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The regeneration mechanisms of the sulfurized and oxygen-deficient ZnO(10�10) surfaces in an oxygen atmo-
sphere have been systematically studied by using the density functional theory (DFT) method. An activation
energy of 36.79 kJ·mol−1 is needed for the regeneration of the sulfurized ZnO(10�10) surface at the GGA–
PW91 functional level. The formed SO2 lies on the ZnO(10�10) surface horizontally, S in SO2 bonds to a surface
oxygen atom to form an analogical SO3 structure. Two regeneration mechanisms are studied for the
oxygen-deficient ZnO(10�10) surface. One is that O2 dissociatively adsorbs on the oxygen-deficient ZnO(10
�10) surface leading to the regeneration of the surface. The other is that O2 molecularly adsorbs on the
oxygen-deficient ZnO(10 �10) surface, then a little activation energy of 29.43 kJ·mol−1 is needed to make
the surface regenerate. It can be concluded that the sulfurized and oxygen-deficient ZnO(10 �10) surfaces
are easy to be regenerated in an atmosphere containing O2.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Zinc oxide (ZnO) is the most widely used desulfurizer to remove
sulfur species such as H2S from gas streams due to its negative effects
on environment and chemical processing [1,2]. Sulfidation is the first
process during the desulfurization. In this process, S can be deposited
on the surface leading to the loss of sulfidation activity of ZnO, there-
by influencing the desulfurization capacity. On the other hand, the
formation of H2O results in an oxygen vacancy on the surface,
which has the influence on the lifetime of ZnO if the oxygen vacancy
had not been filled. A good desulfurizer not only has the combination
of a high affinity towards the reaction with H2S, but also the forma-
tion of a sulfide which can be converted back to the oxide through ox-
idation [3]. It is obvious that the regenerability is an important
property of desulfurizer [4], which influences the desulfurization ca-
pacity and lifetime of desulfurizer.

The desulfurizedmaterial of ZnO supported on TiO2was prepared by
Elseviers et al. [3]. The regeneration thermodynamic equilibrium has
been simulated using Aspen Plus, and it can be concluded that the
material can be regenerated completely at 600 °C. Bulk Zn–Ti–O binary
oxides were synthesized by adding TiO2 into ZnO to stabilize ZnO, and
cyclic sulfidation-regeneration experiments were performed in a
packed-bed microreactor. It showed that the intrinsic sulfidation kinet-
ics of zinc titanates was similar to zinc oxide at 650 °C, and the sulfided
t, Taiyuan 030024, China. Tel.:

.
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zinc titanate sorbents were fully regenerationable [5]. The above exper-
iments show that zinc sulfide can be regenerated. A free oxygen-
containing gas is needed to be introduced to the reactor for the purpose
of oxidizing the zinc sulfide [6]. The regeneration performance of ZnO
has been investigated by Focht et al. [7], and the result showed that
an oxygen atmosphere gives the following regeneration reaction:
ZnS+(3/2)O2→ZnO+SO2. Other investigators agreed with this reac-
tion process [8,9]. A fundamental understanding of the regeneration
mechanism is important for two reasons. First, experimental informa-
tion is however not always sufficient and accompanying theoretical cal-
culations can be helpful to clarify some questions. And, second, the
regeneration of the oxygen-deficient surface has not been studied.

About the regeneration process in an atmosphere containing O2,
the adsorption and dissociation of O2 on the perfect and deficient sur-
faces are important. With recent development, density functional
theory (DFT) method has already been extensively used to study
the adsorption of O2 on the different perfect surfaces MgO(001)
[10,11], SnO2(110) [12], Cu2O(100) [13], Cu2O(111) [14] and defi-
cient Cu2O(111) surface [14]. To the best of our knowledge, few the-
oretical studies about the adsorption of O2 on the oxygen-deficient
ZnO(10 �10) surfaces have been systematically reported, which will
be helpful to deeply probe into the regeneration process at a micro-
scopic level. Only Yan et al. [15] investigated the interaction of O2

on the periodic oxygen-deficient ZnO(10 �10) slab with the bottom
side passivated by hydrogen atoms, however, no hydrogen atoms
are passivated on the ZnO(10�10) slab in experiment [16,17] and in
other theoretical studies [18,19]. And no theoretical study about the
adsorption of O2 on the sulfide ZnO(10�10) surface has been reported.

