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Ab Initio Study of Water Adsorption on o-Al,O3 (0001) Crystal Surface

Vladimir Shapovalov and Thanh N. Truong*

Henry Eyring Center for Theoretical Chemistry, Department of Chemistryyedsity of Utah,
315 South 1400 East, Rm 2020, Salt Lake City, Utah 84112

Receied: April 13, 2000; In Final Form: July 25, 2000

Ab Initio embedded cluster calculations were performed to study water adsorption on Al-terminated (0001)
o-Al 03 surface. We used the surface charge representation of the embedding electrostatic potential (SCREEP)
model to give an accurate representation of the Madelung potential at the adsorption site. The geometry of
the cluster was optimized to take into account the surface relaxation. Adsorption energies were obtained
using theN-layer integrated molecular orbital model (ONIOM). In the case of water adsorption it was found
that both dissociative and molecular adsorption minima exist, with adsorption energi&4 &7 and-23.40
kcal/mol, respectively, in agreement with experiment. Bond orders, covalences and full atomic valences were
analyzed to investigate the changes in the chemical bonding during adsorption. Our results provide some
insight into the scrambling of water and crystal oxygen atoms during water desorption in isotopic exchange
experiments.

1. Introduction ab initio embedded cluster method. A rather small cluster
Al(OH)3; embedded in the field of point charges was used in

such a study. The desorption energy was found in the range
from 120 to 254 kcal/mol, depending on the values of the

embedding charges. A more accurate ab initio calculation was
performed by Wittbrodt et & They also used an embedded

cluster approach. A larger cluster was used to allow different
configurations of adsorbed species. However, in calculations
of surface relaxation as well as adsorption, the positions of the
pure ion point charges representing the Madelung potential were

for treatment of industrial wastewater and municipal sewage. f|xedﬂa:c pos!tlons r(I:O(;respobndlng tol the dunrelaxed syrface, ‘:]md
In the atmosphere concentration of dispersed alumina hasCUtoll iunctions had to be employed to approximate the

increased by a factor of 20 during the period from 1976 to Fog4, Madelung potential. The reported binding energies vary with
Most of this increase was attributed to the use of metallic e methods and basis sets used but are mostly within the
aluminum in solid rocket motors. Thus, hundreds of tons of €XPerimental range (2341 kcal/mol). A periodic ab initio MD
dispersed alumina are discharged into the atmosphere duringgimulation based on the Car-Parrinello methodology was
each space shuttle launthnteraction of the alumina surface Performed by Hass et &l. They studied a periodic slab at
with water and its hydroxylation is of primary importance in different water coverage. Both molecular and dissociative
all these fields. adsorption was considered. In the case of dissociative adsorption

The majority of experiments was performed on powders (e.g., WO Pathways for the proton transfer were investigateet:2 1
Rossi et al8 Bagane et af McHale et al%). These results have dlssoglatlor) (proton transfer to the nearest crystal oxygen) and
very little use in microscopic interpretations, since the adsorption 1—4 dissociation (proton transfer to the second nearest oxygen).
sites are not well defined. Water adsorption energies in these!n" @greement with the previous embedded cluster study by
experiments were found in the broad range from 8 to 64 kcal/ Wittbrodt et ak® 1—4 dissociation was predicted to have a lower
mol. Recently, a study on the-Al,Oz (0001) single-crystal barrier, and thus to be more kinetically favqrabl_e. The binding
surface was conducted by Nelson etiddissociative adsorption ~ energy for -4 adsorption of 32.5 kcal/mol is slightly smaller
of water was clearly observed and the binding energy was foundtha”_ 33.2 kcal/mol for the 22 dlssoc[atlve adsorptllon. The
to be 25-40 kcal/mol. In addition, a complete scrambling of Pinding energy for molecular adsorption was predicted to be
the crystal and water oxygen atoms was observed in isotopic 23-3 kcal/mol in that study.
exchange experiments performed by the same gfbup. Despite rapidly increasing computer speeds, the modern level

