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Abstract The adsorption of alkali metal cations on a
hydroxylated corundum surface was investigated using
high-level electronic structure calculations, with both
cluster Hartree–Fock and periodic density-functional
theory approaches. The work concentrates on the
structural aspects of binding sites with threefold oxygen
coordination at the basal (0001) surface. It was found
that adsorption at different sites can give rise to a wide
range of adsorption energies, which strongly depends on
the freedom of surface hydrogen atoms to adjust their
positions. Alkali metal adions from Li+ to Cs+ were
studied with the cluster method, periodic plane-wave
pseudopotential calculations being carried out for K+

adsorption to validate the cluster results. A site above an
octahedral interstice was found to be the least preferred
for cation adsorption, despite having the lowest repul-
sion from surface aluminium atoms. The strongest ad-
sorption was found over an aluminium atom in the
second layer, because the hydroxyl groups could reorient
towards the neighbouring octahedral interstices, and
hence significantly decrease repulsion with the cation.
The adsorption energy and the first three interlayer
spacings parallel to the basal surface change systemati-
cally with ionic size for each adsorption site. Many of
these trends extend to adsorption of Ca2+, Co2+ and
Pb2+, which were also investigated, although a redis-
tribution of 3d electrons in Co2+ results in strong
adsorption even at an unfavourable site. The results
suggest that it may be possible not only to predict

adsorption behaviour for a wide range of elements, but
also to use experimental measurements of interplanar
separations to gain information about contaminated
surfaces.

Introduction

Mineral surfaces play an important role in controlling
the chemical compositions of environmental systems. In
particular, the release, migration and entrapment of
ionic species at mineral/water interfaces can determine
the chemical compositions of fluids in soils, aquifers and
surface waters (Stumm 1987; Evans 1989; Vaughan and
Pattrick 1995). For this reason, studies of the chemical
processes at mineral/water interfaces are crucial not only
for understanding the cycling of elements at the Earth’s
surface, but also for an assessment of the environmental
impact of toxic contamination as a result of human
activities.

There has been a great deal of experimental work
involving studies of the interactions (particularly sorp-
tion and desorption) between materials in solution and
mineral surfaces. Whereas macroscopic experimental
measurements (Hohl and Stumm 1976; Benjamin and
Leckie 1981; Sposito 1986) have yielded information on
the overall sorption behaviour of a particular ion,
techniques such as extended X-ray absorption fine
structure (EXAFS), spectroscopy and X-ray absorption
near-edge structure (XANES) spectroscopy have yielded
information at an atomistic level such as adion–surface
atom bond lengths and coordination numbers (Brown
et al. 1988; Bassett and Brown 1990). The mechanism of
sorption of a particular species can then be discussed
using such measurements. Alternatively, computational
methods such as molecular dynamics (MD) have been
used to predict surface reactivities and structure of the
adion–mineral complex as well as the sorption mecha-
nisms (Baram and Parker 1996; de Leeuw et al. 1996;
McCarthy et al. 1996). However, fundamental under-
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standing of such interactions often requires chemical
knowledge at a molecular level. In this respect, electronic
structure calculations provide a powerful method to
investigate the nature of bonding and electronic struc-
ture of surface species, information not easily obtained
from experimental work.

Electronic structure methods have been successful in
modelling a wide range of mineral surface systems
(Gillan et al. 1996), including MgO (Neyman and Rosch
1993), TiO2 (Bates et al. 1998), SiO2 (Lopez et al. 1999;
Civalleri et al. 1999) and corundum (Kubicki and Apitz
1998; Wittbrodt et al. 1998; Batyrev et al. 1999; Tepesch
and Quong 2000). Nevertheless, many aspects of the
reactivity of mineral surfaces are still poorly understood.
For example, how do the charges and sizes of ions affect
their interaction with mineral surfaces? How are pref-
erential sorption sites related to mineral structures?
What are the bonding requirements for sorptions to take
place? Although work has been published on the char-
acterization of mineral surface sites and the nature of
surface complexation (such as Hiemstra et al. 1989a,b;
Sverjensky and Sahai 1996; Bargar et al. 1997; Koretsky
et al. 1998), including many experimental and theoreti-
cal studies on simple ionic substrates such as MgO
(Ferrari and Pacchioni 1996; Yudanov et al. 1997;
Snyder et al. 2000), there is a lack of systematic inves-
tigation of general behaviour of ion adsorption onto
mineral surfaces using electronic structure calculations.

The emphasis in the present work is on the nature of
the chemical interactions between species at the surface
and the substrate atoms. One of the advantages of using
electronic structure methods is that the chemical nature
of the interactions can be isolated from factors such as
solution pH, ionic strength, sorption density and tem-
perature. We have chosen a-Al2O3 (corundum) as a
model system because it has been studied extensively,
and the surface structures are relatively well understood
(Mackrodt et al. 1987; Causa et al. 1989; Kim and Hsu
1991; Manassidis et al. 1993; Schildbach and Hamza
1993; Manassidis and Gillan 1994; Batyrev et al. 1999;
de Leeuw and Parker 1999). Its structure is closely re-
lated to hydrated aluminium oxides such as gibbsite
(Al(OH)3), diaspore (AlOOH) and the ‘‘colloidal’’ alu-
minium hydroxides .

Surface interactions usually take place in aqueous
media, and so natural mineral oxide surfaces are usually
hydroxylated. To reflect this within simulations of a
tractable size, we have investigated the adsorption of
bare cations on ‘‘dry’’ hydroxylated (0001) corundum
surfaces. The alkali metals have been chosen as species
to interact with the surface because the chemistry of
these ions is generally well understood. These elements
are also of practical interest (Na and K play important
roles in biological processes; 137Cs is an important toxic
by-product of nuclear power generation). We have
studied other metal cations to compare their chemical
behaviour with the alkali metals. These include Ca2+, an
alkaline earth metal; Co2+, a transition metal, and
Pb2+, a toxic heavy metal.

