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A density-functional theory investigation on desorption

of O2 on Sn(111) and its comparison with initial

oxidation on the X(111) (X=Si, Ge, Sn, Pb) surfaces∗
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The first-principles calculations are performed to investigate the adsorption of O2 molecules on an Sn(111) 2 × 2

surface. The chemisorbed adsorption precursor states for O2 are identified to be along the parallel and vertical channels,

and the surface reconstructions of Sn(111) induced by oxygen adsorption are studied. Based on this, the adsorption

behaviours of O2 on X(111) (X=Si, Ge, Sn, Pb) surfaces are analysed, and the most stable adsorption channels of O2 on

X(111) (X=Si, Ge, Sn, Pb) are identified. The surface reconstructions and electron distributions along the most stable

adsorption channels are discussed and compared. The results show that the O2 adsorption ability declines gradually

and the amount of charge transferred decreases with the enhancement of metallicity.
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1. Introduction

Tin oxides have received much attention, ow-

ing to their applications in high conductivity heat

reflectors,[1,2] gas sensors,[3−5] and catalysts.[6−10] The

first stage of catalysts and gas sensing actions are

attributed to the preadsorption of oxygen onto the

Sn surface.[11−14] The initial oxidation reaction kinet-

ics can be significantly influenced by the precursor

states. However, few studies have focused on the oxy-

gen molecules adsorbed on a pure Sn surface. In addi-

tion, it is difficult to observe the molecule/Sn interac-

tion at an atomic level in experiment, and the surface

reconstruction phenomenon always occurs in the pro-

cess of the initial adsorption, which is important for

understanding the oxidation behaviours of chemisorp-

tions and catalytic reactions on the atomic scale.[15,16]

Therefore, a deeper understanding of adsorption be-

haviours at an atomistic and a quantum mechanical

level is necessary. On the other hand, the elements

of Si, Ge, Pb in the fourth main group have similar

electronic structures, and Si, Ge and Sn exhibit the

same lattice structures. Therefore, it is of interest to

explore whether there are similar behaviours on the

Si, Ge, Sn, and Pb surfaces.

Motivated by these questions, we systematically

study the adsorption behaviours of the O2 molecule

on the Sn(111) surface and compare the oxidation

on X(111) (X=Si, Ge, Pb) using the first-principles

calculations. The results show that the adsorption

of the O2 molecule produces a molecular precursor,

according well with previous studies.[17−24] More in-

terestingly, it is found that the surfaces of X(111)

(X=Si, Ge, Sn) induced by oxygen adsorption are re-

constructed. The electron distributions and densities

of states along the most stable adsorption channel on

X(111) (X=Si, Ge, Sn, Pb) surfaces show that the

interaction gradually declines with the enhancement

of metallicity.

2. Computational method

The calculations are performed by using the spin-

polarized version of the Vienna ab initio simulation

package (VASP)[25] with the projector-augmented-

wave (PAW)[26] pesudopotentials and plane waves.

The wave functions are expanded in a plane-wave basis

with an energy cutoff of 400 eV. The atomic positions
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are optimized by the conjugate gradient method[27]

with an energy convergence of up to 0.1 meV. Peri-

odic slabs consisting of six layers separated by a 20-Å

(1 Å=0.1 nm) vacuum region are used, which is found

to be sufficiently convergent. Oxygen molecules are

placed on one side of the slab, namely on the top of

the surface. An energy broadening[28] of 0.01 eV is

chosen to smear the occupation of the bands around

EF by using a Fermi–Dirac distribution and extrapo-

lating to T = 0 K. The Brillouin-zone summation is

performed with a 7×7×1 Monkhorst–Pack[29] k-point

grid for all the p(2 × 2) surface cells calculated. The

spin-polarization correction is included.

