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Abstract We describe the application of atomistic sim-
ulation techniques to investigate the effect of associative
and dissociative adsorption of water on the structures
and stabilities of the low-index surfaces of forsterite.
All surfaces are amenable to associative adsorption of
water, while dissociative adsorption is energetically
favourable on all but the non-dipolar {100} surface.
Often, otherwise unstable (dipolar) surfaces are stabi-
lised to a large extent by hydration, e.g. the dipolar
{010} surface. However, on thermodynamic grounds we
do not expect associatively adsorbed water to dissociate
on all surfaces, as the energies released for dissociative
adsorption of water on the non-dipolar {010} and
{100} surfaces are less than those released for associa-
tive adsorption. As such, there is no energetic incentive
for the associatively adsorbed water molecules to dis-
sociate. The stabilities of the two terminations of the
{010} surface, the main cleavage plane of forsterite, are
reversed when hydroxylated, indicating that some dis-
solution of the magnesium ions may occur upon hy-
dration, which is shown to be an exothermic process for
both surface terminations. The equilibrium morphology
was calculated as a way of assessing the change in sur-
face energies. The experimental morphology of forsterite
is adequately reproduced, suggesting that the relative
stabilities of the surfaces, both unhydrated and hy-
droxylated, are calculated correctly.
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Introduction

Olivine is a common rock-forming mineral which exists
as a complete isomorphous series, with compositions
ranging from forsterite (Mg,SiOy) to fayalite (Fe,SiOy).
The more common olivines are richer in magnesium
than in iron (Dana 1941). Forsterite, the magnesium end
member of the olivine group of minerals, consists of
SiO4 tetrahedra linked by magnesium cations in octa-
hedral coordination. It can be synthesized by solid-state
reactions between MgO and SiO, at elevated tempera-
tures (1100-1400 °C) (Mitchell et al. 1998) and from
stoichiometric mixtures in the presence of water at low
temperature (500 °C). The presence of water also has a
profound effect on the melting point (1890 °C), which
increases with pressure under anhydrous conditions but
decreases with pressure under water-saturated condi-
tions. For example, at a pressure of 30 kbar the melting
point of the anhydrous form has increased to approxi-
mately 2030 °C, while the melting point of forsterite
under water-saturated conditions at the same pressure
has decreased to 1400 °C (Deer et al. 1992).

Because of their prominence as mantle minerals,
forsterite and olivine in general have been the subject of
much research, both experimental and theoretical. The
emphasis of many investigations has naturally been on
the mineral’s behaviour at high pressures and tempera-
tures, e.g. the determination of high-pressure and high-
temperature thermodynamic data (Dubrovinskaya et al.
1997) and the transition mechanism of olivine to high-
pressure polymorphs (Kerschhofer et al. 1996). Other
recent investigations have included trace element parti-
tioning (Purton et al. 1996, 1997) and grain boundary
melting (Hirth and Kohlstedt 1995; Kohlstedt and
Zimmerman 1996).

Another important topic is the occurrence and sig-
nificance of water in forsterite. For example, Kohn



(1996) used H-1 MAS NMR spectroscopy to study
dissolved water concentrations in forsterite and found
evidence of static water molecules in the form of OH
clusters possibly sited at grain boundaries together with
OH groups associated with point defects. Wieland et al.
(1988) studied forsteritic olivine amongst other minerals
in his study on surface-controlled dissolution rates in-
volving activated complexes at the hydrated surfaces.
Wright and Catlow (1994) also studied forsterite olivine
but used computational methods to calculate the ener-
getics of incorporating water into the bulk crystal. In
view of the importance of water in the chemistry of
forsterite and its occurrence at grain boundaries, we
were interested in investigating both associative and
dissociative adsorption of water on the surfaces of for-
sterite, with a view to assessing its effect on the surface
structure and stability. A detailed study of the problem
is reported in this paper based on well-established
modelling techniques.

Theoretical methods

The surface geometries and energies were modelled using atomistic
simulation techniques. These are based on the Born model of solids
(Born and Huang 1954) which assumes that the ions in the crystal
interact via long-range electrostatic forces and short-range forces,
including both the repulsions and the van der Waals attractions
between neighbouring electron charge clouds. The long-range
Coulombic interactions are calculated using the Parry technique
(Parry 1975, 1976) (which is adapted from the well-known Ewald
method to 2D periodic systems), whereas the short-range forces are
described by parameterised analytical expressions. The electronic
polarisability of the ions is included via the shell model of Dick and
Overhauser (1958) in which each polarisable ion, in our case the
oxygen ion, is represented by a core and a massless shell, connected
by a spring. The polarisability of the model ion is then determined
by the spring constant and the charges of the core and shell. These
are usually obtained by fitting to experimental dielectric constants,
when available. In addition, it is often necessary to include angle-
dependent forces to allow for partially covalent bonds, for instance
in the silica groups and in the water molecules.

