the edges at which a S�S bond is formed, the analyses of projected local
electronic density of states suggest that the oxidation energy is a result of both
differences in the electrostatic energy and local competition of binding energy of the covalent bonds.
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acting on each ion are less than 0.005 eV/Å. To produce more
accurate-charge densitymaps, the real-spacemesh density for fast
Fourier transform is set to be no less than one 1000 grid points
per Å3. The charge on each ion is calculated by a grid-based Bader
charge analysis22 algorithm proposed by Henkelman et al.23 The
local partial electron density of state (EDOS) of each ion is
approximated by the projected integrated EDOS on each atom
within its Wigner�Seitz radii. The Wigner�Seitz radii for Mo
and S are set to 1.53 and 1.23 Å, respectively; using these values,
the volume of Wigner�Seitz spheres around each atom amount
to 51% of the total volume of aMoS2 unit cell (Figure 1), which is
about the same volume percentage as two S�Mo�S trilayers in a
MoS2 unit cell. These values for theWigner�Seitz radii are about

5% larger than the default values of Wigner�Seitz radii in the
selected pseudopotentials (1.46 Å for Mo, 1.16 Å for S, and
0.90 Å for O). Applying the same scaling factor, the Wigner�
Seitz radius for O is set to 0.95 Å (0.9� 1.05 = 0.95) throughout
the EDOS calculations.
The accurate determination of the ionization energy and

electron affinity of an atom requires a higher level treatment of
electron correlation with a larger basis set than is achievable with
DFT. Here, the ionization energy and electron affinities of single
atoms are calculated with the Gaussian03 computational chem-
istry software package using coupled cluster theory with imagin-
ary triplet excitations with a correlation consistent quadruple-ζ
basis set (CCSD(T)/aug-cc-pVQZ). This method is highly
accurate; however, its computational expense precludes its use
for large systems. The Gaussian calculations are only used to
estimate the relative atomic energy of a charged atom with
respect to its neutral state, which is set to be zero. Throughout
the VASP calculations, we set the energy of an isolated atom to be
zero. Thus, the data reported in this article from two different
calculation methods are consistent.
B. Structural Models. The structural models used for the

study of oxidation are constructed from a single sheet of MoS2.
As suggested in ref 10, a single S�Mo�S trilayer can be cut along
two different terminations: S terminated (Figure 2) and Mo
terminated (Figure 3) edges. These two terminations are the
bases on which we build triangular clusters.
For the S-terminatedMoS2 edges (Figure 2), part b of Figure 2

is the cluster as-cut from part a of Figure 2; this is termed a 100%
S edge (100% S covered S edge) because every Mo atom at the
edge is fully coordinated by S atoms.10 By removing one S atomFigure 1. Crystal structure of MoS2.

Figure 2. (a) Red line delineates the S-terminated triangular MoS2 region; (b) triangular flake as-cut structure from (a), 100% S-covered S edge; (c)
50% S-covered S edge; and d) 0% S-covered S edge.
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from each Mo edge atom, every Mo atom at the edge will have
one dangling bond; this is designated the 50% S covered S edge
(part c of Figure 2). Removing the second S atom from the Mo
edge, plus the three resulting dangling three Mo atoms (one at
each corner), yields the structure in part d of Figure 2. This is
denoted the 0% S covered S edge.
For Mo-terminated MoS2 edges, part b of Figure 3 illustrates

the cluster as-cut from the trilayer sheet in part a of Figure 3; this
is the 0% S coveredMo edge. Adding one and two sulfur atoms to
each Mo edge atom yields the 50% S covered Mo edge (part c of
Figure 3) and 100% S covered Mo edge (part d of Figure 3),
respectively. A summary of system sizes used in this work are
listed in Table 1. Any edge structure can be constructed based on
the six edge structures illustrated in Figures 2 and 3.
Because the VASP code requires the use of periodic boundary

conditions, a vacuum of size 10 Å in the [001] direction is added
to the single sheet of MoS2. An additional 6 Å of vacuum in the
[100] and [010] directions is added for the edge calculations;
thus the clusters do not interact with their periodic images. All
seven structures (the infinite sheet and the six different termina-
tions) are first optimized by the conjugate-gradient algorithm.
The optimized structures have the same configurations as those

previously determined by DFT.10 To examine the effects of
oxidation, an oxygen atom is then introduced to each of these
seven models no less than 10 Å away from the structures. The
resulting structures are relaxed. As exemplified in Figure 4, the
result of the oxygen substitution is modeled as the replacement of
one sulfur atom with the oxygen atom. The resultant oxidation
energy, Eox, is reported as the difference in energy of the
structures after (Ef) and before oxidation (Ei):