http://dx.doi.org/10.1016/j.fuproc.2012.09.037
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Following the sulfidation process during the desulfurization of H2S
reported in the former study [20], the regeneration mechanisms in
the presence of O2, including the sulfurized ZnO(10�10) surface and
the oxygen-deficient ZnO(10�10) surface are microscopically studied
by using the periodic density functional theory (DFT) method. Mean-
while, the adsorptions of O2 molecule on the perfect and oxygen-
deficient ZnO(10 �10) surfaces, SO2 and O atom on the perfect
ZnO(10�10) surface are investigated to obtain the stable intermediates.
The activation energies for the regeneration processes are also calcu-
lated, which may be of interest to researchers attempting to explore
the better desulfurizers.
2. Computational modes and methods

2.1. Surface models

The sulfurized and oxygen-deficient ZnO(10 �10) surfaces were
constructed according to the perfect ZnO(10 �10) surface. The perfect
ZnO(10 �10) surface was modeled with 6 atomic layer slab and a
p(2×2) supercell; a vacuum region of 1 nm thickness was used to sep-
arate the surface from its periodic image in the direction along the sur-
face normal (z direction). The optimized ZnO(10�10) surface is shown in
Fig. 1(a) and (b).Meanwhile, considering the effect of layers on the sur-
face and the electronic coupling between the adjacent slabs, an 8 layer
slab model and a more large size model p(3×2) supercell were used
to calculate the adsorption energy of H2S on the ZnO(10�10) surface;
the energy differences were only 1.29 kJ∙mol−1 and 3.12 kJ∙mol−1 cor-
responding to the 6 layer slab with p(2×2) supercell, respectively.

The sulfurized ZnO(10 �10) surface was constructed by a S atom
bridging a Zn\O bond on the perfect ZnO(10 �10) surface. It is the
most stable structure, as shown in Fig. 1(c) and (d). Other two struc-
tures of S atom bridging Zn and O in parasites of a hexagonal channel
and S atom bonding to two adjacent Zn atoms on the perfect ZnO(10
�10) surface were also investigated; the adsorption energies of which
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Fig. 1. The slab models o
were lower than that of the most stable structure by 12.96 and
88.66 kJ∙mol−1, respectively.

The removal of the oxygen at the top atomic layer from the perfect
surface results in what was called the oxygen-deficient ZnO(10 �10)
surface [21], as shown in Fig. 1(e) and (f). Zn3, Zn5 and Zn6 atoms
used to bond with O3, are now Zn3 and Zn5, Zn3 and Zn6 bond
with each other, respectively. The Zn3 atom is on the surface, but
the Zn5 and Zn6 atoms are below the surface.

In all calculations the bottom two layers of the slab were kept fixed
at their bulk-like position, while the remaining atoms in the top four
layers, and the adsorbed molecules/or atoms were allowed to move.

2.2. Calculation methods

The calculations were performed using the density functional theory
(DFT) method [22,23], where the generalized gradient approximation
(GGA) corrected the exchange-correlation functional proposed by
Perdew andWang [24,25] was chosen together with the doubled numer-
ical basis set plus polarization basis sets (DNP) [26]. The inner electrons of
Zn atom were kept frozen and replaced by an effective core potential
(ECP) [27], and other atoms were treated with an all-electron basis set.
Brillouin-zone integrations were performed using 4×2×1 Monkhorst-
Pack grid. A Fermi smearing of 0.005 hartree and a real-space cutoff of
4.4 Å were used to improve the computational performance. Spin
unrestrictedwas performed. The tolerances of energy, force, anddisplace-
ment convergence were 2×10−5 hartree, 4×10−3 hartree/Å, and
5×10−3 Å, respectively. All calculations were carried out with the
Dmol3 program package [28,29] on HP Proliant DL 380 G5 server system.