We have recently modelled forsterite surfaces using the poten-
tial model for SiO, derived empirically by Sanders et al. (1984),
which was successfully used in many previous studies, to investigate
the effect of hydration on the surface structure of quartz (de Leeuw
et al. 1999a), in combination with the potential model for MgO
derived by Lewis and Catlow (1985) which we used previously in a
number of applications, both static calculations (de Leeuw et al.
1995, 1996) and molecular dynamics simulations (de Leeuw and
Parker 1998). The resulting potential model has been used suc-
cessfully in earlier simulations of bulk properties of forsterite, e.g.
Price et al. (1987) and Parker and Price (1989); a review of these
earlier studies is given by Catlow and Price (1990). The potential
parameters for the hydroxide ion using partial charges were those
modified from the potential model of Saul et al. (1985) by Baram
and Parker (1996), to include a polarisable oxygen ion. They then
successfully applied these parameters in their work on hydroxide
formation at quartz and zeolite surfaces. The potential model for
the intra- and intermolecular water interactions was employed in
our investigations of water adsorption on o-alumina surfaces (de
Leeuw and Parker 1999b) and its derivation and further application
are fully described in a previous paper of molecular dynamics
simulations of hydrated MgO surfaces (de Leeuw and Parker
1998a). Although the potentials used are spherically symmetric,
inclusion of the shell model means that the water molecule, as
represented by four flexible centres consisting of an oxygen core
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and shell and two hydrogens, is deformable, and the shell model
gives a crude representation of the electronic polarisability. The
model reproduces many experimental features including coordi-
nation and hydrogen-bonding distances and adsorption energies.
The potential parameters describing the interactions between water
molecules and forsterite surfaces were those successfully used for
quartz (de Leeuw et al. 1999) and MgO (de Leeuw et al. 1996) and
were obtained, following the approach of Schroder et al. (1992), by
modifying the short-range Buckingham potentials, which is neces-
sary because of the fractional charges of the water molecule’s
oxygen and hydrogen ions. The potential parameters used in this
work are collected in Table 1.

Atomistic simulation techniques are appropriate for these cal-
culations because they are capable of modelling systems consisting
of a large number of ions (approximately 1800 species per unit cell).
By treating a large portion of crystal, we can be confident that the
calculated energies are independent of crystal size. We employed
energy minimisation techniques to investigate the interactions
between the lattice ions and a full monolayer of adsorbed species
to identify the strength of interaction with specific surface features.
The energy minimisation code employed was METADISE (Watson
et al. 1996), which is designed to model dislocations, interfaces and
surfaces. Following the approach of Tasker (1979), the crystal
consists of a series of charged planes parallel to the surface and
periodic in two dimensions. Tasker (1979) identified three different
types of surfaces, (1) an uncharged plane with cations and anions in
stoichiometric ratio, (2) a stack of charged planes where the repeat
unit perpendicular to the surface has no dipole moment, and finally
(3) a stack of charged planes where the repeat unit has a dipole
moment perpendicular to the surface. In the last instance, the
surface needs to be reconstructed to remove the dipole. This is
often achieved by creating vacancies in the surface. The crystal is
divided into two blocks each comprising two regions, region I and
region II, which are periodic in two dimensions lateral to the sur-
face. Region I contains those atoms near the extended defect, in
this case the surface layer or solid/water interface, and a few layers
immediately below (approximately 180 species per unit cell), and
these atoms are allowed to relax to their mechanical equilibrium.
Region II contains those atoms further away which represent the
rest of the crystal and are kept fixed at their bulk equilibrium
position. The energies of the blocks are essentially the sum of the
energies of interaction between all atoms. It is necessary to include
region II to ensure that the total interaction energy of an ion at the
bottom of region I is modelled correctly. The bulk of the crystal is
simulated by the two blocks together while the surface is repre-
sented by a single block with the top of region I as the free surface.
Interfaces such as stacking faults and grain boundaries can be
studied by fitting two surface blocks together in different orienta-
tions. Both regions I and II need to be sufficiently large for the
energy to converge.