Previous theoretical studies of the surface reactivity toward of computational resources still restricts one to considering
water and of the surface hydroxyls properties employed both systems of a very limited size for practical applications. In this
empirical and quantum-mechanical meth&43’ Bargar et al3 respect the development of cost-effective models for studying
employed an empirical model based on the band valence concepsurfaces and interfaces is essential. The ON®iodel was
to predict the relative stability of different kinds of adsorbed shown to achieve this goal by treating a small region that is
species on the alumina surface in an aqueous solution. Unfor-critical to the chemistry at a high level of theory, while treating
tunately, their predictions were only qualitative. In a paper by the remaining region at a less accurate level. This model so far
Nygren et all> water desorption energy was evaluated by an has been applied to isolated systems. In this paper we illustrate
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Research related to aluminum oxide is motivated by extensive
use of this material and by its role in environmental chemistry.
One of the major industrial applications of aluminum oxide is
its use as a catalyst and a catalyst supptiris also employed
to grow insulator and semiconductor films for microelectroRics.
An aluminum oxide coat is commonly formed on the surface
of Al-based lightweight construction materidlén nature this
compound can be found as a component of’saitother source
of aluminum oxide in the environment is the Al(Ill) salts used
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b) This is done by representing a small number of lattice atoms
near the QM cluster as point charges. The Madelung potential
due to the remaining crystal is described by the surface charge
representation of external embedding potential (SCREEP)
method?? This embedding provides highly accurate representa-
tion of the Madelung potential of the infinite crystal using a
relatively small number of point charges. The values of the
atomic charges used to evaluate the Madelung field of the ideal
Als crystal were taken from a periodic calculation by Puchin &t al.

The model system for calculatirtEodel,high@nd Emodel,low IS
represented by a smaller cluster,® (see Figure 1c,d) with
the adsorbed water with no embedding pseudopotentials or point
charges. The CCSD level of theory was selected as the high
level treatment with the same basis set as described above for
the low level.

The position of the adsorption site Al atom and the geometry
of chemisorbed and physisorbed water molecule were optimized
at the MP2 level of theory. In the case of dissociative adsorption
only 1-2 process (proton transfer to the nearest oxygen atom)
Figure 1. Top (a) and side (b) views of the real system and top (c) was considered. Single point energy calculations using the
and side (d) views of the model system. IMOMO methodology were carried out to improve the energetic
information. Population analysis was performed on the sym-
metrically orthogonalized MP2 wave functi®nfor the real

how the ONIOM model can be employed to study water

adsorption on an aluminum oxide surface. _ _ _system. During the population analysis the polarization functions
In the present study we have two objectives: (1) to investigate o, the adsorption site Al were excluded so that balanced electron
the applicability of the ONIOM model in studies of the yenity distribution could be obtained. We used the population

adsorption processes on a crystal surface and (2) to investigate,a\ysis introduced by Evarestov and Verya#de calculate
the chemistry of water adsorption on the;@ (0001) surface. a1 valence, covalence, bond order, and atomic charge of the

QM cluster. This analysis was shown to discriminate extremely
well the total valence of atoms in different valent states, such
To achieve the optimal level of computational accuracy for as Pb(ll) and Pb(IV); Cu(l), Cu(ll), and Cu(lll); Ti(ll) and
a given amount of computational resources we employ an Ti(IV).2527 The density of states (DOS) graphs were obtained
embedded cluster model within the ONIOM methodology. In by broadening the orbital energy levels with Gaussian functions
particular, we used a two-layer model where both layers are with width of 1 eV at half-maximum. The changes in the DOS
treated at different molecular orbital levels of theory (IMO- spectrum as a water molecule is absorbed provide useful
MO).1920 |n this approach two systems are considered: the qualitative information that can be compared with UPS and

larger real system treated at a lower and less computationallyMIES experiments.

expensive level of theory, and a smaller model system treated All calculations were done using our locally modified
at the same level as the real system, and also a higher level ofGAUSSIAN98/DFT computer codck.