Choice of surface and simulation methodology

To give meaningful results but still present a tractable computa-
tional problem, computer simulations of sorption processes must
employ a model system which not only represents the surface, the
sorbate and the effects of hydration on both, but also minimizes the
computational effort required to deal with non-essential effects.
The most common simplifications are to study only the most stable
surface and to ignore its detailed topography by constructing a
single flat facet, and we adopt these strategies in this work. Fur-
thermore, we omit the water molecules that would form the bulk
liquid, although in some cases a single coordinated water molecule
has been added outside the adion. However, it is well known that
alumina and many other mineral surfaces will incorporate water
molecules into the surface structure, and since this will have a
major effect on sorption mechanisms, we include this effect in our
model system. We now describe the construction of this model.

The Al2O3 crystal structure consists of an approximately hex-
agonal close-packed arrangement of O2), with two-thirds of the
octahedral interstices occupied by Al3+. Each O2) is thus tetra-
hedrally coordinated by Al3+. Parallel to the basal plane (0001),
the structure has stacking sequences with two Al3+ ions sand-
wiched between two layers of O2) (Fig. 1). The strong repulsion
between the Al3+ ions causes distortion away from a common
plane and results in two inequivalent Al–O distances of 1.86 and
1.97 Å (Wyckoff 1978).

The a-Al2O3 surface in vacuum is generally agreed to be
Al-terminated, from fundamental considerations of dipoles at the
surface, the predictions of a number of theoretical studies (Man-
assidis et al. 1993; Puchin et al. 1997; Batyrev et al. 1999) and
recent experimental studies (Gautier et al. 1994; Ahn and Rabalais
1997; Guenard et al. 1998). These investigations also showed con-
siderable relaxation at the surface, with the top O–Al interlayer
spacing decreasing by as much as 70%. On the other hand, spec-
troscopic measurements on laboratory-grown Al2O3 films indicate
the existence of oxygen-terminated basal-plane surfaces (Jaeger
et al. 1991; Chen and Goodman 1994; Libuda et al. 1994) but

Fig. 1a,b a Top and b side views of the oxygen-terminated Al2O3

(0001) basal plane. Hydrogen atoms associated with surface hydroxy-
lation have been omitted for clarity. Shaded triangles highlight the
various threefold sites described in the text. The top (outer) layer of
oxygens are most darkly shaded. The different layers of atoms parallel
to the basal plane are designated with the labels as shown in b. The
unit cell identified in a was used for the periodic calculations
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variable stoichiometry affected those experiments so their results
may not be applicable to pure corundum.

However, naturally occurring Al2O3 in solution will be hy-
drated. Considerable progress has been made in the past few years
in determining the nature of the hydrated surface. Full hydroxy-
lation was indicated by the results of high-resolution electron-en-
ergy-loss spectroscopy (HREELS) experiments (Coustet and
Jupille 1994) which show that the surface -OH groups give rise to a
single peak consistent with the existence of only one type of surface
bridging oxygen on the (0001) basal plane. Theoretical calculations
show that water readily dissociates to give surface hydroxyl groups
on clean Al-terminated surfaces (Wittbrodt et al. 1998; Hass et al.
2000), and that the resulting hydroxide surface is stable with respect
to the loss of water molecules (Nygren et al. 1997). Higher water
coverage may break Al-surface bonds to give an oxygen-terminated
surface (Hass et al. 2000), but even if a surface were terminated by
oxygen atoms, one would assume that they were also stabilized by
hydrogenation: recent theoretical calculations further demonstrat-
ed the stability of an AOH terminated surface (Di Felice and
Northrup 1999).

To represent the hydrated surface in our model, therefore, we
terminated a (0001) surface at a layer of oxygens, each of which was
then hydroxylated. Compared to the stable surface in vacuum, this
is equivalent to replacing each terminating Al by three H atoms.
Indeed, representing the surface using a single layer of hydroxyl
termination is an approach that has been used in previous MD
simulations (Jin et al. 2000). The Al–O–H termination thus pro-
posed is similar to the structure of layers within hydrated oxide
minerals such as diaspore and gibbsite.

Figure 1 shows the top and side views of an oxygen-terminated
Al2O3 (0001) surface. For clarity, only the topmost four layers of
atoms are shown. The complexity of the surface means that there
are several different threefold oxygen sites (active sites) at which a
cation might be adsorbed. These sites are labelled: site A – on top
of an octahedral interstitial oxygen; site B – on top of a tetrahedral
interstitial oxygen; site C – on top of an underlying Al atom from
the first layer of Al atoms; site D – on top of an underlying Al atom
from the second layer of Al atoms. From simple geometric con-
siderations, one might expect site A to be preferred, since the
electrostatic repulsions between adions and Al atoms would be
minimized; site C would then be the least preferred because the
surface Al atom would be closest to the adion. Cation adsorption at
these four sites is investigated in this work, using two computa-
tional methods described in the following section.

