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We repot extensie densiy functiond theowy calculations using pseudopotential with a
plane-wae basis for the properties of the (010 face of molybdenun trioxide (@-MoOj3). The
surfae is modela by a one-laye slah Calculatel bord lengtts compae favorably with
experimenth measurementsThe bondirg of the different oxygen specis to molybdenun is
analyzel using the crystd orbitd overlgp population This analyss indicates tha the bondirg is a
combinatia of ionic and covalert characte for all oxygen species The termind oxygen exhibits
covalern bondirg to Mo which is stronge than eithe of the two bridging oxygens We also study
the adsorptio of hydrogen on this surface Hydrogen is mog strongl adsorbd over the terminal
oxygen followed by the asymmetg bridging oxygen and then the symmetr¢ bridging oxygen.
Thistrend isexplainel in terms of simple chemic&conceptsThe inclusion of full surfae relaxation
isimportart for even aqualitative description of adsorbat bonding © 1998 American Institute of

Physics [S0021-960808)01640-1

I. INTRODUCTION

One of the mog importart problens in heterogeneous

catalyss is the partid oxidation of smal hydrocarbos such
as methane Molybdenun trioxide (a-MoO;) has been
shown to be active in partialy oxidizing methae to

formaldehydé; but the mechanim by which this transfor-
mation takes place is nat fully understod ard there is con-
siderabé controvery regardimg the natuee of the active oxy-

gen. -MoQO;, along with MoO,, are the two molybdenum
oxides stabk abowe 1000 °C, ard it is likely that #-MoO; is

an active specis in mary catalytc reactiors involving mo-

lybdenum oxides There are severatypes of oxygen sites in

a-MoO; availabk for reaction but it is nat clea which sites
participat in the reaction.

Bulk «-MoO; is a layerad materia) with bilayers paral-
lel to the (010) plare (Fig. 1). The bilayers couplal together
by we& van der Waak forces consis of repeatirg units of
MoOQOg quasi-tetrahedrawith severd oxygen atons shared
betwea the two Mo atoms In particular there are three
distina types of oxygen atoms® First, ther is a terminal
oxygen bondel to only one Mo atam with a distane of 1.67
A. Secondthere are symmetricaly bridging oxygers bonded
equidistan to two Mo atons (1.95 A) ard weakly bondel to
a third Mo atan (2.33 A). Finally, there are asymmetric
bridging oxygen atons bondel to two Mo atons with bond
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lengths of 1.74 ard 2.25 A. In orde to elucidae the activity
of a-MoO; for partid oxidation one mug understad the
chemic4 natue of ead of the distind oxygen species For
exampleit has been propose tha the termind oxygen isthe
active specis in partid oxidation® Therefoe the (010) sur-
face which has termind oxygers exposed shoutl be the
mog reactive face for partid oxidation.

Thete has been a numbe of experimenth studies on
a-MoOg; mog are studies of supportel MoO; wher the
detailed surfa@ structue is unknown Experimentally mo-
lybdenun oxides with varying concentratioa of terminal
oxygers are synthesizd ard differences in produd distribu-
tions and activity are measured:” However suc studies do
not provide information as to the specift roles of the various
surfae sites or the changs in the catalys$ along the course
of reaction.

In this pape we study the «-MoO3(010) surfa@ using
densiy functiond theoly calculations taking into account
full relaxation of the surface An analyss of the covalent
bondirg of eatc Mo—O bord reveas tha bord lengh is not
an accura¢ gauge of the amourn of covalert bonding
present To examire the chemica reactivity of ead type of
oxygen the adsorptim of hydrogen over different oxygen
sites is studied Full relaxation of the MoO; surfa@ upon
bondirg to hydrogen is found to be important The relaxation
of the ions qualitatively changs the relative O—H bord en-
ergies for the differert types of oxygen compard to the un-
relaxed slab.
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FIG. 1. The one-laye modée of the clean (010) «-MoO; surfa@ usdl in the
calculation The three distina types of oxygen are noted The dark grey balls
are Mo atoms the white balls are hydrogen atoms ard the light grey balls
are oxygen atoms.