Eox ¼ Ef � Ei ð1Þ
.
III. OXIDATION ENERGIES OF MOS2 NANOPARTICLES

The DFT calculations yield an energy for the oxidation (i.e.,
substitution of an S atom by an O atom) by atomic oxygen of a
single sheet of MoS2 (Figure 4) of �1.7 eV, which suggests that
MoS2 should be highly susceptible to oxidation by atomic oxygen.

1,6

Experimentally, both Mo and S terminated edges are ob-
served, and can coexist, depending on the specific environmental
conditions.8�10 The calculations performed by Schweiger et al.10

suggest that the structures of the various edges can be very
different from each other, with some showing significant recon-
structions. To illustrate the structural configurations of these six
clusters, Figures 5 and 6 show structurally optimized unoxidized
clusters. Because all six edge structures have 3-fold symmetry, the
figures only show the bottom right part of each cluster. To
determine the oxidation energy as a function of the positions in
these clusters, five different S positions in each cluster are
selected for O substitution: position 1 represents a site far from
any surface, position 2 represents the center of an edge, positions
3 and 4 are close to the edge, and position 5 is the corner position.

Figure 3. (a) Red line delineates the Mo-terminated triangular MoS2 region; (b) as-cut structure from (a), 0% S-covered Mo edge; (c) 50% S-covered
Mo edge; and (d) 100% S-covered Mo edge.

Table 1. System Size of S- and Mo- Edges As a Function of
Sulfur Coverage

S Terminated Mo Terminated

100% S 50% S 0% S 0% S 50% S 100% S

Mo55S132 Mo55S102 Mo52S72 Mo55S90 Mo55S120 Mo55S150
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The oxidation energies for atomic oxygen as function of
different locations for both S and Mo termination with 100%,
50%, and 0% S coverages are given in parts a�f of Figure 5,
in which the first number in a circle is the position label and
the number after the slash is the oxidation energy of the
position.

On structural optimization, the edge and corner regions of
these six clusters undergo differing degrees of surface reconstruc-
tion. Thus the local environment of the S atom of interest varies
with position and local structure. For most sites (25 out of a total
of 30), which we will refer to as standard sites, S does not form an
additional bond to another S during surface reconstruction.

Figure 4. Oxygen substitution of a single sheeted MoS2 slab: (a) before substitution, (b) after substitution.

Figure 5. Oxidation energies at various positions in edges (position/oxidation energy). (a) 100% S edge, (b) 100%Mo edge, (c) 50% S edge, (d) 50%
Mo edge, (e) 0% S edge, and (f) 0% Mo edge. The arrows indicate the spontaneously formed S�S bonds.
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There are 5 sites in which a S�S bond does form during surface
reconstruction. These positions are referred as nonstandard sites
and are indicated by the arrows in Figures 5. To better illustrate
the surface rebonding of 100% S covered S and Mo edges, whose
top views are given in parts a and b of Figure 5, their side views are
shown in parts a and b of Figure 6, respectively.

The oxidation energy at the center of each of the six triangular
clusters (position 1 in Figure 5) is �1.7 eV, the same as in the
infinite single sheet of MoS2. This demonstrates that the clusters
are sufficiently large to display bulk behavior at their centers.

For the standard sites, the lower coordinated S sites (with the
smallest number of nearest Mo neighbors) are more susceptible
to oxidation than the higher coordinated S sites. For example,
position 2 in the 50% S edge (part c of Figure 5) has 2 Mo
neighbors and shows an increased susceptibility to oxidation
relative to the bulk site (with 3 Mo neighbors). Likewise, the
corner site, with 1 Mo neighbor (position 5), is even more
susceptible to oxidation. Consistent with this, in the 0% S edge
(part e of Figure 5), the corner site (position 5), edge center
site (position 2), and bulk site (position 1) shows precisely the
opposite trend inMo coordination numbers from the corner site,
and thus also the opposite trend in the oxidation energy. The
only significant deviation from this trend is the S at site 3 in part a
of Figure 5, which has 3 Mo neighbors, and yet an oxidation
energy of �2.3 eV, which is 0.4 eV more favorable to oxidation
than the site with two Mo neighbors (position 2) and 0.6 eV
more favorable than site with three Mo neighbors (position 1).
Visual inspection of the structure shows that the S atoms in both
positions 4 and 5 (the corner atoms) have formed S�S bonds
(indicated by the arrows) which, as we will discuss in Section
IV-C, cause relatively large variations in the local electron
density, and hence the low oxidation energy.

