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Density-functional theory calculations of the interaction of protons and water
with low-coordinated surface sites of calcium oxide
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Electronic structure calculations, using the density-functional theory within the generalized-gradient ap-
proximation and ultrasoft pseudopotentials, have been used to investigate the interaction of protons and water
with five-, four-, and three-coordinated surface sites of calcium oxide, modeled b{l®i®g {310, and
microfacetted111} surface, respectively. The calculated structural parameters of bulk CaO are found to be in
good agreement with experiment. The nonhydrdfea} surface shows negligible ionic relaxation from bulk
termination due to the minimal distortion of the electron density in the surface layer and electron-density plots
show the crystal to be strongly ionic. On the microfaceftetil} surface redistribution of the electron density
along the bond between three-coordinated calcium ion and four-coordinated oxygen ions leads to the contrac-
tion of the bond lengths and relaxation of the surface calcium into the surface. Absorption of water at the
six-coordinated ions in the bulk crystal is calculated to be highly endothermic. On the five-coordit@ded
surface sites, water molecules, which were initially dissociatively adsorbed, recombine to form associatively
adsorbed species with an adsorption energy of approximately 65 k3ndicating physisorption. The water
molecules are adsorbed by their oxygen ion to surface calcium ions but electron-density plots show additional
interactions between surface anions and hydrogen atoms. On four- and three-coordinated calcium sites, ad-
sorbed water molecules dissociate to form hydroxyl groups indicating the higher reactivity of the lower-
coordinated species. The adsorption energy at the four-coordinated calcium site is(hfhedmol ) than
at the three-coordinated sit&27 kJmol %), due to bonding of the OH group to two surface calcium ions. When
calcium ions are replaced by two protons each we find that the replacement energy decreases by approximately
70 kJmorl ™ per loss of bond, from+21 kdmol'* for the six-coordinated calcium ions in the bulk te187
kJmol ! for the three-coordinated calcium ions on the facdtetlll surface.
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. INTRODUCTION order to increase their coordinatioi?° In this paper, we
consider the interactions of protons and water in the bulk and
Calcium oxide(CaO) is an important component of ce- with low-coordinated surface sites of CaO. Hence, in addi-
ments, for example, making up approximately 63% of someion to the planaf100 surface where all surface sites are
Portland cement§:” It is highly reactive towards watef  five coordinated, we studied th@10 surface, containing
and this high rate of hydration may lead to the expansion ofour-coordinated step edge sites, and a micro-facgtéd;
cement-based material$.As such, it is important to under- surface, containing three-coordinated comer sites, as models
stand its hydration behavior. Furthermore, CaO is a catalytigyr steps and kinks on experimentdlo0 surfaces. By cal-
material, for example, in the reduction of NO and the decomzyjaing the energies for adsorption of water at five-, four-,
position of NO,” " and hydration of its surfaces and those g three-coordinated surface atoms, we can identify the en-
of many other oxides influences properties such as the'rcat%'rgetically favored configurations and investigate the as-

lémco t;ek;awr? dfl ¢ anﬂ vaechnar;:jcarl tr)clesport&?leﬁor et)i(\i[npilr?’th sumption that low-coordinated sites should be more reactive.
at 1s Tound to show considerable catalylic activity ®In addition, we have investigated the effect of removing sur-

production of OH species from water and oxygen, Whereface calcium-oxygen pairs and replacing them by water mol-
adsorption of water is one of the reaction steps, but not from ygen p P 9 y

hydrogen and oxygen, where water adsorption is not part 0‘1;'(.:“'68’ n effect, replgcmg a calcium ion with two prqtons,
the reactiort? In addition, calcium-bearing minerals, such asW'th aview to ev_alua'_ung the bond sfcrengths_of the varlous_ly
calcite and hydroxyapatite, are the main components ofoordinated calcium ions and studying the first steps of dis-

bones and teeth, and the strength and mode of interaction §p!ution. The approach we have chosen to adopt is to use
water with their surfaces determines the adsorption oflectronic structure calculations in order to gain information

proteinsl* As a consequence of all these factors and itabout the mode of water adsorption, associative or dissocia-

structural simplicity, CaO is a good model system to Studytive, and to obtain reliable estimates of surface and hydration

adsorption behavior of water and the effect of hydration orf"€rgles.
the surface structure.
The {100 surface is the dominant plane in the cubic CaO
morphology. However, it is generally agreed that low- Il. COMPUTATIONAL METHODS
coordinated surface ions, due to defects such as corners,
kinks, and steps that are present on all experimental surfaces, The total energy and structure of the CaO surfaces were
are the most reactive sites towards, for example, hydration idetermined using the Vienn&b Initio Simulation Program
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TABLE I. Total energy of bulk CaO as a function of plane-wave cutoff and densikypafint sampling.

