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Mechanisms of and Effect of Coadsorption on Water Dissociation on an
Oxygen Vacancy of the MgO(100) Surface

Yan Wang,'"! Hung N. Nguyen,”! and Thanh N. Truong*!*!

Abstract: The dissociation mechanism
of a water molecule at an oxygen va-
cancy on the MgO(100) surface was
studied by using the embedded cluster
method at the DFI/B3LYP level,
while the energetic information was re-
fined by using the IMOMO method at
the CCSD level. We found that a water
molecule initially adsorbs on one of the
magnesium ions surrounding the vacan-
cy site with a binding energy of
15.98 kcalmol™". It then can dissociate
on the MgO(100) surface along two
possible dissociation pathways. One
pathway produces a hydroxyl group
bonded to the original magnesium with
a proton filling the vacancy via a tran-

mol™! relative to the adsorbed water
configuration. The other pathway
yields two hydroxy groups; the hydroxy
group originally belonging to the water
molecule fills the vacancy, while the
hydrogen atom binds with the surface
oxygen to form the other hydroxy
group. Hydrogen atoms of these hy-
droxy groups can recombine to form a
hydrogen molecule and the surface is
healed. Although the barrier
(14.09 kcalmol™!) of the rate-control-
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ling step of the latter pathway is higher
than that of the former one, the ener-
gies of all of its stationary points are
lower than that of the separated reac-
tants (H,O +cluster). The effects of
water coadsorption are modeled by
placing an additional water molecule
near the active center, which suggests
that the more coadsorbed water mole-
cules further stabilize the hydroxy spe-
cies and prevent the hydrogen mole-
cule formation through the latter path-
way. The results support the photoem-
ission spectral evidence of water disso-
ciation on the defective MgO(100)
surface at low water coverage.

sition state with a barrier of 4.67 kcal

Introduction

The dissociation of water on MgO surfaces plays important
roles in many chemical processes involved in surface sci-
ence, environmental chemistry, and bioengineering and,
thus, has received considerable attention.'™™ Previous ex-
periments have shown that its dissociation mechanism is
complex and can be affected by the quality of the surface as
well as by water vapor pressure and surface tempera-
ture.l""?" Particularly, photoemission spectra, infrared spec-
tra, and low-energy electron diffraction (LEED) data
showed the considerable signatures of hydroxy groups (dis-
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sociated products) on the defective MgO surface, namely on
vacancies or steps on cleaved surfaces.**? It is a well-ac-
cepted fact from previous experimental and theoretical stud-
ies that the point defects such as oxygen vacancies on the
MgO surface in addition to structural defects such as steps
and kinks facilitate the water dissociation.>*! However,
the detailed reaction mechanism of water dissociation on
the oxygen vacancy is still not well understood."” For exam-
ple, synchrotron-based photoemission spectroscopy and
LEED experiments have recently detected 5% monolayer
coverage of hydroxy groups produced through water dissoci-
ation on the perfect MgO(100) surface at p(H,0)<2x
107° Torr and 35% monolayer coverage of that on the Ar™-
sputtered MgO surface, which has a high concentration of
oxygen vacancies.’”) Photoemission data also suggested that
water dissociation on the perfect surface requires significant-
ly more activation energy than on the point defects of an
MgO surface.” In contrast, Goodman and co-workers
found no evidence for the dissociation of water on the de-
fective MgO surface in their temperature-programmed de-
sorption (TPD) and metastable impact electron spectrosco-
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py (MIES) experiments."**? Therefore, the experimental
detection of hydroxy groups exhibits a strong dependence
on the measurement conditions as well as on the surface
preparation, demonstrating the complex mechanisms of
water dissociation on surface defects.*= The ambiguity
regarding the mechanism of water dissociation on the defec-
tive MgO surfaces still persists.”!