The surface energy is a measure of the thermodynamic stability
of the surface with a low, positive value indicating a stable surface.
The surface energy is given by:

Uv - Ub
y i )

where U, is the energy of the surface block of the crystal, U, is the
energy of an equal number of atoms of the bulk crystal and A is the
surface area. For the hydrated surfaces the surface energies were
calculated with respect to liquid water in order to assess the sta-
bility of the surface in an aqueous environment:

Uy — (Up + Unyo)

p=—t b omol @

where U, is the energy of the surface block, suitably hydrated,
while U, is again the energy of the same number of bulk ions and
Un,o is the energy of bulk water. The latter is the sum of the self-
energy of water due to the intramolecular forces, and the energy of
condensation due to the intermolecular forces. For associative
adsorption we calculated the self-energy to be —878.0 kJ mol™" and
we obtained the energy of condensation of —43.0 kJ mol™" from
molecular dynamics simulations (de Leeuw and Parker 1998a),
which agrees well with the experimental value of —43.4 kJ mol™’
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Table 1 Potential parameters used in this study. Note: all two-body short range potentials cut off at distances beyond 10 A and are

between oxygen shells where applicable

Charges (e)

Core-shell interaction (eV A’z)

Tons Core Shell
Mg +2.00000
Si +4.00000
H +0.40000
Oxide oxygen (Ogx) +0.84819 —2.84819 74.92
Hydroxide oxygen (Oon) +0.90000 —2.30000 74.92
Water oxygen (On,0) +1.25000 —2.05000 209.45
Buckingham potential A (eV) 0 (A) C (eVA%
Mg-Oox 1428.5 0.29453 0
Mg-Ooy 941.5 0.29453 0
Mg-On,0 490.0 0.29453 0
Si-Oox 1283.9 0.32052 10.66
Si-Oon 983.6 0.32052 10.66
Si-On,0 562.0 0.32052 10.66
Oox-Oox 22764.3 0.14900 27.88
Oox-Oou 22764.3 0.14900 13.94
O0x-On,0 22764.3 0.14900 28.92
ou-Oon 22764.3 0.14900 6.97
on-On,0 22764.3 0.14900 17.14
H-Oox 396.3 0.25000 0
H-Oon 312.0 0.25000 0
H-On,0 396.3 0.25000 10.0
Lennard-Jones potential A (eV A"?) B (eV A%
On,0 - On,0 39344.98 42.15
Morse potential D (eV) o (A’l) ro (A)
H-Oon 7.052500 3.17490 0.94285
H-On,0 6.203713 2.22003 0.92376
Three-body potential k (eV rad™) (O}
H-On,0-H 4.2 108.69
Oox-Si-Opx 2.1 109.47
Oou-Si-Oon 2.1 109.47
O0ox-Si-Oon 2.1 109.47
Coulombic subtraction (%)
H-Op,o (shell) 50
H-H 50
H-Oop (shell) 100

(Duan et al. 1995). Thus, the new surface energy is simply equiva-
lent to the sum of the energy required to cleave the crystal and then
add water to the surface. We need to be confident that in each case
the most stable configuration of the surface with adsorbed water
layer is found, locating as far as possible the global rather than a
local minimum. Thus, many possible configurations were investi-
gated, varying both adsorption sites and the initial position of the
water molecule. An alternative approach which is particularly
suitable for very complex surfaces including both extended and
point defects, (see for example de Leeuw et al. (1999b) on calcium
carbonate surfaces) is to use molecular dynamics simulations to
move the water over the energy surface. However, these dynamics
simulations were not used in the present study. All energies quoted
are those of the most stable relaxed surface configurations found.
The calculation of the surface and adsorption energies of dis-
sociative adsorption of water required a value for the energy of
dissociation of a water molecule:
H,0(,) + O, — 2(0H)y, . (3)

However, this requires the second electron affinity of oxygen, which
is material-dependent (Harding and Pyper 1995). This can be

overcome by using experimental heats of formation for the reac-
tion:

Mg,SiOy() + 4Hy0(y — Si(OH), () +2Mg(OH),,, . (4)
The reaction enthalpy for reaction (4) was found to be
—151.7 kJ mol™" (Greenberg 1957; Iler 1979; Weast and Astle 1981)
and using that, with the calculated lattice energies given in Table 2,
the energy of dissociation in reaction (3) was calculated to be
~784.4 kJ mol™". This value then becomes the effective self-energy

Table 2 Calculated lattice energies, where the lattice energy is the
energy released when ions at infinity are brought together into the
lattice

Lattice energies/kJ mol™!

MgO, —3984.8
Mg(OH)y(, —-3378.3
SiOx) (quartz) -12414.0
Si(OH)4(g) —-10784.6




of water, Un,0, and can be used directly in Eq. (2) when disso-
ciative adsorption is modelled.

Unlike the surface energies, which are calculated with respect to
liquid water, we also report the adsorption energies, which are
calculated with respect to gaseous water to facilitate direct com-
parison with energies obtainable by experimental techniques such
as temperature-programmed desorption and microcalorimetric
measurements.