Computational methods

Most calculations were carried out for an isolated cluster taken
from around the adsorption site and at the Hartree–Fock (HF)
level, allowing a number of adion species to be studied. This
requires only modest computational resources, but risks pro-
ducing spurious effects from the finite extent of the cluster and
the associated neglect of long-range electrostatic interactions. To
assess the validity of the cluster approach, the adsorption of K+

was studied in periodic simulations with density-functional theory
(DFT): in this method, adions are adsorbed periodically onto an
infinite slab with surfaces on both sides, so that a repeating su-
percell may be used and edge effects are avoided. However, there
will then be interactions between adjacent adsorption sites, on
both the surface and the next slab, and the periodic method is
also much more computationally demanding. Both these geom-
etries (cluster and periodic) have been used, with the same levels
of theory, to study adsorption and dissociation of water (Hass
et al. 2000), where it was shown that although very small clusters
were inadequate, the energy of adsorption well away from cluster
edges differed from values from periodic calculations by less than
15%. The combination of simulations with clusters of a reason-
able size with a smaller number of periodic calculations for
corroboration of results thus seems an appropriate way to
proceed.

Cluster calculations with Hartree–Fock theory

Cluster calculations were carried out using the GAUSSIAN 98
programs (Frisch et al. 1998). The Al2O3 substrate was represented
by clusters of atoms with appropriate hydrogen termination at the
edges as well as at the surface as described above. In order to inves-
tigate all available sites, two independent cluster models were
constructed as shown in Fig. 2. Cluster I provides a model for site A,
whereas cluster II provides a model for sites B, C and D. These
relatively large surface clusters are used in order to ensure that the
active sites are completely surroundedby atoms. This is both to avoid
unrealistic interactions between adions and terminal atoms, and to
maintain the appropriate crystal structures at the active sites.

Adsorption was then simulated by placing an adion near each
adsorption site in turn, and optimizing its position and those of
nearby surface atoms. The stabilities of adsorption complexes
could then be calculated by considering the reaction

clusterþMnþ ! ½M-cluster�nþ complex ; ð1Þ
where Mn+ is the cation (adion) and the reaction energy is the
adsorption energy, DE given as

DE ¼ Eð½M-cluster�nþÞ � ½EðclusterÞ þ EðMnþÞ� ; ð2Þ
where E is the energy with no zero point correction. A more neg-
ative value of DE thus indicates stronger adsorption.

In order to reduce computational costs, only the valence elec-
trons have been considered, and only at the Hartree–Fock (HF)
level. All ionic cores were treated by effective core potentials
(Stevens et al. 1984). All cations were assigned effective core

Fig. 2a,b Optimized structures of cluster models (a cluster I and b
cluster II) showing different levels of calculation. Point charges are
omitted for clarity. A1 atoms marked with asterisk are allowed to
move during the optimization process. (1) Shaded areas have CEP-
31G* on the surface oxygen, CEP-31G on Al atoms and bottom
oxygen atoms and 6-31G on H atoms. (2) Atoms drawn as spheres are
core Al atoms, oxygens with CEP-31G or H with 6-31G. (3) Outer
regions drawn only as sticks consist of terminal hydroxyl groups with
CEP-31G on oxygen atoms and STO-3G on hydrogen atoms
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LanL2DZ basis sets (Hay and Wadt 1985) without further modi-
fication. The clusters were divided into several regions treated with
different levels of basis set:

1. The active site, at the centre of the surface cluster where
cation sorption would take place. Here, split-valence CEP-31G
basis sets (Stevens et al. 1984, 1992; Cundari and Stevens 1993) on
Al atoms and bottom oxygen atoms, CEP-31G* on surface
bridging oxygen atoms, and 6-31G on H atoms, were used.

2. The intermediate region. The oxygen atoms were treated with
CEP-31G basis sets, and the Al atoms treated as pseudoatoms with
a formal charge fixed at +3. This means that only core atoms are
present, which introduces Pauli repulsions and prevents other at-
oms from collapsing onto them. Such an approach not only reduces
computation time but also acts as a buffer zone to separate the
atoms at active sites from point charges (Stefanovich and Truong
1997). This also prevents the O2) from being polarized towards the
point charges, depleting the electron density at the surface (López
and Illas 1998).

3. The outer region. The terminal O atoms were singly termi-
nated with H atoms (initially with O–H parallel to the surface) and
CEP-31G and minimal STO-3G basis sets were assigned to O and
H atoms, respectively. These regions act as terminations of the
surface cluster, where direct reactions between the sorbates and the
atoms in these regions can be avoided.

To represent the effect of the bulk crystal, up to 75 point
charges were introduced beneath the cluster, and the bottom was
terminated with hydrogen point charges. Formal charges of +3, )2
and +1 were used for Al, O and H, respectively, since a-Al2O3 can
be regarded as essentially ionic (Baxter et al. 2000). Point charges
were not added in the surface plane, since H atoms tend to detach
from terminal oxygen atoms and collapse towards adjacent strong
negative point charges (oxygens) during optimization. Although
less than 100 point charges were used rather than the several
hundred normally used to reproduce the correct Madelung po-
tential, our calculations show that the addition of extra point
charges further beneath the surface does not significantly affect
interplanar spacings and surface reactivities.

Only certain Al cations (marked * in Fig. 2) and all surface
oxygen atoms in active sites as well as all H atoms have been
allowed to move during the optimization steps. The rest of the
atoms and all point charges are held fixed in order to preserve
overall surface structures.

All energy values were compared at the Hartree–Fock (HF)
level. This should be sufficient because we are interested mainly in
the relative values of DE between different cations; absolute values
are less important, so the highest levels of theory or basis sets were
not justified. To verify the applicability of HF theory to this case,
we carried out single point energy calculations on models with
pseudocore basis sets using the B3LYP functional (Becke 1993),
which is a hybrid of HF exchange and a DFT correlation density
functional. We found that the differences in DE between the HF
and B3LYP methods for alkali metal adions are in the order of 1–3
kcal mol)1, or up to 5% of the HF value, indicating that we can
safely use DE values calculated at the HF level. However, in the
case of Co2+, the difference is 35 kcal mol)1 (13% of the HF
value), so electron correlation may be more important for transi-
tion metals.