Il. COMPUTATIONAL DETAILS

All calculatiors were performel using the commercially
availabk versim of casTerR®® a densiy functiona plane-
wave pseudopotentlacode In thes calculations the local-
densiy approximatio is usel for electran exchang and cor-
relation The bar MoO; slab ard the MoO;+H systems
were relaxed until the forces on all atorrs were less than 0.05
eV/atom The optimized norm-conservig pseudopotential
for Mo including states up to 4d was generatd with r g
=r¢p=rcq=1.7au from asingly ionized referene con-
figuration of [Kr]4s%4p®4d® ard is expresse in the fully
separat# Kleinman—Bylande form.X° Optimizatiod* was
performa@ with dcs=0c4=65Ry*? and q.,=75Ry"
ard 6, 4, ard 4 Bessé functiors for the s, p, and d orbitals,
respectively The soft oxygen pseudopotentlavas generated
accordimy to the schene of Troullier and Martinst? with core
radi ro =13 and r, ,=1.66a.u For hydrogen a filtered
Coulonb potentid was used.

The modé for the a-MoO; surfa@ consiss of a single
layer of the (010) face repeatd periodicall in three dimen-
siors with abou 14 A of vacuum betwee layers Fou spe-
cia k pointsin the irreducibk Brillouin zore were usal with
a 700 eV cutoff for the plane-wae bass states For the ad-
sorptian of hydrogen a coverag was usel where one hydro-
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TABLE I. a-MoOj, (010 bord lengtts (in A).

Calculated

Type of oxygen Slab Bulk  Experimen (Ref. 5) % errar
Symmetre bridging 192 194 1.95 -0.5
230 2.32 2.33 -0.4
Asymmetrt bridging 1.76 1.75 1.73 +1.1
219 224 2.25 -04
Terminal 167 1.67 1.67 0.0

gen atan was adsorbd per type of oxygen atom on one side
of the slah As ated of the® pseudopotentialghe equilib-

rium lattice parametes of the «-MoO; bulk systen was de-

terminal by keepirg the ratio of the lattice vectos fixed to

the experimenthvalue and finding the volume which mini-

mizes the totd energy The equilibrium volume was found to

be 1910 A3, slightly lower than the experimenthvalue of

2030 A3 We fix the lattice parametes at the experimental
values for subsequetncalculatiors of the MoO; surface Re-

laxation of the ionic positiors at the experimenthlattice con-
start yields bord lengths in excellert agreemenwith experi-
menta values (Table I).

For the analyss of covalent bonding the crystd orbital
overlgp populatim (COOB was calculated The COOP,
originally develope by Hoffman?® is a projectin of two
atomc orbitals onto the final wave function weighted by the
overlg of the two orbitals This projectian gives an indica-
tion of the bondirg or antibondirg natuee of the interaction
of the two orbitals A positive value of the COOP indicates a
bondirg interaction and a negatie value mears tha there is
an antibondirg interaction The magnituet of the COOP
curves is alo an indication of the relative amoun of cova-
lent bonding To calculat the COOP from aplane-wae cal-
culation atomi orbitals are constructd from the pseudo-
wave functions The® orbitals are mace to satisy Bloch's
theoren by summirg over neares cells with the application
of a k-point dependenpha factor. The COCP is then cal-
culated by the following equation:

coowe):% (Uenl DN Dl Py Sij S e €xn).

where ¢, is the atomic orbitd centere on atom a, n is the
bard index and S is the overlgp matrix betwe@ atomic
orbitals This methal of calculatirg the COOP is designé to
yield only a qualitative picture of the bonding The value of
the COOP can be understod in the following manner We
can write the crystd orbitals as a linear combination of
atomc orbitals:

wkn=2 CikDik -

If the wave functiors are normalized the probability density
of the crystd orbitd is

<¢kn|l//kn>:§i: |Cik|2+§j: CCikSj -
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FIG. 2. Charge-densjtdifferene mays of the a-MoOj; (010) system show-
ing cuts throuch the different oxygen species The triangles refer to the
position of the Mo atoms and the diamond representhe position of the O

atoms Darke deviatiors from the backgroud indicae adepletian of charge
density while lighter deviatiors indicage additiond charg density (a)

Charge-densjtdifferene megp of the termind and symmetrc bridging oxy-

gens (b) Charge-densit differene map of the termind and asymmetric
bridging oxygens.