Results and discussion

Forsterite has an orthorhombic structure with space
group Pbnm (Deer et al. 1992). We used the unit cell
of a = 47560 A, b = 10.2070 A and ¢ = 5.9800 A,
o= ff =7y =90° (Smyth and Hazen 1973), which relaxed
to a minimum-energy configuration with a = 4.7898,
b = 102464 A and ¢ = 5.9863 A, x = =7 = 90°, i.c.
very close to the experimental values. The calculated
elastic constants are compared with the experimental
values (Iishi 1978) in Table 3 and show adequate
agreement. The bulk crystal was then cut to obtain the
relevant surfaces in a way which kept the SiO4 units
intact, and hence all silicon atoms remain four-coordi-
nated. Previous calculations (Davies 1992) have shown
that breaking up the SiOy4 units leads to less stable sur-
faces and therefore, in this our first study of hydrated
forsterite surfaces, we have concentrated on the surfaces
where Mg-O bonds rather than Si-O bonds are broken.

We modelled the dissociative and associative ad-
sorption of water at a range of forsterite surfaces which
were hydrated up to full monolayer coverage. The rea-
son we model one monolayer of water in static calcu-
lations is threefold. Firstly, the results, for example the
hydration energies, are directly comparable to most
surface science techniques, including temperature-pro-
grammed desorption (TPD), which mainly use materials
generated under ultrahigh vacuum conditions dosed
with gaseous water. Secondly, in static calculations more
than one monolayer of water would be modelling the
mineral/ice interface rather than liquid water, giving
interfacial rather than surface energies and properties.
Thirdly, molecular dynamics simulations of MgO in
liquid water showed that there is a distinct difference in
structure and density between the adsorbed monolayer
and the bulk water, and the static calculations with one
adsorbed monolayer mimic these MD simulations (de
Leeuw and Parker 1998).

For associative adsorption we found that a maximum
of one water molecule per 10 A? could be accommo-
dated before a second water layer started to form, which

Table 3 Comparison of calculated and experimental elastic
constants

Elastic constants of Mg,SiO,4/GPa

Ciu Cn Gz Cyu GCss G Crp Ciz Cy
Exp. 329 200 236 67.2 814 &8l.1 66 68 73
Cale. 359 207 281 442 745 843 94 96 88
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agreed with previous molecular dynamics simulations of
MgO in liquid water (de Leeuw and Parker 1998). In
that study and also previous simulations of the hydra-
tion of calcite and «-alumina surfaces (de Leeuw and
Parker 1997; de Leeuw and Parker 1998b, 1999b)
we found that water molecules often adsorb flat onto
the surface, in agreement with experimental findings of
hydrated neutral clay surfaces (Chang et al. 1995). In
addition, it is reasonable to expect to find one water
molecule per 10 A2 if we consider the experlmental non-
bonded hydrogen- oxygen distance in ice to be 1.76—
1.95 A (Kamb 1972), giving an approximate area (nr?)
of 9.7-11.9 A® around a central oxygen atom in the
plane of the water molecule.

The initial sites chosen for molecular adsorption of
water onto the surfaces were above surface oxygen ions
and cations. When adsorbing onto the cation sites, the
oxygen atom of the water molecule was initially posi-
tioned above the surface cation, after which the surface
was allowed to relax and find the minimum energy
configuration. Adsorption at the surface oxygen sites
was modelled by positioning one of the water molecule’s
hydrogen atoms at a hydrogen-bond distance of 1.8 A
(Kamb 1972).

In the case of dissociative adsorption of water a dis-
sociated water molecule was adsorbed on every surface
magnesium-oxygen pair and, in effect, surface oxygen
atoms were replaced by two hydroxyl groups, resulting
in terminal MgOH and SiOH groups at the surface, i.e.
in Kroger-Vink notation (Kroger 1964; van Gool 1966):

H,0 + O} — (OH)? + (OH), , (5)

where O} is an oxygen at a lattice oxygen site with zero
charge with respect to the lattice oxygen, (OH); is a
hydroxyl group at an oxygen lattice site with charge +1
and (OH), is a hydroxyl group at an interstitial site with
charge —1. All charges are relative to the crystal lattice.
In this study, we did not hydroxylate silicon-oxygen
pairs, as the already four-coordinated silicon ion would
then become five-coordinate, which, although not un-
known in high-pressure studies, would be unlikely at a
free surface.

Pure surfaces

We studied the low index surfaces of forsterite, including
the {021} surface which is important in the experi-
mental morphology (Deer et al. 1992). We considered
both non-dipolar and dipolar terminations, and the
surface energies of the unrelaxed and relaxed planes are
listed in Table 4.