theory. Then, an estimate of the total energy of the real system

at the higher level of theory can be expressed as 3. Results and Discussion

E E E

2. Computational Details

* Emodelhigh 1) We first discuss the structure of the Al-terminated (0001)
surface ofo-Al;O3. This surface is well characterized and has
In this case, to calculatéaowthe real system is divided into  been extensively studied by both experimental and theoretical
three regions: the inner, the intermediate, and the outer onesmethods. Although there are three possible terminations of the
The inner region consists of the adsorbate and of a cluster(0001) surface (Figure 2), we used the Al-terminated surface
representing the adsorption site. Interaction in this region is (termination 3 in Figure 2) for the following reasons: (1) this
modeled quantum mechanically. In principle, one should use atermination was predicted to be the most stable in a vacuum in
large cluster to minimize the boundary effects at the adsorption several previous theoretical studi@s?(2) it is also consistent
site. However, selecting the size of the quantum (QM) cluster with experimental findings that the stoichiometric composition
is dictated by the balance between accuracy and computationabf the three topmost layers is &,%! and that Al atoms are
demand. To optimize this cost/performance ratio, we select the located above the oxygen plaffarevious theoretical calcula-
quantum cluster to be 4D; (see Figure 1a,b) plus the adsorbate tionst®2333 yielded large, though quite different, relaxation
(a water molecule). This QM cluster is treated at the MP2 level values, ranging from 68 to 86%. This finding was confirmed
of theory. LANLDZ?! basis functions with pseudopotentials experimentally by Ahn and Rabald.In this study we
were used for Al atoms, with a set of d functions added on the illustrated that such a large surface relaxation can be modeled
adsorption site Al atom, and all-electron 6-31G(d,p) basis was by the embedded cluster methodology in a self-consistent
used for O atoms and for the adsorbate. The intermediate regionmanner. Since the changes in the oxygen layer during relaxation
of the real system is designed to prevent leakage of the electronicpreviously were found to be much smaller than those of the
density of the QM cluster to the outer region. This is done by surface aluminum layé#f, only the positions of the surface
treating all Al atoms closest to the QM cluster as whole ion aluminum atoms were optimized here. The embedding environ-
LANL 2! pseudopotentials. Finally, the outermost region is ment was adjusted to preserve the periodic structure consistent
treated classically and is designed to accurately describe thewith the optimized structure of the cluster. The height of Al
Madelung potential of the crystal surrounding the QM cluster. above the oxygen plane was found to be 0.246 A (70.4%

real,high= Sreallow — Emodel,low
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Figure 2. Various terminations of (0001) surface afAl,Os: (1)
oxygen termination, negatively charged surface; (2) aluminum termina-
tion, positively charged surface; (3 ) aluminum termination, neutral
surface. Surface relaxation is measured as percent decreasedf the
value, the distance between the Al and O planes.

TABLE 1: Charges (Q), Covalences C), and Valences Y) of
the Cluster Atoms

Q C Y,
bare surface Al 1.29 2.74 3.26
Alzsa 1.57 2.33 3.12
Als 1.77 2.03 3.05
o] -0.84 1.94 2.25
molecular Al 1.20 2.88 3.32
adsorption Q -0.87 1.90 2.24
Ow —0.52 211 2.23
dissociative Al 1.32 2.80 3.33
adsorption Q2 —0.92 1.88 2.26
Oc -0.71 2.13 2.34
Ow —0.80 181 211
TABLE 2: Bond Lengths (A) and Bond Orders
bond bond length bond order
bare surface AFO 1.68 0.73
molecular Al—0s 1.72 0.63
adsorption Al—Oc 1.70 0.70
Al;—Ow 1.99 0.40
Ow—H; 0.99 0.79
Ow—H: 0.98 0.81
dissociative Al—0O; 1.72 0.65
adsorption Al—Oc¢ 2.00 0.29
Al;—Ow 1.75 0.78
Ow—Hw 0.97 0.88
Oc—Hc 0.99 0.77

relaxation), which compares favorably with the experimental
estimate of 0.3t 0.1 A32and 0.25 A as obtained in a similar
calculation of Wittbrodt et at® Periodic Car-Parrinello calcula-
tion by Hass et al? predicted a larger relaxation of 82%, which
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Figure 3. Optimized geometry of water adsorbed on the real model
in molecular (a) and dissociative (b) configurations.

binding of the adsorbed species. This is undoubtedly a surface
phenomenon and is not an artifact of the cluster model. One
can confirm this by noting the valence of thesAltom, which
is also located on the edge of the cluster but in the bulk and
has different surrounding, to have a typical value of 3.05.