U ota Of bulk CaO

Ecu (V) 300 400 500 600

K points 3X3X3 3X3%X3 3xX3%x3 4X4X4 3X3X%X3
—13.002130 —13.004080 —13.008439 —13.039017 —13.009042
lattice parameter 4.810 4812 4.813 4.810 4.815

(VASP).?1~24The basic concepts of density-functional theory calculations is also dependent on the thickness of the slab of
(DFT) and the principles of applying DFT to pseudopotentialmaterial and the width of the vacuum layer between the
plane-wave calculations has been extensively reviewedlabs. Again we checked convergence by running a series of
elsewheré®2’ Furthermore, this methodology is well estab- test calculations with different slab thicknesses and gap
lished and has been successfully applied to the study of advidths. For example, Table Il, shows the surface energy of
sorbed atoms and molecules on the surfaces of ionithe CaO{100 surface as a function of these parameters.
materials?®~3*Within the pseudopotential approach, only the Following these test calculations, the CaO bulk 60
valence electrons are treated explicitly and the pseudopotesupercells used in the calculations contained four layers of
tial represents the effective interaction of the valence elec€aO with 8 CaO units per simulation cell. For {810 and
trons with the atomic cores. The valence orbitals are reprefl11} surfaces, the supercells contained 10 CaO units. In
sented by a plane-wave basis set, in which the energy of theach case, the simulation cells were constructed so that there
plane waves is less than a given cutdi.(). The magnitude was a vacuum layer of approximately 20 A between the im-
of E.,; required to converge the total energy of the systerrages of the unhydrated surfaces and at least 10 A between
has important implications for the size of the calculationthe images of the hydrated surfaces. Furthermore, calcula-
when studying elements such as oxygen, which has tightl§ions on the reactants and products were on equivalent super-
bound 2 electrons. The VASP program employs ultrasoftcells to achieve cancellation of basis set eritig included
“Vanderbilt” pseudo-potential§?*3which allows a smaller calculations on the isolated water molegufé

basis set for a given accuracy. In our calculations, the core The surface energyy) is a measure of the thermody-
consisted of orbitals up to and including the arbital for ~ namic stability of the surface with a low, positive value in-
oxygen and the $ orbital for Ca(H of course has no coye dicating a stable surface. The surface energy is given by
The calculations were performed within the generalized-

gradient approximation, using the exchange-correlation po- _Us— Uy
tential developed by Perdewet al,>* whose approach has YsTTA
been shown to give reliable results for the energetics of ad- ]

sorbates, e.g., water on Ti@nd SnQ (Ref. 35, and Cak.3®  WhereUs is the energy of the surface slab of the cryst,

For surface calculations, where two energies are comiS the energy of an equal number of atoms of the bulk crystal,
pared, it is important that the total energies are well con@nd A is the surface area. The surface energies of the hy-
verged. The degree of convergence depends on a number @fated surfaces are evaluated with respect to liquid water, in
factors, two of which are the plane-wave cutoff and the denfrder to determine relative surface stabilities in aqueous en-
sity of k-point sampling within the Brillouin zone. We have Vironment, and are calculated as follows:
investigated these by undertaking a number of calculations
for bulk CaO with different values for these parameters
(Table ). We have, by means of these test calculations, de-

termined values forE.(500eV) and the size of the h is th f the hvdrated f is th
Monkhorst-Pack’ k-point mesh so that the total energy is where Uy, is the energy of the hydrated surface,s the

converged to within 0.04 eV and the lattice parameter td'umbper of adsorbed water molecules asylis the bulk en-
within 0.3% of the experimental lattice parameter. In addi-€"9Y @s before. The energy of the liquid water molecule is
tion, we checked the convergence of the total energy for thé?Ken as the sum of the calculated self enefgyl364.2
slab calculations and found that the most suitable value of
E.ut IS the same as for the bulk materials. Alsok-point
mesh of 3x3x1 gave the total-energy convergence re-

@

U~ (Up+nH0)
o= R @

TABLE II. Surface energy of the Ca{100; surface in (Jm?)
as a function of slab thickness and width of vacuum layer between

: the slabs.

quired.