The adsorption energies, Eads, are calculated as follows:

Eads ¼ Etot adsð Þ þ Etot slabð Þ−Etot ads=slabð Þ

where Etot(ads) is the total energy of the free adsorbate in the gas
phase, Etot(slab) is the total energy of the bare slab, and Etot(ads/
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slab) is the total energy for the slab with adsorbate in its equilibrium
geometry.

Transition state (TS) search was performed at the same theoretical
level with the complete linear synchronous transit/quadratic syn-
chronous transit (LST/QST) method [30]. In addition, TS confirmation
was performed on every transition state structure to confirm that
they lead to the desired reactants and products using the nudged
elastic band (NEB) method.

The activation energy (Ea) is defined as follows:

Ea ¼ Etot TSð Þ−Etot Rð Þ

where Etot(R) is the total energy of reactant in every elementary reac-
tion, and Etot(TS) is the total energy of transition state in every ele-
mentary reaction.

3. Results and discussion

3.1. Calculations of O2 molecule and bulk ZnO

The bond length of molecular O2 calculated from our approach is
r(O\O)=0.1225 nm,which is in good agreementwith the experimen-
tal value of 0.1207 nm [31], aswell as the other similar GGA results [32].
Then, the test is to predict the lattice constant of bulk ZnO. The calculat-
ed values for the lattice constants are a=b=0.3306 nm and c=
0.5326 nm in comparison with the experimental value of a=b=
0.3249 nmand c=0.5205 nm [33], the largest deviations of calculation
value from the experimental value are only 1.75 and 2.32%, respectively.
The calculated values are also in good agreement with the other similar
GGA results [34]. These results obtained in above tests make us confi-
dent in pursuing the regeneration mechanisms of the sulfurized and
oxygen-deficient ZnO(10�10) surfaces in an atmosphere containing O2.

3.2. Adsorption of O2 molecule on the perfect ZnO(10�10) surface

In order to study the regeneration mechanism of the sulfurized
ZnO(10�10) surface, what to be investigated first is the adsorption of
O2 on a stoichiometric ZnO(10 �10) surface. The optimized perfect
ZnO(10�10) surface is that the surface consists of slightly tilted ZnO
“dimmers” with 9.899° as indicated in Fig. 1(a) and (b), which is in
agreement with the other calculation results [35] and experimental
results by Duke et al. [36]. The Zn and O atoms on the surface are
threefold coordinated.

Three adsorption configurations of O2 molecule on the perfect
ZnO(10 �10) surface are obtained, which are named as O2(a), O2(b)
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Fig. 2. The adsorption configurations of O2 mo
and O2(c), as shown in Fig. 2. The adsorption energies are listed in
Table 1. O2(a) is the O2 molecule bonding to two neighboring Zn
atoms on the surface, forming a bridging O2 molecule. The formed
Oa\Zn1 and Ob\Zn2 bonds are 0.2212 and 0.2214 nm, respectively.
The O\O bond length of the O2 molecule is 0.1289 nm, which is
stretched slightly by 0.0064 nm corresponding to 0.1225 nm of O2

molecule in gas phase. Yan et al. [15] have also investigated the ad-
sorption of O2 on the perfect ZnO(10 �10) surface, the calculated
bond length between the O atom and its bonding Zn atom in the sur-
face is 0.2523 nm, and the O\O bond length of the O2 molecule is
0.1244 nm. The adsorption structures of O2 molecule on the perfect
ZnO(10�10) surface are similar in the two theoretical studies, but the
calculated adsorption energy has large difference. In our study, the
calculated adsorption energy is −28.57 kJ·mol−1, which is only
1.93 kJ·mol−1 in reference [15]. We guess that the hydrogen-
passivated bottom sides of the ZnO slabs in reference have influence
on the adsorption energy. In another study by Yuan et al. [37], the
local spin density approximation (LDA) functional has been used to
calculate the adsorption of O2 on the ZnO(10 �10) surface, and an
adsorption energy of 57.90 kJ·mol−1 is obtained. However, it is
generally known that LDA approximation often overestimates the
adsorption energy. We also consider other various adsorption
structures. O2(b) is two O atoms of O2 molecule bridging Zn1 and O1
in a Zn\O bond, the bond lengths of Ob\O1 and Oa\Zn1 are 0.3549
and 0.2212 nm, respectively. The Oa\Ob bond is 0.1260 nm, which is
shorter than that in O2(a). The adsorption energy is −44.05 kJ·mol−1.
O2(c) is two O atoms of O2 molecule bridging Zn1 and O3 in parasites
of a hexagonal channel; the formed Ob\O3 and Oa\Zn1 bonds are
0.2892 and 0.2195 nm, respectively. The Oa\Ob bond is 0.1262 nm,
and the adsorption energy is −43.03 kJ·mol−1. Comparing with the
O\O bond lengths of adsorbed O2 molecules and the adsorption
energies in three structures,we can see that O2(a) is themost stable con-
figuration of O2 adsorption on the perfect ZnO(10�10) surface, which is
fully molecular adsorption.