The nonstandard sites fall into two classes. In four of the five
cases, the two S atoms that form the S�S share oneMo neighbor.
These are positions 4 and 5 on the 100% S terminated S edge
(arrows in part a of Figure 5), and positions 2 and 5 on the 100%
S terminatedMo edge (part b of Figure 5) and arrows in part b of
Figure 6). In the fifth case, the two S atoms that form the S�S
bond have different Mo neighbors (position 2 in 50% S termi-
natedMo edge, part d of Figure 5). Two S atoms sharing oneMo
neighbor yield much less negative values (�0.9 to�1.3 eV) than
either the S atoms that do not share aMo atoms (�2.1 eV) or the
standard sites. A detailed discussion of these nonstandard sites is
given in Section IV-D.

In general, the chemistry of S is similar to that of O because
they have the same electron configuration in their valence shell;
however, O is more electronegative. As a result, the electron
density distribution will change following oxidation, as will the
energy of the system. We thus start our analysis of the calculated
oxidation energies by characterizing the charge states and
associated energies of each of these systems.

IV. CHARGE AND DENSITY OF STATES ANALYSES

In this section, we dissect the interactions in the clusters and
characterize how they change on oxidation. From this, we show

that the energetics of the standard sites can be well understood in
terms of specific energetic contributions associated with atom
ionization, and electrostatic and nonelectrostatic interatomic
interactions.
A.Model for Electrostatic Energy.The bulkMoS2 has a band

gap of 1.2 eV and the charge transfer between adjacent planes is
almost impossible. However, the six edge structures in
Figures 5�6 are conductive.8 The substitutional oxidation in
MoS2 edge structures involves charge transfer between atoms,
especially those near the corns or edges.24,25 The energy of a
system in which the charge changes can be divided into the
electrostatic energy (Ees) and the nonelectrostatic energy (En).

26

En can be regarded as the energy of a nonionic crystal with, for
example, covalent bonds. Ees is accounted for by the atomic
energy of each charged ion (Eat) and the Coulomb interactions
between charged ions.
Using the model of Mortier et al.,27 the local atomic energy

of an isolated ion can be approximated as:

Eat ¼ E0 þ χqþ 1
2
Jq2 ð2Þ

where q is the charge in the unit of the electron charge, E0 is
the energy of the neutral reference state, which is normally
defined to be zero. The parameter χ is identified with the
electronegativity, whereas J is associated with the chemical
hardness.28 As suggested by Zhou et al.,29 the electrostatic
energy of a simplified system containing only a cation and
anion pair, separated by a distance r12, with each assumed to be
a point charge model, is given by

Ees ¼ χ1q1 þ
1
2
J1q1

2 þ χ2q2 þ
1
2
J2q2

2 þ kc
q1q2
r12

ð3Þ

where the subscripts represent the selected ion and the last
term is the Coulomb interaction; kc = 14.4 eV 3 Å/e

2 is the
Coulomb constant.
If the overall system is charge neutral, that is q1 = �q2, eq 3

then becomes

Ees ¼ ðχ1 � χ2Þq1 þ
J1 þ J2

2
� kc
r12

� �
q1

2 ð4Þ

Taking an S atom as the atom of interest in part a of Figure 4
as ion 1 and the rest of the single sheet of MoS2 as point charge
2, the total energy of such a system is En þ Ees. The
electrostatic energy of the isolated O atom in part a of Figure 4
is assumed to be zero because it is assumed to be charge
neutral. After oxygen substitution in part b of Figure 4, the
oxygen atom is taken to be ion 1. Because the rest of the sheet,
point charge 2, has not significantly changed during the
oxidation process, a constant value is assumed for χ2 and J2.
If the nonionic energies in parts a and b of Figure 4 are the
same, then the oxidation energy in eq 1 is the difference
between the electrostatic energy in parts b and a of Figure 4.
Rearranging eq 4, the oxidation energy can be expressed as the
difference between the electrostatic energies of the two

Figure 6. (a) Side view of 100% S edge (parts a of Figure 5) and (b) side view of 100% Mo edge (part b of Figure 5). Arrows indicate the S�S bond.
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systems.