To test the validity of the basis sets and the effective core po-
tentials, we carried out a series of HF calculations of alkali metal
ions adsorbed on a small neutral cluster Al2(OH)6(H2O)4, first
using the pseudocore basis sets described above, and then with all
electron calculations using 6-31G* basis sets on all substrate atoms
and LanL2DZ on adions. We also examined adsorption of Co2+,
as a representative of the other adions discussed in this paper. The
all-electron calculations and valence-electron-only calculations
gave very similar optimized structures in all cases, with the varia-
tion in bond lengths between these approaches being typically less
than 0.01 Å. We are therefore confident that the sets of basis
functions used for our surface models can be used reliably for
geometry optimizations.

Other possible errors from finite basis sets may arise from the
so-called basis set superposition error (BSSE). We have used the

counterpoise correction (Boys and Bernardi 1970) in order to es-
timate the extent of BSSE effects. The corrections usually give
positive values, since superposition of two basis sets usually over-
estimates changes in energy. However, we have obtained negative
values in most cases. The alkali metal–surface complexes give
corrections of the order of 10 kcal mol)1. The BSSE is negative
because the surface cluster components of the surface–metal com-
plexes are highly distorted, with considerably higher energies than
the isolated surface clusters. In order to enable comparisons to be
made among the various adions, similar basis sets have been used
for all species: the BSSE is thus expected to be of a similar order of
magnitude for each and has thus been neglected for these calcula-
tions, in common with previous studies (Kubicki et al. 1997).

Periodic calculations with density-functional theory

Our simulations were carried out with the CASTEP code (Payne
et al. 1992; MSI 1998; Milman et al. 2000) and norm-conserving
pseudopotentials that were found to be reliable for MgAl2O4

(Warren et al. 2000). The generalized gradient approximation
(GGA) was used for electron exchange and correlation. The band
structure was sampled with a 3 · 3 · 1 Monkhorst–Pack k-point
set, and a plane-wave basis set of up to 900 eV was used. Increasing
this energy cutoff to 1000 eV decreased the total energy by
20 meV atom)1. Following optimization of the primitive bulk unit
cell, a hexagonal simulation cell with a ¼ b ¼ 4.706 Å, c ¼ 25.7 Å
and c ¼ 120� was used, to accommodate one (0001) surface unit
cell in the xy plane, containing a slab of eight O layers and seven
double Al layers. Although this slab is repeated along z as well as
parallel to the surface, over 9 Å of vacuum separates adjacent
slabs, so negligible interaction between neutral slabs is expected.
The unit cell was held fixed, to simulate the effect of bulk corundum
below the surface.

Initially, an Al-terminated surface was simulated, with no hy-
drogens, to verify our simulations against previous periodic cal-
culations of this surface (Hass et al. 1998; Batyrev et al. 1999;
Wander et al. 2000). As expected, a large relaxation of the surface
Al layer was found, until the Al atoms lay almost in the same plane
as the first O layer. However, the absolute value of this contraction
has been shown to vary significantly with the approximation used
for exchange and correlation and other computational parameters
(Batyrev et al. 1999; Wander et al. 2000) and is not easily tested
experimentally.

The slab was then terminated in the same way as the cluster
calculations, giving three hydroxylated oxygens in the (1 · 1) sur-
face unit cell on each side of the slab and preserving neutrality. The
OH groups were all initially oriented along [0001], perpendicular to
the surface. The four adsorption sites (A–D) identified above are all
present in this cell, as shown in Fig. 1.

Results and discussion

Surface cluster models

Table 1 shows the calculated interplanar spacings of the
four outermost layers parallel to (0001) after optimiza-

Table 1 Comparison of interplanar spacings, in Å, for a bare
hydroxylated surface in the cluster simulations

Spacings Cluster I Cluster II Average Nygren
et al.
(1997)

Bulk

OL1–AlL2 0.635 0.747 0.69 0.79 0.74
AlL2–AlL3 0.491 0.516 0.50 0.54 0.67
AlL3–OL4 0.894 0.734 0.81 0.82 0.74
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tion. The labels used for atom layers are defined in
Fig. 1b: OL1 represents the average for the surface ox-
ygens; AlL2 and AlL3 represent the first and second
layers of Al atoms, immediately below the surface oxy-
gens; and OL4 refers to the first internal oxygen layer.
These results show good agreement with those of
Nygren et al. (1997), which were based on minimization
calculations on periodic surfaces. Both sets of results
show a slight reduction of AlL2–AlL3 spacings com-
pared with the bulk values, whereas the AlL3–OL4
separation shows a slight increase. Our results predict a
slight contraction of the OL1–AlL2 spacing by 0.05 Å
from the bulk value. This is in contrast to those from
simulations using empirical potentials (Nygren et al.
1997), which found an expansion by the same amount,
compared with the bulk value. Nevertheless, our results
show that hydroxylating the surface greatly reduces in-
terplanar relaxation, as predicted previously (Nygren
et al. 1997; Wittbrodt et al. 1998; Hass et al. 2000).
Thus, our results show only a small (6.8%) decrease in
distance between the OL1 plane and the AlL2 plane,
which causes a corresponding reduction of Al–O dis-
tances to 1.77 and 1.92 Å from bulk values of 1.86 and
1.97 Å, respectively.

