PHYSICAL REVIEW B 69, 195413 (2004

Water dissociation on a defective Mg@100) surface: Role of divacancies
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Surface divacancy at Mg@O00 and its reactivity with water are studied by first-principles simulations.
Among the most frequent point defects at MG00), the divacancy is estimated to be stable with respect to the
formation of neutral oxygen and magnesium vacancies in moderate O environments. A single water molecule
dissociates spontaneously at the divacancy. The final product of this exothermic reaction consists of a surface
Mg vacancy with two adsorbed hydrogens—thg,(\2H) complex—which shows peculiar atomic and elec-
tronic structures. In particular, the stretching frequencies of the hydroxyl groups are downshifted noticeably,
which can explain recent infrared data collected on wet MgO powders. The trend towards an aggregation of the
brucite-like intrusions (Y,4,2H) is pointed out in relation with the complex behavior of the Mg@) surface
upon exposure to water.
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[. INTRODUCTION that the outcome of the water—surface interaction does de-
pend on the orientatioft,? and that extended defects such as
Most oxide surfaces react readily with water and becomesteps and kinks favor water dissociatfa? Such a behav-
partially covered with water molecules or hydroxyl groupsior can be linked to the more basiecidic character of
upon exposure to air under ambient conditions, with impor-under-coordinated ®Mg) atoms’*3 More generally, the in-
tant consequences for surface processes such as catalysis &nghlay between the adsorption mode and energy, as well as
gas sensing. Whereas it is widely accepted that binding behe relation of the structural and vibrational properties of the
tween molecular water and most oxide surfaces is dominategldsorbed groups to the local environment of the adsorption
by electrostatic effects, namely the interaction of thgOH sjtes, have been admitted. However, only recently it has be-
electric dipole with the surface ions, a comprehensive undeicome clear that an accurate modeling of the precise structural
standing of the mechanisms by which dissociative adsorptiogng electronic characteristics of the substrate, adequate

occurs, the role of surface defects such as vacancies or stepg,undary conditions, and a realistic treatment of the intermo-
and the interaction between the adsorbed molecules is stilljar interactions. are needed to account for the experi-

H 1
Iac;mg. del sub MaO has b f id Iments with sufficient accuracy. For example, contrary to a
stu diseg rg)?i dgssilfi:[)anh ag congﬁje?aebrlleogipoerirpnoesr:tgl ;nﬁ/‘ommon opinion gained from model calculations that perfect
theoretical effort has gone into the study ojiadsorption gO(100 does not dissociate water, recent first-principles

: _calculationd** showed that a mixed molecular and disso-
on MgQ100), a clear picture has yet to emerge. The ambl_ciative water adsorption takes place at 1 ML coverage, as a
guity regarding water dissociation, in particular, still consti- P P g€,

tutes a challengb.lnfrared spectra taken on MgO powders result of interactions between the co-adsorbed molecAles.

exposed to watérshow the signatures of hydroxyl groups. initiq calculations of MgO clusters embe_dded_ in_ a dielectric
Recently, a convincing experimental proof of water dissociatontinuum  suggested that water dissociation at flat
tion has been reportétHowever, the preparation of the sur- MgO(100 terraces may be stabilized at the MgO—-water in-
face and the ambient water pressure and temperature playdeiface by the polarization of the surrounding molectfes.
major role on surface hydroxylation. LEED and photoemis- Theoretical studies of the role of the precise surface mor-
sion data showed two distinct behaviors on low defect denPhology on the thermodynamics and kinetics of water disso-
sity MgO(100) surfaces, which were interpreted as water be-ciation, which are relevant for a better understanding of th_e
ing chemisorbed preferentially at defect sites, and then ofXPeriments, focused more on the role of extended than point
terraces, for increasing coveraty€he defects were assumed defects. A semi-empirical calculation of the energe_ucs of ad-
to be mainly steps on cleaved surfaces, apart from th&orbed water and hydroxyl groups on mono-atomic steps, O
Ar*-sputtered surfaces, which should contain point defectéFs) and Mg (Mye) surface vacancies, has recently
as well® Nevertheless, terraces may mask the activity of aappeared® Very little is known on water dissociation at
low concentration of point defects. Repeated watetMgO divacancies, which may in principle exist in non-
adsorption-desorption cycles on poly-crystalline samples ofegligible concentrations at th&00 surface. In fact, unlike
MgO showed a progressive inhibition towards waterothers defects, divacancies do not modify the surface stoichi-
dissociatiorf, which was interpreted as due to the saturationometry and are not detected by many experimental tech-
of defects. nigues. Nevertheless, when an electron is trapped, for in-
From the theoretical point of view, it is well established stance after the adsorption of a well chosen probe molecule,
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such defects can be monitored by electron paramagnetic In the present study we consider a single surface diva-
resonance spectroscofly’? cancy and a single water molecule within the/2X 2v2)