The first summatia on the right-hard side is the net popu-
lation centere on ead atom ard the secom tem is the
crystd orbitd overlgp population Ead tem in the summa-
tion is an indication of the relative densiy betwea the atoms
with respetto two atomic orbitals If the COOP is negative,
then there is densiy subtractd betwee the atoms indicating
acrystd orbitd antibondirg in characterwherea a positive
COOP is characteristi of a bondirg contributian to the crys-
tal orbitd from the two atomc orbitals.

Ill. RESULTS
A. @-Mo00O3(010) slab

The validity of the one-laye modé to represenh the
(010 surfae is substantiatet by the fact tha the equilibrium
bord lengtts of relaxed a-MoO3; bulk ard the single layer
were almog identical with an averag deviatian of less than
2% comparé to x-ray crystallographi da@ (see Table I).
This indicates that the bondirg betwea layers is nat strong
ard should nat play arole in bondirg betwee an adsorbate
and the (010 surface Therefoe we take one layer as our
modé for the MoOg surface.

Charge-densjtdifference plots indicate tha bondirg be-
tween oxygen ard Mo is partially ionic, since mog of the
electran densiy is addeal arourd the oxygen atorrs and taken
away arourd the Mo atorrs (Fig. 2). Thes plots are the
resut of the differena in electray densiy of the individual
atomic densities and the final electront density Darker areas
indicake a depletion of electro density while lighter areas
indicak increass in electran density It is clea that for all
oxygens electran densiy is transferre from the Mo centers
to the oxygen centersindicating ionic bonding Also, a por-
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FIG. 3. (a) COOP betwea the Mo d orbitals ard the termind O 2p orbitals.
(b) COOP betwea the Mo d orbitals and the asymmetie O 2p orbitals (c)
COOP betwea the Mo d orbitals ard the symmetre O 2p orbitals The
dotted line indicates the position of the Fermi level.

tion of the electron densiy is also found betwea the oxy-
gens althoudh it is difficult to judge the relative magnitudes
of the covaler contributian from the densiy differene plots
alone The COOP curves (Figs. 3 ard 4) allow a more quan-
titative comparisa of the relative amouns of covalern bond-
ing present The main differences in bondirg betwea the
Mo atan and the various oxygersliein the Mo 4d—0 2p as
well as the Mo 5p—0 2p interaction The COOP of the Mo
4d—0 2p for the asymmetrc and symmetrc bridging oxy-
gers reved a weak approximatel equd covalent bonding
betwea the bridging oxygers and the Mo 4d orbital. On the
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FIG. 4. (a) COOP betwea the Mo p orbitals and the termind O 2p orbitals.
(b) COOP betwea the Mo p orbitals and the asymmetre O 2p orbitals (c)
COCQCP betwea the Mo p orbitals and the symmetrc O 2p orbitals The
dotted line indicates the position of the Fermi level.

othe hand the COOP of the Mo 4d—O 2p for the terminal
oxygen shows acovalert bord strengh much greate than
for eithe bridging oxygen specis (Table I11). In contrastthe
COOP of the Mo 5p—0 2p is interestimy in tha the stron-
ges interactian betwea the two orbitals occuis in the asym-
metric bridging oxygen The termind oxygen has littl e bond-
ing presemn betwea the Mo 5p and O 2p orbitals Taken as
a whole, however the stronges covalert bondirg occuss in
the termind oxygen followed by the asymmetrc oxygen.
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(a)

FIG. 5. a-M00O5(010 with hydrogen (a) Hydrogen adsorbe over terminal
oxygen (b) Hydrogen adsorbd over asymmetrt bridging oxygen (c) Hy-
drogen adsorbe over symmetrc bridging oxygen.