The positions of OH bonds after optimization of both
clusters can be seen in Fig. 2. Some of the surface hy-
drogen atoms can be seen to lie nearly flat along the
surface, lying over the top of the octahedral interstice.
Most of these come within 2.3 Å of oxygen atoms on the
other side of the interstice (shortest H. . .O distance is
2.09 Å, from a hydrogen atom in the active region) and
so hydrogen bonding is very likely. Most of the hydro-
gen atoms that are not adjacent to the octahedral holes
point away from the surface plane. Very similar surface
arrangements have previously been deduced from DFT
studies, firstly of dynamic simulations at 300 K (Hass
et al. 2000) and secondly of a number of possible
schemes for surface termination (Di Felice and North-
rup 1999).

In order to test crystal plane relaxations on smaller
systems, we also carried out all electron calculations at
the HF level on isolated neutral clusters with no point
charges. These clusters are slightly smaller in size but
correspond to cluster I and cluster II. We used 6-31G
basis sets on all atoms and found more extreme varia-
tions in the interplanar spacings. For example, the
neutral cluster corresponding to cluster II gives OL1–
AlL2, AlL2–AlL3 and AlL3–OL4 spacings with values
of 0.65, 0.30 and 0.90 Å, respectively. This shows the
importance of introducing point charges and of using
larger systems in order to reproduce the surface struc-
tures properly.

Table 2 lists the average atomic charges for atoms on
active sites for both optimized clusters. These values
were determined by Mulliken analysis (Mulliken
and Ermler 1977) and natural population analysis
(NPA) (Glendenning et al. 1990). Charges determined
by natural population analysis are generally larger than
those determined using the Mulliken method, and so

only like-with-like comparisons should be made. The
charges on Al atoms determined by natural populations
are comparable to the +1.9 derived from a bare Al-
terminated surface (Wittbrodt et al. 1998). However, the
surface oxygens have average charges of )1.29 ± 0.02
in both clusters. These values are slightly smaller than
those calculated by Wittbrodt et al. of )1.66. This is not
surprising, since the presence of H atoms would redis-
tribute charges on the surface and reduce the electron
densities of the surface O atoms. Based on the results
shown in Tables 1 and 2, we conclude that the two
surface clusters are chemically very similar, and that
differences due to the choice of such model clusters are
not significant.

Periodic calculations of surface

The hydrogen atoms were initially placed directly above
the surface oxygen atoms, but all positions in the peri-
odic slab were then fully optimized, giving the structure
shown in Fig. 3. It can be seen that one of the three
hydrogens per surface unit cell lies almost flat in the
plane of the surface, pointing towards the top of the
octahedral interstice (site A). This structure is qualita-
tively similar to that found in the cluster calculations,
and the ratio of 1:3 matches that in other studies (Di
Felice and Northrup 1999; Hass et al. 2000). Such an
arrangement breaks the hexagonal symmetry still seen
experimentally (Ahn and Rabalais 1997), but must be
assumed to represent only a snapshot from a dynamic
structure, rearrangements on a time scale of �0:1 ps
being observed in dynamic simulations (Hass et al.
2000).

Table 2 Differences between average atomic charges for atoms in
the optimized cluster I and cluster II. Absolute values are sensitive
to the methods and basis sets used

Populations Atoms Cluster I Cluster II

Mulliken A1 +1.47 +1.33
O )1.14 )1.14
H +0.57 +0.53

Natural A1 +2.16 +2.13
O )1.29 )1.29
H +0.57 +0.54

Fig. 3 Optimized structure of one side of the hydroxylated periodic
slab, showing the hydrogen atoms and the first three layers of the
Al2O3 surface (O, double Al layer, O). It can be seen that of the three
hydrogen atoms per surface unit cell, one lies very nearly in the plane
of the surface and the other two are nearly normal to the surface
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The length of the ‘‘flat’’ OH bond is 0.98 Å compared
to an average of 0.96 Å for those nearly vertical; these
values match those reported by Hass et al. (2000) from
snapshots of dynamical simulations. The H atoms in the
‘‘flat’’ OH groups are then only 2.08 Å on average from
O atoms on the other side of site A, again indicating the
likelihood of hydrogen bonding. Calculations of Mul-
liken charges gave these hydrogen atoms as 0.2|e| more
positively charged than the others, and the O in this
bond 0.1|e| more positive than its counterparts.

The electrostatic potential was calculated just above
the hydroxylated surface, without any adsorbed ions.
With the H ions in their equilibrium positions, there are
only two metastable sites, both above oxygens below the
surface, corresponding to position B. The variation in
O–H orientation having broken the symmetry, one can
identify a site B1 adjacent to the hydrogen lying in the
plane of the surface and B2 opposite to that hydrogen.
According to this analysis, B2 is the more stable of the
two, but this makes no allowance for further reorienta-
tion of the O–H bonds in response to adsorption.

Adsorptions of cations

In both cluster and periodic calculations, an adion was
initially placed on top of a threefold site and both it and
ions in the surface were allowed to relax. For sites which
were not the most favoured, adions eventually tended to
move away towards the most stable site, indicating that
other sites did not even provide local maxima in the
adsorption energy. While this confirmed the identifica-
tion of the most stable site, it prevented immediate cal-
culation of the adsorption energy differences between
sites. Slightly different strategies were used in the two
simulation methods to obtain estimates of the relative
adsorption energies of the sites. In the cluster calcula-
tions, the adion was returned to its last position before
starting significant lateral movement, to obtain an ap-
propriate height, and then fixed while the optimization
continued with only the surface atoms allowed to move;
fine adjustment of the adion’s fixed position was also
carried out as an iterative process. In the periodic sim-
ulations, the K+ ion was fixed at the exact crystallo-
graphic position in the plane of the surface (the ab
plane), and its height above the surface (parallel to c)
allowed to vary during full optimization of the ions in
the slab.

