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Abstract

In order to understand the role played by kaolinite in heterogeneous ice nucleation, an extensive density-functional theory study has
been performed for water on its (001) basal plane. Water monomers at low coverage, water clusters, water bilayers and water multilayers
have all been examined. The most important and interesting results from this study are: (i) water monomers bind strongly to kaolinite
compared to many other substrates. In the preferred adsorption structure water accepts two H bonds from and donates one H bond to
the substrate, revealing that kaolinite, like water, is amphoteric with the ability to accept and donate H bonds; (ii) clustering of adsorbed
water molecules is not significantly favored. All water clusters (dimers, tetramers, and hexamers) examined are, at best, equally stable to
water monomers; (iii) a 2D ice-like bilayer, with a stability matching that of ice Ih has been identified implying that water can wet kaol-
inite; (iv) multilayer ice growth is not favored, being considerably unstable compared to bulk ice, indicating that the water covered kaol-
inite surface is itself ‘‘hydrophobic”. Overall we see that amphoterism of the hydroxylated surface is key to many of the interesting
properties of kaolinite with regard to water adsorption and ice nucleation, revealing that the behavior of water on kaolinite is more com-
plex and interesting than previously thought to be and highlighting the need for further theoretical and experimental work.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The nucleation of water into ice is a familiar everyday
process and one of central importance to a wide variety
of disciplines such as environmental chemistry, astrophys-
ics, and biology. However, despite being studied since
antiquity, our understanding of ice nucleation is far from
complete at the molecular scale. This is particularly true
for so-called heterogeneously catalyzed nucleation, in
which water is encouraged to nucleate through the presence
of an ‘‘ice nucleating agent”. Mainly this is because of the
complexity of the problem: interactions between water
molecules in the nascent clusters are altered by the sub-

strate, leading to the formation of new water structures
not observed in the gas phase, altered H bond strengths,
dynamics and stabilities.

Great strides have been made in recent years to under-
stand water adsorption and ice nucleation on model sub-
strates such as metals and metal oxides. Often studied
under well-defined ultra high vacuum (UHV) conditions
some of these systems are rather well characterized:
water–ice adlayers on Ru, Pt, and TiO2 surfaces have, for
example, been interrogated with almost every conceivable
surface science probe [1–7]. Clay mineral surfaces have also
been widely examined [5,6,8–10], however, less is known at
the molecular level about the adsorption of water and the
nucleation of ice on clay mineral surfaces. Clay minerals
are important since small clay particles are one of the key
types of material that encourage the nucleation of ice in
the upper atmosphere [11]. A better understanding of ice
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nucleation on such particles is greatly needed for develop-
ing and improving models of cloud formation and
precipitation, and prerequisites to narrowing existing
uncertainties in climate change scenarios.

Of the many clay minerals known to be effective ice
nucleating agents, the mineral kaolinite (Al2Si2O5(OH)4)
features prominently. Field studies reveal that kaolinite is
often an abundant foreign material at the central nucleus
of snow crystals [11]. Partly this is down to the great abun-
dance of kaolinite in the upper atmosphere. As one of the
most common minerals, produced by the chemical weath-
ering of aluminum silicate minerals like feldspar, there is
simply a lot of the stuff up there, existing as small nano-
to micro-meter sized dust particles. And, partly this is
down to a particular efficiency as an ice nucleating agent.
The threshold temperature for ice nucleation – one crite-
rion by which the ice nucleating ability of a material is
judged – is rather high on kaolinite, at around �9 to
�11 �C in the deposition mode [11].

The standard explanation for why kaolinite is an effec-
tive ice nucleating agent relates to its crystal structure,
which is now well characterized [12–16]. As a layered alu-
minosilicate it is thought to offer perfect cleavage along
its (001) basal plane exposing on each side of a finite crys-
tal an hydroxylated and a siloxane (001) surface. The
hydroxylated (001) surface is said to be hydrophilic
whereas the siloxane (001) surface is said to be hydropho-
bic [17]. The hydrophilic hydroxylated (001) surface is fur-
ther thought to be a good surface for ice nucleation since it
presents a quasi-hexagonal arrangement of hydroxyl
groups with O–O separations rather close to the O–O dis-
tances in the basal plane of ice Ih [11] (Fig. 1). Thus kaol-
inite is believed to provide a suitable template for ice
nucleation in the same spirit as the anthropogenic ice
nucleating agent, AgI.

Although kaolinite and water on kaolinite has been
widely studied [17–21], many questions relating to the
molecular level details of water adsorption and ice-like

overlayer growth on kaolinite remain unanswered. Here,
we make a start at addressing these issues through an exten-
sive series of density-functional theory (DFT) calculations
for water adsorption on the (001) basal plane of kaolinite.
Adsorption on the hydroxylated (001) surface alone was
considered with the coverage of adsorbed water ranging
from monomers at low coverage to ice-like multilayers.
The most important and interesting results from this study
are: (i) water monomers bind strongly to kaolinite com-
pared to many other substrates. In the preferred adsorption
structure water accepts two H bonds from and donates one
H bond to the substrate, revealing that kaolinite, like water,
is amphoteric with the ability to accept and donate H
bonds; (ii) clustering of adsorbed water molecules is not sig-
nificantly favored. All water clusters (dimers, tetramers, and
hexamers) examined are equally stable to or less stable than
isolated monomers; (iii) a 2D ice-like bilayer, with a stabil-
ity matching that of ice Ih, has been identified, implying that
water can wet kaolinite; (iv) multilayer ice growth is not fa-
vored, being considerably unstable compared to bulk ice,
indicating that the water covered kaolinite surface is itself
hydrophobic. A key conclusion to come from this work is
that we call into question the suggestion that kaolinite is a
good ice nucleating agent because it provides a close lattice
match to the basal plane of ice. Instead we suggest that the
amphoterism of the hydroxylated substrate is key to many
of the interesting properties of kaolinite with regard to
water adsorption and ice nucleation.

This paper is a comprehensive account following an ear-
lier letter [22] and the plan for the remainder is the follow-
ing. In the next section we discuss the computational set-up
employed. Following this in Section 3 we discuss some as-
pects of bulk kaolinite and in Section 4 the structure of the
clean (001) surface is addressed. The main body of the re-
sults, which comprise an extensive series of calculations of
water adsorption on the hydroxylated (001) surface of an
isolated layer of kaolinite, are presented in Section 5 along
with a discussion and some conclusions in Section 6.

Fig. 1. Bulk kaolinite crystal structure seen from the hydroxylated (001) face (left), the side (middle), and the siloxane (001) face (right). White spheres,
red (dark) spheres, purple (small gray) spheres, and dark yellow (large gray) spheres represent hydrogen, oxygen, aluminium and silicon, respectively. The
dotted lines indicate the conventional unit cell of bulk kaolinite and the solid lines the primitive unit cell. The labels for the lattice parameters reported in
Table 1 and atoms listed in Table 2 are also indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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2. Computational details

DFT calculations within the plane-wave pseudopoten-
tial approach, as implemented in the CASTEP code [23],
have been performed. Vanderbilt ultrasoft pseudopoten-
tials [24] generated by the CASTEP code have been used
throughout. With these pseudopotentials we have chosen
to use a plane-wave cutoff of 700 eV, which ensures that
the total energy of each isolated atom (Si, O, Al and H)
is converged to within 10 meV/atom of ‘‘absolute” conver-
gence achieved at 1500 eV. Relative energy differences,
such as cohesive energies and adsorption energies reported
here are thus expected to be fully converged with respect to
plane-wave cutoff. Extensive tests on the performance of
the pseudopotentials for computing the atomization ener-
gies and structures of small molecules as well as bulk sili-
con and aluminium have been performed. These
calculations, some of which are reported in Tables A1
and A2 of the Appendix, give us confidence that our cho-
sen pseudopotentials (and cutoff) are sufficiently reliable
and transferable to treat the system at hand.