The triply coordinatel symmetrc bridging oxygen has the
smalles amour of covalert bonding.

B. Adsorptio n of hydroge n on a@-MoO;(010)

The mog stabk binding site for hydrogen on the MoOsg
slab is over the termind oxygen with a binding energy of
—3.39 eV. This strorg binding is accompanid by lengthen-
ing of the Mo—O bond from 1.66 to 1.89 A (Fig. 5), while
the hydrogen is bourd to the oxygen at a distan@ of 0.98 A.
The asymmetre bridging oxygen binds hydrogen with an
enery of —3.13 eV. The Mo—O bord lengths for the asym-
metric bridging oxygers becone more symmetrig so that the
oxygen is bourd to two Mo atons with bord lengtts of 1.96
ard 1.98 A. Finally, hydrogen adsorptim over the symmetric
bridging oxygen is the mod weakly bourd specieswith a
binding enery of —2.77 eV. Associate with this adsorption
is aslight relaxation of the surface A MoO; slab can be
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TABLE Il. @-M0oOj; (010 with adsorbd hydrogen Binding energiesAll
energisin eV.

Binding site BE w/ full relax. BE relax only H
Symmetre bridging O —-2.77 —-2.22
Asymmetrt bridging O -3.13 —-2.01
Termind O -3.39 —2.33

thought of as two shees of Mo—O units linked togethe by
the long Mo—O bord of the symmetrc bridging oxygen.
When hydrogen is adsorbd on the symmetricaly bridging
oxygen the hydrogen is not bourd perpendiculato the sur-
face Rather the hydrogen is bourd in the plare of the sur-
face perpendiculato the two symmetrc bridging oxygen
bonds As aresut of this bondirg to hydrogenthe long bond
of the symmetrc bridging oxygen increass from 2.33 to
2.53 A, effectively pulling the two shees apart.

Calculatiors in which only the distan@ betwea the hy-
drogen and the surfa@ was optimized illustrate the impor-
tane of surfae relaxatio for the adsorptio of hydrogen on
MoO5(010 (Table Il). Without the inclusian of surfae re-
laxation the calculatel resuls are qualitativelyy different.
First, the binding energia of the frozen surfae +H calcula-
tions are mud close in enery than those with surfae re-
laxation This shows tha there is asignificant contribution
from the rearrangemenof surfa@ atons as a resut of the
presene of the adsorbateSecond the orderirg of the ener-
gies is different allowing only H to relax, we find that the
symmetrc bridging oxygen site is more stabk than the
asymmetg bridging site by 0.2 eV. With full surfae relax-
ation, hydrogen over the asymmetie bridging oxygen is cal-
culated to be more than 1 eV more stabk than the symmetric
bridging oxygen site Furthermorethe differences in binding
enery amorg the three types of oxygen sites are smaller,
rangirg from 0.12-0.32 eV, as compard to 0.26-0.62 eV
for the fully relaxeal system.

The bondirg of the hydrogen to the three oxygen species
is an interaction betwea the s orbitd of hydrogan and the p
orbitals of oxygen Hydrogen abowe the asymmetig bridging
oxygen is adsorbd directly abow the oxygen ard thus is
expecte to interad¢ with only one p orbital. Thisis borre out
by the COOP plots (Fig. 6), where the only significart inter-
action occus betweea the H s orbitd ard the O p, orbitals (z
is taken to be perpendiculato the surface. The interaction
with the p, and p, orbitals is at leag two ordes of magni-
tude weaker Hydrogen bourd to the symmetrc bridging
oxygen is bourd to Mo in the y direction accordingly the
only significart bondirg takes place betwea the oxygen p,
orbitd and the hydrogen s orbital. On the othe hand hydro-
gen ove the termind oxygen is bourd at an angle In this
case the COOP plots reved approximatef equd bondirg to
the p, and the p, orbitals.