Figure 4 shows the calculated values of adsorption
energies, DE, (also given in Table 3) and average dis-
tances to the nearest surface atoms, from the cluster
calculations with alkali metal ions on each of the four
sites in turn. The clusters used were described above and
are shown in Fig. 5. The results show large variations in
DE over the different sites but, as might be expected,
systematic trends are found at each site. Moving from
Li+ to Cs+ above each site, the strength of adsorption
decreases and average M+–O and nearest M+–Al dis-
tances increase. According to the NPA calculations

(described further below), the main change upon ad-
sorption of the metal cation is in the occupation of
electrons in the outer s orbital, indicating that the
attraction is not purely ionic.

To date, we are not aware of previous work on the
alkali metals with which our DE values can be compared.
DFT simulations of adhesion of Cu adatom binding on
this surface (Niu et al. 2000) gave adhesion values of
between 0.3 eV (7 kcal mol)1) and 5.2 eV per atom
(120 kcal mol)1), depending on the adsorption site and
Cu coverage. Calculations of the binding energy of Rb+

on the clean (001) surface of MgO (Ferrari and Pac-
chioni 1996) give only about 5 kcal mol)1 compared
with the smallest value of about 24 kcal mol)1 obtained
in this work. Compared to MgO, our larger values arise
because the adion can bind to three oxygens, even
though the Al2O3 surface is hydroxylated, whereas on
the MgO surface adsorption occurs directly above a
single surface oxygen. We have performed calculations
involving placing the adions directly on top of a surface
oxygen in our model. In all cases, the adions move to-
wards one of the threefold sites (in most cases, towards
site D) during optimizations. Furthermore, the repulsion

Fig. 4 Variation of adsorption energy and distance to closest atoms in
the surface for alkali metals at different sites

Table 3 Values of adsorption energies, DE (kcal mol–1) for alkali
metal ions adsorbed on various threefold sites. See text for the
definitions of the sites

Metal ions Site A Site B Site C Site D

Li+ )91.89 )124.3 )92.56 )138.0
Na+ )50.35 )100.8 )70.38 )106.0
K+ )31.06 )83.09 )56.90 )86.96
Rb+ )24.16 )74.37 )49.65 )78.42
Cs+ )19.48 )68.21 )44.33 )71.51
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between adions and surface cations would be expected to
be much stronger on the (001) surface of MgO compared
with Al2O3(0001), since the Mg2+ is present at the sur-
face, whereas the Al3+ is shielded by the top layer of
oxygens. It is therefore not surprising that we have
found hydroxylated Al2O3 to give stronger adsorption
than MgO.

It is interesting that site D is predicted to give the
strongest binding energy, even though the adions are
directly above an Al cation, and it is site A that gives the
weakest adsorption despite having the largest M+–Al
distance. We believe this counterintuitive behaviour to
be due to differences in the steric arrangement of surface
H atoms. Before adsorption, about two-thirds of the O–H
bonds point out of the surface. However, when a
positive adion approaches, their orientation may change
in order to minimize the repulsion with the adion. The
final value of DE will therefore depend on how these H
atoms are arranged. The importance of O–H orientation
was also found in studies of Cu adsorption (Niu et al.
2000).

This important role of OH orientation is illustrated in
Fig. 5, which shows the optimized structures for Na+

adsorption at sites A and D. With adsorption at site D,
the OH bonds on the three nearest oxygen atoms are all

predicted to lie flat along the surface plane, pointing
towards the neighbouring octahedral interstice. Not
only does this minimize the H–Na+ repulsion, but it also
enables hydrogen bonding to other oxygens, across the
octahedral site. However, for adsorption at A, the much
smaller neighbouring tetrahedral interstices do not fa-
vour the accommodation of H atoms, which would have
to be in closer proximity to Al atoms. As a result, the
nearest OH bonds lie out of the surface plane, increasing
repulsion of H with the adion. This is, however, partially
counteracted by attraction between the surface oxygens
and the adion.

For all alkali metal adions, values of DE from the
cluster calculations follow the trend of site D >site B
>site C >site A, but with B only very slightly less stable
than D. In the following sections we will attempt to
understand the reasons for this ordering.

Periodic calculations with K+

In the periodic DFT calculations with K+, the orienta-
tions of OH bonds were also found to respond signifi-
cantly to adsorption. However, in contrast to the cluster
results, site B was found to be the most stable. When K+

was placed on all other sites, it migrated to another
tetrahedrally coordinated B site. Each (1 · 1) surface
unit cell contains one K+, three H atoms and one oc-
tahedral interstice, so orientation of all three OHs into
this space would bring them into very close proximity.
The energy-lowering mechanism demonstrated in the
cluster calculations is therefore disabled in periodic
calculations with a 1 · 1 unit cell: larger unit cells would
be needed to reproduce the effect. Our periodic calcu-
lations gave site A as the next most favourable, in line
with the initial expectations based on M+–Al distances.

Competing effects in adsorption

Having identified that the positions of the H atoms are
very important, we now consider in more detail the
factors determining adsorption energy. From the NPA
results, we conclude that the binding is primarily ionic.
If so, it is reasonable to assume that the value of DE is a
balance between attractive (A) and repulsive (R) inter-
actions:

DE ¼ �AðMþ---OÞ þ RðMþ---HÞ þ RðMþ---AlÞ
þ RðinternalÞ :

ð3Þ

The first three terms represent interactions between the
adion and atoms in the surface, and can be considered as
a net attraction, denoted A(external). The attractive
forces largely arise from attraction between the adions
and the surface oxygens. These are partially countered
by electrostatic repulsions between adions and hydrogen
atoms, R(M+–H), and between adions and surface
cations, R(M+–Al).