The Perdew, Burke, and Ernzerhof (PBE) [25] general-
ized gradient approximation (GGA) has been used
throughout. Recent benchmark studies on the performance
of DFT-PBE for the calculation of hydrogen bond
strengths and lengths for a variety of typical hydrogen-
bonded system show that PBE routinely predicts hydrogen
bond strengths to within an accuracy of 0.04 eV/H bond
(1 kcal/mol) or better compared to the results obtained
from high level quantum chemistry methods with large ba-
sis sets [26,27]. In addition, PBE yields a cohesive energy
for a commonly examined model of ice Ih of �0.66 eV/
H2O [28,29], which agrees reasonably well with the experi-
mental value of �0.61 eV/H2O.1 And, as we will see below,
it reproduces the lattice constants and layer separation of
kaolinite bulk to within, at worst, 1.4% of the experimental
values.

A variety of unit cells have been used to examine bulk
kaolinite and water adsorption on its (001) surface. For
bulk kaolinite the conventional unit cell, Al4Si4O10(OH)8,
has been employed for structure optimizations along with
a 3 � 2 � 2 Monkhorst–Pack k point mesh [30]. In these
structure optimizations the unit cell and all atoms within
it were fully allowed to relax. Test calculations with a den-
ser 6 � 4 � 4 k point mesh yield a total energy and struc-
ture identical to those with the 3 � 2 � 2 k point mesh,
i.e., they both have the same total energy and the volumes
of the two optimized cells differ by <0.04%. Water adsorp-

tion was examined on a single layer of kaolinite in surface
unit cells ranging from p(1 � 1) to p(3 � 3) and with a vac-
uum region between slabs of more than 10 Å. In these cal-
culations Monkhorst–Pack k point meshes equivalent to at
least 4 � 4 � 1 sampling within a 1 � 1 unit cell were used.
During structure optimizations all atoms are fully relaxed
until all forces are reduced below 2 � 10�2 eV/Å.

3. Bulk kaolinite

We now address several aspects of bulk kaolinite in or-
der to further evaluate the accuracy of our computational
set-up and to familiarize the reader with this somewhat
complex layered aluminosilicate. Specifically, we discuss
the crystal structure and electronic structure of bulk
kaolinite.

3.1. Crystal structure

As shown in Fig. 1, kaolinite is a layered aluminosili-
cate. Each layer is comprised of an aluminate octahedrally
coordinated sublayer connected to a silicate tetrahedrally
coordinated sublayer. The oxygen atoms connected exclu-
sively to aluminium atoms exist as hydroxyl groups. Most
of the hydroxyl groups are located on the (001) surface of
each layer and hold adjacent layers together through
hydrogen bonds. Each hydroxyl group on the basal plane
is surrounded by a hexagonal arrangement of six other hy-
droxyl groups, which, as we will discuss below, is the text-
book explanation for why kaolinite is thought to be a good
material at nucleating ice [11].

The bulk crystal structure of kaolinite is reasonably well
characterized thanks to X-ray [14,16] and neutron diffrac-
tion [12,13,15] experiments as well as DFT [19,20,31,32]
calculations. There is, however, a minor disagreement con-
cerning the space group: most experiments [12,14–16] re-
port C1 (centered symmetry), but one [13] reports P1
(asymmetry). In order to address this issue of the space
group we performed a series of DFT structure optimiza-
tions starting from each of the slightly different experimen-
tal crystal structures. The lowest total energy structure
obtained from these calculations was that which started
from the experimental structures reported by Neder et al.
[16] and by Bish [15], i.e., both initial structures yield essen-
tially identical final structures with the same total energy,
the same internal bond lengths, and unit cell volumes that
differ by only 0.025%. In agreement with most experimen-
tal results the structure has indeed a C1 space group.

In Tables 1 and 2 the optimized lattice constants and
internal bond lengths obtained here are reported and com-
pared to experimental results. As can be seen from Table 1
our calculated lattice constants agree well with those deter-
mined from experiment, yielding a cell volume that is only
3% larger than experiment. In particular we note that the c
height of the unit cell, which is largely determined by inter-
layer hydrogen bonding, is within 1.4% of the experimental
value, indicating that our chosen computational set-up

1 Using the Bernal-Fowler ice Ih model of Ref. [28], the PBE exchange-
correlation functional, a 4 � 4 � 4 Monkhorst–Pack k point mesh,
ultrasoft pseudopotentials, and a plane-wave cutoff of 700 eV, a cohesive
energy of �0.66 eV/H2O is obtained. The corresponding experimental
value, with contributions from zero point energy removed, is �0.61 eV/
H2O (Ref. [48]). Further, we note that our calculated zero point energy of
this ice Ih model is at 0.13 eV/H2O consistent with the experimental zero
point energy (0.12 eV/H2O).
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(exchange-correlation functional, k point mesh, pseudopo-
tentials and cutoff energy) is suitable for describing this
weak interlayer interaction. Likewise it can be seen from
Table 2 that the various internal bond lengths determined
here generally agree with the experimental values. We note
that of the two sets of experimental data given in Table 2
we find better agreement, in terms of Al–O and Si–O bond
lengths, with the X-ray diffraction data of Neder et al. [16]
rather than the neutron diffraction data reported by Bish
[15]. For the O–H distances, however, our calculations
agree with the more reasonable values of �1 Å to come
from neutron diffraction as opposed to the unrealistically
short values of �0.75 Å reported from X-ray diffraction.

3.2. Electronic structure

The electronic structure of bulk kaolinite is now briefly
discussed. In Fig. 2a the density of states (DOS) of kaoli-

nite is displayed. It can be seen from this plot that kaolinite
is an insulator with a DFT-PBE Kohn-Sham band gap of
�5.6 eV. We are not aware of any experimental reports
for the (optical) band gap of kaolinite. However, it is safe

Table 1
Comparison between computed and experimental lattice parameters for
the conventional unit cell of bulk kaolinte

This work Exp.a Exp.b Exp.c

Length (Å)

a 5.196 5.154 5.1535 5.1490
b 9.021 8.942 8.9419 8.9335
c 7.485 7.401 7.3906 7.3844

Angle (�)

a 91.70 91.69 91.926 91.930
b 104.72 104.61 105.046 105.042
c 89.78 89.82 89.797 89.791

Cell volume (Å3) 339.17 328.70 329.91 327.84

See Fig. 1 for a definition of some of the lattice parameters.
a Ref. [16] (X-ray single crystal diffraction experiments).
b Ref. [15] (low temperature (1.5 K) neutron powder diffraction

experiments).
c Ref. [13] (neutron powder diffraction experiments).