The adsorption of a water molecule on a defective MgO
surface has also been examined in a number of theoretical
studies. Calculated thermodynamics data have suggested
that the dissociation of water on defective MgO surfaces is
affected by, for example, the water—surface orientation**l
and the coadsorbed water.>**41 Ahlswede et al.!! used the
MSIINDO semiempirical method to calculate the adsorp-
tion energies of H, OH and H+ OH species on the defects,
and concluded that dissociative adsorption would take place
at the surface point defects, such as Fs (oxygen vacancy)
and Ms (di-oxygen vacancy) centers. Using molecular-dy-
namics simulations based on the pseudopotential plane-
wave DFT approach, Finocchi et al.”! suggested a different
dissociation pathway in which the oxygen atom of the water
heals the surface, that is, H,O(ad) — H,(g) + O(surface).
However, these results were derived from constraint MD
simulations. The actual potential energy surface along such
a pathway has not been identified. In addition, these theo-
retical studies*!! only examined the adsorption of isolated
water. In our previous study®” we have shown that the co-
adsorption of at least one additional water molecule (water
dimer) is sufficient to observe water dissociation on the per-
fect MgO surface. Therefore, one can expect that coadsorp-
tion would play an important role in stabilizing the hydroxy
species on the surface and thus would be crucial for under-
standing the mechanism of water dissociation on an oxygen
vacancy on the MgO(100) surface.

In this study, our main objective is to determine the possi-
ble dissociative pathways of water on an oxygen vacancy on
the MgO(100) surface. In particular, the roles of coadsorp-
tion in the dissociative mechanism, which have not been ad-
dressed previously, will be a focus of this study. To be able
to make comparisons with our previous work on the disso-
ciative adsorption of water dimer on the perfect MgO(100)
surface,” we used the same level of electronic structure
theory to examine the potential energy surface of isolated
water and water dimer adsorbed on an oxygen vacancy of
an MgO(100) surface. In addition, the theoretical analysis of
spectral properties of water dissociation with respect to
those of analogous species in experiments is used to explain
or support experimental observations.

Computational Methods

The interaction of H,O with the surface oxygen vacancy of
MgO(100) is studied by using the embedded cluster ap-
proach. To represent a surface oxygen vacancy (Fs center)
in this approach, the surface oxygen atom in the center of
the MgO(100) surface is removed to create the Mg, O,
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cluster (Figure 1). This cluster is treated quantum mechani-
cally along with the adsorbate (isolated water molecule or
water dimer), and surrounded by a set of total ion model

Mg

= 9

Figure 1. Cluster model Mg,,O,, with an oxygen vacancy in the surface
center.

potential (TIMP) for all Mg?* ions that are nearest to any
quantum oxygen atom and a set of point charges whose unit
cell was within 1.2 nm from any of the quantum cluster
atoms. These TIMP and point charges (PC==+2) are located
at the lattice positions, which were taken from the experi-
mental MgO bulk structure. With these TIMPs, the artificial
polarization of oxygen anions at the cluster borders can be
reduced and orthogonality of the cluster orbitals to orbitals
of the crystal surrounding can be approximated.*** The
Madelung potential from the remaining extended MgO sur-
face is represented classically by a set of surface charges de-
rived from the surface charge representation of the external
embedding potential (SCREEP) method.[*! More details on
the SCREEP method can be found in references [42,45-48].

The hybrid B3LYP DFT method was used with a mixed
basis set to calculate the dissociation reactions of water. The
6-311G(d, p) basis set was used for the water molecule, and
the 6-31++G(d, p) basis set was used on the Mg atoms
nearest the vacancy to describe the electron localization in
the cavity. The 6-31G(d, p) basis set was used for the four
nearest neighbor surface O atoms surrounding the oxygen
vacancy. The 3-21G(d, p) basis set was used for the remain-
ing cluster atoms.

Geometries of the adsorbed isolated water molecule and
selected geometrical parameters of the MgO quantum clus-
ter are fully optimized in determinations of all stable and
saddle-point structures for the water dissociation paths on
the oxygen vacancy. In particular, the surface atoms sur-
rounding the vacancy site, that is five Mg atoms and four O
atoms were fully relaxed. Normal mode analyses were done
to confirm the nature of each stationary point. In the case of
the water dimer, we are mainly interested in the effects of
water coadsorption on the dissociative pathways. Thus, at
each stationary point on the dissociative pathways of the
isolated water adsorption on the oxygen vacancy, the geom-
etry of the coadsorbed water is fully optimized, while the
geometries of the dissociated water molecule and the MgO
cluster are fixed from the isolated water case.