_ The optimization of the atqmic coordinat(amq unit ce_II Number of layers
S|ze/shap¢ for the bu_Ik mater_)ad/as.performed via a conju- of crystal Width of vacuum layetA)
gate gradients technique which utilizes the total energy and
the Hellmann-Feynman forces on the atof@sd stresses on 10 15 20 25
the unit cel). We used the usual approach for modeling the 3 0.622
surfaces using three-dimensional periodic boundary condi- 4 0.611 0.610 0.610 0.610
tions by considering slabs of CaO. In addition to #point 5 0.608

density ancE, discussed above, the convergence in surface
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kJmoFl) of the water molecule and the experimental con- TABLE Ill. Surface energies of nonhydrated CaO surfaces.
densation energy—44.0 kJmol 1).38

The adsorption energies are evaluated with respect to gas- Surface ¥s (M ?)
eous water to enable direct comparison with experimental

. . {100 0.61
techniques such as temperature programmed desorption
(TPD) and they are obtained from the following equation: 1310 0.90
' {111Ca 1.49
Up—(Ust+nH,0))
Uads™ n ) 3) AN
. Nonhydrated surfaces

. Table Ill lists the surface energies of the nonhydrated sur-
whereUs is the energy of the surface slab as before. faces. It is clear from the low-surface energy that {he0;
In order to investigate the initial steps of dissolution of surface is the most stable of the surfaces studied.{Zhe}
differently coordinated calcium ions from the various sur-g .t .o may be thought of ag 200} surface containing mon-
faces, we calculate the replacement of the calcium ions b tomic steps. From Table IIl, we note that the effect of the

two pr_otons each. In the S|_mulat|ons, this process is equal t resence of steps on th&00 plane, modeled by thé310
replacing a whole CaO unit by a water molecule, where th : . 2
urface, is to increase the surface energy from 0.61°Jor

oxygen ion of the water molecule is adsorbed at the surfac _
oxygen vacancy. The energy of the process is then given b%( e planaf{10Q surface to O.QO Jn for the {310 surface.
he surface energy of the microfacetdd 1} surface at 1.49

Jm 2is even larger than th§810 surface. Clearly, the pres-
_ (Ugert nCaO — (Us+nH,0(y)) ence of defects on a surface, such as steps and corners, has a
Urep™ , (4) o
P n destabilizing effect.
The unhydrated100; surface was described in depth in a

whereU 4 is the energy of the defective surface, containingPrevious papéef but, for the sake of completion, we will
two protons at a calcium vacancy. The energy of the rep|acebl’ief|y review the main features. Figure 1 shows the relaxed
CaO unit is taken as the bulk lattice energy as values fot100 surface with a contour plot of the electron density
hydrated calcium ions are not available due to the prohibitivéhrough the CaO planes, from which it is clear that the crys-
computational expense involved in quantum-mechanicalal shows a strongly ionic character. It can be seen that the
molecular-dynamics simulations of calcium ions in a liquid distortion of the electron density around the surface ions is
water environment. We again include liquid water in the cal-minimal, which leads to a negligible ionic relaxation of the
culations, as the dissolution of calcium ions from the crystakurface region. The interatomic distances shown in Fig. 1
would take place in solution, rather than in the presence Oindicate that relaxation leads to only a small rumpling of the
gaseous water. surface layer, due to a larger net increase in the Ca-Ca spac-
ing (from a bulk spacing of 4.813 to 4.848) Ahan in the
0-0 spacing(from 4.813 to 4.869 A between the topmost
ions and those one unit cell below. Hence, in the relaxed
CaO has the rock-salt structure with space-gréup3m surface, there is a difference in height between the surface
anda=4.7990 A 3° which we calculated to be 4.8130 A, in calcium and oxygen ions of 0.02 A with the calcium ions
adequate agreement with experiment. In the bulk, each caprotruding above the oxygen ions.
ion and oxygen ion is six coordinate and the perfect crystal Relaxation of the310; surface, containingl0G steps, is
shows cubic morphology with one dominant surface, namel@!so small with some lengthening of the calcium-oxygen
the{100}, containing both calcium and oxygen ions where allbond lengths between the four-coordinated edge ions and the
ions are five coordinate. In addition to the plaf&®0 sur-  five-coordinated ions on thl0G plane. Figure 2 shows the
face, we studied the{310 surface, containing four- relaxed microfaceted11l} surface, indicating the three-
coordinated step edge sites afi®0 terraces, and a micro- coordinated calcium ions at the pyramid apices and four-
faceted{111 surface, containing three-coordinated cornercoordinated oxygen ions on the edges. Electron-density con-
sites, four-coordinated edges afftD0 planes. The planar tour plots are shown through two edges of the pyramids
{111} surface is dipolar, but on reconstruction of the surfacéncluding the three-coordinated calcium ions at the apices.
into a microfaceted surface, as described in Watsoal,*°  There is no discernible distortion of the electron densities on
the dipole is removed and the reconstructed surface contairie four-coordinated edges, which are still centered on the
three-sided pyramids with three-coordinated ions at the apindividual ions but some of the electron density around the
ces and four-coordinated ions on the pyramid edges, whiléhree-coordinated corner site has been redistributed over the
the sides of the pyramids af#00 planes. This microfaceted bonds between the calcium ion at the apex and the neighbor-
{111} surface has been shown experimentally to be stabléng four-coordinated oxygen ions below, resulting in a con-
through repeated etching and annealing Cyﬂdg_ this pa- traction of those bond lengths from the bulk value of 2.40 to
per, where we were interested in modeling low-coordinatec-16 A. The bond lengths between these oxygen ions to the
surface sites, the microfacet¢til 1} surface thus represents nextlayer of calcium ions also contract, but to a lesser extent
corner sites on th¢l0G surface. (2.29 A.