Table 2
Comparison between the computed and experimental internal bond lengths of bulk kaolinte

Bond Distance (Å) Bond Distance (Å)

This work Exp.a Exp.b This work Exp.a Exp.b

Si(1)–O(1) 1.612 1.614 1.618 Si(2)–O(2) 1.610 1.605 1.612
Si(1)–O(3) 1.634 1.620 1.611 Si(2)–O(3) 1.636 1.622 1.617
Si(1)–O(4) 1.630 1.618 1.620 Si(2)–O(4) 1.629 1.616 1.616
Si(1)–O(5) 1.637 1.628 1.619 Si(2)–O(5) 1.633 1.615 1.608
Al(1)–O(1) 1.961 1.948 1.927 Al(2)–O(1) 2.029 1.990 1.931
Al(1)–O(2) 2.038 2.001 1.930 Al(2)–O(2) 1.950 1.946 1.919
Al(1)–OH(1) 1.931 1.921 1.913 Al(2)–OH(1) 1.929 1.921 1.912
Al(1)–OH(2) 1.864 1.853 1.890 Al(2)–OH(2) 1.863 1.867 1.896
Al(1)–OH(3) 1.857 1.849 1.865 Al(2)–OH(3) 1.862 1.858 1.886
Al(1)–OH(4) 1.860 1.862 1.915 Al(2)–OH(4) 1.863 1.853 1.910
O–H(1) 0.974 0.75 0.975 O–H(3) 0.970 0.77 0.976
O–H(2) 0.969 0.76 0.982 O–H(4) 0.969 0.88 0.975

The labels given for each element are indicated in Fig. 1.
a Ref. [16] (X-ray single crystal diffraction experiments).
b Ref. [15] (low temperature (1.5 K) neutron powder diffraction experiments).

Fig. 2. DOS of bulk kaolinite (a) and PDOS of the s and p orbitals of all
the Si (b), Al (c), O (d), and H (e) atoms in bulk kaolinite. The energy zero
is EVBM, the energy of the valence band maximum. A Gaussian
broadening of 0.2 eV has been applied to all densities of states. Note
that the range of the y-axis differs in each plot.
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to assume that the experimental band gap will be larger
than the �5.6 eV Kohn-Sham band gap determined here.
For example, the computed DFT-PBE Kohn-Sham band
gaps of a-quartz (SiO2), which resembles the silicate sub-
layer of kaolinite, and corundum (Al2O3), which resembles
the aluminate sublayer of kaolinite are at �6.0 eV and
�6.4 eV, respectively, significantly smaller (by �30%) than
the corresponding experimental (optical) band gaps. Anal-
ysis of the projected density of states (PDOS) of bulk kaol-
inite over the s and p orbitals of each element, as shown in
Fig. 2b–e, reveals that the valence band of kaolinite is
mainly comprised of oxygen p states: a filled set of p orbi-
tals characteristic of many oxides. The band below the va-
lence band is mostly of oxygen s character. The nature of
the conduction band is less clear with s and p contributions
from each of the elements and in particular significant sil-
icon and aluminium p character.

4. (001) Surface of kaolinite

The (001) surface of kaolinite is the basal plane and the
plane which kaolinite crystals predominately expose
[33,34]. Thus the (001) surface and in particular the
hydroxylated (001) surface is the surface of primary inter-
est in adsorption studies. After optimizing the bulk struc-
ture, we simply cleaved the bulk along the c-axis through
the interlayer hydrogen bonds to form its (001) surface.
The structure of the single isolated layer resembles that
of a layer in bulk kaolinite rather closely. All Si–O and
Al–O distances, for example, are within 0.1 Å of their bulk
values. Likewise the hydroxyl bond lengths remain essen-
tially unchanged (within 0.005 Å) after cleavage along the

(00 1) surface. The only notable difference between a layer
in bulk and a layer in vacuum is that 1/3 of the surface hy-
droxyl groups of the isolated kaolinite layer tilt and be-
come almost parallel to the surface. This can be seen by
comparing the structure of the hydroxylated (001) surface
in bulk (Fig. 1) and for an isolated surface layer (Fig. 3a).
We will show below that this orientational flexibility of the
OH groups at the kaolinite surface is crucial to the ability
of kaolinite to support a stable water overlayer.

The cleavage energy, Ecleave, of this layer of kaolinite can
be obtained from the following relation:

Ecleave ¼ ðEslab � EbulkÞ=2 � A; ð1Þ

where Eslab is the total energy of a single isolated layer of
kaolinite and Ebulk is the total energy of a single kaolinite
layer in bulk. The factor 2 in the denominator accounts
for the fact that two (001) surfaces, the hydroxylated
and the siloxane surfaces, are created. The area of the
two dimensional surface supercell is A. The cleavage energy
we obtain is 8 meV/Å2. This corresponds to a layer–layer
interaction in bulk kaolinite of �0.36 eV/primitive cell.
Since there are three interlayer hydrogen bonds in bulk
kaolinite per primitive cell, this corresponds to an average
interlayer hydrogen bond strength of �0.12 eV/H bond.

We sought to consider the effect of temperature on the
energetic cost to cleave a single layer of kaolinite by com-
puting the phonon (and zero point) contribution to the
cleavage free energy, Fcleave(T). This is obtained from the
relation:

F cleaveðT Þ ¼ Ecleave þ DF vibðT ;xÞ=2 � A; ð2Þ

Fig. 3. (a) Top view of the clean hydroxylated (001) surface of a single layer of kaolinite with nine possible adsorption sites for water monomers indicated
(A–I). (b)–(d) The most stable water monomer adsorption structures identified at 1/12, 1/6, and 1/3 ML. Here and in subsequent figures adsorbed water
molecules are colored yellow (gray) for clarity. In (a)–(d) the thin dashed lines indicate the p(2 � 2) unit cell. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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where DFvib(T,x) is the temperature dependent vibrational
free energy contribution to Fcleave(T), given by

DF vibðT ;xÞ ¼
X
ð1=2Þ�hxslab �

X
ð1=2Þ�hxbulk

� �

þ
X

kT lnð1� expð�b�hxslabÞÞ
�

�
X

kT lnð1� expð�b�hxbulkÞÞ
�
: ð3Þ

The first two terms on the right hand side of Eq. (3) give
the difference in zero point energies between an isolated
kaolinite layer and a layer in bulk. The phonon frequen-
cies, x, which enter Eq. (3), were obtained in the harmonic
approximation at the gamma point of the vibrational Brill-
ouin zone through the finite displacements method. The
zero point energy difference obtained with this procedure
turns out to be only �40 meV/primitive cell, which corre-
sponds to a change in the cleavage free energy of
�0.8 meV/Å2. We note that this results is a reduction in
the cleavage free energy, since as one would expect, an iso-
lated kaolinite layer has less zero point energy than a layer
held in bulk. The second two terms on the right hand side
give the finite temperature phonon contribution to the
cleavage free energy. From Fig. 4 it can be seen that this
too makes a rather small contribution, reducing the cleav-
age free energy by 6 1 meV/Å2 at all temperatures up to
1000 K. Thus, overall, we see that the energetic cost to
cleave a layer of kaolinite from bulk is reasonably indepen-
dent of temperature and in the range of �8 to �6 meV/Å2.