To improve the energetic properties, we also employed
the IMOMO (integrated molecular orbital + molecular or-
bital) method.*”* The IMOMO method allows interactions
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in a subregion of the system to be treated at a more accu-
rate level of theory and thus provides a cost-effective
method for improving energetic properties in our previous
studies of adsorption on metal oxide surfaces.*>**1 In this
case, a smaller quantum cluster consisting of the adsorbed
water and nine atoms surrounding the vacancy was selected
as a model system, and was treated at the CCSD level with
the above mixed basis set. Hereafter, all energies referred to
in this study are at the IMOMO theory level. The interac-
tion energies have been corrected by the basis set superposi-
tion error (BSSE) using the counterpoise method within the
IMOMO formulation for calculating the total energy.”!! All
calculations were carried out by using the Gaussian03 pro-
gram.®”

Results and Discussion

Electronic structure of the oxygen vacancy on the MgO (100)
surface: It is known that an oxygen vacancy on the MgO-
(100) surface (Fs center) is energetically the most stable
point defect compared to other kinds of point defects."”] A
detailed description can be found in our previous study."
The surface relaxation surrounding the oxygen vacancy is
small, comprising outward movements of the nearest four
Mg atoms on the surface by 4.7% and the next shell O
atoms by 2.4%. Similar relaxation of 4-8% was observed
for a bulk F*+ center from EPR experiments.”” The calculat-
ed electron density distribution shows a significant electron
density localized in the vacancy region, which has been dis-
cussed in our previous work.[” The formation energy of the
vacancy calculated with respect to a free oxygen atom in its
ground state is equal to 207.5 kcalmol " with the BSSE cor-
rection, which also is consistent with the experimental esti-
mate of 158~227 kcalmol "%l These results indicate that
the embedded cluster model and the level of theory used in
this study are sufficiently accurate to describe the oxygen
vacancy MgO(100) surface.

Adsorption of isolated water on an oxygen vacancy of the
MgO(100) surface: For the adsorbed water state, we fully
optimized the geometry of the adsorbed H,O molecule and
the nine atoms surrounding the vacancy site. Selected geo-
metrical parameters of the adsorbed water molecule are
given in Table 1. Consistent with the periodic simulation re-
sults of Finocchi etal.,”! the adsorbed water is aligned
nearly parallel with the two hydrogen atoms tilting slightly
toward the surface vacancy. In particular, the oxygen atom
of H,O is almost on top of the magnesium atom (Mg1) next
to the vacancy with the O5—Mg]1 distance of 2.27 A; the hy-
drogen atom H6 forms a hydrogen bond with a nearest sur-
face oxygen atom (02); the H6—O2 distance is 1.91 A. The
other hydrogen atom (H7) points towards the vacancy and
the H7-Fs distance is 2.26 A. Thus the H7-Fs bond is
0.35 A longer than H6—O2 bond, which results from the ad-
sorbed water molecule being repulsed slightly by the elec-
trons around the vacancy site. The calculated binding energy
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Table 1. Selected optimized parameters (distances are in A and angles in
degrees) of water at the stationary points along the normal and surface
healing dissociation pathways.

Normal dissociation pathway

R NTS Np
Mgl-05 2.27 (2.19)1 2.10 2.12 (2.12)1 (2.11)™
Mg4—05 3.96 2.94 2.12 (2.12)8 (2.11)P
02-H6 1.91 3.14 3.63
O5-H7 0.98 (0.97)t! 1.23 2.32 (2.21)"
O5-H6 0.98 (0.99)  0.97 0.96 (0.96) (0.93)™!
¥H605H7 102.7 106.1  76.0
¥MglOSH6H7  88.6 91.0 54.6
Surface healing dissociation pathway

STS1 SIn STS2 Sp
Mgl-05 2.0 232 2.28 2.15
05-H7 0.98 1.00 1.23 2.37
05-H6 1.80 297 2.69 3.12
02-H6 0.99 1.03 1.15 437
H6-H7 2.58 2.51 1.78 0.75
XH605H7 133.9 54.2 329 0.49
¥MglOSH6H7 —114.9 —109.0 —-109.6 —-140.5