As is clear from its low relaxed surface energy, the
non-dipolar termination of the {010} surface, which is
the major cleavage plane of forsterite, is the most stable
surface under dry conditions, in agreement with previous
calculations (Watson et al. 1997). The relaxation energy
of the non-dipolar {0 10}a surface is small and the re-
laxed surface energy of 1.28 J m™? is very similar to that
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Table 4 Unrelaxed and relaxed surface energies of unhydrated
forsterite surfaces

Surface energies of unhydrated forsterite surfaces/J m™>

Surface® Unrelaxed Relaxed
{001}ad 3.84 1.74
{001}b¢ 7.22 2.30
{010}a 2.23 1.28
{010}b¢ 4.43 232
{100}a 8.50 2.57
{100}b? 4.60 225
{011}a 6.55 2.35
{01 l}bd 8.48 2.60
{101}ad 4.87 1.88
{101}b¢ 8.06 2.24
{110}a 9.15 3.18
{11 O}b 3.55 1.96
{111}a¢ 5.45 2.29
{11 l}bd 4.00 1.81
{021}a¢ 4.67 1.94
{021}b¢ 7.49 2.38

#d denotes a dipolar plane

of the {001} surface of magnesium oxide (1.25 J m™;
de Leeuw et al. 1995), whose structure it resembles. The
{010} surface is a close-packed plane with a small sur-
face area (28.6 A% per unit cell) and cleaving the bulk
crystal to create this surface does not involve the
breaking of many bonds. As a result, the relaxed surface
is almost bulk-terminated, showing only some flattening
of the unrelaxed rumpled surface with the magnesium
ions moving into the surface by some 0.3 A.

Some of the more open-structured surfaces with larger
surface areas per unit cell show much larger relaxations,
such as the non-dipolar {0 1 1}a surface with a surface area
of 56.7 A? and the dipolar {02 1}b surface with a surface
area of 75.3 A2. However, the largest surface relaxations
take place when there are silica groups at the surface. For
example, the non-dipolar {100} and {1 10} surfaces both
have SiO,4 groups in the topmost layer and upon energy
minimisation, the surface energies of both surfaces
decrease by 6 J m™2, the largest relaxations in the series.
In both cases, the extensive surface relaxation involves
rotation of the surface silica groups while magnesium ions
from lower layers move up into the topmost layer. As a
result, the immediate surface region assumes a more open
structure. For example, Fig. 1 shows the unrelaxed and
relaxed surface structure of the {100}a surface, which is
one of the cleavage planes of forsterite, although not as
common as the {0 1 0} surface. It shows the rotation of the
silica tetrahedra and the formation of an almost stepped
surface where the sides of the steps are terminated by
magnesium ions, some of which have moved into the
surface by 0.1-0.2 A, while others have moved consider-
ably out of the surface (1.24 A).

Associative adsorption

On associative adsorption of water and relaxation of the
hydrated surfaces, all surfaces are stabilised with respect

a {100}

Fig. 1 Side view of the a unrelaxed and b relaxed surface structure of
the non-dipolar {100} surface, showing rotation of surface silica
groups and movement of magnesium ions into the topmost layer, and
¢ three-dimensional view showing corrugation of the relaxed {100}
surface with oxygen atoms shaded according to height from pale at the
surface to dark in the bulk crystal (Mg shown as a mesh)

to the unhydrated surfaces, with adsorption energies
ranging from 100-172 kJ mol™' (Table 5). Fubini et al.
(1989), in their temperature-programmed desorption
(TPD) study of a variety of oxide surfaces, suggest that
the associative adsorption of a water molecule by its
oxygen atom to a surface metal ion releases energies of
between 70 and 120 kJ mol™". Almost all water mole-



Table 5 Surface and adsorption energies of associative adsorption
of water on relaxed forsterite surfaces

Surface® /I m~2 Eaqs/kJ mol™!
{001}ad 0.47 -117.7
{001}b? 1.36 -112.9
{010}a 0.30 -99.4
{0101b¢ 0.86 -127.4
{100}a 1.37 -132.1
{100}b? 1.28 -103.2
{011}a 0.28 -140.9
{011}b¢ 0.96 -137.0
{101}a" 1.02 -101.3
{101}b¢ 1.14 -117.7
{110}a 1.29 -171.7
{110}b? 0.35 -137.0
{I11}a4 1.01 -123.5
{111b¢ 0.79 -107.1
{021}a¢ 0.60 -130.3
{021}b¢ 1.50 -101.3

#d denotes a dipolar plane

cules also coordinate in a hydrogen-bonded fashion by
their hydrogen atoms to oxygen ions either in the lattice
or other water molecules. This type of interaction found
in liquid water can be expected to release at least
44 kJ mol™! or so and Fubini et al. (1989) estimate it to
release another 50-70 kJ mol™" when oxide surfaces are
present. Hence, our calculated adsorption energies of
100-172 kJ mol™", which include both interactions,
agree well with their findings.