In line with our previous works on the interaction of water surface cell, which corresponds to zacoverage of water
with MgO,**1Zthe aim of the present study is to provide a molecules regularly arranged. The distance between their pe-
first-principles description of the local minima and transitionriodic images is of=9 A. We have performed additional
states for the interaction of a,® molecule with a divacancy calculations on the isolated divacancy using x@) surface
at the Mgd100) surface, in the limit of very low water cov- unit cell (corresponding to a 12.0 A distance between the
erage. The coherency of the computational approach makerriodic imagek in order to estimate the effect due to the
possible a comparative analysis of the adsorption of water osurface unit cell size. We have found that the calculated for-
the O vacancy and the MgO divacancy, the characterizatiomation energy of divacancy changes by less than 2% @ily.
of the dissociation products and the study of their propertiess partially due to a compensation between an increasing
with respect to those of analogous species adsorbed on tlentribution due to a more extended relaxatiert0%, and
perfect surface. to a decreasing contribution due to a weaker direct, attractive

The paper is organized as follows: first, we summarize thénteraction:—8%, as deduced from “rigid” calculationsWe
characteristics of an isolated divacancy on the NIJW)  have also verified that the difference of Mg—O bond length
surface. Then, we present the energetic and structural resultsodifications around the vacancy estimated with the two
obtained for the molecular and dissociative channels of wateunit cells does not exceed 1.5%.
adsorption on the divacancy, which results in the formation We have estimated the vibrational frequencies of O—H
of a (Vug,2H) complex. We also describe the structural andbond stretch from the Morse curve fitted to the computed
vibrational characteristics of the surface hydroxyl groupstotal energyE versus the O—H bondlengith,. The latter
compare them to those calculated for Olgroups in other one has been obtained by performing a full structural relax-
surface environments, and discuss our results in the light cdition at constrainedgy, thus taking into account the inter-
existing models for MgO surface sites able to dissociate waaction of the hydroxyl group with the substrate and the de-
ter. Finally, the question of the interaction between thefect. In all cases we have used seven valued$f, spaced
(Vwmg:2H) complexes at higher coverage is briefly addresseduniformly by 0.02 A. A comparison between the experimen-

tal and the calculated frequencies of fregdHand OH mol-

ecules reveals a systematic underestimate of about 208, cm
Il. COMPUTATIONAL SETTINGS Tests carried out on these two molecules indicate that shifts

as large as 100 cnt come from the use of soft pseudopo-

First-principles simulations are carried out within the den-tentials, which could be avoided if a smaller cutoff radius for
sity functional theory(DFT) in the generalized gradient ap- O is chosen. However, this would imply a twice as big en-
proximation (GGA) for the exchange and correlation ergy cutoff and thus a significant increase of the computa-
energy’*?® We use norm-conserving, separable pseudotional burden. The remaining discrepancy with the experi-
potentials?®?” including thes, p andd projectors for O and mental values may be ascribed to the use of the GGA
Mg, ands and p projectors for H. Plane waves of kinetic approximation, which is known to underestimate the OH
energy up to 25 Hartree are used for expanding the Kohn-stretching frequencies in brucite and portlandit&leverthe-
Sham orbitals, ensuring a convergence of the total energy déss, the pseudopotential-induced differences of the structural
the isolated water molecule and of the cohesive energy ofnd energetic characteristics is of the order of 1%, and the
bulk MgO to within 30 and 10 meV, respectively. The stretching frequency shift among the frequencies computed
present approach has already proven its adequacy for an awith the softer and the harder pseudopotentials is constant
curate treatment of defects on oxide surfaest hydrogen  within precision of our estimation. For théyg, complex, a

H ; H ,23 .
bonds, and of water adsorption and dissociatibif:**We  weak coupling between the two hydroxyls can be shown by
remind that for an isolated water molecule, the computedjirect diagonalization of the dynamical matrix involving the

O-H bond length and the bond angle are equal to 0.976 AH groups, which yields a spliting as large as few tens
and 103.5°. The calculated O—-0O distance in a water dimer |§m_1, depending on the actual Conﬁgura‘[ion_ Such a small

2.89 A (that estimated from microwave spectra is 2.98)A  effect is comparable to the variation of the anharmonic com-
and the dimer binding energy is (38 ) kJ/mol(to be com-  ponents when passing from one OH bonding configuration to
pared to the experimental estimates which range between Xhother. Therefore, in the following, we adopt the softer O

and 19 kJ/mof). For the Mg@100 surface, we use the pseudopotential and discuss frequency shifts rather than ab-
same slab approach as the one outlined in Refs. 28 and 23g|ute values.