To test the accuracy of the plane-wave basis set

and the pseudopotentials used, the lattice constants

of X (X=Si, Ge, Sn, Pb) and the bond-length of iso-

lated O2 are fully optimized. The obtained lattice con-

stants are 5.47, 5.76, 6.64, and 5.03 Å for Si, Ge, Sn,

and Pb, which accord with the experimental[30] val-

ues of 5.43, 5.66, 6.49, and 4.95 Å, respectively. The

calculated bond-length of an isolated O2 molecule is

1.235 Å, which is in good agreement with the experi-

mental value of 1.21 Å.[29]

The stability of an adsorption site is determined

by an average adsorption energy of the adsorbed oxy-

gen molecule, which is defined as (in units of eV per

O atom)

Ead = −1

2
[EO2+film − Efilm − EO2 ], (1)

where EO2+film, Efilm, and EO2 are the total energy

of the slabs containing oxygen molecules, that of the

corresponding clean X(111) slab, and that of a free

O2 molecule, respectively. The stability of an adsorp-

tion site is also determined by the adsorption energy.

Therefore, when one O2 molecule stays at the site with

the largest adsorption energy, the location is the most

stable and energetically favourable site.

3. Precursor adsorption state of

O2 on the Sn(111) surface

We first study the molecular chemisorption of

oxygen on the (2× 2) structure of Sn(111). As a first

stage of the formation of tin oxidation, a deeper un-

derstanding of the adsorption would provide a basis

for more detailed characteristics of tin oxidation be-

haviours.

All the possible vertical and flat adsorption con-

figurations of the molecule on the Sn surface are ex-

amined carefully. The O2 molecule is centred over

the top (T), hcp hollow (HH), fcc hollow (FH), and

bridge (B) sites depicted in Fig. 1(a). At each high-

symmetry site, the O2 molecule possesses three dif-

ferent adsorbed orientations along the x (i.e., [011]),

y (i.e., [211]), z (i.e., [111]) directions, respectively.

Therefore, 12 high-symmetry adsorption channels for

the O2 molecule on the Sn surface are calculated in

this work.
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Fig. 1. (a) Four on-surface adsorption sites on the p(2×2)

surface cell of X(111) (X=Si, Ge, Sn, Pb). (b) The sketch

map showing that the molecule (with vertical or parallel

orientation) is initially away from the surface with a height

of h0.

In each case, the centre of the O2 molecule is ini-

tially set to be 4 Å above the optimized Sn(111) sur-

face shown in Fig. 1(b). After structural optimization,

we obtain eight molecular adsorption states. These

eight molecular adsorption states are represented for

the O2 orientation initially set to be along x and y di-

rections. The final adsorption configurations are then

examined. It is found that the final configurations in

all cases are changed, and the oxygen molecules no

longer stay at the initial high-symmetry (HS) site.

To investigate the surface reconstruction distinctly,

two kinds of adsorption forms are defined according

to the coordinations on the surface: backbond oxida-

tion, corresponding to the oxygen molecules parallel

to the surface, and offsetbond oxidation, correspond-

ing to the oxygen molecules rotating at an angle with

respect to the surface. The final relaxed stable struc-

tures are shown in Fig. 2. It can be concluded that the

linear oxygen molecule along HS-x channels (B-x, FH-

x, HH-x, or T-x) for backbond oxidation (Fig. 2(A)–

2(D)) is bonded with two tin surface atoms and the
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molecular axis parallels to the surface. On the other

hand, the linear oxygen molecule along the other HS-

y channels (B-y, FH-y, HH-y, or T-y) for offset-bond

oxidation are presented in Figs. 2(E)–2(H). As can be

seen, the oxygen molecule is bonded with three top

tin atoms (except for T-y) and offsets the surface tin

atoms. Meanwhile, the deviation of the top surface

tin atoms induced by the oxygen molecule is about

0.3 Å. Therefore, the surface reconstruction is appar-

ent. The two oxygen atoms are drawn closer to the

surface, and the distances between the oxygen atom

(dark colour) and its bonded top-two surface tin atoms

(white colour) are shown in Figs. 2(A)–2(H). The top

views of these optimized most stable structures of

(Figs. 2(A)–2(H) are shown in Figs. 2(a)–2(h). It can

be seen that all the sites of oxygen molecules adsorbed

on surfaces move from the initial sites. Especially, the

initial bridge-site and top-site exhibit apparent devi-

ations, so that it is difficult to distinguish the initial

adsorption sites on the optimized stable structures.
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Fig. 2. Optimized structures for O2 chemisorptions on the Sn(111)-(2× 2) surface. The formation of backbond

adsorption of the O2 molecule is initially along the B-x, FH-x, HH-x, and T-x channels (A)–(D). The formation

of offset-bond adsorption of the O2 molecule is initially along the B-y, FH-y, HH-y, and T-y channels (E)–(H).