3.3. Adsorption of SO2 molecule on the perfect ZnO(10�10) surface

In the appearance of O2, S in the sulfurized ZnO(10�10) surface may
react with O2 leading to the main product SO2, thus the sulfurized
ZnO(10�10) surface is regenerated. So it is necessary to study the ad-
sorption of SO2 on the perfect ZnO(10�10) surface. Six different ad-
sorption configurations of SO2 on the perfect ZnO(10�10) surface are
obtained, as shown in Fig. 3, and the adsorption energies are listed
in Table 1. SO2(a) is the SO2 on the top of the surface vertically, the
two O atoms bridging two adjacent Zn atoms with an adsorption
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Table 1
The adsorption energies of O2 and SO2 on the perfect ZnO(10�10) surface.

Structures Eads (kJ·mol−1) Structures Eads (kJ·mol−1)

O2(a) −28.57 SO2(a) 46.94
O2(b) −44.05 SO2(b) 9.66
O2(c) −43.03 SO2(c) 6.81

SO2(d) 95.96
SO2(e) 95.14
SO2(f) 84.60
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energy of 46.94 kJ·mol−1, and the O\Zn bonds are 0.2294 and
0.2259 nm, respectively. The adsorption energies of SO2 in structures
SO2(b) and SO2(c) are only 9.66 and 6.81 kJ·mol−1, respectively.
They are physical adsorption. In SO2(d), SO2 lies on the ZnO(10�10) sur-
face horizontally, the formed Oa\Zn1 and S\O3 bonds are 0.2061 nm
and 0.1988 nm, and the adsorption energy is 95.96 kJ·mol−1. SO2(e) is
S and Oa in SO2 bonding to O1 and Zn1 on the ZnO(10�10) surface, and
SO2 lies on the ZnO(10�10) surface horizontally. The adsorption energy
is 95.14 kJ·mol−1. In SO2(f), the S atom bonds to O1, two O atoms of
SO2 bond to two adjacent Zn atoms, and the adsorption energy is
84.60 kJ·mol−1, which is less stable than SO2(d) and SO2(e) by 11.36
and 10.54 kJ·mol−1, respectively. It can be seen that SO2(d) and
SO2(e) are the most stable structures in all adsorption structures of
SO2 on the ZnO(10�10) surface, and the second is SO2(f). In the three
structures of SO2(d), SO2(e) and SO2(f), S in SO2 bonds to a surface
oxygen atom to form an analogical SO3 structure, which is compatible
with the report by Chaturvedi et al. [38]. They have studied the reaction
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Fig. 3. The adsorption configurations of SO2 m
of SO2 with ZnO surface using synchrotron-based high-resolution pho-
toemission spectroscopy. It shows that the SO2 molecule probably at-
taches itself to a surface oxygen atom to form SO3, and a subsequent
reconstruction of the oxide surface produces SO4. They also investigated
the interaction of SO2 with ZnO(0001)\Zn and ZnO(000�1)\O using ab
initio SCF calculations. The theoretical calculations suggest that SO2

adsorbs on an oxygen site to form SO3. Prades et al. [39] have also
studied the adsorption of SO2 on the ZnO(10 �10) surface using the
DFT method. The calculated adsorption energy is 108.07 kJ·mol−1,
which is similar to our calculation results, but the most stable configu-
ration is two O atoms in SO2 bonding to a surface Zn atom.