The supercell consists of a four-layer-thick MO0 slab
separated by an equivalent vacuum thickness. Th& (2

X 2v?2) surface unit cell is sampled with tHé point. The
surface defects and the adsorbed molecules are placed on one
side of the slab only. In the geometry optimization proce- The formation of a surface divacancy, denoted hereafter
dure, all the atoms except those in the fourth MgO layer aréy T, (from “tub” *3), corresponds to the extraction of two
mobile. Apart from the constrained optimization runs, theneighboring Mg and O atoms from the outermost surface
residual atomic forces in the final geometries do not exceeglane. According to our calculations, thg formation energy

10 meV/A. (see Table)lis equal to 2.95 eV. Larger formation energies

Ill. THE ISOLATED SURFACE DIVACANCY
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TABLE |I. Computed reaction enthalpyH!? in eV, at zero
temperature. Zero-point effects are not included. For the first reac-

tion, the experimental value is10.24 e\?® 3l
AHO (ev) 2
5
1 g
MG o)+ 5 O2(gas 7 MIOq) —97 <>
(2]
MgO(100)—MgO(100) + T¢+MgO, 2.95 £
w
- 5.53 B
MgO(100—MgO(100) + Fy+ = Op(gaq : z
51
a

obtained in embedded cluster calculati¢d3 eV by HF?
3.92 eV by DFT-B3LYB?*) may probably be due to the
limited size of clusters and to constraints on atomic relax-
ations in this kind of calculation® The isolated E plus -22 -18 -14 -10
Vg, point defects are by far less stable than theohe. Energy (eV)

Indeed, the computed energy relgased in the reaction F FIG. 2. (Color onling Densities of state€DOS) and top view of
+Vg,—Ts at the Mg@100 surface is equal to 4.20 V. AS e aromic structurdinsed of an isolated water molecule phys-

it has been suggesté#®® the recombination of these two isorbed at a divacancy. The two different adsorption configurations,
surface defects is thus expected on thermodynamical basisbeled A, and B,, give rise to almost superposable DOS. The
However, to our knowledge, direct evaluation of the rela- surface magnesium and oxygen atoms are represented by large
tive stability of those surface point defects had not been pergreen and red circles respectively, whereas small white circles rep-
formed so far. Since the MgO(108)T, system is stoichio- resent hydrogen atoms. As a reference, we present the energies of
metric, while MgO(100} F and MgO(lOO)I-VMgs are not, Molecular orbitals of a free water moleculdots and DOS pro-

a meaningful comparison can only be done as a function dFCted on two low-coordinated oxygen iong4pand A5), as cal-
. ) . culated without adsorbed water molecule.
the excess oxygen chemical potentia., with respect to a

reservoir of gaseous Q. The reader is referred to the djtions(UHV conditions the F, center is favored, Jis ther-
|iteraturé6'37f0r a diSCUSSiOI"I Of the formation energy Of sur- modynamica”y more Stab'e for moderate'y rich (@) environ_
face defects as a function of the actual stoichiometry. Ouments. Since it is always less stable than the perfect
results for the formation energies of and K at MgQ(100  MgO(100) surface, the occurrence of the @efect should
are summarized in Fig. 1. We see that, while in O-poor conthys be linked to kinetic effects upon growth or surface—
particle interaction, such as ion bombardment. This is con-
sistent with recent first-principle calculations, which indicate
that the MgO ad-molecule should hardly diffuse at room
temperature$® making the recombination reaction
MgO(100)+ Ts+MgOaq)— MgO(100) rather unlikely.

The stoichiometry is the main distinction between the T
and the E defects, and it is responsible for their qualitatively
different electronic and structural properties, as well as their
specific reactivity. Structural relaxation around a divacancy
is non-negligible: the relaxation energy amounts=t8 eV
(to be compared to 0.2 eV in the case of thecEntej, and
|- —— MgO(100) 1 the atomic in-plane displacements from their bulk-like equi-
——— MgO(100) + F librium positions are of the order of 7%0 be compared to

(
(

12

Formation energy (eV)

~-— MgO(100) + T, 1% on the clean surface and 3% around thedEfect®),
"""""""" MgO(100) + Vyyq approaching what has been found on stepped §Q
surfaces® The overall shape of the relaxed defect is clearly
6 5 4 3 > > 0 rounded and corresponds to a bond shortening for atoms at
Al (eV) the divacancy edges, accompanied by a bond dilation for
atoms in the cornerisee Fig. 2 Among the former ones, the
FIG. 1. (Color onling The computed free energies of formation strongest effect is seen on the under-coordinated Mg ions,
of the Tg, Fs and Vyg_point defects are compared to the perfect which experience 7% and 2% contractions of the bonds to
MgO(100) surface as a function of the O excess chemical potentiatheir O neighbors in the surface plane and below, respec-
A po—defined asuo—l/Z#oz(gas- A uo is bounded from below by tively. The relaxation of the under-coordinated anions is a
the formation energy of the MgO crystal with respect to the stabldittle weaker, and the contraction amounts to 6% and 1%, for
elemental phases.e., gaseous Qand crystalline Mgy the in-plane and inter-plane Mg-O bonds, respectively. At
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TABLE II. Adsorption energy and structural characteristics of corresponds to a plateau of the potential energy surface
an isolated water molecule physisorbed at theednter and on the  rather than to a minimum. The adsorbed molecule experi-