The electronic structure of the clean single layer of kaol-
inite was examined. The DOS and projected DOS (not
shown) were similar to those observed for bulk kaolinite.
Small changes in the peak heights and widths were
apparent with the center or, more precisely, the first mo-
ment of the valence band about 0.2 eV closer to the valence
band maximum compared to the bulk. In addition the
computed band gap is �1 eV smaller than that computed
for the bulk.

5. Water adsorption

Water adsorption has been examined at a range of cov-
erages and in a variety of structures on a single layer of
kaolinite. Since previous studies [17,33] have shown that
water adsorbs more weakly on the ‘‘hydrophobic” siloxane
surface than it does on the ‘‘hydrophilic” hydroxylated sur-
face, here we only examine the hydroxylated (001) surface.
Adsorption energies, Eads, per water are defined as

Eads ¼ ðEnH2O=slab � Eslab � n � EH2OÞ=n; ð4Þ

where EnH2O=slab and Eslab are the total energies of an n
water adsorption system and the clean surface, respec-
tively. EH2O is the total energy of an isolated water mole-
cule.2 Within this definition a negative adsorption energy
thus corresponds to an exothermic adsorption process. In
order to interpret the adsorption cases explicitly and conve-
niently, we define a monolayer (ML) as one water molecule
for every surface hydroxyl group. Thus in our most com-
monly employed surface supercell (Fig. 3a) one adsorbed
water molecule corresponds to a coverage of 1/12 ML.

5.1. Monomer adsorption

Fig. 3a displays the hydroxylated (001) surface with the
sites considered for water monomer adsorption indicated
by the labels A–I. With regard to the surface hydroxyl
groups we can classify four of these as threefold ‘‘hollow”
sites (A–D), two as twofold ‘‘bridge” sites (E and F), and
three as onefold ‘‘top” sites (G–I). All of these sites were
investigated for water monomer adsorption at a coverage
of 1/12 ML. During the structure optimizations the water
molecules and kaolinite were fully allowed to relax and it
turned out that upon optimization all the initial structures
with water molecules adsorbed at top sites and one at a
bridge site moved to the threefold hollow sites, which
prove to be most stable sites for water monomer adsorp-
tion on this surface. At the hollow sites several similar
adsorption structures, with adsorption energies all within
�0.1 eV of each other, have been identified. The most sta-
ble of these is adsorption at hollow site A (Fig. 3b). At this
site the monomer sits upright, in the plane of the surface
normal, donating one hydrogen bond to and accepting
two hydrogen bonds from the substrate. Thus kaolinite,
like water, is amphoteric and able to accept and donate
hydrogen bonds. The hydrogen bond the adsorbed water
molecule donates is, at 1.73 Å, considerably shorter than
the two hydrogen bonds it accepts, which are both �2 Å
(2.00 Å and 2.03 Å). The adsorption energy of the water
molecule at this site is �0.58 eV/H2O. This adsorption en-
ergy agrees reasonably well with a previous DFT study [17]
in which a binding energy of �0.64 eV was reported for
hollow site adsorption.

Fig. 4. The cleavage energy, Ecleave (Eq. (1)), of a single layer of kaolinite
(dashed line) and the cleavage free energy, Fcleave (Eq. (2)) (solid line). At
T = 0 K the two quantities differ by the difference in zero point energy
between bulk kaolinite and a single layer of kaolinite in vacuum, which is
�0.8 meV/Å2.

2 The energy of the isolated water molecule was obtained from a
calculation of water in a cube of length 20 Å using only the gamma point
of the Brillouin zone.
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The coverage dependence of the monomer adsorption
energy was then investigated by increasing the number of
water monomers in the cell to two (1/6 ML) and subse-
quently to four (1/3 ML). At each coverage several combi-
nations of monomer adsorption site were considered. The
most stable structures identified at 1/6 ML and 1/3 ML
are shown in Fig. 3c and d, respectively. In each structure
all water molecules reside at the stable hollow sites A and
the adsorption energies of these overlayers are both
�0.57 eV/H2O, i.e., essentially identical to the adsorption
energy at 1/12 ML. Thus, the amount of water monomers
on the surface has only a small effect on the adsorption en-
ergy in this coverage regime, indicating that the interaction
between adjacent water molecules is weak. We note, how-
ever, that once we reach 1/3 ML we have filled all the
non-connected threefold sites and there is not enough space
for the adsorbed water molecules to remain isolated. At
this coverage we may thus expect water cluster or extended
overlayer formation. Adsorption of water clusters will be
discussed in the next subsection.

It is interesting to ask to what extent zero point vibra-
tions affect the adsorption energy of water on this surface.
To this end, vibrational frequency calculations were per-
formed for the adsorbed water monomer at 1/3 ML. The
zero point energy contribution to the adsorption energy,
obtained by taking the difference in the zero point energy
of the adsorption system, the isolated water molecule and
the clean surface, is 0.13 eV/H2O.3 Specifically, there is
0.13 eV/H2O more zero point energy in the adsorption sys-
tem compared to the isolated fragments, which reduces the
water monomer adsorption energy from ��0.58 eV/H2O
to ��0.45 eV/H2O.

5.2. Cluster and 1D chain adsorption

Since clustering tends to be facile for gas phase water
molecules and water adsorbed on many types of materials,
such as oxide, salt, and metal surfaces [5,35–39], we have
examined the possibility of water cluster formation. Specif-
ically, we considered water dimer, tetramer, and hexamer
adsorption.

Upon moving beyond the monomer, the number of pos-
sible adsorption structures rapidly increases with cluster
size and comprehensive searches of configuration space be-
come challenging. Taking the adsorbed dimer, for example,
the two water molecules in the dimer can act either as
hydrogen bond donors and/or as hydrogen bond acceptors
to the surface, and each water molecule may be located at
hollow, bridge or top adsorption sites. Of these many pos-
sibilities we have tested fifteen different dimer structures

and of those considered the most stable one identified upon
optimization is the one shown in Fig. 5a. In this structure
the donor water molecule in the dimer accepts two hydro-
gen bonds from the substrate and the other water donates
one hydrogen bond to the surface. However, the adsorp-
tion energy of this structure is only �0.55 eV/H2O, which
is slightly less than the adsorption energy of a water mono-
mer (�0.58 eV/H2O). Thus on this surface dimer formation
does not appear to be energetically favored, or, at least, we
have not been able to identify any dimer structure that is
more stable than two separated adsorbed water monomers.
This is the opposite of what is predicted and observed on
many other surfaces [5,35,39–43]. In this system the single
hydrogen bond formed between the two water molecules
in the dimer is not sufficient to compensate for the distor-
tions of the two water molecules away from their optimal
adsorption sites, which break hydrogen bonds to the
substrate.