The non-dipolar {010} surface remains one of the
most stable surfaces although its hydration energy is
the lowest. The less stable unhydrated surfaces show the
largest adsorption energies and are stabilised most upon
hydration. For example, the surface energy of the non-
dipolar {110} surface, the most unstable dry surface,
decreases from 3.18 J m™2 to 1.29 J m~2 when hydrated
by molecular water and the process releases
171.7 kJ mol™". Figure 2 shows both the unhydrated
and hydrated {11 0}a surfaces, from which it can be seen
that some of the water molecules adsorb in the gaps on
the surface, hence smoothing the surface. Another effect
is that the water molecules cluster around magnesium
ions and hence increase the coordination of the surface
cations. In earlier work on surface hydration of different
systems, namely MgO (de Leeuw et al. 1996), Al,O;
(de Leeuw and Parker 1999a) and calcium carbonates
(de Leeuw and Parker 1998b), we also found large
stabilisations of otherwise relatively unstable surfaces,
which we suggest is a general effect.

Dissociative adsorption

The next step was to add dissociated water molecules
onto the surfaces, in effect hydroxylating the topmost
layer and again relaxing the surfaces. The surface and
adsorption energies of the hydroxylated surfaces are
collected in Table 6. Apart from the non-dipolar {100}
surface, all surfaces are amenable to hydroxylation. On
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Fig. 2 a Relaxed unhydrated non-dipolar {110} surface and
b minimum energy structure with water molecules associatively
adsorbed in the surface gaps

some of the dipolar surfaces, notably the {010}, {011}
and {11 1}a, large amounts of energy are released upon
dissociative adsorption of water, but again, the largest
adsorption energy is found for the non-dipolar {110}
surface. Similarly to the {110} surface with associatively

Table 6 Surface and adsorption energies of dissociative adsorp-
tion of water on relaxed forsterite surfaces

Surface® v/J m™ Eaqs/kJ mol™!
{001}a¢ 0.52 -120.6
{001}b? 0.56 -256.7
{010}a 0.76 -89.2
{010}b? 0.58 -300.1
{100}a 2.77 +73.3
{1001b¢ 1.34 -168.8
{011}a 0.33 -172.7
{011}b¢ 0.97 -278.8
{101}a¢ 0.75 -178.5
{101}b? 0.86 -217.1
{110}a 1.10 —420.7
{110}b? 0.49 -150.5
{111}a¢ 1.57 -316.8
{111}p¢ 0.90 -152.4
{021}a¢ 1.01 -141.8
{021}b? 1.28 -167.9

%d denotes a dipolar plane
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adsorbed water molecules, the hydroxylated {110}
surface has been smoothed by adsorption of hydroxyl
groups bridging the gaps on the surface and increasing
the coordination of the surface magnesium ions.

Comparing the surface energies for the different sur-
faces in Tables 4-6 we see that on associative adsorption
of water, all surface energies were reduced and the rela-
tive stabilities of the different cuts of each surface remain
the same. However, on dissociative adsorption of water
some of the surface energies have increased. Further-
more, the relative stability of different cuts can be mod-
ified: for example, the non-dipolar {0 1 0} surface was far
more stable than the dipolar {010} plane both in the
unhydrated form and after associative adsorption of
water, but upon hydroxylation the dipolar cut has be-
come more stable in a way similar to the dipolar and non-
dipolar cuts of the a-Al,O; {000 1} basal plane (Nygren
et al. 1997; de Leeuw and Parker 1999a). The change in
stability arises because the surface energy of the dipolar
plane has decreased steadily from dry to associative ad-
sorption to hydroxylation, but the surface energy of the
non-dipolar {010} surface has increased from associa-
tive adsorption (y = 0.30 J m™2) to dissociative adsorp-
tion (y=0.76J m2). In addition, the energy of
adsorption of dissociated water molecules at
-89 kJ mol™! is less than for associative adsorption
(=99 kJ mol™"), and from both adsorption energies and
surface energies we may assume that the non-dipolar
{010} surface will be more stable when unhydroxylated.
Figure 3 shows the unhydrated non-dipolar {010} sur-
face and the hydroxylated dipolar {0 1 0} plane. The non-
dipolar surface is a smooth plane terminated by O-Mg-O
bridges. Hydroxylation of this plane leads to a much
rougher surface. In a previous study on the stability of
quartz surfaces (de Leeuw et al. 1999a), we found that
the quartz {000 1} surface, which is terminated by O-Si-
O bridges similar to the O-Mg-O bridges on the forsterite
{010} surface, was not as amenable to dissociative ad-
sorption of water as the other quartz surfaces, which
have low-coordinated surface species. Furthermore,
when we adsorbed concentrated NaOH on the quartz
{1011} surface we found that the formation of O-Na-O
bridges had a large stabilising effect as well.