Eox ¼ ðχOqO � χSqSÞ þ
JOq2O
2

� JSq2S
2

 !

� ðqO � qSÞχ2 þ
q2O � q2S

2

 !
J2

� kc
rMo � O

q2O � kc
rMo � S

q2S

� �
ð5Þ

In eq 5, the first two terms enclosed in parentheses are the
difference of the atomic energy of the O and S atoms of
interest (ΔEat); the next two terms are the self-energy
difference of the rest of the system (ΔEion2), which excludes
the O and S atoms of interest; the last term is the change of the
Coulomb interaction (ΔEC). The electronegativity (χO
and χS) and chemical hardness (JO and JS) of the O and S
atoms are obtained by Gaussian calculations (Section IV-B).
The charges on the O and S atoms are obtained from Bader
charge analyses of the DFT results. The Mo�O (rMo�O) and
Mo�S (rMo�S) bond lengths can be measured from the DFT
calculations. Thus, the unknown variables in eq 5 are χ2 and J2.
eq 5 is able to attribute electrostatic energies to different

contributions and predict the right trend of partition of each
contribution. However, it tends to overestimate electrostatic
energies30 and will not be applicable in all cases. For example,
it will not be valid for the five nonstandard cases discussed above,
since the nonionic energy of the two unoxidized and oxidized
systems is not a constant (Section IV-D). Thus, it can be
expected fail to describe the absorption energy when significant
O�S interactions occur.
B. Atomic Energy of Single O or S Atom. To accurately

quantify the electronegativity and chemical hardness of single
atoms in eq 5, the ionization energy of single O and S atoms with
�2e,�1e, and 0 charge states are calculated using theGaussian03
computational chemistry software package; the results are given
in Figure 7. To match the reference energies in the quantum

chemical and density functional theory calculations, the energies
of the neutral atoms are taken to be zero. The fitted parameters in
eq 2, which are determined from the quantum chemical calcula-
tions, are listed in Table 2.
As expected, Table 2 indicates that the oxygen has both a

higher electronegativity and higher chemical hardness than
sulfur. Compared with the experimental values in Table 2, the
calculated electron affinities yield the correct trend and are only
slightly larger, which validates their use in this work.
C. Itemized Oxidation Energy. We have conducted Bader

charge analysis of all of the oxidation sites within the six clusters
discussed in Section III. With the Bader charge values and
structural information, we then calculate the change in the atomic
energy (ΔEat) on oxidation, change in the Coulomb interaction
(ΔEC), and the change in the self-energy due to ion 2 (ΔEion2).
The charges, together with their oxidation energies (Eox), ΔEat,
ΔEC, and ΔEion2, are listed in Table 3.
As for the change of Coulomb interaction (ΔEC), rMo�O and

rMo�S in eq 5 are comparable to each other and thusΔEC can be
approximated as:

ΔEC ¼ � kc
rMo � O

q2O � kc
rMo � S

q2S

� �

� � kc
r
ðqO � qSÞðqO þ qSÞ ð6Þ

As indicated in Table 3, qOþ qS in eq 6 is almost the same for all
oxidation sites (�1.53 to �2.15 e). Moreover, ΔEC of all the
positions has a linear relationship withΔq (qO� qS) as indicated
in Figure 8.
The change in the Coulomb interaction increases in an

approximately linear manner with the charge difference between
the O and S atoms, with a slope of 12.1 eV/e (Figure 8). For the
single sheet ofMoS2, the charge obtained within the Bader region
is �0.85e on the S atom before the substitution and �1.17e on
the O atom after the substitution. At standard sites, qS, qO, and
charge variation (Δq), have values close to those at bulk positions
and the resultingΔEC for standard sites varies from�2.7 to�5.2
eV. For the five nonstandard sites, qS varies over the range�0.09
to �0.42 e, whereas qO varies over the range �1.42 to �1.67 e,
which results in much larger charge deviations for the nonstan-
dard sites (�1.09 to�1.58 e) than for the standard sites (�0.21
to �0.37 e). The large charge deviation gives unrealistically low
values for ΔEC at the nonstandard sites of �12.5 to �17.6 eV.
The Mo atoms at the nonstandard sites should oxidize in the
same way as those at the standard sites. Moreover, the covalent

Figure 7. a) Ionization energy of oxygen atom, b) ionization energy of sulfur atom. The dashed lines are parabolic through the data from the Gaussian
calculations (solid diamonds).