perfect MgQ100) surface. ences very tiny forcefless then 50 meV/A which can be
affected by the actual choice of the exchange and correlation
Am Bm Perfect surface  energy. The adsorption is reinforced, regarding the hydrogen
E.qc (€V) 0.67 0.45 0.42 bonds(seedy.o) as well as the interaction of the molecule
dog (A) 217 2.16 2.23 dipole moment with the surfadeeedq.yg) . Both effects can
dow (A) 0.99,0.99  0.96, 0.96 0.06,1.00  be associated to the lower, fourfold coordination of the ions
26 (A) 2.09 213 219 at the divacancy edge, as compared to the fivefold coordi-
Ao, (A) 1.86, 1.79 1.76 1.78 nated sites at the perfect surface. However, the overall in-

crease of the adsorption energy remains relatively modest.
The configuration 4 is much more unusual. We notice

variance, the fivefold coordinated ions at the vacancy corneréie formation of two quasi-symmetric hydrogen bonds be-
exhibit an elongation of the Mg—O distances about 11%  tween the molecule and the surface anions and the resulting
and 4% for Mg and O ions, respectivlwith their neigh- ~ considerable increase of adsorption energy. The weakening
bors, which are fivefold coordinated, too. Nevertheless, weéhd change of symmetry of the surface electrostatic field at
stress that the latter values are likely the most biased by thé€ divacancy gives the adsorbed molecule more freedom
size of the surface unit cell. and enables the creation of two hydrogen bonds, at variance
Oxygen sites at the JTcorners[O(5)] have a full surface  With the perfect Mg@100) surface and with the configura-
first coordination shell, while the edge sitg3(4)] are only ~ tion By, where only one hydrogen bond between the ad-
fourfold coordinated. As a consequence, the nonbondingclecule and the surface is formed. .
states of the @) atoms are up-shifted with respect to the ~However, differences between the two adsorbed configu-
clean surface valence band maximum by 0.3 eV. This can bgations affect little their respective DOS. This is why in Fig.
attributed to a weakening of the Madelung field, which is2 We present the DOS corresponding to thga®nfiguration
only partially compensated by the contraction of the remainonly. With respect to the free water molecule, the main modi-
ing O—Mg bonds”® The modifications of the DOS remain fication consists of a downshift of theag and 1b, orbitals.
thus relatively small, and contrarily to the case of the neutrallhe latter being much stronger as compared to molecular
F center, no gap states are present and no electron delocyater adsorption on the perfect MgIDO) surface and on the
ization in space regions off the atomic sites takes place. Fs center:’ they can be directly related to the increase of the
Although the structural and electronic characteristics ofsurface-molecule interactidiseedo.yg) . We also notice that
the T, defects may be thought as analogous to those ofhe levels of fourfold coordinated O atofap-shifted by 0.3
mono-atomic steps on Mg@00), it has been stressed in Ref. €V with respect to the perfect surface valence hatwiver
32 that the electrostatic field at Tisplays a strong dissym- Dy 0.1 eV after water adsorption.
metry, being positivénegative close to the missing M¢O).
This, and the spatial disposition of low-coordinated ions, B. Dissociative adsorption
point out the fourfold coordinated ions at Edges as the
most promising for surface reactions.

The two physisorbed configurations presented in the pre-
vious section exhibit a significantly different stability to-
wards dissociation. The molecule in the, Bonfiguration
dissociates spontaneously towards the surface complex de-
IV. WATER ADSORPTION noted B, in Fig. 3 and Table IIl. However, the actual value of

Interaction of an isolated water molecule with the surfacéN® barrier, if there is any, might be very sensitive to different
divacancy (MgO(100y To+H,0(4.s) gives rise to stable treatments of the exchange-correlatlon energy. The alterna-
atomic configurations in both molecular and dissociative adiVe dissociated configuration, denoted as Aan be reached
sorption modes. In the following, we discuss the correspondffom the molecular configuration,Athe corresponding bar-
ing structural and energetic characteristics, and estimate tH&" i equal to=1.6 eV) or from By, through an energy

energy barriers separating the different configurations. barrier of about 0.7 eV. As a reference, in Table Il we
present also the results obtained for the configuration in

which one of the two H is bound to a fivefold coordinated
oxygen site at the MgQO0O0 terrace. In this configuration,
Table Il and Figure 2 summarize the structural and elecdenoted hereafter asyCa single OH group remains at the
tronic properties of an isolated water molecule physisorbedacancy.
at a T; center. For comparison, the corresponding results for Water dissociation at JTis strongly exothermic—the larg-
water adsorption on the perfect MO surface are given est calculated energy gain amounts to 2.96 eV. We notice that
in Table II. the energy gained in dissociating the water molecule com-
The two alternative configurations of molecularly ad- pensates the formation energy of the defect on the clean
sorbed water are significantly different. Although the con-surface(2.95 e\j. This is due to the conjunction of two
figuration B, happens to be quite similar to that of an iso- factors: on one hand, for all three configurations, the oxygen,
lated water molecule at the perfect MO0 surface, it initially in the water molecule, replaces the missing O atom