Ill. RESULTS AND DISCUSSION
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FIG. 1. Sideview of the relaxef 00} surface
showing electron density contour plots and inter-
atomic distances(Ca=mid gray, O=dark gray,
contour levels are from 0.05 to 0.35 &/At 0.05
e/A intervals, bond lengths in A.
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B. Hydrated surfaces water molecules. The water molecules are adsorbed by their

We next investigated the difference in reactivity of the ©XYgen ions to_ surface calcium ions and Fhe_ electron-density
variously coordinated surface sites by adsorbing gaseous wRIOtS show this bond to have strongly ionic character. In
ter molecules in the bulk and at the three-, four-, and five2ddition, there is evidence of covalent hydrogen bonding be-
coordinated calcium ions on the CaO surfaces, and evaluatd@een surface oxygen ions and one of the water molecules’
the energies of adsorption and the relaxed hydrated surfag@otons. The surface calcium ion bonded to the water mol-
structures. As there are local minima in these hydrogenecule’s oxygen ion is pulled out of the surface by 0.04 A
bonded surface complexes, we used a range of different stam4th respect to the nonhydrated surface, while the oxygen
ing configurations of associatively adsorbed water molecule®n that is not hydrogen bonded to the water molecule has
on the surfaces to ensure, as far as possible, that the finaloved into the surface by almost 0.1 A.
converged configuration would be a global rather than a local None of the calculations of different starting configura-
minimum-energy configuration. On thg00 surface, we tions for the hydrated100 surface showed the water mol-
considered a partial water coverage of 50% with one wateecules to dissociate, so in order to be certain that no lower-
molecule per two surface calcium sites. On {820 surface, energy configuration with dissociatively adsorbed water
we adsorbed water molecules at the four-coordinated surfagaolecules existed, we also simulated a hydroxylated surface
sites on the step edge, leading to a fully hydrated step edges a starting configuration. A hydroxyl group was placed
and on the microfacetefd 11} surface, water molecules were above a surface calcium ion with a proton bonded to a neigh-
adsorbed at each three-coordinated calcium ion. The surfad®ring surface oxygen ion. However, the calculations
and adsorption energies of the various surfaces are collectethowed the proton to desorb from the lattice oxygen ion and
in Table IV. bond to the adsorbed hydroxyl group to form an associa-

Incorporation of water molecules in the bulk crystal is atively adsorbed water molecule. The final configuration was
highly endothermic process, costing 264 kJmtahnd lead- identical to the lowest-energy configuration of associatively
ing to the distortion of the crystal. However, adsorption ofadsorbed water with the same hydration eneirgy65
water at the five-coordinatedd 00 surface sites is exother- kJmol %), giving us confidence that the lowest-energy con-
mic and releases 65 kJmdl Figure 3 shows a sideview of figuration had been found. The easy reformation of dissoci-
the hydrated100; surface showing bond lengths and contourated water molecules indicates that there is no energy barrier
plot of the electron density through the plane of the adsorbetb this process. Our calculations indicate that the binding of
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[111]