Table 2. Fitted χ and J Values in eq 2

χ (eV/e)a J (eV/e2)

charge at

minimum

electron

affinity (eV)

O atom 5.139 7.480 �0.687 �1.765 (�1.461)b

S atom 4.997 5.922 �0.844 �2.108 (�2.078)b

a e represents the electron charge. bExperimental value.31
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S�S bond is replaced by a covalent O�S bond on oxidation.
Since the electronegativity of O is higher than that of S, the
orbital overlap is biased in such a way that the Bader charge
attributed to O is much larger than that of bonded S, which
results in the larger charge deviation. However this charge

deviation at nonstandard sites is accounted for both electrostatic
and nonelectrostatic energies as described above. Thus, eq 5 is
not valid for these cases. The analyses below on the contribution
of ΔEC, ΔEat, and ΔEion2 to the oxidation energy therefore only
include the standard sites. A detailed discussion of the oxidation
energy of the nonstandard sites is given in Section IV-D.
The oxidation energy as a function of the charge deviation

(Δq) for all the standard sites is plotted in part a of Figure 9, with
the deviations inΔEC,ΔEat, andΔEion2 in parts b�d of Figure 9,
respectively. Except for position 5 in the cluster with 50% S
covered S andMo edges, as illustrated in parts c and d of Figure 5,
qS and qO at the standard sites have values close to those at bulk
positions, ranging from�0.82 to�0.95 e and�1.09 to�1.21 e,
for S and O, respectively. At position 5 of the 50% S and 50%Mo
clusters, highlighted in the oval in parts a�d of Figure 9,
qS = ∼�0.65 e, whereas qO = ∼�0.90 e. The large solid
diamond in Figure 9 is position 3 in the 100% S edge (part a
of Figure 5), which has 3 Mo neighbors and yet Eox =�2.3 eV as
reported in Section III.
For the standard sites, the oxidation energies are linearly related

to the charge deviation with a slope of 5.7 eV/e, as indicated in
part a of Figure 9. The near linearity between ΔEC and Δq in

Table 3. Bader Charge Analysis and Itemized Energies

pos. Eox (eV) qS (e) qO (e) Δq (e) ΔEC (eV) ΔEat (eV) ΔEion2 (eV)