[a] Value is taken from reference [7]. [b] Value is taken from reference
[41].

is 15.98 kcalmol ' by using the IMOMO (CCSD:B3LYP)
method with inclusion of the BSSE correction of 4.51 kcal
mol~!. Note that the BSSE correction is within the range of
2.3~4.6 kcalmol™' from previous calculations using similar
levels of theory.” The calculated binding energy from this
work is consistent with the previous theoretical data of
10.4 kcalmol ! at the pseudopotential plane-wave DFT level
of theory.”! Moreover, the experimental binding energy of
about 15 kcalmol™' for water adsorbed on the perfect MgO
surface can also provide a rough comparison with the pres-
ent calculated value.!*!

Dissociation of water on the vacancy site: In the present
study we found that isolated water can dissociate on an
oxygen vacancy of the MgO(100) surface via two separate
pathways. One is referred to as the normal dissociation
pathway as it has been found in previous theoretical stud-
ies."*!l In the second pathway the dissociation can also heal
the surface and desorbs the hydrogen molecule and is refer-
red to as the surface healing dissociation pathway. Selected
geometrical parameters of stationary points along these two
pathways are given in Table 1 (along with previous theoreti-
cal data) and are also shown in Figure 2. The energetic
properties are listed in Table 2 and shown also in Figure 3.

Normal dissociation pathway: As shown in Figure 2a the
normal dissociation pathway shows that the adsorbed water
(R) near the vacancy dissociates into a proton that fills the
vacancy and a hydroxyl that is bonded to two nearby mag-
nesium atoms (YP) via the transition state ("TS). At the
transition state (NTS), the dissociated hydrogen atom (H7)
is localized between the vacancy site and water oxygen
atom, and the O5—H7 distance is 1.23 A. The hydroxy group
OS5H6 is localized at the Mgl atom tilting toward to the va-
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Figure 2. Optimized structures on the oxygen vacancy MgO(100) surface: a) for the normal dissociation pathway, b) for the surface healing dissociation

pathway.

Table 2. Binding energies (Egp), barrier heights (AV7) and reaction en-
ergies (AE) (kcalmol™') of water dissociation on an oxygen vacancy
MgO(100) surface.

Normal pathway Surface healing pathway

B3LYP IMOMO B3LYP IMOMO
Egp 21.91 20.49 21.91 20.49
Egpp(ZPE+BSSE) 17.40 1598 17.40 15.98
AV7y 5.79 9.43 16.78 14.95
AV?#\(ZPE) 1.03 4.67 15.91 14.09
AE(reference to R) —39.89 —48.20 -5.99 —7.69
AE(reference to R, ZPE) —42.00 —46.09 —8.65 —10.34
AV7g 4.72 10.75
AV?#((ZPE) -0.15 5.88
AE(reference to SIn) —-76.21 —61.90
AE(reference to SIn, ZPE) —78.43 —64.12

cancy, and the Mgl—O5 distance is 2.10 A. Normal-mode
analysis confirms that NTS was the transition state corre-
sponding to the dissociation of isolated water on the oxygen
vacancy. The stable dissociated configuration of the product
NP, in this pathway, corresponds to the oxygen atom (O5) of
the hydroxy group (O5H6) bonded to two surface magnesi-
um atoms (Mgl and Mg4) for which the Mg—O distances
are 2.12 A. The dissociated proton (H7), which is located
slightly below the surface plane by 0.18 A, fills the vacancy
site, and in this case the O5—H7 distance is 2.32 A (see Fig-
ure 2a). The configuration of NP is similar to that found by
Ahlswede et al.! and Finocchi et al.”’ as seen in Table 1.
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The bridge structure of the O5 atom bonded to two surface
Mg atoms as well as the capture of H7 by the vacancy in “P
play a rather active role in stabilizing this dissociated prod-
uct (the hydroxyl and proton). In addition, the calculated
frequency of 3850 cm™ for the OH species of the product
NP is somewhat higher than the IR experimental data of
3369 cm ™.yl The difference between the calculated and ex-
perimental frequency data indicates that the coadsorption
water under experimental measurement conditions may
reduce the bond strength of OH species.