3.4. The regeneration process of the sulfurized ZnO(10�10) surface

To obtain further detailed understanding about the regeneration
process of the sulfurized ZnO(10 �10) surface in an oxygen atmo-
sphere, the intermediates and transition states during this process
are shown in Figs. 3 and 4. The potential energy profiles for the regen-
eration process at the GGA–PW91 functional level are shown in Fig. 5
denoted by the black line. As the optimized O2(a) is the most stable
configuration for O2 adsorption on the perfect ZnO(10 �10) surface,
the coadsorption structure of S and O2 is configured according to
the optimized O2(a), and the optimized coadsorption structure is
shown as IM1 in Fig. 4. In IM1, the S\Zn bond cleavages and S\Oa
bond forms, and the bond lengths of Oa\Zn1 and Ob\Zn2 are
shorter than that in O2(a). The formation of IM1 is an exothermic pro-
cess. Then, IM1 leads to the formation of SO2(f) via transition state
TS1 with an activation energy of 36.79 kJ·mol−1. In this process,
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the bond length of Ob\Zn2 shortens from 0.1984 nm in IM1 to
0.1853 nm in TS1, then elongates to 0.2212 nm in SO2(f), and the dis-
tance between Ob and S shortens to 0.1529 nm in SO2(f). SO2(f) is
less stable than SO2(e) by 10.54 kJ·mol−1. The bond of Ob\Zn2
cleavage results in the formation of SO2(e) via TS2 with a little activa-
tion energy of 12.22 kJ·mol−1. In this step, the bond length of Ob\S
shortens from 0.1529 nm in SO2(f) via 0.1507 nm in TS2 to
0.1490 nm in SO2(e). Comparing with the two steps, we can see
that the first step [IM1→SO2(f)] is the rate determining step, and
the activation energy is only 36.79 kJ·mol−1. So it can be concluded
that the sulfurized ZnO(10 �10) surface is easy to be regenerated in
the appearance of O2.

To investigate the influence of different functional levels on the re-
sults, the potential energies for the regeneration of the sulfurized
ZnO(10 �10) surface have also been calculated using the GGA–BLYP
(GGA with the Becke–Lee–Yang–Parr) and LDA–PWC (LDA with the
Perdew–Wang correlational) functionals. A comparison of the poten-
tial energies at the three functional levels is shown in Fig. 5, and the
main bond lengths of intermediates and transition states are listed
in Table 2.

We can see that the three functionals have little influence on the
bond lengths of all structures. The different functionals yield nearly
similar results for the relative reaction energy. The rate determining
step for all functionals is IM1→SO2(f), and the activation energies
at the GGA–PW91, GGA–BLYP and LDA–PWC levels are 36.79, 29.40
and 44.04 kJ·mol−1, respectively.

3.5. Adsorption of O atom on the perfect ZnO(10�10) surface

WhenO2 adsorbs on the oxygen-deficient ZnO(10�10) surface, one of
O atoms can fill the oxygen vacancy in the ZnO(10�10) surface to make
the surface regenerate, and the other O atom adsorbs on the surface.
The adsorption mode of O atom on the regenerated ZnO(10�10) surface,
namely the perfect ZnO(10�10) surface, is needed to understand. The op-
timized adsorption structures of O atom on the perfect ZnO(10 �10)
surface are shown in Fig. 6, the adsorbed O atom is labeled by O*, and
the adsorption energies are listed in Table 3. O*(a) is the O* atom bond-
ed to two adjacent Zn atoms of the surface via the bridge bond mode,
and two O*\Zn bonds are 0.1950 and 0.1951 nm, respectively. The ad-
sorption energy is 165.26 kJ·mol−1. O*(b) is the O* atom bridging Zn3
and O3 in a Zn\O bondwith an adsorption energy of 205.05 kJ·mol−1,
the bond length of O*\Zn3 and O*\O3 are 0.1904 and 0.1503 nm, re-
spectively. O*(c) is the O* atom bridging Zn1 and O3 in parasites of a
hexagonal channel, and the adsorption energy is 180.71 kJ·mol−1.