A. Molecular adsorption
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‘ : ‘ ' ‘ dissociation at the divacancy and of & dsorbed on per-
Ly ‘ O ‘ O Ba .O Q O fect MgQ(100) concern mainly the 4 orbital and are due to
3 - a different hybridization of the 2 orbitals of the surface
Q ‘D (’ Q b ’ oxygen ion. We also notice a small overall shift due to a
. O ' O ‘ O . O - slightly weakening of the electrostatic potential at the oxy-
° ° gen ions in the case of OH groups at the vacancy edge.
The Ay and B, configurations issued from the water dis-
sociation at the surface divacancy can be seen as two distinct
realization of the (j4,2H) complex, according to the reac-
tion: MgO(100}+ T+ H,0gasy—~ MgO(100)+ (Vyg,2H). In
principle, such a complex can alternatively be obtained by a
homolytic dissociation of a molecular hydrogen at the sur-
face Mg vacancy: MgO(100)V g+ Hagasy—~MgO(100)
+(Vmg:2H). Similarly to these reactions, the replacement of
the calcium ions by two protons each has been recently in-
‘ ‘ vestigated theoretically on the CAIDO) surfaces?
22 -18 -14 -10 In spite of the relevance of Hdissociation for catalysis,
Energy (eV) little is known on the role of Y, centers. The barrier for
) ) ) dissociation calculated byab initio quantum chemical
FIG. 3. (Color onling DOS and atomic structurdinsets of 2 mpathod has been estimated to 1.7 eV, leading to the forma-
water molecule dissociated at the divacancy. The two distinct COMfinn of two OH bonds almost parallel to the surface plane,
figurations are labeled Aand B, . They give rise to similar DOS. 5y yith lengths of 1.0 A2 Such a configuration is clearly
As a reference we give the molecular levels of a free Ghblecule similar to our (Myo,2H) complex. However, since Mg vacan-
(dotg and the DOS of H adsorbed on a perfect MgO surface. . 9
cies should seldom appear on the clean NIgiD) surface at
in the divacancy. On the other hand, the bonds formed b t_h%rmodlyr;amlcfeg.umbnun.(seg F'g't ;L”vvetr:hmk t_hat the
tween the hydrogen and the oxygen atoms at the vacanca{)l roxylation ot divacancies 15 actually the main process
e to produce (Mg,2H) complexes.

edge are almost parallel to the surface plésez,, in Table In order to better understand the properties of such a sur-

[lI'), so that the protons lie in the electrostatic trap left by theface complex, we remind that a neutraj,y/center is char-

missing Mg cation. The electrostatic gain is thus an impor- . S ) .

P : . acterized by two holes distributed over the neighboring oxy-
tant con_tr|but|on to the energy released in the divacancy hy(:sjen ions vzhich results in a lower electronic gccupat?on gf
_droxylatlon. The dilated O—H bonies compared to 0'963 A anions® ’As a consequence, this surface defect acts as a
in the calculated free OHmolecule reflects the competition 11rong 'electron acceptor. Th,is together with the argument
between the cqvalent character of the .OH bond and the effe ased on surface electrostatigestitution of the positive
of protpn trapping by th_e electrostatlc_fleld (.)f thig/enter, charge in place of the missing catjprresults in a strong
Th? slightly larger kqs in the Ad conflguratlog can be ex- preference for a homolytic dissociation of, HThe corre-
plained by the smaller repulsion bgtween the i the va- sponding  dissociation energy [E(Vig,2H)— E(Vyo)
cancy, as revealed by the companspnd_th b_etween '% —E(H,)] is equal to 5.28 eV/hydrogen molecule, in good
and By in Table Ill. These results are in line with a previous agreement with the value of 5.4 eV reported in Ref. 42. It
analysis of the electrostatic potential and its gradient close tggnfirms the stability of the (M' 2H) cor:nplex for wt.wich.

40 g ’
thev\t/)srneox’égedﬁgevsg\?éth%S??hle' above effects influence oniV'€ thus do not expect a desorption of molecular hydrogen, as
' ’ %t was shown to be the case for water recombination with an

little the electronic structure and that bothy And B, con- 3
figurations give rise to an equivalent DABig. 3), which ?angen vacancy”  MgO(100)+ F+H,0—MgO(100)
2(gas):

resembles closely that of a free OHnolecule. The differ-
ences between the DOS of OH groups issued from water V. THE (Vyyq:2H) COMPLEX

9

Density of states (arb. units)