The calculated forward barrier for this normal dissocia-
tion pathway is 4.67 kcalmol ™, and the reaction energy rela-
tive to the adsorbed water (R) is —46.09 kcalmol™ (see
Table 2 and Figure 3). Our calculated results are slightly dif-
ferent from the estimated data of 7.29 kcalmol™' and
—38.05 kcalmol ™' using molecular dynamic simulations, re-
spectively, reported by Finocchi et al.”) The present results
indicate that the dissociation of an isolated water molecule
on an oxygen vacancy of the MgO(100) surface into a hy-
droxy group is feasible due to the small forward barrier
along this pathway. Furthermore, the energy released from
adsorption of the water molecule on the vacancy of
15.98 kcalmol ! would provide energy for dissociation of the
water to form “P. The large exoergicity of —46.09 kcalmol !
would prevent the reverse reaction (reforming the water
molecule) from occurring. Consequently, this dissociation
pathway can explain the presence of a stable surface hy-
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droxy group on the defective MgO surface in the limit of
very low coverage in many experiments.?%2%-3!

Surface healing dissociation pathway: The surface healing
pathway in which the dissociation of water may heal the
oxygen vacancy and desorbs a hydrogen molecule is shown
in Figure 2b. This pathway is

quite different from that sug-

gested by Finocchi et al.”! from A
previous constraint MD simula-
tions. The differences are dis-
cussed separately below. In our

H,O+cluster

16.0
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(d,p)) and O5(6-311G(d,p)), the effects of different split-va-
lence basis sets on the geometries and relative energies were
found to be small by Sushko et al.l*”!

The calculated classical barriers for this pathway are
shown in Figure 3 and Table 2. The first and second forward
barriers are 14.09 and 5.88 kcalmol ™', respectively, relative

STS1

TS
17 STS2

results, this pathway consists of
first the hydrogen (H6) of
water moving to the nearest
neighboring surface oxygen
(02) to form a hydroxyl group,
while the remaining hydroxy
group of water fills the vacancy
site to form the intermediate
In via a transition state STSI;
then two hydrogen atoms from

E/kcal mol™!

03N

46.1

Sp

the two hydroxy species formed
in the first step in In can re-
combine to form a hydrogen
molecule above the surface
plane via a transition state
STS2. The vacancy site is finally
healed by the water oxygen atom. Selected optimized geo-
metrical parameters are listed in Table 1. From Figure 2b
and Table 1 it can be seen that in the transition state STS1,
the breaking H6 atom of water is almost bonded to the sur-
face oxygen (O2) with a titling of the O2—H6 bond (0.99 A)
in the (110) direction; the remaining hydroxy group (O5H7)
originally in water sits above the vacancy site by the oxygen
atom (O5) bridging two surface magnesium atoms (Mgl and
Mg3) with a tilting of the O5—H7 bond (1.80 A) also in the
(110) direction. The angle of H6-O5-H7 expands from
102.7° in the adsorbed water structure (R) to 133.9° in STSI.
The intermediate SIn has an orientation of two hydroxy spe-
cies toward each other in the (110) direction, for which the
0O5—H7, O2—H6, and H6—H7 bond lengths of 1.00, 1.03, and
2.51 A, respectively. Such orientation of two hydroxy species
toward each other facilitates the following step of hydrogen
recombination. The structure of the transition state STS2 is
close to that of the intermediate SIn, except for the shorter
distance of H6—H7 of 1.78 A and the larger O5—H7 and
0O2—H6 bond lengths of 1.23 and 1.15 A, respectively. In the
product 5P, the oxygen originally in the water molecule fills
the vacancy site and the two hydrogen atoms form a hydro-
gen molecule (with a H-H bond length of 0.75 A) molecu-
larly adsorbed 2.37 A above the surface. Normal-mode anal-
ysis confirmed that these TS states correspond to the surface
healing dissociation pathway of an isolated water molecule
on the oxygen vacancy MgO(100) surface. Note that al-
though the oxygen atoms in O2—H6 and O5—H7 are repre-
sented by two different basis sets, for example O2(6-31G-
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Figure 3. Schematic energy profiles for the normal and surface healing dissociation pathways on an oxygen va-
cancy on the MgO(100) surface. Relative energies are from IMOMO (CCSD:DFT/B3LYP) calculations.