Comparing with the adsorption energies of the O* atom on the
perfect ZnO(10 �10) surface, the strengths of atomic O adsorption
over the three types of adsorption sites could be assigned in the
following order, O*(b)>O*(c)>O*(a). It is clear that the O atom
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Fig. 4. The intermediates and transition states during the reg
bonding to Zn and O in a Zn\O bond is the most stable configuration
for single O atom adsorption, which is similar to the adsorption of
atomic S on the perfect ZnO(10�10) surface.

3.6. The regeneration process of the oxygen-deficient ZnO(10�10) surface

O2 prefers to be adsorbed on the perfect ZnO(10 �10) surface with
two O atoms bridging two adjacent Zn atoms. According to this infor-
mation, the adsorption structures of O2 on the oxygen-deficient
ZnO(10�10) surface are built, shown as M01 and M02 in Fig. 7. In M01,
the distances of Ob\Zn3 and Oa\Zn4 are placed as 0.2432 nm and
0.2431 nm, and the distance between two O atoms in O2 molecule is
fixed in its free bond length in gas phase (0.1225 nm). Optimized
M01 leads to the structure that one atomic oxygen completely fills the
original O vacancy on the ZnO(10�10) surface and the other bridges a
Zn\O bond, as shown in M1 in Fig. 7. The bond lengths of Oa\Zn3
and Oa\Ob are 0.1904 and 0.1503 nm, respectively. We find that M1
is the same as O*(b) in Fig. 6, Oa in M1 is corresponding to O* in
O*(b), and Ob in M1 is corresponding to O3 in O*(b). When the dis-
tances between the O2 molecule and the oxygen-deficient ZnO(10�10)
surface (it is defined as the bond lengths of Ob\Zn3 and Oa\Zn4) are
elongated to about 0.3000 nm, the same optimized structure is
obtained, which shows that the oxygen-deficient ZnO(10 �10) surface
is easy to be regenerated when O2 is on the top of Zn3 and Zn4. The
same process was studied by Yan et al. [15], but a bridging O2 adsorp-
tion structure is obtained. Our optimized structure does not agree
with the report of Yan et al., but we both agree that the oxygen vacancy
can promote the dissociation of O2.
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Table 2
The main bond lengths of intermediates and transition states during the regeneration
of the sulfurized ZnO(10�10) surface.

Structure Bond Bond length (nm)

GGA–PW91 GGA–BLYP LDA–PWC

IM1 S–Oa 0.1685 0.1699 0.1670
Oa–Ob 0.1537 0.1582 0.1475
S–Osurf 0.1685 0.1699 0.1668
Oa–Znsurf 0.2134 0.2150 0.2067
Ob–Znsurf 0.1984 0.1997 0.1944

TS1 S–Oa 0.1554 0.1586 0.1547
S–Ob 0.2622 0.2651 0.2495
Oa–Ob 0.2018 0.2081 0.1914
S–Osurf 0.1596 0.1630 0.1596
Oa–Znsurf 0.2109 0.2107 0.2039
Ob–Znsurf 0.1853 0.1875 0.1844

SO2(f) S–Oa 0.1564 0.1581 0.1544
S–Ob 0.1529 0.1535 0.1511
S–Osurf 0.1723 0.1752 0.1698
Oa–Znsurf 0.2008 0.2015 0.1952
Ob–Znsurf 0.2212 0.2290 0.2164

TS2 S–Oa 0.1562 0.1576 0.1569
S–Ob 0.1507 0.1518 0.1468
S–Osurf 0.1762 0.1791 0.1730
Oa–Znsurf 0.1987 0.2004 0.1921

SO2(e) S–Oa 0.1574 0.1584 0.1554
S–Ob 0.1490 0.1495 0.1489
S–Osurf 0.1848 0.1926 0.1754
Oa–Znsurf 0.2018 0.2043 0.1987

Table 3
The adsorption energies of O atom on the perfect ZnO(10
�10) surface.