Similar to water dimers, fourteen different adsorbed tet-
ramer structures have been examined, including cyclic and
non-cyclic structures [35]. The most stable structure of
those considered is shown in Fig. 5b. The four water mol-
ecules do not form a cyclic structure as they do in the gas
phase, instead three water molecules are connected to one
central water molecule, which donates one hydrogen bond
to the surface. The adsorption energy of this structure is
�0.58 eV/H2O, which is equal to that of the water mono-
mer. Thus the clustering of four water molecules does not
lead to any energetic stabilization.

Adsorbed cyclic hexamers have been observed with
STM on several hexagonal metal surfaces [40,42–44], and
so we examined the adsorption of cyclic water hexamers
here. The symmetry match of the hexamer with the sub-
strate reduces the number of likely adsorption structures
considerably but still twelve trial structures were consid-
ered. Some were built from adsorbed bilayers (below),
and some hexamers considered had all six water molecules
initially flat on the surface based on the structure reported
on Pd(111) and Ru(0 001) [45,46]. However, the most sta-
ble adsorbed hexamer identified is one that resembles the
structure of a gas phase cyclic water hexamer with three
water molecules directed at the surface and the other three
to the vacuum. The adsorption energy of this hexamer is
�0.59 eV/H2O and its structure is shown in Fig. 5d. Thus
the adsorbed hexamer is slightly more stable than sepa-
rated monomers, but the energy gain upon clustering is
by no means large.

Since 1D water chains are found experimentally at, for
example, steps of the Pt(111) surface [47], we have exam-
ined adsorbed 1D water chains on kaolintie. Chains with
a coverage of 1/3 ML (four water molecules per cell) and
1/2 ML (six water molecules per cell) were also considered
with water molecules arranged in various starting configu-
rations. The most stable 1D chain structure, which has an
adsorption energy of �0.57 eV/H2O, is shown in Fig. 5c. It
is comprised of flat water molecules and water molecules in
the plane of the surface normal directed towards the

3 Upon analysis of the vibrational modes present in the adsorption
system, we find that the additional zero point energy comes from the new
hindered rotations, translations, and vibrations present in the adsorption
system. It is interesting to note, however, that these new modes are enough
to compensate, in terms of zero point energy, for a significant softening of
one of the OH stretch frequencies in the adsorbed water molecule.
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surface with every water molecule being a hydrogen bond
acceptor and a hydrogen bond donor. This structure is
equally stable to isolated water monomers and thus not
necessarily prohibited from forming on energetic grounds.

5.3. 2D overlayer adsorption

The hydroxylated (00 1) surface presents a quasi-hexag-
onal arrangement of hydroxyl groups with computed next-
nearest neighbor O–O distances ranging from 2.81 to
3.41 Å. With an equivalent O–O distance of 2.71 Å in ice
Ih, there is a DFT–PBE mismatch that ranges from 0.1 Å
(3.7%) to 0.7 Å (25%). The corresponding experimental dis-
tances are 2.77 to 3.45 Å in bulk kaolinite [15,16] and
2.75 Å in ice Ih [48], yielding a rather similar experimental
mismatch of 0.7– 25%. On this substrate we explored the
possibility of adsorbing hexagonal ice-like overlayers. An
extensive range of overlayer structures were considered
with different coverages and various arrangements of the
substrate and overlayer hexagonal meshes.4 We discuss
now a range of commensurate overlayers all with a cover-
age of 2/3 ML. Specifically these include a conventional ice
bilayer with each water molecule directly above an hydro-
xyl of the substrate. In this conventional bilayer structure

half the water molecules are parallel to the surface and
the other half sit in the plane of the surface normal with
one of their two OH groups pointing up into the vacuum
(Fig. 6a). In borrowing the terminology of bilayer adsorp-
tion studies on metals we describe this as a ‘‘H-up” bilayer.
A related bilayer structure can be constructed by turning
the OH groups that dangle into the vacuum in the H-up bi-
layer toward the surface, yielding a structure known as a
‘‘H-down” bilayer (Fig. 6b) [49]. Mixed H-up plus H-down
and several other commensurate but non-bilayer-like mod-
els were also considered, including mixed water–hydroxyl
overlayers previously reported for water on metal surfaces
[29,45,46,50,51].

The most stable overlayer identified on this surface is a
H-down structure with an adsorption energy of �0.65 eV/
H2O. The adsorption energy in the H-up version of this
structure is quite a bit less at �0.48 eV/H2O.5 From the
resulting structures of the optimized bilayers it is clear
why the H-down structure is favored over the H-up struc-
ture: in the H-down system there is no dangling hydrogen
bonds ensuring that each water molecule is fully coordi-
nated being involved in four hydrogen bonds.

The structure of the H-down overlayer, shown in
Fig. 6b, differs significantly from a bilayer in ice, most
prominently in terms of the O–O buckling between the
two types of water molecules in the bilayer. In ice the O–
O buckling is �0.96 Å, but the overlayer identified here is
essentially a flat overlayer with a buckling between the
two types of water molecule of �0.01 Å. In addition, the
in-plane H2O-H2O distances are all between 2.90 and

Fig. 5. Top views of the most stable structures identified for an adsorbed dimer (a), an adsorbed tetramer (b), an adsorbed 1D chain (c), and an adsorbed
hexamer (d) on the hydroxylated (001) surface of a single layer of kaolinite.

4 The structures considered included commensurate overlayers in which
the hexagonal overlayer and substrate meshes were in registry, in cells
ranging from p(1 � 1) to p(3 � 3) all at 2/3 ML. Non-commensurate
overlayers with longer range periodicities were also considered. For
example, a 6/7 ML structure in a

p
7 � p7-R(41�) cell was considered.

The latter structure was examined because it had a small epitaxial
mismatch of just �4%. However, this and other overlayers considered
were all less stable than the H-down overlayer discussed. Specifically thep

7 � p7-R(41�) overlayer yielded an adsorption energy of ��0.60 eV/
H2O and several

p
3 � p3-R(30�) overlayers considered yielded adsorp-

tion energies of ��0.58 eV/H2O.

5 All mixed H-up plus H-down structures considered yielded adsorption
energies between the �0.65 eV/H2O and �0.48 eV/H2O of the pure H-up
and pure H-down bilayers. The implication is that energy is gained by
converting an upwardly pointing water into a down pointing water.
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3.06 Å, noticeably larger than the O–O distances in ice,
which are 2.71 Å in our calculations. The range of O–O dis-
tances in the overlayer reflects an asymmetry in the sub-
strate with two different hexagonal sets of O–O distances
that the water molecules partly compensate for by displac-
ing from the precise atop sites.

As we have said the adsorption energy of the H-down
overlayer is �0.65 eV/H2O. This is noteworthy because it
is essentially identical to the computed cohesive energy of
ice Ih (�0.66 eV/H2O). It has been argued that water has
the ability to wet a substrate when the adsorption energy
matches or exceeds the cohesive energy of ice [29]. Thus
with this criterion, and to within the accuracy of the cur-
rent computational set-up, the overlayer identified here
has the potential to wet kaolinite. To test this finding, we
have evaluated the relative energy of ice and the H-down
overlayer with several other exchange-correlation function-
als (RPBE [52], PBE-WC [53], and PW91 [54]). As shown
in Table 3 the conclusion that the overlayer is of compara-
ble stability to ice is not altered, with the largest difference
between adsorption energy and cohesive energy being only
0.04 eV/H2O. We have also considered how zero point en-
ergy corrections affect the relative stability of the H-down
overlayer and ice. We find that the zero point energy in
the overlayer and in the ice Ih model is the same, each
being 0.13 eV/H2O.1 Thus zero point energy does not alter
the conclusion that the H-down overlayer identified here
has a stability matching that of ice.