to the corresponding reactants, namely R and SIn, respec-
tively. The reaction energies relative to the adsorbed water
molecule (R) are —10.34 and —74.46 kcalmol !, respectively.
The latter value agrees well with the result reported by Fi-
nocchi et al (—=73.7 kcalmol™)."! The first dissociation barri-
er (14.09 kcalmol ') in this pathway is 1.90 kcalmol ' below
the energy of the separated water and surface. This suggests
that dissociation of the water molecule via this pathway is
possible. In addition, the classical barrier height of the rate-
limiting step in the surface healing dissociation pathway is
9.32 kcalmol™! higher than that of the normal dissociation
pathway. This suggests that the water molecule dissociating
into a hydroxy group along the normal dissociation pathway
is energetically more favorable. These results support the
fact that significant numbers of hydroxy groups from water
dissociation have been detected by many experiments on
the defective MgO surface.”**%!l On the other hand, the
barrier for hydrogen formation from the intermediate SIn of
only 5.88 kcalmol™! indicates that unless the intermediate
SIn is further stabilized by coadsorption of other water mole-
cules as will be discussed below, it is possible to proceed to
desorption of a hydrogen molecule and healing of the sur-
face. Present results suggest that the dissociation of water
on an oxygen vacancy on the MgO(100) surface can proceed
by either or both of the two pathways. Depending on the ex-
perimental conditions, the existence of the surface healing
dissociation mechanism may prevent the hydroxyl group
from being detected by experiments such as in Goodman
and co-workers’s experiments.F¥
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The possibility for hydrogen formation and surface heal-
ing upon dissociation of a water molecule on an oxygen va-
cancy was first suggested by Finocchi et al.’! However, the
mechanism for such a process was found to be very different
in our study. In the study by Finocchi et al., hydrogen for-
mation is from the product of the normal dissociation path-
way “P in which hydrogen formation occurs by abstraction
of the hydrogen atom in OH along with the hydrogen in the
vacancy. Thus, it is a subsequent step of the normal dissocia-
tion pathway. In our study, we found that hydrogen forma-
tion occurs along a separate pathway as discussed above.
We have attempted to verify the hydrogen formation mech-
anism proposed by Finocchi et al., but we found that the hy-
drogen atom in the vacancy is rather stable and is not
mobile and thus it is difficult to move it out of the vacancy
to abstract the hydrogen atom of the OH group. We have

made numerous attempts to locate a transition state for
such a process but have failed.

Analysis of density of state spectra: To compare the calcu-
lated dissociation mechanism with the experimental results,
we analyzed the electronic structure characteristics of the
hydroxy species, which dissociated from the water molecule
on the oxygen vacancy MgO surface. Figure 4 shows plots of
the densities of states (DOS) based on the embedded
B3LYP calculations along with the experimental results.?
For a perfect surface, there are two peak groups in the va-
lence band area that represent the surface oxygen and mag-
nesium atoms (see Figure 4a). The surface oxygen vacancy
induces a new peak around —2.5 eV in the bandgap, which
is attributed to the excess surface electrons of the vacancy
center (see Figure 4b). This result is consistent with the
value calculated by Sushko et al.™® After an isolated water
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dissociates to give a hydroxy group and a proton (“P), two
new peaks associated with the 2s orbital of oxygen and the
o-type orbitals of OH grow at —23.2 and —10.1 eV in prod-
uct NP (see Figure 4c). The o-type orbital population is at-
tributed to the p orbitals of the oxygen atom and the s orbi-
tal of the hydrogen atom of the OH species. The vacancy
peak moves to the surface atom band around —5eV in P,
which implies that the excess electrons on the vacancy site
transfer to the dissociated proton. It is further verified by a
charge distribution analysis that the hydrogen charge distri-
bution changes from +0.5 to —0.82 before and after the dis-
sociation of water, respectively. The densities of states of SIn
in the surface healing dissociation pathway (see Figure 4d)
show that two electron peaks around —25.6 and —12.5eV
represent the 2s orbital of oxygen and the o-type orbitals of
two OH species on the MgO surface, respectively. These
two peaks in SIn move down by about 2.4 eV, compared to
those of NP in the normal dissociation pathway, which indi-
cates that the H atoms connecting the surface O atoms in
SIn are different from the whole OH species localized above
the MgO surface in “P. The calculated peak separations are
given in Table 3 along with the experimental values from