Ca O

FIG. 2. Sideview of the relaxed microfaceted
{111} surface showing electron density contour
plots through two edges, including apex calcium
ions. The three-coordinated calcium ions and
four-coordinated oxygen ions are indicated in the
figure by Ca and QCa=mid gray, O=dark gray,
contour levels are from 0.05 to 0.50 é/At 0.05
e/A3 intervals.

the water molecule’s oxygen atom to a surface calcium atonenergy at 156 kJmof is large, indicating a strong interac-
is the main interaction. This suggests that increasing the cdion between the water molecule and the surface. When wa-
ordination of the surface calcium ion to the bulk value, fromter molecules are adsorbed at the three-coordinated calcium
five- to six-coordinate, is the driving force behind the ad-jons of the microfacete 11} surface, they also dissociate.
sorption. We next myesugate v_vhethgr water adsorpt|on afhe hydroxyl group becomes only bonded to the three-
four- and three-coordinated calcium sites rather than the fivecoordinated calcium ion while the proton bonds to a neigh-
ciative adsorption of water, which is experimentally found toedges The adsorption energy at 127 kJrhds less than for
- . 4 .

occur on CaQe.g., Fubiniet al. ). _ _ . the four-coordinated calcium ions on thH810 surface

Figure 4a) shows an initial configuration of associatively above, which shows that bonding of the hydroxyl group to

adsorbed water molecules near the four-coordinated edgéaoth a four- and a five-coordinated calcium ion outweighs
ions on the{310 surface. After electronic and ionic relax- bonding to one three-coordinated calcium ion

ation [Fig. 4(b)] the water molecules have dissociated and The surface energies of all surfaces have decreased, indi-

the hydroxyl group has become bonded to both a four- . . o
coordi);latedycglciur[% ion on the edge and a five-coordinate ating that hydration of each surface has a stabilizing effect.
he {310 surface shows a particularly large decrease in sur-

calcium ion on thg100; terrace below, which now protrudes o .
from the terrace by 0.25 A. The proton has become bonde&lce energy of 57%, and this surfacg has now become the
ost stable of the three surfaces studied. On this surface, the

to a four-coordinated oxygen ion. The exothermic adsorptiori” . s ;
¥g P adsorbed oxygen of the dissociated water molecule is ap-

proximately located at a lattice oxygen position if the step
were extended. The dissociated proton and the proton of the
hydroxyl group point towards the vacant calcium site next to
the water molecule’s oxygen ion, a surface analogue of the
well-known hydrogarnet defect, where four protons are ad-

TABLE 1IV. Surface and adsorption energies for the hydrated
CaO surfaces.

Surface  Coordination no. y, (Jm 2 U ags/H20 (kJ mol™Y)

Bulk 6 +264 sorbed at a silicon vacancy pointing towards the vacant site.

{100 5 0.45 —65 The {100 surface that was the more stable surface when not

{310 4 0.39 —156 hydrated, is much less smooth when partially coveei¥o
{111Ca 3 1.15 —127 with water molecules, hence its lower stability than {B&G}

surface with hydrated edge.
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FIG. 3. Side view of the minimum energy
structure of the Ca@100 surface with 50% cov-
erage of upright adsorbed water, showing inter-
atomic distances and contour plot of the electron
density of the plane containing the water mol-
ecule, showing hydrogen bonding to surface oxy-
gen ions.(Contour levels are from 0.05 to 0.35
e/A® at 0.05 e/R intervals, Capalegray,
O=dark gray, H=white.)