Fig. 5a,b Optimized structures for adsorption of aNa+ at site A, and
b Na+ at site D. Only atoms involved in quantum mechanical
calculations are shown
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The last term in Eq. (3), R(internal), arises from the
energy cost of changes in surface structure in response
to the adion. This term includes H–H repulsion and
the energy of compression or expansion of layers. The
value of R(internal) can be estimated from the energy
difference between the optimized bare surfaces and an
adion–surface complex with the adion removed but
the structure maintained, its values for different adions
and sites being shown in Fig. 6. Note that with the
exception of Li+, there are only small differences in
repulsive energies between sites B, C and D, for all of
which there are three adjacent octahedral interstices.
Li+ may show anomalous behaviour because of its
charge/size ratio. It can be seen that, like DE, the
magnitude of this energy decreases from Li+ to Cs+:
as the M+–O distance increases (Fig. 5) the M+–H
repulsion should decrease, giving a weaker driving
force for OH reorientation and other changes in the
surface.

By subtracting R(internal) from DE in Eq. (3), we
obtain A(external), the energy from interactions between
the adion and the distorted surface. The ‘‘external’’
energy itself depends on the reconfiguration of the
surface structure, being not truly independent of
R(internal). However, it can be seen (Fig. 6) that A
(external) varies more widely than R(internal), across
both species and sites For a given adion, if we assume
that the strong attraction A(M+–O) is similar for all
threefold sites, the variation in A(external) between sites
depends mainly on the M+–H and M+–Al repulsions.

We therefore deduce that sites A and C have repulsive
effects similar to and much larger than sites B and D.
The large repulsive effect at site C is largely due to re-
pulsion between the adion and the first underlying layer
of Al3+ ions. In contrast, adions at site A are generally
farthest away from these aluminium cations, and so the
large repulsive effects are believed to be mainly attrib-
utable to the R(M+–H). As a result of these repulsive
effects, both sites A and C give the weakest adsorption.
Sites B and D offer much less repulsion to adions,
although A(external) is a slightly stronger for site D,
probably because of the slightly larger value of R(M+–
Al) there. Coupled with a slightly larger R(internal) at
D, this leads to D having the strongest adsorption, albeit
by a small margin.

Interplanar spacings of atom layers parallel
to the basal plane

The capacity for large relaxations in the Al2O3 surface is
illustrated in the extreme by the bare Al-terminated
surface. Since these changes have been measured with
X-ray scattering techniques (Guenard et al. 1998), we
wish to investigate whether similar effects could be used
to help deduce adsorption modes experimentally. Fig-
ure 7 shows the calculated change in interplanar spac-
ings between the two outermost planes parallel to the
surface, in the presence of adions at the different sites.

In general, there is an increase in the O1–Al2 layer
separation due to attraction between the surface oxygen
layer and the adions. The Al2–Al3 distance also increase
in most cases, and aluminium layers are then pushed

Fig. 6 Competition of internal (surface relaxation) and external
(electrostatic attraction between adion and surface) energies to total
adsorption energy. The example bar on the right illustrates the
different contributions: (1) the dark portion with positive DE gives the
internal energy cost of changing the Al2O3 surface structure in the
absence of the adion; (2) the shaded circle at negative DE gives the
decrease in energy due to external electrostatic attraction between
adion and surface (external energy); (3) the light portion of each bar,
with negative DE, gives the net DE of sorption (equal to the sum of
internal and external energies); (4) the combined height of each bar is
thus also equal to the external energy

Fig. 7 Changes in the spacing between the first two layers of the
surface, O–Al, for all adion species at various sites. The results for the
alkali metals from Li+ to Cs+ follow the same order for each site, so
only the end points are labelled for sites B (+ symbols) and C (x
symbols)
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away from the surface causing a decrease in Al3–O4
layer separation. It is interesting that these last two
changes compensate for each other, such that the Al2–
O4 separation is almost independent of adsorption site.
This was also observed in the periodic DFT calculations
for K+, in which all atoms in the simulation relax, so it
is not an artefact of the constraints on optimization in
the cluster. For this reason, we have concentrated on the
spacing between the outermost planes.

The changes in interplanar spacings reflect the trends
already found for adsorption behaviour. They generally
decrease in size from Li+ to Cs+, mirroring the decrease
in adsorption energy. Generally, the smaller changes in
layer spacings are found for sites B and D, which give
the strongest adsorption. Conversely, the weak adsorp-
tion at site A is associated with a large change. The
exceptionally large change caused by sorption of Li+ on
site C is because one of the oxygens loses its bond with
an Al below it, and then moves much closer to the small
Li+ ion.

The periodic calculations, in which relaxation of H
atoms are inhibited, did not give the very small change
in the O1–Al2 spacing at D. Instead, site B gave the
smallest adjustment, again coinciding with the strongest
adsorption. The changes in interlayer spacings are
therefore at least partly due to structural rearrangements
at the surface, rather than solely due to the presence of
the adion.

Adsorption of Ca2+, Co2+ and Pb2+

In order to widen our investigation of cation adsorption
on (0001) Al2O3, we repeated the cluster calculations
using Ca2+, Co2+ and Pb2+ as representative divalent
adions at sites A and D. We found that a bare Pb2+ ion
at site D resulted in diffusion of the aluminium ion di-
rectly below (into the vacant octahedral interstitial site
further beneath the surface), presumably because of
strong electrostatic repulsion between the Pb2+ ion and
the Al ion. This Al migration was also observed for
other bare divalent cations such as Zn2+ and Cd2+ and
numerical results from simulations in which migration
occurred are not compared directly with results for
simple adsorption. It is not clear whether the diffusion is
a consequence of the nature of the adion or an artefact
of the model. However, in fully hydrated systems some
screening would arise from hydration clusters, since the
dipole of a water molecule can partially counteract the
repulsion from the charge of the bare cation. Simula-
tions of partly hydrated adions are underway and will
help to resolve this issue.