—— total
— H,0/T,
——- H'/MgO

TABLE lll. Adsorption energy and structural parameters of the  |n this section, we focus on the (/M'ZH) complexes is-
three configurations of water molecule dissociated at an isolatedyed from the interaction of water molecules with the surface

surface divacancy. T, centers. In particular, we discuss their diffusion at the
surface, and show that there is an attractive interaction be-

Ag By Cy tween them. We also study the high-frequency part of the

E.us (V) 296 283 255 vibrational spectrum, in order to provide an easily recogniz-

domg (B) 2%2.21, 210, 2*2.14,2.26, 2*2.19, 2.14. able fingerprint for the occurrence of (3,2H) on real wet
2.24 2.32 2.23 MgO(100 samples.

don (A) 0.97 0.97 - o

24 (A) 0.35, 0.35 0.35, 0.35 0.29 A. Diffusion

dy.o (A) 0.967 0.969 0.970 In the previous section, we characterized the structural

dH_HS(A) 2.44 2.07 - properties of the (j5,2H) complex, yet one may wonder
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above the energy of the most stablg éonfiguratior is re-

(D)
markably symmetric: the magnesium is exactly midway be-
tween two Wgs sites, each close to a hydroxyl group. The
magnesium is about 0.07 A under the average position of the
surface layer, while the two oxygen neighbors are pushed up
by 0.30 A, with Mg—O bond lengths equal to 1.83 A. Such a
rather short Mg—O bon¢o be compared to 2.14 A, as com-
puted in bulk MgO correlates with the reduced Mg and O
coordination number$2 and 4, respectively Accordingly,

(E)

I O é I O %

(A)

g

the diffusing Mg can form rather short bonds, without being

forced to move below the surface plane considerably, so to
limit the elastic stress accompanying its diffusion. For the

sake of comparison, this energy barrier is close to that com-
puted for the diffusion of Vg, at the clean Mg@L.00 sur-

face[see Fig. 4d)], which amounts to about 1.1 eV.

In this respect, it has to be pointed out the indirect, but
important, role played by the OH groups. Indeed, if the dif-
fusing Mg passes one or two surface hydroxyl groups, the
corresponding Mg—0 equilibrium bond length would tend to

(B)

e

[100]

Rl increase considerably but steric effects prevent it from doing
(©) (F) that, thus provoking a rather big and long-range elastic
O O el stress. For instance, starting from thg éonfiguration[Fig.
4(a)], but constraining the Mg midway between an oxygen
atom and a OH grougstill letting its vertical position free
and optimizing all remaining atomic coordinates, we obtain
the (e) configuration in Fig. 4. Its energy is1.9 eV higher
than(a) and=0.6 eV higher than the saddle poii). When
the Mg is put midway between two OH groufisig. 4(f)],
which can be obtained starting from thg Bietastable con-

) _ _ _ figuration in Fig. 3, the energy raises more than 3 eV, much
FIG. 4. (Color onling Top view of selected configurations along higher than our computed saddle point energy. Once the
the computed diffusion path of the (,2H) complex(a) Ay initial  g54dle point represented in Figchis attained, the next step
configuration, point group £ . (b) Proton diffusion, accompanied for a complete migration of the (y,,2H) complex towards a
by the motion of the Mg atom(c) saddle-point configuration, point new equilibrium configuration (g:fgi’rst, then A, or By as in

?hroudp QM (g()lzgddIe;po'ntf;;f;gurzu(?)n forf.t he“M{% diffusion at ‘ Fig. 3, after the proton diffusionis the concerted diffusion
e ary Vg surtace. € and(l) configurations represent ¢ e adsorbed proton and the magnesium atom, along a

additional saddle points, as discussed in the text. The effect of thgequence that is symmetric with respect to(#eo (c) path.

periodic boundary conditions has been pointed out by drawing antum effects on the proton motion. which were not
some of the periodic images outside the two-dimensional unit cell, Qu ANt . . p . lon, which w
taken into account in our simulations, should modify such a

whether it can propagate on the surface. Although its diffupath considerably and decrease the energy barriers along it.
urthermore, the consideration of larger unit cells would re-

sion should likely depend on the surface stoichiometry, th ¢ th hanical st . h
presence of another point or extended defects and, more i \;( S;Ted.?f the Ir:nec ﬁn'ﬁa Stess aCC(ﬁmpaTylng €
portantly, on the actual water coverage, a first answer to the’ Mg’ ) diffusion. For all these reasons, the values pro-

guestion can be given by looking at the energy barrier for thé{idgegvhggi’ l? : 2;25%61;?605 I:; ;hneulggvgsé;:fr;uaitgnb?rzgeernzfrgy
isolat 2H lex to diff t the flat M e
isolated (yg,2H) complex to diffuse at the flat Mg@00) barriers along the diffusion of the (,2H) complex.