The preference for associatively rather than dissociativelypxygen atom to a surface metal ion releases energies of be-
adsorbed water on the C4@00 surface agrees qualitatively tween 70 and 120 kJmot, depending on the coordination of
with both tight-binding calculations of hydroxylated CaO the cation. Our calculated value for CaO falls at the bottom
(001 slab434*and atomistic simulations of dissociative ad- end of this range, which is probably due to the almost bulk-
sorption of watef>*® where the hydration energy of a fully like coordination of the surface calcium ion and to its low
hydroxylated{100} surface was calculated to be large andoxidation number compared to the other metals in their study
positive (+92 kJmol'}) indicating that this configuration (Al, Si, Ti).
was energetically unfavorable. In addition, previous atomis- The energies of dissociative adsorption of water onto the
tic and electronic structure calculations of water adsorptiorfour- and three-coordinated surface sitesl56 and—127
at the vacuum interface of MgO, which is isostructural withkJmol ™%, respectively also agree well with experimentally
CaO, showed that dissociative adsorption is energetically umsbtained hydration energies. Again, using TPD measure-
favorable on the perfe¢flOG surface(e.g., Refs. 28, 45, 47, ments, Fubiniet al*? show that water is adsorbed dissocia-
48) and only occurs at defects and low-coordinated surfacéively on CaO with adsorption energies of 140—150 kJrhol
sites?***90r at the liquid water interface where;8" spe-
cies are taken into accoufftThe mode of water adsorption
on the{310; surface, where the hydroxyl group is bonded to
both a four- and five-coordinated calcium ion agrees with We next calculated the process of removing CaO units
hydroxylation of MgO(110 surfaces. For example, Gonia- from the surfaces and replacing them by liquid water mol-
kowski and Noguera using self-consistent electronic strucecules. As the resulting configuration is the replacement of a
ture calculations modeled hydroxylation of a rigid MgO calcium ion by two protons, these calculations further evalu-
(110 slab, which contains four-coordinated surface sitesate the reactivity of the variously coordinated sites, without
and found that the hydroxyl group of a water molecule bindghe complications described above, namely that the adsorp-
to two magnesium ion¥ while Langel and Parrinello tion energies depend to a large extent on the final configura-
showed dissociation of a water molecule at a faceted Mg@ion of the adsorbed water molecule and especially its oxy-
(011) cluster*? gen atom’s possible interactions with multiple surface sites,

The calculated hydration energy of 65 kJmblon the e.g., at the{310; step edge. Replacing a calcium with two
{100} surface suggests that physisorption is the mode of adprotons may therefore give us a better quantitative insight
sorption of the water molecules. Experimental work by Fu-into the strength of bonding of the calcium ions in the dif-
bini etal* using temperature programmed desorptionferent surface environments. Table V lists the energies of
(TPD) on a variety of oxide surfaces including CaO, suggesteplacing CaO units by liquid water molecules and we can
that the associative adsorption of a water molecule by itsee from those that replacing six-coordinated calcium and

C. Replacement of C&* by protons

195417-6



DENSITY-FUNCTIONAL THEORY CALCULATIONS CF. .. PHYSICAL REVIEW B 63 195417

[100]

Ca (o}
(a)

!

—-‘ h .-_5- Al

e\

- -

i

H

8
—-— |j—

E——

Y Al 1Y

NN A
NNCN N

-—

N

i i H
H YaLES AN
- i Bu
e | L Lt
g U - s mm o= 7 — i
'A.\ b e % ‘ ‘ ;
DU~ v -
A "* y ‘. 1 e —— ——es.
Wl L8 ol 1A 1O \ * ,
S i bl
. DV Z;:‘J am ~_ W
o> e, ."'4\"".' FIG. 5. Minimum energy structure of bulk CaO crystal with one
- ‘.'4.(7' -'«.v : six-coordinated calcium ion replaced by two protons, showing re-

laxation of the resulting hydroxyl groups towards the cation va-
cancy.
FIG. 4. Adsorption of water at th€810; surface, showinda)

unrelaxed initial configuration of undissociated water molecules, _» . .
. ) - Y Jm “) are the same for the two simulations. Even though the
and (b) relaxed configuration with dissociatively adsorbed water

molecules, where the proton has become bonded to an edge oxygglxo {310}_surfaces are |nd|st_|ngU|shabIe when ‘real surfa_ces
are considered, the simulation cells for the two calculations

ion and the hydroxyl group is coordinated by its oxygen to both an - .
edge and a terrace calcium iofCa=pale gray, G-darkgray, &r€ not the same and the identical results for the two cells
H=white). further shows that the sizes of the simulation cells are ad-

equate. As expected from its higher reactivity towards water

oxygen ions in the bulk is energetically unfavorable. We@dsorption discussed in the section above, lthe four-
would of course expect the process of creating a defect in thgoordinated ions at the step eddé;{,= —111kJmol ) are
perfect lattice to be endothermic and this is borne out by thénore amenable to replacement than the five-coordinated ions
calculations. Figure 5 shows the relaxed structure of the bul@" the planaf{100 surface.
crystal with protons adsorbed at the calcium vacancy, show- The surface energy of the microfacetdd 1} surface has
ing that the protons are pointed towards the calcium vacanchen halved by the replacement of the three-coordinated cal-
pulling the oxygen ions with them towards the vacancy. ~ Clum ions with two protons eac.h. The surface resulting from