The results of simulations of simple adsorption are
included in the comparisons of DE and the change in the
outer (0001) interlayer spacing shown in Fig. 7. Due to
the greater formal charge, the divalent cations are ad-
sorbed much more strongly than the alkali metals. The
net changes in interlayer spacing are again much greater
for site A than for site D, and some of the trends relating

DE and interlayer spacing for the alkali metals are
continued. The steric effects discussed above suggest that
DE should be related to both the charge and ionic radius
of the adion. Ionic radii for octahedral coordination
were used for all ions except Li+, for which tetrahedral
coordination was assumed, and Rb+ and Cs+, for
which eightfold coordination was assumed; values were
taken from Cotton et al. 1999. The ratios of charge to
ionic radius for all the bare cations at site D (with the
exception of Pb) are shown in Fig. 8 and display a trend
for DE which encompasses very different types of ca-
tions. A larger range of cations would need to be in-
vestigated for this behaviour to be confirmed, but these
results are encouraging in view of our desire to elucidate
general trends. The adsorption on OH surface groups of
Co2+ was found to be stronger than Pb2+ from EXAFS
studies (Bargar et al. 1997).

Characterization of adsorption complexes

The nature of adsorption complexes was investigated
using natural-bond orbital (NBO) calculations and
natural population analysis (NPA) (Glendinning et al.
1990). The NPA atomic charges are directly related to
the electron population, and are often used to charac-
terize the nature of complex bonding and electron dis-
tribution by analyzing the population of natural
electronic orbitals. Charges were calculated for the alkali
metals at sorption sites A and D and showed only small
(<0.1) electron populations in the valence s orbitals.
Li+ was the least positive ion (+0.937 at site A). The s
population decreases on moving down the group (giving
a charge of +0.995 for Cs at either site), indicating yet
smaller covalent character. We therefore conclude that,
in general, the bonds to the adion are predominantly
ionic.

Fig. 8 Adsorption energy and charge/radius ratio for all adsorbed
species at site D. The line is a guide to the eye
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Since there are only very small differences between
NPA charges on adions between sites A and D, we turn
to atoms in the surface for differences in adsorption
chemistry. The charges on O and H were averaged over
the three OH surface groups surrounding sites A and D.
When a cation approaches the surface, its electrostatic
attraction might be expected to increase the electron
population (decrease charge) at the surface.

At site A, Li+ induces greater negative charge
()0.044e) on surface oxygens, following initial expecta-
tions, and a small increase in charge (0.015e) on hydrogen
atoms. However, this effect is steadily reversed as cations
become larger: from K+ to Cs+ the electron population
on surface oxygens decreases (at site A, Cs+ is 0.018e
more positive) and the hydrogen atoms become less
positive ()0.033e in the presence of Cs+). With increas-
ing ionic size, it becomes more difficult for the adions to
interact with the surface oxygens without strong repul-
sion from the hydrogen atoms. This results in transfer of
electrons to the hydrogen atoms in order to reduce the
electrostatic repulsion exerted between them and the
adion. This inherent compromise may also explain why
site A has the smallest value of DE for all adion species.

In contrast, site D consistently shows surface oxygen
atoms having gained electrons in the presence of an
adion (charge changes by )0.046e for Li+), and hy-
drogen atoms undergoing a slight loss of electrons
(0.016e more positive charge for Li+). This can occur at
this site because the hydrogen atoms move towards the
neighbouring octahedral interstices, and thus minimize
their repulsion with adions. The effect weakens from
Li+ to Cs+ (oxygen changes by )0.016e for Cs+), and
for hydrogen atoms in the presence of Cs+ there may
even be a small loss of electron population. Neverthe-
less, this charge-transfer mechanism may contribute to
the strong adsorption found at site D.

Conclusions

Our electronic structure calculations on the adsorption
of cations on the hydroxylated basal surface of a-A12O3

have shown that adsorption at different sites can give
rise to a wide range of adsorption energies even though,
chemically, there is only one type of surface oxygen. We
have shown for the anions studied that, with the ex-
ception of Li+, the atomic charges are very similar for
all sites, and that the interactions with the adions are
predominantly ionic in character. The main reason for
the differences in adsorption energies is thus the geo-
metrical arrangement of surface atoms near to the active
sites and not the actual chemistry of the surface. A very
important factor is the freedom of surface hydrogen
atoms to adjust their positions: this was demonstrated
both in cluster calculations and indirectly as a result of
perodic constraints. It is likely that this mechanism will
give rise to changes in adsorption with increasing cov-
erage, which should be detectable if future simulations
with larger unit cells are performed.

A key objective of the kind of work presented here is
to develop predictive rules governing the process of
adsorption of metal ions on oxide mineral surfaces. The
systematic changes observed in interlayer spacings par-
allel to the basal surface are therefore encouraging, since
such changes should be experimentally accessible. The
suggested relationship between charge/radius ratio and
DE for bare ions indicates that a detailed knowledge of
electronic configuration may not be necessary to esti-
mate adsorption energies. Further developments of the
approach presented here include modelling the effects of
the presence of water molecules, and of a solvent
‘‘continuum’’, on sorption and will be reported in future
publications.
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