infinite trilayer �1.7 �0.85 �1.17 �0.32 �4.6 1.2 1.7

100% S edge 1 �1.7 �0.85 �1.17 �0.32 �4.6 1.2 1.7

2 �1.9 �0.84 �1.17 �0.33 �4.7 1.2 1.6

3 �2.3 �0.82 �1.19 �0.37 �5.2 1.3 1.6

4a �0.9 �0.38 �1.48 �1.09 �12.9 2.0 9.9

5a �1.3 �0.32 �1.42 �1.10 �12.5 1.5 9.7

100% Mo edge 1 �1.7 �0.86 �1.18 �0.32 �4.5 1.2 1.6

2a �1.0 �0.09 �1.67 �1.58 �17.6 2.3 14.4

3 �1.6 �0.87 �1.17 �0.31 �4.5 1.2 1.7

4 �1.4 �0.86 �1.14 �0.28 �4.2 1.1 1.7

5a �1.0 �0.15 �1.52 �1.37 �14.8 1.5 12.3

50% S edge 1 �1.7 �0.86 �1.18 �0.32 �4.6 1.2 1.7

2 �2.1 �0.91 �1.16 �0.26 �4.0 1.2 0.8

3 �1.7 �0.84 �1.19 �0.35 �5.0 1.3 2.0

4 �1.4 �0.90 �1.18 �0.28 �4.2 1.2 1.6

5 �2.3 �0.69 �0.91 �0.21 �2.7 0.5 �0.1

50% Mo edge 1 �1.7 �0.85 �1.18 �0.32 �4.6 1.2 1.7

2a �2.1 �0.42 �1.50 �1.09 �13.6 2.3 9.2

3 �1.6 �0.87 �1.17 �0.30 �4.5 1.2 1.7

4 �1.5 �0.89 �1.16 �0.27 �4.1 1.2 1.4

5 �2.4 �0.63 �0.89 �0.26 �3.0 0.4 0.2

0% S edge 1 �1.7 �0.85 �1.18 �0.32 �4.6 1.2 1.7

2 �1.5 �0.83 �1.15 �0.32 �4.5 1.1 1.9

3 �1.7 �0.85 �1.18 �0.32 �4.6 1.2 1.7

4 �1.4 �0.91 �1.19 �0.28 �4.3 1.3 1.6

5 �1.1 �0.95 �1.20 �0.24 �3.9 1.3 1.5

0% Mo edge 1 �1.7 �0.83 �1.18 �0.35 �4.9 1.2 1.9

2 �1.6 �0.94 �1.19 �0.25 �4.0 1.3 1.1

3 �1.7 �0.82 �1.17 �0.35 �4.9 1.2 2.1

4 �1.5 �0.92 �1.21 �0.29 �4.5 1.4 1.6

5 �1.8 �0.87 �1.09 �0.22 �3.4 1.0 0.7
aNonstandard sites.

Figure 8. Change of Coulomb interaction (ΔEC) as a function of Δq
(qO � qS).
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Figure 8 and the near linear dependence of Eox onΔq in part a of
Figure 9 means that ΔEC has a near linear dependence on Eox,
with a slope of 2.1 (part b of Figure 9). The largest deviations
from the linear relationship among Eox, ΔEC and Δq are for the
two sites inside the oval in Figure 9 (position 5 in 50% S and Mo
edges), which have smaller absolute values of Δq and ΔEC, yet
larger values in Eox. As suggested in parts c and d of Figure 9,
these two sites also have relatively lowΔEat andΔEion2, and thus
more negative oxidation energies.ΔEat of the rest of the standard
sites displays little variation (0.4 eV) around the value of the
infinite trilayer (1.21 eV), despite a 1.2 eV variation (�1.1 to
�2.3 eV) in their oxidation energies (part c of Figure 9).
Similarly, the rest of the standard sites have relatively large
ΔEion2 (0.7 to 2.1 eV) compared to the two sites inside the oval
(∼0 eV).
We conclude that Coulomb interaction is the major contri-

butor to the oxidation energies. The wide range of the oxidation
energies at the standard sites in these six clusters are mainly
attributable to the charge variation (�0.21 to �0.37 e) and the
resulting change of Coulomb interaction (�2.7 to�5.2 eV). For
example at position 3 in Figure 5 (solid diamond in parts a�d of
Figure 9), which has 3 Mo neighbors and �2.3 eV in oxidation
energy, the charge difference is�0.37 e, which is about 0.05 e less
than the other positions with 3 Mo neighbor due to its relatively
larger surface reconstruction. The resulting Coulomb interaction
variation (�5.2 eV) and oxidation energy (�2.3 eV) at this
position is about 0.6 eV less than the rest of positions with 3 Mo
neighbors (Table 3). As exemplified in position 5 at both the 50%
S and Mo edges (the oval in parts a�d of Figure 9), the less
positive atomic energy variations (ΔEat) also contribute to the
relatively lower oxidation energies.
D. Local EDOS Analyses. As discussed in the previous

subsection, the oxidation energies for the standard sites are
approximately proportional to the charge changes associated
with the oxygen substitution. However, this model is not
sophisticated enough to predict the oxidation energies for the