Table 3. Peak separations (eV) of electronic spectra of the product “P in
the normal dissociation pathway and the intermediate In in the surface
healing dissociation pathway.

Theory Experiment??!
Np SIn
O 2ssfOH—VB 18.0 18.6 19.5
O 2s/OH — 30/OH 13.2 13.1 13.5
30/0H — VB 4.8 55 6.0

the photoemission spectra from Liu and co-workers shown
in Figure 4.’ The calculated peak separations (see
Table 3) between the O 2s peak
of OH and the VB electronic
peak, between the O 2s peak of
OH and the 30 peak of OH,
and between the 30 peak of
OH and the VB electronic peak
are 18.0, 13.2, and 4.8 eV for NP
in the normal dissociation path-
way, and 18.6, 13.1, and 5.5 eV R
for SIn in the surface healing

dissociation pathway, respec-

tively, compared to the experi-

mental values of 19.5, 13.5, and

[22] b)
6.0eV." It seems that the re- 247,
sults from the surface healing o
. 2.34\2.57
pathway are in better agree-
ment with experimental obser- e -
vation, because the discrepan-
cies between the theoretical STS1

and experimental results on the
peak separations of 0.9, 0.4, and
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0.5 eV in the surface healing dissociation pathway are small-
er than those of 1.5, 0.3, and 1.2 eV in the normal dissocia-
tion pathway. Comparing with the actual experimental spec-
tra shown in Figure 4e, it is rather difficult to distinguish be-
tween these two types of hydroxy species in the NP and SIn
complexes. Consequently, it is possible to identify both of
them in experiments. Therefore, this comparison further
supports the interpretation of the photoemission spectra as
evidence of water dissociation on the defective MgO(100)
surface.

Coadsorptions of a water molecule near the vacancy: From
our previous study,*” one would expect that a coadsorbed
water molecule can stabilize the hydroxy group in the case
of the defective surface. To do so, we can estimate the
degree of stabilization due to coadsorption of an additional
water molecule along the dissociation pathways by calculat-
ing the energy profile using the same geometrical configura-
tions as that of the isolated water, while optimizing the
structure of the nearby coadsobed water molecule. The opti-
mized structures of coadsorbed water and calculated ener-
gies are shown in Figure 5 and Figure 6 (dashed lines), re-
spectively. From the structures of coadsorbed water near the
dissociated water (Figure 5), we can conclude that hydrogen
bonds between the hydroxy species and coadsorbed water
molecule are formed in all calculated systems. These hydro-
gen bonds originating from the surrounding water would
provide a driving force to stabilize the hydroxy species
along the water dissociation pathways. The differences be-
tween the energy changes of the single water dissociation
pathways and the energy profiles by adding one coadsorbed
water molecule represent the degree of stabilization by the
coadsorbed water along the two dissociation coordinates.
We found that the coadsorbed water molecule stabilizes the
adsorbed water (R) by 2.73 kcalmol™, NTS by 5.40 kcal
mol ™!, and the dissociative hydroxy species NP by 8.25 kcal

1.69
d 2.39
NTS Np

Figure 5. Optimized co-adsorbed water structures on the oxygen vacancy MgO(100) surface: a) for the normal
dissociation pathway; b) for the surface healing dissociation pathway.
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Reaction coordinate

Figure 6. Energy change profiles (dashed lines) for the second water mol-
ecule coadsorbed near the original water molecule that retains its config-
uration in the isolated water dissociation pathways. Relative energies are
from IMOMO (CCSD:DFT/B3LYP) calculations.