In contrast, hydroxylation of the dipolar {010} sur-
face is energetically very favourable. The surface consists
of a half-vacant magnesium plane. The hydroxyl groups
of the dissociated water molecules strongly bond to two
surface magnesium ions (Fig. 3b). Their hydrogen at-
oms, together with the hydrogens bonded to lattice ox-
ygens, tilt towards the magnesium vacancies. This is a
structural analogue of the hydrogarnet defect in gross-
ular (Wright et al. 1994), where four hydrogen atoms are
found to point in the direction of an empty silicon site.
We observed the same effect on hydroxylation of a
stepped MgO {100} surface, where again the hydrogen
atoms of adsorbed hydroxyl groups pointed towards
empty Mg lattice sites (de Leeuw et al. 1995) and on
dissolution of Mg ions from corner sites (de Leeuw and
Parker 1999a).

Fig. 3 a Side view of the relaxed unhydrated non-dipolar {010}
surface showing a smooth plane of O-Mg-O bridges. b Side view of
the hydroxylated dipolar {010} surface showing extensive coordina-
tion between surface Mg ions and hydroxyl groups. ¢ Three-
dimensional view of the hydroxylated dipolar {010} surface showing
corrugation of the surface with rows of hydroxy groups at different
heights (Mg shown in mesh)

Next, we adsorbed a layer of water molecules on each
hydroxylated surface and the resulting surface and
adsorption energies are collected in Table 7. Almost
all surfaces have been stabilised with low adsorption
energies indicative of physisorption of the water mole-



cules to the hydroxylated surfaces. Fubini et al. (1989),
in their TPD study of a range of hydrated oxides, found
energies of between 50 and 70 kJ mol™! for adsorption
of water molecules to hydrogen atoms of surface hy-
droxyl groups. On the surfaces where the adsorption is
much larger, notably the {110}a, {111}a and {021}b
surfaces, we find that some of the water molecules also
coordinate to surface magnesium and silicon ions. The
stabilities of the two {0 1 0} planes are still reversed, with
the dipolar plane the more stable of the two, although
the difference in surface energies (0.1 J m™') is small
enough that we may expect, at the macroscopic scale, to
find a stepped surface containing both planes under
aqueous conditions.

Magnesium dissolution

The greater stability of the hydroxylated dipolar {010}
plane over the non-dipolar plane suggests that some
dissolution of the magnesium ions may occur upon hy-
dration, as is, for example, observed experimentally for
wollastonite (CaSiO;) (KH Rao, personal communica-
tion) and can be induced for forsterite at low pH.
Seyama et al. (1996), for example, used X-ray photo-
electron spectroscopy to investigate removal of magne-
sium ions from forsterite surfaces. After acid dissolution
they only found surface SiO,nH,O species, while mic-
rographs showed an etched structure. In addition, high-
temperature vacuum experiments by Nagahara and
Ozawa (1996) and Young et al. (1998) showed forsterite
to evaporate in H, gas, leaving pits and islands on the
surface. We calculated dissolution of surface magnesium
ions to be energetically feasible for a range of MgO
surfaces of differing cation coordination (de Leeuw and
Parker 1999a) and we were interested to see whether the
same was true for both the dipolar and non-dipolar
forsterite {010} surfaces. To this end we replaced surface
magnesium ions by two hydrogen ions each, in effect

Table 7 Surface and adsorption energies of associative adsorption
of water on relaxed hydroxylated forsterite surfaces

Surface® v/J m™ Eaqs/kJ mol™!
{001}a¢ 0.08 -68.5
{001}b? 0.28 —64.6
{010}a 0.27 -71.4
{010}b? 0.17 -67.5
{100}a - -
{10 oibd 0.78 -78.2
{011}a 0.16 -55.0
{011}b? 0.55 ~72.4
{101}a" 0.91 -32.8
{101}b¢ 0.32 -80.1
{110}a 0.26 -102.3
{110}b¢ 0.20 -63.7
{111}a¢ 1.81 -126.4
{111}b¢ 0.84 -48.2
{021}a¢ 0.28 -90.7
{021}b¢ 0.32 -105.2

#d denotes a dipolar plane
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dissolving a Mg?* ions under acidic conditions. Thus, to
calculate the dissolution energy we investigate the fol-
lowing reaction:

2Hz;q) + Surfacepyre — Surfacedefective + Mg%;;) ,  (6)

where experimental enthalpies for HE‘:"CD’ Mg%;l) and
water and the simulated results for Surfacep,.. and

Surfacegefeciive Were used.