Note that the two row panels (a)–(h) in the middle are the top views of the optimized structures for eight O2

chemisorbed on the Sn(111) correspondingly. Oxygen atoms are represented in dark balls, tin in dark gray balls,

and the surface Sn atoms connected with oxygen atoms in white balls as remarked. The bond-length of oxygen

molecules and O–Sn are also listed in the panels.
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The molecular adsorption energy (Ead), O–O

bond length (d), molecular magnetic moment (MM),

and work function (Φ) are calculated. As shown in

Table 1, the trending of the O–O bond length (d) can

characterize the amplitude of the molecular adsorp-

tion energy (Ead). It is thus found that the molecu-

lar MM and work function of the backbond oxidation

forms are greater than those of the offset-bond oxida-

tion forms. This phenomenon can be explained by the

fact that the distance of the oxygen molecule to the

surface Sn atoms of the offset-bond oxidation forms is

much shorter than that of backbond oxidation forms,

which makes orbital hybridization and charge trans-

fer more intensive. Among all the relaxed configura-

tions, the FH-y configuration is the most stable with

the largest molecular adsorption energy (∼ 0.915 eV

per atom). In this channel, the height of the linear

molecule decreases, the molecular MM nearly disap-

pears, and the molecular bond length is as large as

1.461 Å, indicating that the interaction between O2

and the Sn(111) surface is so prominent.

Table 1. The calculated values of adsorption energy per

atom (Ead), O–O bond length (d), molecular magnetic

moment (MM), and work function (Φ) for chemisorptions

along different channels.

Channel Ead/meV d/Å MM/µB Φ/eV

T-x 780 1.48 0.73 4.71

T-y 754 1.45 0.09 4.67

B-x 777 1.45 1.23 4.65

B-y 823 1.48 0.00 4.49

HH−x 774 1.45 1.24 4.64

HH-y 631 1.44 0.00 4.54

FH-x 776 1.45 1.19 4.65

FH-y 915 1.46 0.00 4.49

In order to obtain further insight into the char-

acteristics of the chemisorbed molecular state in the

O2/Sn(111) system and explain how the O2 molecule

interacts with Sn(111) surface, the orbital-resolved

site-projected densities of states (PDOSs) for the O2

molecules in the most stable FH-y entrance and the

topmost Sn layer are plotted in Figs. 3(a) and 3(b),

respectively. By comparing with the case of a free O2

molecule, one can see that both σ and π molecular

orbitals (MOs) of the chemisorbed O2 in the FH-y en-

trance undergo the fundamental changes. Firstly, the

spin splitting of both bonding and anti-bonding MOs

vanishes. Secondly, the prominent changes of the spin-

split PDOS peaks for the two lowest-energy bond-

ing and antibonding σ MOs of the free O2 molecule

indicate its strong perturbation by interacting with

the Sn(111) surface. Thirdly, the PDOS peaks for

the two nearly degenerate bonding σp and πp MOs

around E = −6.0 eV are broadened largely after

the chemisorptions states have been merged together,

which leads to the amplitude becoming much weaker

than that for a free O2. Finally, near the Fermi level,

the PDOS peaks for the two nearly degenerate anti-

bonding π∗
p MOs are also broadened. The transfer

of electrons from the adsorbed molecule into the un-

occupied metal surface and a back donation of elec-

trons from the occupied metal states into the anti-

bonding MOs are not pronounced. Maybe this ex-

change is achieved only through the interaction be-

tween the p orbitals of the Sn(111) surface and the

adsorbed molecule.
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Fig. 3. Orbital-resolved PDOSs for the chemisorbed O2

molecule (a) and the topmost Sn layer (b) along the FH-y

channel. The Fermi energy is set at zero. Note that the

O2 is plotted in a spin-split form.