IV. DISCUSSION

The bondirg of the oxygers to Mo in MoO3 (010) has
both ionic and covalen characterwith differences in cova-
lent bondirg betwea the different oxygens The contribution
of covalen bondirg is evidert in the COOP plots between
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FIG. 6. (a) COOP betwea hydrogen 1s ard termind oxygen 2p, ard 2p,

orbitals hydrogen adsorbe over termind oxygen (b) COOP betwea hy-

drogen 1s ard symmetrc bridging oxygen 2p, orbitals hydrogen adsorbed
over symmetrc bridging oxygen (c) COOP betweaé hydrogen 1s and
asymmetré bridging oxygen 2p, orbitals hydrogen adsorbe over asym-
metric bridging oxygen The dottal line indicates the position of the Fermi

level.

the Mo d orbitals ard the oxygen p orbitals (Fig. 4). The sum
of the COOP curves up to the Ferni levd (OPDOS, while

not quantitativey meaningful reflecs the relative amoun of

covalen bondirg presen (Table Ill). The stronges covalent
bondirg is found in the termind oxygen followed by the
asymmetre bridging oxygen This is not surprising given
the relatively shot bord lengtts of thee two oxygen spe-
cies The covaler bondirg of the termind oxygenisdueto a
different orbitd interaction than tha of the asymmetric
bridging the termind oxygen bondirg is from Mo d-O p
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TABLE IIl. Totd OPDGCS of Mo with oxygen.

OPDOS OPDOS Total

Type of oxygen Mo 5d-0 2p Mo 6p-0 2p OPDOS
Symmetre bridging 0.06 0.10 0.16
Asymmetrt bridging 0.05 0.16 0.21
Terminal 0.21 0.07 0.28

mixing, while the asymmetre bridging oxygen bondirg is
due to Mo p—O p interactian (Figs 3 and 4). There are also
differences in the coordination numbe in the various oxygen
specia tha may affed the bondirg of adsorbatgto the sur-
face The symmetrc bridging and asymmetre bridging oxy-
gers are coordinatél to more than one Mo atom while the
termind oxygen is coordinaté to only one Mo atom arnd is
able to form a doubk bond with the metd atom This fact
has implicatiors for the differert chemicé properties of the
variows oxygen species |t has bee postulate that the ter-
mind oxygen is the reacti\e specie in the partid oxidation
of methaneThes calculatiors suppot this hypothesishow-
ever, there are severa factors relevan to the reaction of
large molecules that hawe not been taken into account For
example sterc effecs neal to be considered becaus a
larger molecuk may neda to approab the surfae at a par-
ticular orientatian in orde for the reactio to occur.

While there hawe also been severdearlie ab initio stud-
ies of a-MoQOj surface using both cluste ard sléb models,
nore haw allowed full relaxation of the surfa@ atoms Alli-
son and Goddad performeal generalize valene bornd and
configuration interaction calculatiors on smal clustes de-
signal to mimic the various oxygen sites in MoOs.1* They
concludel tha sites involving di-oxo groups were important
for removirg hydrogers from methanal In this study the
clustes were smal (5 atomg ard Cl was substitutel for
bridging oxygens Hene geomety optimizaticn was not
possible ard finite-size effects are likely to be important.
Michalek et al. al useal a cluste modé to simulae the
(010 ard (100 surface of MoO5 using densiy functional
theory!® They cappel the cluste by addirg an appropriate
numbe of hydroges to eat edge oxygen dependig on the
type of oxygen Their calculatiors indicated that the symmet-
ric bridging oxygen was the mog highly chargel species,
with the asymmetic and termind oxygers demonstrating
sone covalen bonding in qualitative agreemenwith our
work. All bord lengtts in their cluste were fixed to experi-
mentd values ard the cappirg hydrogers were also fixed at
a constam distance Saute¢ et al. performal an extensive
study of a-MoO; (100 with correlatel Hartree—Fodk meth-
ods calculatirg the electront structures of smal cluster
units as well as the extendd surface'® They found that the
bondirg of the various oxygers was predominatel ionic in
nature with sorre covaler bondirg for the termind oxygen.
They als testal the adsorptim of various smal molecules
sud as H,O and CO in orde to explan the reactivily of the
(100 surface here again the MoO; surfa@ was nat allowed
to relax Hermam et al.!” studiel the adsorptim of hydrogen
using densiy functiond theoly on acluste modé of MoO;
(010, finding tha the termind oxygen site was the most
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stabk site for hydrogen adsorptionFinally, Coraet al.'® per-
formed a Hartree—Fodk study of the bulk MoOj; structure,
relaxing the ionic positiors manualy to find the lowed en-
ergy configuration In this cas the ionic degres of freedom
were relaxel individually, instea of simultaneousi as
would be dore in afull relaxation In this study it was found