On the{100} surface, replacement of the five-coordinated dissolving” the apex calcium ions is much smoother than
surface ions is exothermic, releasing 43 kJmolThe sur- the original surface that leads to its enhanced stability. Con-
face energy(Table V) has decreased to 0.29 Jfnand the trary to the adsorption of water at th&11 and {310 sur-
{100 surface has once more become the most stable of tH@ces described above, this time the reaction energy at the
three defective surfaces. TH810 surface, where a CaO three-coordinated ion§-187 kJmol ©) is more exo}hermlc
group on the edge is replaced by a water molecule, is iderf@n at the four-coordinated edge idRs111 kJmol ).
tical to the hydrated310 edge[Fig. 4(b)] and the relaxed
surface configurations and calculated surface enefgie8

IV. CONCLUSION
TABLE V. Surface and replacement energies of replacement of

CaO units by water molecules, We have used density-functional theory simulations using

the pseudopotential approach to investigate the hydration of
the bulk crystal and th€l00}, {310}, and microfacetedil 11}
surfaces of CaO. The experimental crystal structure param-

Surface  Coordination no. y, (Jm?) U ep/H20 (kJ mol™1)

Bulk 6 +21 eters of CaO are reproduced adequately by the calculations.

{100 5 0.29 —43 An electron-density plot of th¢l00; surface shows the ma-

{310 4 0.38 ~111 terial to have a strongly ionic character without discernible
{111Ca 3 0.73 -187 distortion in the surface layer with respect to bulk layers,

leading to minimal ionic relaxation of th.00 surface. Re-
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laxation of the microfaceted111} surface is more pro- microfaceted{111} surfaces, dissociative adsorption occurs.
nounced, due to the redistribution of the electron densityHowever, the adsorption energies, which are in good agree-
along the bonds between the three-coordinated apex calciument with experimentally found hydration energies, are not
ions and their neighboring four-coordinated oxygen ionsdependent on the coordination of the surface ions but rather
The three-coordinated calcium ions at the pyramid apicegn the final configuration and coordination of the adsorbed
move into the surface through contraction of the Ca-O bondgater molecule. At the four-coordinated edge ions the hy-
in the topmost two layers. droxyl group bonds to two calcium ions, one at the edge and
On adsorbing water in the bulk and onto {00 sur-  one on the100} terrace below the edge. This dual coordina-
face, we find that associative adsorption of water is energetion which agrees with calculations of hydroxylated MgO
cally preferred. Absorption of a water molecule in the bulk 110 surfaces, leads to a more favorable adsorption energy

fégg‘? 't?oiag:#é?md;f tﬁagg} esz?g?:rir:éﬁcg;ggesﬁ’ ;,Yshcl)lre :[h an at the three-coordinated corner ions where the hydroxyl
P gy phy P roup is only bonded to one calcium ion. The protons on

tion. The water molecules adsorb by their oxygen ions to th(g .
surface calcium ions, but an electron-density contour plo o:]highr:esse surfaces become bonded to four-coordinated oxy-

through the plane of the water molecule adsorbed on thd® . . .
{100 surface shows a hydrogen-bonding interaction between When calcium ions are replaced by protons in the bu'lk
a surface oxygen ions and one of the water molecule’s hyz_and qt the surfaces, we find a clear relation between cation
drogen atoms. The energetic preference for associatively agoordination and replacement energy. The energy released
sorbed water is confirmed by performing simulations on disPY replacing a calcium ion by two protons increases by
Sociative|y adsorbed water molecules on {heq surface, 65-75 kJmOTl for the loss of each successive bond, from
which reassemble during the minimization process indicatingix coordinated in the bulk to three-coordinated calcium ions
that this surface is not amenable to hydroxylation. In addi-at the microfacetedl11} surface. In future work, we would
tion, there appears to be no energy barrier for reformation olike to extend these replacement calculations to MgO and
the water molecules. quartz to investigate whether the energies have a qualitative
At the four- and three-coordinated ions of tf&10 and relation to bond strengths in different materials.
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