Adsorption of water was found to have noticeable effects on
both geometry and electronic structure of the underlying crystal
(Figure 3) even though the charge and total valence of the Al
adsorption site do not change much during either molecular or
dissociative adsorption (see Table 1). During adsorption the
distance between the oxygen plane and the aluminum atom
increases, which was also observed in the study by J. M.Witt-
brodt et alé In our calculations the surface relaxation decreased
by 22.3% during molecular adsorption and by 56.9% during
dissociative adsorption. We found that,Adtom during the
adsorption process shifts not only perpendicularly to the surface,
but also sideways; consequently the three formerly identical
Al;—0Oc, Al;—0,, and AL—0O, bonds become different (Table
2). Here Al and @ are the adsorption sites. The differences
are about 0.02 A for molecular adsorption. However, for the
dissociative adsorption the AtOc bond distance is significantly
elongated to 2.00 A as compared to 1.72 A for the other two
Al;—0O bonds. The large differences in the;AD bonds up on
dissociative adsorption can also be seen in the bond order
analysis. Their bond orders differ by more than a factor of 2,
namely, 0.65 au for the shorter AtO; and AL—0O, bond, and
0.29 au for the longer A-Oc bond. Compared with the initial
(prior to adsorption) value of 0.73 au, the;AlOc bond is 2.5
times weaker.

A closer look at the population analysis for the dissociative
adsorption case yields an interesting observation. The charge
of the Q; atom decreases t60.71 from—0.84. It is significantly
lower than charges of other surface oxygen atomad Q
(—0.92), and is closer to the charge o, ©-0.80). Note that
the Q atom was not relaxed in this case. However, as mentioned
earlier that the oxygen sublayer was previously found to have
very small relaxatiod® thus we do not expect relaxing the O
would change the general observation here. The orders of OH
bonds are also close for the two hydroxyls: 0.88 fayHay
and 0.77 for @QHc. These results indicate that the local
electronic structure and chemical bonding of the surface oxygen

results in the distance between the Al and O layers of about Oc and the adsorbed oxygeny@re very similar. This similarity

0.15 A.
We further analyzed the electronic structure of the surface
in order to investigate the effect of surface relaxation. The local

provides some initial insight for the observation of nearly 50/
50 scrambling of oxygen atoms originating from water and
crystal in Elam et al.’s isotopic exchange experiméats.

electronic characteristics of the cluster atoms are given in Table However, to fully understand such an experimental observation,
1 and Table 2. The Al charge is 1.29 au for the exposed atom more detailed analysis on the mechanism of the water desorption

(Al1 in Figure 1a,b), and 1.57 au for the inner atoms{A4l 4)

process is required.

while the covalence is 2.74 and 2.33, respectively. The increase Calculated adsorption energies are listed in Table 3 along
in the covalence of the surface atoms and their abnormally high with experimental and previous theoretical results. We found
valence indicate an excess of electronic density available for the adsorption energy to be28.32 kcal/mol for molecular
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TABLE 3: Adsorption Energies (kcal/mol)

model method molecular adsorption dissociative adsorption

experiment not observed -(231)
theory

Al(OH)3; embedded cluster HF n/a -(126-254)

AlgO;, embedded cluster HF —35.7 —59.4

AlgOs; clustef B3LYP —31.62 —32.14

periodic ApOz? Periodic BLYP —23.3 —33.2

Al 05 cluster MP2 —40.32 —37.01

Al 4Os cluster CCsD —33.20 —34.97

AlgO;, embedded cluster MP2 —35.43 —37.82

AlgO; clustef MP2 —40.18 —33.18

(Al406: AgO12 eMb cluster) (CCSD:MP2) —28.32 —35.78

(Al,06: AigO12 €Mb cluster) (CCSD:MP2)+ BSSE —23.40 —31.57

aFrom ref 15 SCF level of theory with modified coupled pair potenti#irom ref 16 6-3%G* basis set was used on the central atoms of the
cluster, 3-21G on the rest of atoms. Cluster was embedded in the field of point cltdfgas. ref 16 Same basis set as in b) but without embedding.
d From ref 17 Periodic slab BLYP Car-Parrinello simulatiéCluster calculations at the MP2 embedded cluster geometi©MO calculations.
CCSD calculations for the model system (@4 cluster) and MP2 calculations for the real systemg@A embedded cluster).