Structures Eads (kJ·mol−1)

O*(a) 165.26
O*(b) 205.05
O*(c) 180.71
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The other structure of O2 molecule placed on the top of two adja-
cent Zn atoms is built, as shown in M02 in Fig. 7. The distances
between Ob and Zn5, Oa and Zn6 are placed as 0.2437 nm and
0.2430 nm, which are larger than that of the bonding distance
between Zn and O (about 0.2240 nm). M2 is the optimized structure
of M02; we can see that the Oa and Ob both insert into the O vacancy
site, and Ob bonds to Zn1, Zn5 and Oa, as well as Oa bonds to Zn3, Zn6
and Ob. In M2, the bond lengths of Ob\Zn1, Ob\Zn5, Oa\Zn3 and
Oa\Zn6 are 0.2165, 0.2006, 0.1940, and 0.2027 nm, respectively.
The distance between Oa and Ob is 0.1499 nm, which is longer than
that of O2 in gas phase by 0.0274 nm. It shows that the O2 molecule
is elongated and the oxygen-deficient surface promotes the dissocia-
tion of O2. The ZnO(10�10) surface has not been regenerated via M02
optimizing. Then, we investigate the process of M2 conversing to
O*(b) because it is the most stable configuration of O* adsorption
on the perfect ZnO(10 �10) surface. A little activation energy of
29.43 kJ·mol−1 is needed in this step via transition state TS3. In this
step, the bond length of Oa\Zn3 changes from 0.1940 nm in M2 to
0.1904 nm in O*(b) via 0.1899 nm in TS3 (Oa is corresponding to
O*), and the Ob\Oa changes from 0.1499 nm in M2 to 0.1503 nm
0.1951 

(a) (b)

0.1950 * 0.150

Fig. 6. The adsorption configurations of O* a
in O*(b) via 0.1470 nm in TS3 (Ob is corresponding to O3). So we
can see that the oxygen-deficient ZnO(10 �10) surface is easy to be
regenerated when O2 is on the top of Zn5 and Zn6.

The above two regeneration processes show that the oxygen-deficient
ZnO(10�10) surface is easy to be regenerated in an oxygen atmosphere.
Comparing with the adsorption of O2 on the perfect and oxygen-
deficient ZnO(10�10) surface, it can be seen that the oxygen vacancy on
the surface dominates the chemical properties and the adsorption behav-
iors of ZnO, which is compatible with the previous result [15].

4. Conclusions

Density functional theory calculations have been carried out to in-
vestigate the regeneration mechanisms of the sulfurized and oxygen-
deficient ZnO(10 �10) surfaces during the desulfurization of H2S by
ZnO. For the sulfurized ZnO(10�10) surface, there are two steps in the
regeneration process. The activation energy of the rate determining
step is only 36.79 kJ·mol−1 at the GGA–PW91 functional level, which
shows that the sulfurized ZnO(10�10) surface can be regenerated easily.
The formed SO2 lies on the ZnO(10�10) surface horizontally; the S atom
of SO2 bonds to a surface oxygen atom to from an analogical SO3 struc-
ture, which is compatible with the report by Chaturvedi et al. [38].

Two regeneration mechanisms are considered for the oxygen-
deficient ZnO(10�10) surface. Onemechanism is thatO2 dissociatively ad-
sorbs on the oxygen-deficient ZnO(10�10) surface, where one O atom of
O2 fills the oxygen vacancy site, and the other bridges Zn and O in a
Zn\O bond, which is the most stable configuration of the O atom
adsorbing on the perfect ZnO(10 �10) surface. The other mechanism is
that O2 molecularly adsorbs on the oxygen-deficient ZnO(10�10) surface,
and the bond length of O\O is elongated. Then, an activation energy of
29.43 kJ·mol−1 is needed to make the surface regenerate. Our results
show that the oxygen-deficient ZnO(10 �10) surface is easy to be
regenerated in an atmosphere containing O2.
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