The stable H-down overlayer identified here is fully pro-
ton ordered, i.e., all the water molecules of each type (flat
and down pointing) adopt the same orientations. In proton
disordered structures the water molecules adopt random
orientations whilst remaining consistent with the ice rules
[48]. To address the question of proton disorder an addi-

tional structure in the p(2 � 2) surface cell (Fig. 6c) and
two additional structures in a p(3 � 3) surface cell were cal-
culated. However, the adsorption energies of these proton
disordered structures are also �0.65 eV/H2O. Thus, from
this admittedly limited trial of partially proton disordered
structures, we concluded that the adsorption energy of
the H-down overlayer is not particularly sensitive to the is-
sue of proton order.

5.4. Adsorption beyond the 2D overlayer

Having identified a stable 2D overlayer that is of compa-
rable stability to bulk ice, we then sought to understand
how facile subsequent water adsorption would be by exam-
ining the adsorption of additional water on top of the H-
down (and some other) overlayer(s). Specifically, we exam-
ined the adsorption of water monomers and a second com-
plete overlayer on top of the 2/3 ML overlayers.

Several trial structures for water monomers on top of
the H-down overlayer, corresponding to a coverage of 3/
4 ML, were examined. In these calculations the extra water
molecules were either placed at the center of the underlying
water hexagon or directly above the flat or down pointing
molecules of the overlayer. Upon optimization the most
stable structure identified has the extra water molecule lo-
cated at a bridge-like site. At this site the additional water
interrupts the H bond network of the underlying water
layer by donating one hydrogen bond to one of the down
pointing water molecules and accepting one hydrogen
bond from one of the originally flat but now tilted water
molecules. The binding energy per water in this overlayer
is only marginally less than the stable H-down overlayer
(�0.64 eV/H2O).

Several structures comprised of two complete bilayers
were also considered. A total of eleven different double
layer structures involving changes of orientation of water
in both layers were examined. However, we found that
adsorption of a complete second layer of water on the first
layer is energetically unfavorable. All the double bilayer
structures are at least �0.07 eV/H2O less stable than the
single H-down bilayer. Thus after the first 2D ice-like layer
wets the surface, the second layer is unfavorable. Another
way of saying this is that while the hydroxylated (001) sur-
face is hydrophilic, the water covered kaolinite surface is

Fig. 6. Top views of some 2D overlayer adsorption structures examined at a coverage of 2/3 ML on the hydroxylated (001) surface of kaolinite. (a) is the
conventional but unstable H-up overlayer. (b) is the proton ordered H-down overlayer. (c) is a partially proton disordered H-down overlayer.

Table 3
Adsorption energy (Eads) of the H-down overlayer on the hydroxylated
(001) surface and cohesive energy (Ecoh) of ice Ih computed with several
exchange-correlation functionals

PBE PW91 RPBE PBE-WC

Eads �0.65 �0.67 �0.48 �0.73
Ecoh �0.66 �0.69 �0.49 �0.77

All values are in units of eV/H2O.
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hydrophobic. It is most likely that this change of water
adsorption energy is caused by a combination of at least
two factors. First, in the H-down overlayer every water
molecule is already involved in four hydrogen bonds and
so does not have any dangling OH groups or dangling lone
pairs with which additional water molecules could interact.
Second, this applies generally to all the double bilayer
structures considered, there is a lattice mismatch between
the substrate and ice: A single bilayer is essentially free to
compensate for any mismatch by reducing the buckling
within the layer, i.e., by compressing. With more than
one layer, however, hydrogen bonds must be formed be-
tween the layers. This interlayer hydrogen bonding is ham-
pered if the bilayers flatten.

5.5. Electronic structure analysis

We now briefly address the electronic structure of the
adsorption systems examined, in particular the monomer
and H-down overlayer systems. To this end we consider
the DOS and how the total electron densities rearrange
upon adsorption. The electron density rearrangement,
Dq, is defined as

Dq ¼ qnH2O=slab � qslab � qnH2O; ð5Þ

where qnH2O=slab, qslab, and qnH2O are the electron densities of
the particular water–kaolinite adsorption system under
consideration, the isolated clean (001) kaolinite slab, and
the isolated water molecule(s), each in the exact structure
they adopt in the adsorption system.

A plot of the electron density difference for the water
monomer at the most stable threefold adsorption site is
shown in Fig. 7a. The nature of the electron density rear-
rangement displayed in Fig. 7a is characteristic of that ob-
served before for hydrogen bonding with depletion of
density around the hydrogen atoms involved in each
hydrogen bond and an accumulation in density in the re-
gion of the oxygen lone pairs [35,39,55]. Clearly, when
the water monomer sits at this site, three hydrogen bonds

are formed, one hydrogen bond it is donating and two it
is accepting. From the plot of the electron density differ-
ence there is an indication that the hydrogen bond the
water monomer is donating is stronger than the two it is
accepting due to the greater extent of the charge rearrange-
ment around this bond. This is also consistent with the
shorter bond length of this hydrogen bond, 1.73 Å com-
pared to 2.00 Å and 2.03 Å.

Partial DOS plots for the monomer adsorption system
are shown in Fig. 8a. Specifically, states projected onto
the s and p orbitals of the water monomer are displayed.
In order of increasing energy these are the 2a1, 1b2, 3a1,
and 1b1 states. The splitting between these states is rather
similar to what it is for a gas phase water molecule, differ-
ing from the gas phase by <0.2 eV. Upon inspection of the
individual Kohn-Sham eigenstates within each peak we
find only very weak character from the substrate, i.e., there
is an extremely small amount of electron density mixing of
the water molecule with the substrate. In other words we
do not see any strong covalent bonding between the mole-
cule and the substrate, but rather the interaction is electro-
static in nature.

Moving to the H-down overlayer, we show the electron
density difference for this system in Fig. 7b. The distinct
roles the two types of water molecule play in this system
are immediately clear: the flat water molecule is accepting
a hydrogen bond from the substrate; and the down point-
ing water molecule donating a hydrogen bond to the sub-
strate. From the extent of the electron density
rearrangement around each type of water molecule, it ap-
pears that their interaction with the substrate is equally
strong. However, as we have said, the mode of interaction
between each water molecule and the substrate differs. This
can be further seen by examining the water related states in
the PDOS plot for the H-down overlayer shown in Fig. 8b.
Specifically, for the flat water molecule the 2a1 and 1b2 res-
onances are �0.3 and �0.4 eV lower in energy than they
are for the down pointing water. Likewise the second clos-
est band to the valence band maximum, 3a1, is split into

Fig. 7. Plots of electron density rearrangement for an adsorbed water monomer and water overlayer on kaolinite. Specifically (a) and (b) are side views of
how the density around a single water monomer (a) and the H-down overlayer (b) rearrange upon adsorption according to Eq. (5). (c) is a top view of how
the electron density rearranges within the adsorbed H-down overlayer, according to Eq. (6). (a) and (b) are designed to yield information on water–
substrate bonding whereas (c) depicts water–water bonding. A constant density isosurface of 0.01 electrons/Å3 is displayed in all plots. Blue (dark) regions
indicate positive regions (electron accumulation) and yellow (bright) negative regions (electron depletion). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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two states caused by the differing interactions between
water molecules within the overlayer and between water
molecules and the substrate. As with the water monomer,
inspection of the individual Kohn-Sham eigenstates con-
tained within each peak revealed only marginal covalent
mixing with the substrate.