4. Adsorption of O2 on X(111)

(X=Si, Ge, Sn, Pb) surfaces

To investigate the adsorption mechanism of the

initial oxidation procedure, the adsorption behaviours

of O2 molecules on X(111) (X=Si, Ge, Sn, Pb) sur-

faces are systemically analysed. Twelve initial ge-

ometries for each X(111) slab are constructed, and

the extensive optimizations are performed. Note that

on one side of the slabs of Si and Ge, the bottom

atomic layers are saturated by hydrogen in order to

maintain the same population ratio of the p(2 × 2)

surface.[32] The most stable structures with the largest

adsorption energies of the four systems are shown in

Fig. 4. Figure 4(a) presents the most stable struc-

ture of O2/Si(111). It is demonstrated that the O2
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molecule can dissociate without overcoming any bar-

rier on the clean Si(111) surface, which results in an

ad-ins structure, where “ad” denotes an O atom ad-

sorbed on the top of the Si adatom, and “ins” means

that an O atom is singly inserted into two Si adatom

backbonds. The Si–Oad bond length is 1.56 Å, which

is similar to the bond length 1.54 Å of a free SiO

molecule. The Si–Oins–Si bond angle is somewhat

smaller than that of the crystalline SiO2 (∼ e.g., 144◦

for α-quartz). The O2 vibration frequency value and

the PDOS calculated here show that the binding en-

ergy of the O 2p orbital (i.e., Oad and Oins atoms)

is in good agreement with the experimental electron

energy loss spectroscopy (EELS)[33−35] and ultravi-

olet photoelectron spectroscopy (UPS)[36−38] results,

respectively. Figure 4(b) gives the most stable struc-

ture of O2/Ge(111). The linear molecule is tilted with

respect to the parallel surface and bonded to three top

surface Ge atoms. The two oxygen atoms are drawn

closer to the surface with distances of 1.94 Å, 2.22 Å,

and 2.22 Å away from the Ge atoms. Our results

suggest that one oxygen atom is doubly bonded to

Ge atoms and the other oxygen atom is only tiltedly

bonded with a Ge atom. This is different from the pre-

vious study of the O2/Ge (100)[39] system, in which

a more favourable energetic oxidation model suggests

that each oxygen atom is bonded with a Ge atom. The

most stable structure of O2/Sn(111) is also shown in

Fig. 4(c) for comparison. The 6-monolayer (ML) Pb

film along the HH-x channel which has the largest ad-

sorption energy is given in Fig. 4(d) as a representative

to examine the structural and electronic properties of

the O2-adsorbed film. The bond length and the height

of the oxygen molecule are listed in Fig. 4, which

coincide well with the results of our previous study

on the dissociation and adsorption of O2/Pb(111),
[20]

and the centre of a parallel linear molecule exhibits a

certain offset against the centre of the HH site after

adsorption. In addition, the most stable channel of

O2/X(111) (X=Si, Ge, Sn) is along the same FH-y

channel shown in Figs. 4(a)–4(c). Moreover, the re-

construction of the surface, induced by adsorption is

examined. The deviation of the top surface atoms,

influenced by an oxygen molecule is about 0.3 Å, and

the distances of one oxygen molecule to surface atoms

(white colour marked) are shown in the panels. How-

ever, there is a slight exception to Pb, which could be

explained by the fact that the lattice structure of Pb

is somewhat different from the others.

(d)(c)(a)
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1.56
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(b)

2.22
1.94

1.459

2.22

2.152.34 1.461

2.34

2.37 2.371.472

2.40

(

Fig. 4. (colour online) Optimized structures of the O2 molecule along the most stable channel on the 6-ML

Si(111), Ge(111), Sn(111), and Pb(111) films are presented in panels (a)–(d) for a comparison. The balls are

represented in their elemental colours. Note that the surface atoms bonded with oxygen atoms are colored white.

The distances of O–O and O–Sn are listed on the panels.

To further analyse the structures of these most

stable adsorbed channels, the calculated values of

molecular adsorption energy (Ead), O–O bond length

(d), work function (Φ), and the amount of charge

transfer are listed in Table 2. As can be seen, the ad-

sorption energy of the O2 molecule weakens gradually,

while the amount of charge transfer decreases. The

results lead to a gradual increase of the oxygen molec-
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ular bond, which indicates that some regular catalytic

performances occur in the oxidation process of the four

elements in the same group.

Table 2. Calculated values of oxygen molecular adsorp-

tion energy per atom (Ead), O–O bond length (d), and

work function (Φ), and the amount of charge transforma-

tion from the substrate to the chemisorbed O2 molecule

along the most stable channels of Si, Ge, Sn, and Pb sur-

face.