mol™" in the normal dissociation pathway, and also lowers
STS1 by 16.50 kcalmol™, In by 11.81 kcalmol™', and STS2
by 6.97 kcalmol ™! in the surface healing dissociation path-
way (see in Figure 6). It is expected that the degree of stabi-
lization of the hydroxy group in the NTS, “P, STS1, and SIn
complexes for adding more coadsorbed water molecules
would facilitate the reaction processes by lowering the disso-
ciation barriers of both pathways. This was also observed in
our former study of the water dissociation on the perfect
MgO(100) surface.*”! Furthermore, more coadsorbed water
molecules would further stabilize the hydroxy species by
forming additional hydrogen bonds with the two OH groups
in the SIn complex, and thus prevent the two hydrogen
atoms from combining to form a hydrogen molecule. Note
that the two OH species of the SIn complex have six neigh-
boring surface Mg atoms, which are the trapping sites of co-
adsorbed water molecules. A water molecule adsorbed at
each of two Mg sites adjoined to two OH species can form
two hydrogen bonds; a water molecule adsorbed at one of
the other Mg sites can form one hydrogen bond. One can
estimate that these eight potential hydrogen bonds with the
two OH species can lead to a stabilization energy of about
48 kcalmol ™! for the SIn complex, since the energy is low-
ered by about 6 kcalmol ™' for each hydrogen bond formed,
as calculated in our work. Such stabilization can trap the
OH species and prevent them from forming H, and healing
the surface. Unfortunately, studying adsorptions of six coad-
sorbed water molecules would require a substantially larger
MgO cluster to avoid edge effects and such calculations
with the same level of theory are beyond our current com-
putational capability. In summary, our results show that
more coadsorbed water molecules would sufficiently facili-
tate the presence of OH species at a surface vacancy. In
other words, the dissociation process of water on the MgO-
(100) surface occurs favorably at a surface oxygen vacancy
to form surface OH species.
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Conclusion

We have studied the interaction of a water molecule with an
oxygen vacancy on the MgO(100) surface by using the DFT/
B3LYP embedded cluster approach. We found that a water
molecule initially adsorbs on one of the magnesium ions
next to the vacancy site with a binding energy of 15.98 kcal
mol ', Then the adsorbed water molecule can dissociate into
two products through two different dissociation pathways.
One dissociation pathway shows that the water molecule
dissociates into a hydroxy species and a proton via a transi-
tion state with a forward barrier of 4.67 kcalmol™'. The
water dissociation along this reaction path is found to be en-
ergetically favorable, because the released energy
(15.98 kcalmol ') from the water adsorbed on the surface
overcomes this barrier easily. Moreover, the calculated over-
all reaction energy of —46.09 kcalmol™' can further prevent
the hydroxy species from reforming the water molecule
spontaneously.

Another dissociation pathway indicates that the adsorbed
water can produce a hydrogen molecule and an oxygen
atom that heals the vacancy site via two transition states
and an intermediate with a first barrier of 14.09 and a
second barrier of 5.88 kcalmol'. The first barrier of this
stepwise mechanism is close to the binding energy of adsor-
bed water with the surface, which predicts that the product
of water dissociation on the defective MgO surface may also
be the hydrogen molecule under certain experimental condi-
tions, especially at higher temperature.

Analysis of the electronic spectra further confirms that
the peaks located near —25 to —23 and —12 to —10eV are
due to the O 2s orbital and o-orbital of the hydroxy species
in the product including a hydroxy and a proton in the
former pathway and in the intermediate with two OH spe-
cies in the latter pathway, respectively. This thus supports
the photoemission spectra interpretation of dissociation of
water on the defective MgO(100) surface in the low water
coverage range. It is expected that one water molecule coad-
sorbed near the vacancy would theoretically stabilize the hy-
droxy products by 8.25 and 11.81 kcalmol ' in the two disso-
ciation pathways, respectively. Coadsorption of more water
molecules can further stabilize the hydroxy species on the
surface and facilitate the water chemisorption process by
lowering the barrier to dissociation. These dissociation
mechanisms confirmed the observation of hydroxy species
on the defective MgO(100) surface by previous experiments.
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