that the termind oxygen was the only oxygen species with

ary covalen character while the bridging oxygers were
bondel ionically to the molybdenmm atom The interlayer
bondirg was also examinegand it was found that this bond-
ing was we& in natue and consiss of a combinatian of

dispersie and long-rang electrostati interactions.

Our calculation also shows tha it may not be possibé to
conside MoO; bondirg in terms of oxo groups as Allison
and Goddad hawe suggested? The oxo groups pointed out
by Allison ard Goddad refer to a Mo atam bondel with the
termind oxygen and the shot bornd of the asymmeti oxy-
gen The authos suggestha this specis is a Mo atan with
two equivalent doubly bourd oxygens by correlatirg bond
lengh to bord strength since the termind and asymmetric
bridging oxygers hawe similar bord lengths This reasoning
holds for smal moleculesbut is nat true for extendd solids.
In fact, the clustes used by Alison and Goddad to model
MoO; were so smal tha long-rang effects were ignored
altogether For example the mog striking difference be-
tween the termind and asymmeti¢ bridging oxygers is the
fact tha the bridging oxygen is coordinaté to two Mo at-
oms while the termind oxygen is coordinate to only one.
Our calculatiors shav tha thes two oxygen specie are not
alike. While both the termind oxygen and the asymmetric
bridging oxygen do hawe covalert character the orbitals
which participae in the bondirg are different, for the termi-
nd oxygen it isthe Mo d orbitals which are important while
for the asymmetre bridging oxygen it is the Mo p orbitals
which contribue to the bonding Our resuls are in agree-
mert with those of Papakondys et al.,*® Michalek et al.,*®
and Coraet al.*®

Our calculatiors of the MoOj5 surfae with hydrogen ad-
sorbal demonstrat the importane of ionic relaxation in in-
vestigatig the chemicd properties of a surface Hermann
et al. studied hydrogen adsorptim on clustes designé to
mimic the MoOj; (010) surface'’ In their studies only the
hydrogen-cluste distane was optimized to obtan the
minimum-energ configuration Their resuls indicatad that
the mog stabk binding site for hydrogen was over the ter-
mind oxygen consistehwith our results The fact tha re-
laxation of the cluste was not considerd could chang the
calculate adsorptim energy substantially Full relaxation of
the surfa® in adsorptio studies is crucid becaus it allows
the atons to chang position so as to accommodat the ad-
sorbate Moreover relaxation also allows importart elec-
tronic changs to take place for example a transition from a
doubk bord to a single bord in the termind oxygen as a
resut of hydrogen adsorptim is accompanid by an analo-
gouws change in the bord length.