adsorption, and-35.78 kcal/mol for dissociative adsorption.
Including basis set superposition errors estimated by the
counterpoise method raises the molecular adsorption energy to
—23.40 kcal/mol, and dissociative adsorption energy 81.57
kcal/mol. Our prediction agrees well with the experimental
estimaté! between—23 and —41 kcal/mol. The fact that
dissociative adsorption is more stable correlates well with the Bare surface
results of isotopic exchange experiments (ref 11). The calculated
adsorption energies are significantly less negative than those
of Nygren et al® In the latter work it was assumed the alumina
surface is completely hydroxylated, whereas our calculations
correspond to the low coverage condition. Our adsorption
energies are much closer to the upper limit of those obtained
by Wittbrodt et al.X6 where the same quantum cluster was used
but at different levels of theory. It is interesting to note that our
results are within less than 1.7 kcal/mol from those of the
periodic slab Car-Parrinello study.

Analysis of the contributions of different component of the
IMOMO scheme is also listed in Table 3. This provides an
interesting insight into the physical system and theoretical 20w
method used. The result that attracts the most attention is that
the model system treated as a bare cluster at the MP2 level
gives qualitatively wrong relative adsorption energies (molecular

DOS (arb. units)

Molecular
adsorption

lower than dissociative). The same system treated at the CCSD Oonw

level gives quantitatively acceptable results. One may suggest 2ome Dissociative

that the MP2 method with relatively small basis does not OoHe adsorption
accurately estimate correlation effect in this system. However, ;

the real system treated at the MP2 level gives correct relative A T T T ? T T T 1 T
positions of the molecular and dissociative minima, though their -3 -2 -20 15 -0 -5 0 5 10 15
numeric values are underestimated. Note that there are two Energy (eV)

differences in the MP2 calculations for the model and the real Figure 4. Calculated MP2 DOS for the bare cluster and clusters with
systems, namely the larger quantum cluster size and inclusionmolecularly and dissociatively adsorbed water. Cluster states originating
of the Madelung field in the real system. To understand the from molecular orbitals of water and hydroxyl are labeled.cOéfers
effects of the Madelung field on the adsorption energies, we to the hydroxyl formed. with the oxygen of the alumina surface, and
. : - OHw to the hydroxyl with the oxygen of the water molecule.
have also calculated single-point MP2 calculations for the real
system but without the Madelung field using the MP2 embed- N i .
ded-cluster optimized structures. The Madelung field was found &N %2 r(_aactlonl, and was also attributed to the underestimated
to raise the adsorption energies by 4.75 kcal/mol for the €l€Ctronic correlation effects.
molecular adsorption while lower it by 4.64 kcal/mol for the Since electronic spectra may provide assistance in determining
dissociative adsorption. These results are consistent with thosethe nature of the surface species, we also performed analysis
from Wittbrodt et alt® Thus, our results suggest that the of the DOS. The calculated DOS is shown in Figure 4, and the
correlation effects and electrostatic effects are important for the positions of the states due to the adsorbed water are given in
correct order of the relative adsorption energies. It is interesting Table 4. The zero of energy corresponds to the top of the valence
to note that a similar behavior, when the model system gave aband. The O(2s) states are found in the region froR1 to
qualitatively wrong result at the lower level of treatment, was —30 eV. The valence band of the bare cluster shows two peaks
previously observed in a calculation of the transition state for with shoulders. The lower peak and its shoulder are the bonding
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orbitals formed by O(2p) and Al(3s) atomic orbitals, and the
upper peak and its shoulder are the nonbonding O(2p) orbitals.References and Notes
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