surface.
Even for such a model system, the diffusion is not a
simple process, but rather involves multiple barriers that cor- B. Mutual interaction

respond to distinct physical events. The first half of the path _ ) _ )
with the smallest barrier that we find through constrained In this section, we focus on the mutual mte_ractlon .be-
molecular dynamics rufd is sketched in Figs. (4)—4(c). tween the (Yg,2H) cc_)mplexes |ssu¢d from the mt_eractlon
The second half is symmetric and has not been drawn. It cafil @ water molecule with aglcenter. It is worth stressing that

be described as follows: Starting from configuration[ig. (1€l _composition is equivalent to that of a brucite
4(a)], one of the protons raises upon the surface plane angMg(OH)z)  unit embedded n the_ Surche Ia_yer of
binds to a neighboring oxygdig. 4b)]. The corresponding MgO(100). For an arbitrary concentration, this equivalence
energy barrier is estimated tel.1 eV. At the same time, the ¢&n P& summarized as follows:

Mg atom moves toward the ), site, below the surface

plane. The saddle point configuratipRig. 4(c), =1.3 eV IMgO+m(Vyg,2H) < (I —2m)MgO+ mMg(OH),,.
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It is clear that the largest surface concentratigs m/I of [100]
the (Myg,2H) complexes is equal to one-half{2m=0),
and corresponds to the formation of a layer of Mg(QH)
stoichiometry on top of a stoichiometric Mg@D0 surface.
If considered as point defects, the concentration-dependent [010]
formation energyE¢(ns) of (Vyg,2H) can be deduced from
the following reactions:

[001]

MgO(100) + ngH,0(gag— (1)

MgO(100) + ng Ts+MgO ¢+ HyOgag | — (2

MgO(100) +Ng( Vg, 2H) + NMgO, - 3)

Comparing the total energies of the final and initial states
we obtain

Lofe

nsE¢(ng) =E[MgO(100) + ns(VngZH)] + nsE[MgO(c)]

— E[MgO(100)]— NE[ H0gas - 4 _.

Reaction(1) corresponds to the formation of T centers
on the MgQ@100 surface(for ng=1/8 it amounts to 2.95 FIG. 5. (Color onling Top view of the outermost layer afg
eV). Reaction(2) represents the dissociative adsorption of=1/2 (Vig,2H) complexes on the Mg@00 surface (“distorted
water on each of therffor ng=1/8 it amounts t0-2.96 e\j.  brucite (11D) layer”).

Therefore, according to E¢4), the formation energ¥:(ng)

of the brucite-like intrusions can also be obtained as a differFig. 6 we present the dependence of the calculated frequency
ence between the dissociation energy of water on theefi-  shift Aw on the modification of the equilibrium bond length
ter, diminished by the formation energy of the latter one. Forf the corresponding hydroxyl groupzdg.. We use the
the lowest surface concentration that we considaeg ( data obtained for a free OHmolecule as a referenc&w
=1/8), which approaches the situation of an isolated brucite=0 andAdgy.4=0. For the sake of comparison we add the
intrusion (see Fig. 3, the calculated formation energy is al- results obtained for an isolated"Hat the oxygen site of the
most null] E¢(1/8)= —0.01 eV], within our numerical accu- perfect Mgd@100) surface and for an isolated OHgroup
racy. This result can be compared to the replacement enerdyidging two magnesium sites of the same surface. As al-
of a CaO unit by a water molecule, which amounts10.44  ready pointed out® there is a relatively small frequency shift
eV on the CaQL00) surface*

In order to estimate the character of the interaction be- 100 ;
tween the brucite-like intrusions we performed calculations
corresponding tag=1/2, in the same two-dimensional unit
cell. The computed atomic structure of this configuration 50 |

[due to its resemblance to a distorted (Q)Zrucite layer,
hereafter we refer to it as 1ML Mg(OHl) is represented in
Fig. 5. The formation energ¥;(1/2) calculated for this
structure amounts te-0.68 eV, which corresponds to an en-
dothermic reaction. The differenceE{(1/8)— E¢(1/2)
=0.7 eV can be thus considered as a measure of a strongl
attractive character of the interaction between thg{2H)
complexes. -100

OH /MgO(100)
L J

free OH™

e
L
2
< -50 |

C. Vibrational characteristics

-150 .
-0.008 -0.004

¢
®
i
0

In order to get an insight on the spectroscopic signature of 0.004 0.008

the (Vug,2H) complex, we have estimated the vibrational
frequency of the stretching mode of the OH bonds inthe¢ A FIG. 6. (Color onling Frequency shifts\w as a function of
B4, and G configurations. The harmonic frequenciesvere  modification of the equilibrium bond length of the corresponding
obtained from the fit of a Morse curve to the calculated totahydroxyl group,Ady., plotted with respect to the free OH mol-
energy as a function of oxygen—proton bondlendgfy,. In ecule.