nonstandard sites, at which a covalent S bond is formed after
relaxation. Among the 5 nonstandard sites, the oxidation energy
tends to be less negative (�0.9 to �1.3 eV) for two S atoms
sharing one Mo neighbor and more negative (�2.1 eV) for the
case of two S atoms having different Mo neighbors. To further
illuminate the differences among these cases, the projected local
electronic density of states (EDOS) within the selection of
Wigner�Seitz sphere of the bonded Mo atom and neighboring
S atoms before and after substitution are plotted in Figure 10 for
the infinite MoS2 trilayer, site 2 in part b of Figure 5 and site 2 in
part d of Figure 5. The infinite MoS2 trilayer is selected to
represent the local EDOS of the standard site. Site 2 in part b of
Figure 5, 100%Mo edge, is selected for nonstandard site 1: two S
atoms sharing aMo neighbor. Site 2 in part d of Figure 5, 50%Mo
edge, is the only nonstandard site in which two S atoms having
different Mo neighbors. Each row in Figure 10 represents one
particular oxidation site. The first column is the local EDOS of
the Mo and two neighboring S atoms before the oxidation, in
which the dashed red S atom represents the S atom to be
replaced. The second column is the local EDOS of Mo, S and
O atoms after substitution. It is noteworthy that there is no
unambiguous way to define Wigner�Seitz radii for such hetero-
geneous systems.12 In this study, we select the Wigner�Seitz
radii such that the sum of the volume of the Wigner�Seitz
spheres is the total volume of the MoS2 slabs.
Before substitution, the two S atoms of interest in the infinite

MoS2 sheet have no bond between them (Figure 1). The two S
atoms are indistinguishable and thus their EDOSs are the same as
shown in part a of Figure 10. On the basis of electron shell
configuration, the EDOS at the energy level of�7 to 0 eV in part
a of Figure 10 throughout (f) is identified with the 3p electrons
for S, 4d electrons for Mo, and 2p electrons for O (in parts b, d,
and f of Figure 10). The EDOS peaks at energy level of about
�12 eV comes from the 3s electrons for S and 5s electron forMo,
which are supposed to be less active in bonding. After substitu-
tion, the electron density intensifies at the energy level around

Figure 9. Itemized oxidation energy for the standard sites. (a) Eox vs Δq, (b) ΔEC vs Eox, (c) ΔEat vs Eox, and (d) ΔEion2 vs Eox.
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�22 eV as shown in the EDOSof theO atom (dashed red line) in
part b of Figure 10, which corresponds to the O 2S electrons. A
tiny Mo EDOS (blue line) peak occurs at the same energy level,
which suggests that there is a small amount of overlap between
the O andMoWigner�Seitz spheres. No overlap between the O
and S Wigner�Seitz spheres is observed. More importantly, the
rest of EDOS of the Mo atom as well as the S atom (green line)
remain almost unchanged before and after oxygen substitution.
Thus, the charge difference between qO (�1.17 e) and qS (�0.85 e)
can be attributed to the additional oxidation of the neighboring
Mo atoms by theO atom than the S atom, which is purely ionic in
nature. The major assumption in eq 5 is that the nonelectrostatic

energy of the system is unchanged before and after the substitu-
tion, which, in the EDOS point of view, is to say that the EDOS of
neighboring atoms after oxidation are almost the same as before
substitution. For the standard sites, we can attribute the oxidation
energy to the change of the electrostatic energy, which is a result
of charge transfer in substitution.
For the case of two S atoms sharing one Mo atom (site 2 in

part b of Figure 5, and parts c and d of Figure 10), the local
EDOSs of the two S atoms completely overlap. However, the
charge on the S atom is�0.09 e. Compared with the charge on S
in the infinite single trilayer (�0.85 e), in which the two S atoms
is not covalently bonded, the covalent feature (the degree of

Figure 10. A comparison of local EDOS of three selected positions. First row is for the single-sheeted MoS2 trilayer, second row is for site 2 in Figure 5
(b) and third row is for site 2 in Figure 5 (d). First column is the local EDOS of Mo and S atoms, in which the red color is the S atom to be substituted by
O and second column is the local EDOS of Mo, S, and O atoms after substitution. The Fermi energy is set to zero.
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orbital overlapping) of the S�S bond in part b of Figure 5 is
almost 100%. After oxidation, the Wigner�Seitz sphere of the O
atom includes some electrons from the bonded S atom as
suggests the O EDOS (dashed red line) peaks at energy level
of about�13 and�11 eV in part d of Figure 10. Similarly, there
is an S EDOS peak (green line) at the O 2S electron energy level
(about�22 eV in part d of Figure 10). The rest of the EDOS of
the S atom matches the energies the EDOS of the O atom. The
only way to explain the large overlap between the O and S
Wigner�Seitz spheres is the strong overlap between the O and S
orbitals, that is, a covalent O�S bond is formed after oxidation.
The Bader charge of O is �1.67 e, which results in a �1.58 e
charge difference on oxidation. Compared with the charge dif-
ference at standard sites (0.32 e), which is due to charge transfer
during oxidation induced by atomic oxygen, the large charge
difference value is mainly a result of the biased charge
distribution between covalentO�S bond, as described in Section
IV-C. The EDOS of the S atom (green line) has changed to the
EDOS of O atom (dashed red line) in part d of Figure 10, which
suggests that the oxygen substitution at site 2 in part b of Figure 5
will result in a change from a fully covalent S�S bond to a fully
covalent O�S bond. In addition to the electrostatic energy
variation, the local competition between binding energy of
covalent S bond and O�S bond is also contributing to the
oxidation energy. Of particular interest for this study, a fully
covalent O�S bond is weaker than a fully covalent S�S bond. It
therefore gives higher oxidation energies at the nonstandard sites
(�1.0 eV for site 2 in part b of Figure 5) than at the standard edge
center sites (�1.5 to �2.1 eV).
For the case of two S atoms having different Mo neighbors, the