The dissolution energy, i.e. the energy of replacing a
magnesium ion by two hydrogen ions, for the non-
dipolar plane was —204.4 kJ mol™" while the dissolution
energy for the dipolar plane was —381.5 kJ mol™", clearly
a more favourable process. Thus, we find that dissolution
of magnesium ions from both surfaces is energetically
favourable under acidic conditions, providing a route for
obtaining the most stable surface under different condi-
tions. The surfaces, including defects, were then hydrated
by molecular water again, which released another 63.1
and 130.9 kJ mol™" for the non-dipolar and dipolar
surfaces respectively which is similar to the energy re-
leased on adsorbing water to the hydroxylated non-
dipolar surface, 71.4 kJ mol™" (see Table 7) but larger
than for the dipolar surface, 67.5 kJ mol™".

Morphology

The equilibrium morphology of a crystal is determined
by the surface energy and the related growth rate of the
various surfaces and provides a measure of the relative
stabilities of the surfaces. Wulff’s Theorem (Wulff 1901)
proposed that a polar plot of surface energy versus
orientation of normal vectors would give the crystal
morphology based on the approach of Gibbs (Gibbs
1928), who proposed that under thermodynamic control
the equilibrium form of a crystal should possess minimal
total surface free energy for a given volume. We consider
that for solid surfaces the surface energy is a close ap-
proximation for the surface free energy because previous
lattice dynamics simulations showed that the contribu-
tion of the excess entropy term to the surface free energy
is small compared to the enthalpy term, as the differ-
ences between the entropies of the bulk and the surface
are small. Thus, the surface energies can be assumed to
determine the equilibrium morphology of the crystal.
Moreover, we would expect a surface with a high surface
free energy to have a large growth rate and this fast-
growing surface will not be expressed in the morphology
of the resulting crystal. Only surfaces with low surface
free energies, and hence slow-growing, will be expressed.
However, crystal growth is a complex kinetic process
and will be affected by many factors and hence the
equilibrium morphologies should be treated more as a
representation of the effect of the addition of water to
the different surfaces rather than the definitive growth
morphology.

Figure 4a shows a common experimental morpholo-
gy expressing surfaces investigated in this paper
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(Deer et al. 1992). From the surface energies of the hy-
drated and hydroxylated surfaces we calculated an
equilibrium morphology for forsterite (Fig. 4b). The
surfaces for which the energy of dissociative adsorption
was equal or less than that of associative adsorption
were deemed not to become hydroxylated. There is a
good comparison between the morphology thus ob-
tained with the experimental morphology: the same
surfaces are expressed in the calculated equilibrium
morphology as are found in the experimental morphol-
ogy, although both {001} and {110} surfaces are
somewhat too stable with respect to the {101} and
{021} planes.

Conclusion

This study has advanced considerably our understand-
ing of the surface stability and structure of forsterite. We
have shown first that on energy minimisation of the
unhydrated surfaces large relaxations of the silica ter-
minated planes occur, with magnesium ions moving into
the surface layer and a general smoothing of the sur-
faces. The non-dipolar {010} plane is the most stable

a
001
101 021
110 010
b
101 001

110 010

NN

Fig. 4 a Experimental and b calculated equilibrium morphology of
forsterite

forsterite surface in unhydrated form and its stability
may be due to the formation of O-Mg-O bridges on the
surface, similar to O-Si-O and O-Na-O bridges, which
were found to stabilise surfaces of a-quartz.

Next we have shown that all surfaces are amenable to
associative adsorption of water with adsorption energies
ranging from 100-170 kJ mol™', indicative of chemi-
sorption of the oxygen of the water molecule to metal
cations in the surface combined with hydrogen bonding
to lattice oxygen ions and other water molecules. We
have shown that dissociative adsorption is energetically
favourable on most surfaces. On the surfaces where as-
sociative adsorption leads to hydroxylation, the ad-
sorption energies exceed 120 kJ mol™!, in agreement
with experimental findings by Fubini et al. (1989) in
their TPD study of a variety of oxide surfaces.

An important finding is that dissolution of Mg”™"
ions with replacement by H™ ions is energetically fea-
sible on both {010} terminations, showing that the
reversed stability of the two planes from associative
to dissociative water adsorption need not impede the
occurrence of the more stable dipolar plane under
aqueous conditions.

We also found that the equilibrium morphology
obtained using the surface energies of the various hy-
drated surfaces agrees well with the experimentally
found morphology, indicating that the relative stabilities
of the surfaces were modelled correctly.

Future work will apply molecular dynamics simula-
tions to the various surfaces in liquid water to allow
temperature to be included in the calculations. Fur-
thermore, we intend in future to use the same static
simulation techniques to study the relative stabilities of
forsterite grain boundaries and hydration effects therein,
in addition to molecular dynamics simulations of diffu-
sion along the grain boundaries.
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