The bondirg of hydrogen to the differernt oxygen species
can be explainel by examinirg the changs in covalent
bondirg tha occu when the oxide surfae forms abond with
the hydrogen For example as aresut of hydrogen binding
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to the termind oxygen the Mo—-O bord is lengthend by 0.3
A. The chang in Mo—O bondirg is clearly reflectel in the
OPDOS whete it is evidert tha there is aloss of covalent
bondirg betwea the Mo and the termind oxygen The value
for the integratel COOP (OPDOS shows a decreas in the
totd covalert bondirg betwea thes two atoms from 0.2 to
0.1 Similarly, for hydrogen adsorbd over the symmetric
bridging oxygen there is a surfa@ relaxatian in which the
two Mo—O shees which make up the slab mowve apat by 0.2
A. The symmetrc bridging oxygen canna suppot four
bonds ard in orde to bind to the hydrogen the oxygen is
forced to weaken a bord to one of the surroundig Mo at-
oms The bord that is weakend is to the Mo that is farthest
away. The COOPR als shows this effed clearly, the OPDOS
decreasefrom 0.03 to 0.02 Interestingly the effed of hy-
drogen over the asymmetré bridging oxygen is to make the
two Mo—-O bonds more symmetric The oxygen is now
threefoll coordinatedsimilar to the symmetre bridging oxy-
gen and thus behave analogoust with the oxygen bonded
symmetricaly betwe@ two Mo atoms The bondirg of hy-
drogen to the various oxygers involves covalern interaction
of the hydrogen 1s orbitd with the oxygen 2p orbitals This
interaction is predominantl bondirg in nature becaus the
strorg overlg of the hydrogen ard oxygen orbitals push the
antibondimg levels aboe the Fermi level. One aspet of the
hydrogen bondirg is tha over the asymmetic bridging oxy-
gen hydrogen is bourd directly on top, wherea in the ter-
mind casg hydroge is bourd at an angle This can be ex-
plained by a COOP analyss of the O2p—H 1s orbital
interaction decompose into the separag p orbitals (Fig. 6).
Hydrogen interacs with the bridging oxygers only through
the p, orbitals there is littl e overlg with the p, or p, orbit-
als. In the ca of the termind oxygen one would expect
from a simple orbitd analyss tha the termind oxygen
would be sp? hybridized ard thus would hawe orbitals in a
trigond plana configuration mixing 2s, 2p,, and 2p, . The
COOQOP plot [Fig. 6(a)] confirns this prediction showirg al-
modg equd amouns of covalen bonding betwee the hydro-
gen 1s orbitd and the termind oxygen 2p, and 2p, orbitals.
We now examire the relative orderirg of hydrogen ad-
sorptin energia for the differert oxygen sites The terminal
ard asymmet bridging sites bind hydrogen more strongly
compare to the symmetr¢ bridging site, which is more than
0.3 eV less stable The reasa for this resut is that for hy-
drogen to bind to the symmetrc bridging oxygen a Mo—-O
bord mud be weakened as opposeé to the otha oxygen
sites Surfa@ relaxation mug be included in the calculation;
otherwi® thes effects would not be observedIn fact, the
frozen surfa@ calculation resuls in the symmetrc bridging
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oxygen site binding hydrogen more strongly than the asym-
metric bridging oxygen because without surfa@ relaxation
importart electront factors such as bond weakenig and
bond breaking are nat taken into account.

V. CONCLUSIONS

The presem calculatiors of the a-MoO; (010 surface
demonstrat the ability of the density-functional pseudopo-
tential plane-wae methodolog to accuratef descrile bond
lengths ard bondirg characte in this mixed ionic-covalent
system The calculatel bord lengths are all within 1.1% of
x-ray crystallographé measurementsThe analyss of the
bondirg reveas tha the interaction betwe@& Mo and oxygen
is a combinatia of ionic and covalen bonding Differences
in bondirg betwea the various types of oxygen can be
traced to differences in the amoun of covalen bonding
present The termind oxygen has more covaler character
than eithe of the bridging oxygens which may manifest
itself in differences in reactivity. Calculatiors of hydrogen
adsorbd on MoO; shaw that the mog stabk binding site is
the termind bridging oxygen Furthermoreit isimportart to
include surfae relaxation when consideriig the bondirg of
an adsorbag to an oxide surface failure to do so may result
in qualitatively incorred results.
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