local EDOS of the two bonded S atoms in part d of Figure 5 is not
the same (part e of Figure 10) because they have distinct local
environments. The Bader charge of the red S atom is �0.42 e
before oxidation and 1.50 e after oxidation. Compared to the
difference in the Bader charge, the S�S bond in part d of Figure 5
can be regarded as being partially covalent. As indicated in the
EDOS for site 2 in part d of Figure 5, the replacement of an S
atom by an O atom increases the degree of overlap in the EDOS.
In particular, the EDOS peaks at about �15 and �11 eV in the
unoxidized system, appear as one peak in the O EDOS peak at
about �12 eV (parts e and f of Figure 10). In addition to the
change of the electrostatic energy of a system, the local EDOS
suggests that oxygen substitution at site 2 in part d of Figure 5
increases the covalent strength of the resulting O�S bond
relative to the previous S�S bond. Thus, the oxidation energy
tends to be more negative (�2.1 eV) than the standard edge
center sites (�1.5 to �2.1 eV) for this particular case.
In summary, in addition to the electrostatic energy variation

during oxidation induced by atomic oxygen atom, the covalent
binding energy change between S�S and O�S bonds also
contributes to the oxidation energy for the nonstandard sites.
Depending on the relative strengths of the two covalent bonds,
the oxidation energy can be smaller or larger than that of the
standard sites. Because the S�S bond has a lower energy than the
O�S bond, the oxidation energies of nonstandard site tend to be
less negative than standard sites.
In an alternative process to substitutional oxidation, atomic

oxygen can absorb on the surface of MoS2 and form a bond with
eitherMo or S atom. The result of absorption of oxygen atoms on
Mo atom at low S coverage edges, for example the 0% S or Mo
edge (parts e and f of Figure 5), is similar to an increase the S
coverage on these edges. The absorption energy for such cases is

expected to be negative since a bond forms between under-
coordinated Mo and O atoms. As the number of under-coordi-
nated Mo atoms on the edges is depleted, the oxidation
mechanism induced by atomic oxygen is expected to change
from absorption to substitution, which is the focus of this study.
As suggested by ref 10, both the 50% or 100%Mo edges are stable
under a wide range of environments. On the basis of this study,
the oxidation is energetically preferable to standard corner or
edge sites. However, the nonstandard corner or edge sites are less
susceptible to oxidation than the bulk sites.

V. CONCLUSIONS

Using first-principles electronic-structure methods, we have
calculated the oxidation energy as function of positions in an
infinite singleMoS2 trilayer and at representative edge sites on six
MoS2 nanoparticles with different terminations and S coverage.
A wide range of oxidation energies (�0.9 to �2.4 eV) were
found. In most cases, the lower coordinated Mo sites were found
to be more susceptible to oxidation than the more highly
coordinated Mo sites. At the nonstandard positions, that is, edge
sites at which there is S�S bond formation in the unoxidized
system, the replacement of the S atom by an O atom changes the
covalency of the bonding in the system. The resulting oxidation
energies can be higher or lower than the standard sites depending
on the local competition of covalent bond energies of S�S and
O�S bonds.

Consistent with experiment, we find that both single sheeted
MoS2 andMoS2 nanoparticles are highly susceptible to oxidation
by atomic oxidation. However, the edge sites are not always more
susceptible to substitutional oxidation induced by atomic oxygen
than the bulk sites.
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