It is interesting to ask now what the nature of the inter-
actions between the water molecules within the overlayer
are and how these compare to the water–substrate interac-
tions. To facilitate this, a specific type of electron density
rearrangmnent is defined as

DDq ¼ qnH2O=slab þ qslab � qH2O flat=slab � qH2O down=slab; ð6Þ

where qH2O flat=slab and qH2O down=slab are the densities of the
adsorbed flat and down pointing water molecules in the ex-
act structure they assume in the H-down adsorption sys-
tem. As before, qnH2O=slab and qslab are the electron
densities of the adsorption system and the clean substrate,
respectively. The density rearrangement defined in Eq. (6)
is displayed in Fig. 7c, revealing exclusively water–water
interactions within the H-down overlyer. Again depletion
of density on the hydrogen atoms and accumulation
around the oxygen lone pairs is observed, characteristic
of hydrogen bonding. Comparison of Fig. 7b and c indi-
cates that the extent of density rearrangement is similar
within the overlayer (Fig. 7c) to what it is between the over-
layer and the substrate (Fig. 7b).

The plots of electron density rearrangement do not di-
rectly tell us the strength of the various hydrogen bonds
in the adsorption system. A better indication of the balance
between water–water and water–substrate interactions can
be obtained by performing a series of interaction energy
decompositions [56]. First, the interaction energy per
hydrogen bond between water molecules in the overlayer,
EH2O–H2O, is defined as

EH2O–H2O ¼ 2=3 � ðEnH2O=slab þ E�slab � EH2O flat=slab

� EH2O down=slabÞ=n; ð7Þ

where E�slab, EH2O flat=slab, and EH2O down=slab are the total
energies of the isolated clean (001) kaolinite slab, the flat
water molecules in the overlayer adsorbed exclusively on

the surface, and the down pointing water molecules ad-
sorbed exclusively on the surface, each in the exact struc-
tures they adopt in the H-down overlayer. The factor 2/3
indicates that each of the two water molecules shares three
hydrogen bonds in the overlayer. The water–water interac-
tion energy we obtain from this decomposition is
�0.28 eV/H bond. An analogous energy decomposition de-
signed to reveal exclusively the interaction between a pre-
formed H-down overlayer and the substrate, EH2O–slab, is
defined as

EH2O�slab ¼ ðEnH2O=slab � EnH2O � E�slabÞ=n; ð8Þ

where EnH2O is the total energy of the isolated water over-
layer in vacuum fixed in the structure it assumes when ad-
sorbed. This water–substrate interaction energy has a value
of �0.32 eV/H bond, which is slightly larger than the
hydrogen bond strength between water molecules in the
overlayer. Thus, in this adsorption system water molecules
appear to bond more effectively with kaolinite than they do
with other water molecules. This is also consistent with the
computed O–O distances in the adsorption system: The O–
O distances between the water molecules within the over-
layer are in the interval 2.90–3.06 Å and the O–O distances
between the adsorbed water molecules and the substrate
are 2.72–2.81 Å.

6. Discussion and conclusions

We now summarize the energetics of the various adsorp-
tion systems examined here and place our results in the
broader context of water adsorption on solid surfaces in
general. To facilitate this we plot in Fig. 9 the average
adsorption energy per water molecule as a function of cov-
erage. There are several interesting features of this plot and
the results described in Section 5, which we now discuss.

First, at low coverages the water adsorption energy is
reasonably constant at ��0.57 eV/H2O. This is a rather
large value for the DFT–GGA adsorption energy of water
on a solid surface: on close-packed metals, for example,
water monomer adsorption energies of ��0.1 to
�0.4 eV/H2O are typically reported [35,39,57,58]; on NaCl
values of ��0.3 to �0.4 eV/H2O are found [37,38]; and on

Fig. 8. PDOS on an adsorbed water monomer (a) and the H-down overlayer (b) on the hydroxylated (001) surface of kaolinite. The energy windows
shown depict the four highest occupied Kohn-Sham orbitals (2a1, 1b2, 3a1, and 1b1 from left to right) of adsorbed water. EVBM is the energy of the valence
band maximum.
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metal oxides, such as TiO2, values of ��0.40 eV/H2O have
been reported [59–61]. Indeed, the only other report of
DFT-GGA adsorption energies for water monomers as
large as or larger than the value obtained here are also
on hydroxylated surfaces: ��0.5 to �0.7 eV/H2O on cris-
tobalite [36] and �0.54 eV/H2O on a-quartz [62]. Thus it
is clear that an important aspect of a strong adsorption
bond between water and a substrate is the presence of hy-
droxyl groups and the possibility of accepting and donating
hydrogen bonds to and from them.

Second, we find that water clustering is not favored to
any great extent. This was discussed in Section 5.2 and
can be clearly seen in Fig. 9, where points corresponding
to dimers, tetramers, and hexamers are equally stable to
water monomers at best. Again this behavior is not com-
mon for adsorbed water and different from what is ob-
served experimentally and predicted theoretically on
metal and some oxide substrates, where clustering is
strongly favored [35,39–43,63]. On the (111) surfaces of
Cu, Pd, Pt, and Ni, for example, DFT calculations predict
that water monomers gain 0.1–0.2 eV/H2O by coming to-
gether to form adsorbed dimers. Likewise water molecules
on some hydroxylated substrates gain 0.1–0.2 eV/H2O by
dimerization [36]. Although unusual there are, however,
other substrates on which similar behavior has been pre-
dicted [38,62] notably on the hydroxylated a-quartz
(0001) surface [62].

Third, the most stable overlayer identified at any cover-
age is the 2/3 ML H-down overlayer. As discussed above,
this overlayer has a stability similar to that of ice Ih. Again
this feature of water on kaolinite differs from the behavior
on many other substrates. On the low energy hexagonal
surfaces of close-packed metals, for example, both the H-
up and H-down overlayers tend to have adsorption ener-
gies P0.1 eV/H2O less than the cohesive energy of ice
[3,56]. Likewise overlayers on other substrates often yield
computed adsorption energies that are less than the cohe-

sive energy of ice, such as on NaCl(00 1) which supports
ice-like overlayers with computed adsorption energies of
��0.46 to ��0.57 eV/H2O [37,38]. The application of dif-
ferent exchange correlation functionals, the inclusion of
zero point energies, or proton disorder effects in the
adsorption system does not alter the conclusion that the
H-down overlayer on kaolinite is almost equally stable to
bulk ice. Examination of the atomic and electronic struc-
tures in the stable H-down adsorption system provides a
clear explanation for the stability of this overlayer. In it
each water molecule is fully coordinated with four strong
hydrogen bonds. This is made possible by the fact that
kaolinite, like water, is amphoteric with the ability to ac-
cept and donate hydrogen bonds, which is possible because
of the structural flexibility of the surface hydroxyl groups.
This flexibility is crucial and allows the hydroxyl groups to
tilt to support a stable water overlayer without dangling
hydrogen bonds. Should other hydroxylated surfaces not
possess such orientationally flexible hydroxyl groups then
it is feasible that they may not be able to support such a
stable water overlayer as kaolinite does.