Surface Ead/eV d/Å Φ/eV (e)

Si(111) 2.88 – 5.48 1.60

Ge(111) 1.38 1.459 5.00 1.21

Sn(111) 0.92 1.461 4.49 1.09

Pb(111) 0.47 1.472 4.51 0.95

The values of the charge density difference

(∆ρ(r)) of the O2 molecule and 6-ML X(111) (X=Si,

Ge, Sn, Pb) films for the most stable chemical ad-

sorption state were calculated (see Fig. 5), which are

obtained by subtracting the electron densities of non-

interacting component systems, ρX(111)(r) + ρO2
(r)

from the densities of ρO2+X(111) of the four systems

subtracts, with the atomic positions of the component

systems kept unchanged. A positive ∆ρ(r)obviously

represents charge accumulation, whereas a negative

∆ρ(r) represents charge depletion. Figures 5(a)–5(d)

show clearly the charge transfers from X (X=Si, Ge,

Sn, Pb) to O2, which is consistent with the electroneg-

ativity difference between O and X atoms. The con-

tour plots for the two-dimensional ∆ρ(r) in the plane

containing two O atoms and parallel to the X(111)

surface, are correspondingly shown on the tops of

three-dimensional charge transfer panels. The blue

colour represents charge accumulation, and red (yel-

low) colour represents charge depletion. It can be eas-

ily seen that the charge moves from the substrate to

the O2 π∗
⊥ or π∗

|| antibonding states. The values of

π∗
⊥ and π∗

|| indicate orientations of O2 antibonding

states perpendicular or parallel to the surface. Be-

cause of the charge transfer, the O–O bond length is

extruded. The presence of an adatom and rest atom

pair would be favourable for the initial O2 adsorption

on the Si(111) surface.[32] Figure 5(a) shows electron

distributions in the occupied and unoccupied MOs in

the vertical plane that contains both the Si adatom

and rest atom. As shown in the figure, most of the

electron density in the highest occupied molecular or-

bital (HOMO) resides around the rest atom. Only

small electron densities in the HOMO and the lowest

unoccupied molecular orbital (LUMO) are localized

on the adatom site. These electron distributions can

be used to explain the basic scanning tunneling mi-

croscope (STM) results that show Si adatoms are im-

aged brightly in both conditions of the filled state and

empty state sample biases. From the contour plots of

the charge density difference in Figs. 5(b)–5(d), one

can see that there is an electron depletion area in the

middle of the two oxygen atoms, indicating the O2-

to-surface π donation, and two electron accumulation

areas around the two oxygen atoms representing the

surface-to-O2 π∗ back donation.

(a) (b) (c) (d)

Slicel

1.200T102

5.625T101

-7.500

-7.125T101

-1.350T102

Fig. 5. (colour online) Three-dimensional charge transfers from X (X=Si, Ge, Sn, Pb) to O2, with the isosurface value

being ±0.03 Å. The contour plots for two-dimensional ∆ρ(r) in the plane containing the two O atoms and parallel to

the X(111) surface are correspondingly shown on the tops of three-dimensional charge transfer panels. The red (yellow)

and blue areas indicate the charge depletion and accumulation around the O2 molecule.
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5. Conclusion

In this work, we systematically investigated the

behaviours of O2 molecules on Sn(111) surface using

the spin-polarized first-principles calculations. The

oxidation mechanism of the Sn(111) surface was anal-

ysed and the surface reconstruction was explicitly dis-

cussed. Two kinds of adsorption forms were found:

backbond oxidation and offset-bond oxidation. Fur-

thermore, the adsorption behaviours of O2 molecules

on X(111) (X=Si, Ge, Pb) films were discussed. The

comparisons of the adsorption behaviours, molecular

magnetic moment, and work function among the O2

molecules on X(111) (X=Si, Ge, Sn, Pb) show that

the O2 adsorption ability declines gradually and the

amount of charge transfer decreases with the enhance-

ment of metallicity. Our study further provides a de-

tailed physical picture for the adsorption of the O2

molecule on X(111) (X=Si, Ge, Sn, Pb) surfaces.
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