Adg.yy (A)
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between the free OHmolecule and isolated protons or OH the divacancy, is equivalent to g lholecule dissociated at a
groups adsorbed on the perfect MgOO surface. Con- surface magnesium vacancy, and involves two symmetric
versely, the stretching frequencies of the OH groups in arsurface OH groups. Such a f},2H) complex is character-
isolated (Myq,2H) complex are systematically downshifted. izeq by a peculiar electrost_atic field and is much more stable
According to our calculations, this shift can amount to asagainst hydrogen desorption than H adsorbed on perfect
much as 150 cm'* (conf. By). MgO(100) terraces.

It is clear from Fig. 6 that the principal reason for this ~ The (Vig,2H) complex on the MgO(100) surface shows
frequency modification is to be traced back to the dilation offoticeable and easily identifiable vibration modes for the OH
the corresponding OH bond length. In fact, our results revead’0UPS Conversely to the usual arguments that predict a sys-
a proportionality between these two quantities that is valid if€Matic reinforcing of the Ogl—éstl)ond and a frequency upshift
a relatively large range afdg_. Such a relation has already as the coordination decreasese have shown that, despite

: : he reduced O coordination, in the (2H) complex the
peen suggested on a b"’?S.'S of analytical models find cajcul lectrostatic effects dominate, resulting in a well pronounced
tions, either semi-empirical or based on various f|rst—d

. o . . r f th H stretching fr ncy with r h
principles hamiltonians, for differently coordinated surface ecrease of the OH stretching frequency with respect to the

OH groups’“ In the present case, however, the strong dila perfect surface. This effect could explain the origin of the
: : P ’ { | infrared signat btained tl MgO -
tion of OH bondlengthfor the most shifted, Band G, con- unustias iInfrared signatures outaines recently on Mgt pow

' . : . ders exposed to oxygen and hydrod&n.
figurations, the calculateddg. is of the order of—1%) is XP X9 ydrod

1o be related to the int " h the electrostati i Although the occurrence dfg point defects is not favor-
0 be refated 1o the interaction wi € electrostalic environy o on clean MgO(100) terraces in thermodynamic equilib-
ment of the Mg vacancy, rather than to a lower coordinatio

of the vacancy-edge sitavhich in fact would produce a Tium, it can become competitive upon hydroxylatiodeed,

horteni f OH dist h it Its f th the energetic cost of creating a divacancy is almost com-
shortening o IS an()ev_v ereas, It results from the com- pletely compensated by the energy released in the dissocia-
bination of two electrostatic effects: proton trapping by the

. d lsion betw the t i tion of a water molecule. Since the (,2H) complexes
magnesium vacancy and repuision between the two protong, ,,, 4 attractive interaction, that can make them even more
(compare the correspondinlgy,, in Table Ill). The latter can

: . _ competitive at high concentrations. This fact stresses the im-
be held responsible for the conmderqbly dl_fferAdto_H (aﬂd portance of accounting for the surface—adsorbate and the
thus_Aw)_found for Ay and G conflguratlo_ns. The finer adsorbate—adsorbate interaction on the same level, as the
modifications of the calculated frequency shifly(Bersus G tharmodynamic and kinetic properties of the resulting sur-
conﬂgurapon}; are due also to a different coupling between, .o configurations can be largely affected.
the vibration modes of the two hydroxyllgr_oups. As far as the stoichiometry is concerndlig (Vyg,2H)

These resul.ts c_:learly show thf”‘t the distinctive features 0I:omplex corresponds to a local brucite-like intrusion on the
the electrostatic field around point defects at the MgO SUNvigO(100) surfaceOur simulations suggest the possibility
face can be relevant enough to dominate the characteristi¢s. ¢\ ,ch intrusions to form brucite-like clusters that may
of surface OH radicals and question the general validity ok 5ye 5 precursor role in the surface transformation upon re-
simple models relatinghw merely to the coordination num- peated exposure to wafir,
ber of the OH radicals. Moreover, the relatively low vibra-

on ies th iated with the. (ZH The formation of the (¥4,2H) complex is therefore rel-
tion frequencies that are associated with thg{ZH) com- o\ ant in two respects: First, the Mg vacancy can play a fun-
plex should be detectable experimentally well out of the

damental role since, being a very strong proton acceptor, it
usual structures located around and above 3500%crim ;
. S opens the way to the hydroxylation of the MEDO0) surface.
fact, recent results of hydride oxidation of MgO by, ©r P y y y )

h distincti e which. th Its stability must also be reconsidered in humid environ-
H,O show a distinctive feature at 3294 cm which the  \onis Second, the complex could act as a precursor to the

authors associate with a very strong—so far unknown—gissqciation and dissolution of MgO through the formation
proton acceptat! The same feature is observegs at MO ot prycite-like intrusions. The differences in bond lengths
powders exposed simultaneously to, dnd Q.™ The 54 coordination numbers for the O atom in such OH groups
present results suggest thaty{y/2H) complexes could con- 4 pe detected experimentally, and we point out that simple
stitute a model of the site responsible for such low freq“e”'molecules, such as.i®, can constitute effective probes for
cies. point defects on magnesium oxide surfaces.
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