Looking again at Fig. 9 several points are indicated for
structures with slightly lower coverage (1/2 ML and 7/12
ML) and slightly higher coverage (3/4 ML) than that of
the H-down overlayer. The latter (3/4 ML) correspond to
monomers adsorbed on the H-down overlayer and the for-
mer to defective quasi-2D overlayers.6 All of these struc-
tures are less stable than the 2/3 ML H-down overlayer,
again pointing to the high stability of this overlayer with
its fully coordinated water molecules.

Fig. 9. Average adsorption energy per water on the hydroxylated (001) surface of kaolinite as a function of coverage. The solid line is a guide to the eye
connecting the structure with largest adsorption energy at each coverage considered and the dashed line indicates the cohesive energy of ice Ih.

6 Removing a flat or an upright water molecule from the 2/3 ML H-
down overlayer yielded two 7/12 ML structures. Upon optimization these
structures had equal stabilities with adsorption energy of ��0.61 eV/H2O.
Removing two water molecules (a flat and a down pointing water
molecule) yielded a 1/2 ML structure. Upon optimization this had an
adsorption energy of �0.60 eV/H2O.
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Finally, we have not identified any stable double bilayer
structures. All double bilayer structures examined yield
adsorption energies at least 0.07 eV/H2O less than the H-
down overlayer, and are thus less stable than ice by a sim-
ilar amount. Thus although a single stable wetting layer is
predicted, subsequent ice growth is not favored. Essentially
these results tell us that the surface of the H-down overlay-
er is hydrophobic. A similar conclusion has recently been
made for the H-down bilayer which is thought to form
on Pt(11 1) [64] and the OH–H2O overlayer which also
forms on Pt(111) [65]. Moreover, these results imply that
the (001) basal plane of kaolinite does not support epitax-
ial multilayer ice growth. Thus the role played by kaolinite
in heterogeneous ice nucleation is likely to be more com-
plex than previously thought to be [11]. This may involve
preferential nucleation at defective or reconstructed sur-
faces or nucleation on other facets. Future work by us will
focus on these issues.
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Appendix

Here we report some of the tests performed to evaluate
the accuracy of the pseudopotentials. Vanderbilt ultrasoft
pseudopotentials, as generated by the built-in pseudopo-
tential generator in the CASTEP code, were used. For
users of the CASTEP code, the following strings generate
the specific (PBE) pseudopotentials discussed here:
‘‘1j0.8j5j7j15j10(qc = 6.4)[ ]” for H; ‘‘2j1.3j5j7j15j20:
21(qc = 7.5)[ ]” for O; ‘‘2j2.0j5j7j15j30:31: 32LGG[ ]” for
Al; and ‘‘2j1.8j5j7j15j30:31:32LGG[ ]” for Si. The most
important information contained in these obscure strings
for each element is the following: The electronic configura-
tion for the H pseudoatom is 1s1. The core radius is 0.8
a.u., the angular momentum of local channel is p, and
the 1s state is treated as the valence state. The electronic
configuration for the O pseudoatom is 2s22p4. The core ra-
dius is 1.3 a.u., the angular momentum of local channel is
d, and the 2s and 2p states are treated as the valence states.
The electronic configuration for the Al pseudoatom is
3s23p1. The core radius is 2.0 a.u., the angular momentum
of local channel is d, and the 3s, 3p and 3d states are trea-
ted as the valence states. The electronic configuration for
the Si pseudoatom is 3s23p2. The core radius is 1.8 a.u.,
the angular momentum of local channel is d, and the 3s,
3p and 3d states are treated as the valence states.

In order to first establish an appropriate energy cutoff
for calculations on our system, test calculations for a single
atom in a 10 Å cubic box were performed with C point k
sampling of the Brillouin zone. The relative energy of each

of the four pseudoatoms is shown in Fig. A1. Following
these tests a plane wave cutoff of 700 eV was selected,
which guarantees convergence of the total energies of all
elements to within 10 meV of the total energy of each ele-
ment obtained with a cutoff of 1500 eV. We note that of
the four pseudopotentials oxygen is the hardest. A further
test calculation for oxygen with a cutoff of 3000 eV re-
vealed that the energy difference between the total energy
at 700 eV and 3000 eV was still within the very tight 10
meV convergence criteria selected here.

The quality of the pseudopotentials was tested by com-
paring their performance at computing the atomization
energies of small molecules to the results obtained from
all-electron calculations. The reference all-electron results
are taken from Ref. [66], which were performed with large
basis sets of Gaussian-type orbitals. Specifically an aug-cc-
pVQZ basis set was used, which, for present purposes, is
large enough not to suffer from significant basis set incom-
pleteness errors. As can be seen from Table A1, the differ-
ences between the all-electron and pseudopotential results

Fig. A1. Convergence of the pseudoatom total energy (Etotal) with respect
to the plane wave cutoff. All elements have been normalized to zero at a
cutoff of 1500 eV (Etotal_1500).

Table A1
Comparison between pseudopotential (PP) and all-electron (AE) results
for the PBE electronic atomization energy of some small molecules

Molecule This worka AEb D (AE-PP) Expt.b

H2 4.54 4.54c 0.00 4.47d

Si2 3.53 3.53 �0.00 3.21
Si2H6 22.58 22.57 �0.01 23.11
SiH2 (1A1) 6.43 6.42 �0.01 6.68
SiH2 (3B1) 5.72 5.72 0.00 5.68
SiH3 9.66 9.65 �0.01 9.80
SiH4 13.62 13.60 �0.02 14.05
H2O2 11.86 12.26 0.40 11.62
H2O 9.96 10.17 0.21 10.10
O2 5.91 6.24 0.33 5.12
OH 4.63 4.77 0.14 4.64
SiO 8.44 8.53 0.09 8.28

All values are given in eV.
a This work (plane-wave basis set with a cutoff energy of 700 eV).
b Ref. [66] (all-electron with an aug-cc-pVQZ basis set).
c Computed in this study with the same set-up as in Ref. [66].
d Experimental value from Ref. [67].
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are generally small. For all non-oxygen containing mole-
cules the pseudopotentail and all-electron results agree ex-
tremely well, the differences are never more than 0.02 eV/
molecule. For the oxygen containing molecules larger dif-
ferences are observed, 60.2 eV/oxygen. This is common
for oxygen pseudopotentials and for present purposes a tol-
erable absolute error [52].

The performance of the pseudopotentials was also tested
on the properties of bulk aluminium and silicon, as listed in
Table A2. All the all-electron and pseudopotental values
are calculated using the PBE functional and again the
agreement between the all-electron and pseudopotential re-
sults is good.
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