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Modelling silicate mineral interfaces for carbon
dioxide sequestration: structure and stability of
orthoenstatite surfaces†

Julie Aufort, a Izaac Mitchell b and Raffaella Demichelis *b

The atomic structure and stability of the surfaces of orthoenstatite (Mg2Si2O6), a silicate often present in

natural environments where carbon dioxide is captured and stored into minerals or reduced, have been

investigated for the first time using density functional theory and a classical rigid-ion force field model.

Only non-polar stoichiometric surfaces have been considered, with a specific focus on the {210}, {010},

{100}, {110} and {120} surfaces that have been most frequently reported in the literature. It turns out that

there are only three main surfaces ({210}, {010}, {100}), all the others being microfacets (i.e. surfaces com-

posed of multiple crystalline facets) exhibiting combinations of the three possible surfaces. The {100}

surface, which is the main one reported in the literature, is the most unstable and undergoes surface

reconstruction due to major rearrangement of magnesium atoms and their coordination shell. Results

suggest that this surface would either be hydroxylated or undergo other forms of reconstruction altering

the Si–O bonding pattern (i.e. forming a phyllosilicate layer) depending on the chemical environment.

This work provides the background knowledge and model that can be used to investigate CO2 reduction

at the enstatite-gas interfaces and to develop future models able to describe the enstatite-liquid interface

in the context of CO2 capture.

1 Introduction

The excessive release of CO2 into the atmosphere is a problem
plaguing our society, due to its direct link to global warming and
climate change.1,2 Accelerating the removal of CO2 from the
atmosphere through carbon dioxide capture techniques, together
with limiting its emissions by transitioning to carbon pollution-
free energy, play fundamental roles in tackling this challenge.

Among the several promising methodologies and techno-
logies that are being developed (e.g. Berstad et al.,3 Goli et al.,4

Sreedhar et al.,5 Gao et al.,6 Zhang et al.,7 Todorova et al.8), the
natural processes occurring at the interface between silicate-
rich minerals and aqueous fluids are extremely interesting due
to their demonstrated potential to address both the removal of
carbon dioxide and the production of clean fuel. In fact,
depending on the conditions and chemical environment,
these mineral phases can undergo either mineral carbonation
(i.e. dissolve and precipitate as carbonates), or catalyse the

reduction of CO2 to organic molecules.9 The former process
has already found its first large-scale application,10 although
challenges related to costs, safety, and overall feasibility
remain at other locations.11–14 The latter process has received
more limited attention in this context, while attracting much
interest in the fields of organic matter in space, hydrothermal
systems, and early Earth conditions.9,15–17

Due to the interdisciplinary and complex nature of these
processes and their direct implications being predominantly
within the domain of the geosciences (element cycling, geo-
physical processes, origin and support of life14,17–19), the fun-
damental understanding of the chemical reactions involved
with carbon dioxide sequestration and reduction is very
limited. This includes knowledge of the atomic details of the
structure, morphology, and reactivity of the mineral interfaces,
which are the places where carbon dioxide binds to either
form new minerals or react.

Within this context, MgFeSiO4 olivine and Mg2SiO4 forsterite
are the most widely studied phases. While many fundamental
details of their interface with liquid water and CO2 are still a
matter of investigation, much progress has been achieved in the
definition of their surface structure, morphology and adsorption
properties.20–26 In contrast, the other silicate phases that are
present in the CO2 sequestration and reduction environments
have not received much attention to date.
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In this paper, we investigate the surface structure and stabi-
lity of orthoenstatite, a common rock forming silicate that is
abundant in both the terrestrial and extra-terrestrial environ-
ments where the processes described above occur.9,27

Orthoenstatite (Pbca) is the orthorhombic Mg end-member of
the pyroxene group XYSi2O6 (where X and Y are divalent
cations). It is a single-chain inosilicate, where the chains are
made of SiO4 tetrahedra with a Si : O ratio of 1 : 3. Two six-fold
coordination cation sites are present: an irregular octahedral
site that is able to accommodate intermediate- to large-size
cations, and a more regular octahedral site able to accommo-
date intermediate- to small-size cations. The structure of
orthoenstatite is well known (see, for example, Ghose et al.,28

Demichelis et al.29), and so are many properties of the crystal-
line phase (e.g. Demichelis et al.,29 Angel and Hugh-Jones,30

Zucker and Shim,31 Stangarone et al.32). Studies on the dis-
solution rates of orthoenstatite along different hkl directions
are also available.33 However, to the best of our knowledge, its
surface structure, morphology, and stability have so far been
completely unexplored at the atomic level.

Due to the lack of experimental results and computational
predictions, first principle calculations based on density func-
tional theory have been run on a subset of orthoenstatite sur-
faces to provide reference data. The latter were used to validate
a rigid-ion force field model that has been developed and used
to study the atomic structure and stability of a larger set of
non-polar stoichiometric surfaces in vacuum.

2 Computational methods
2.1 Force field development

All classical lattice dynamics calculations were run using the
General Utility Lattice Program34,35 (GULP). For the solid, geo-
metry optimisation and phonon calculation were run using
the default options and thresholds and a shrinking factor of 8.
For the surfaces, geometry optimisation was run at constant
volume and also using the default setup. The search for non-
polar surfaces was performed using the GDIS package.36

A two-region strategy is used to model the surfaces, with
region 1 containing the atomic layers that exhibit a significant
relaxation (the surface) and region 2 containing the atomic
layers that preserve the same structure of the bulk (the bulk). A
size of 1 to 4 layers (depending on the surface area) for region
1 and region 2 was sufficient to achieve convergence on the
surface energy at the second decimal digit of the considered
surfaces.

Here, the total energy of the system (Usystem) and of the
surface (Usurface) can be written as:

Usystem ¼ U11 þ U12 þ U22 ð1Þ

Usurface ¼ U11 þ ð1=2ÞU12 ð2Þ
with U11 and U22 being the energies of regions 1 and 2, and
U12 the interaction between the two regions.

The surface energy γ is then obtained through:

γ ¼ Usurface � Ubulk

A
ð3Þ

where Ubulk is the energy of the bulk and A is the area of the
unit cell.

The potential model developed by Kerisit et al.24 for
Mg2SiO4 forsterite was initially used, which is a modified
version of ClayFF37 associated with SPC/E water38 and EPM2
carbon dioxide.39 This model has the advantage of including
all the interactions needed to model the interface with liquid
water and carbon dioxide. However, due to the different nature
of the silicate units, the original charge of −1.525|e| on oxygen
was modified through assigning all oxygen atoms in orthoen-
statite the same atomic type and an average charge of −1.37|e|.
We also considered assigning the two different oxygen atoms
in orthoenstatite two distinct atomic types with charges of
−1.4 and −1.3|e|, but found that the results were very similar,
hence we report only those obtained in the former case.

Table 1 shows that Kerisit et al.24’s model is not transfer-
able as such to orthoenstatite, as it provides differences by as
much as 10% on the Mg–O distances in the irregular octa-
hedral site.

A new model was developed through refitting the inter-
atomic interactions in Kerisit et al.24 using the Buckingham
potentials and re-defining the charges of the two oxygen types,
while maintaining the charges on the other atoms unchanged.
All structural parameters obtained with this model, including
bond distances, are in very good agreement with the experi-
mental values.

The re-definition of the oxygen charges means that the
parameters between the mineral oxygen atoms and the SPC/E
water and EPM2 carbon dioxide models would need refitting
with respect to those provided in Kerisit et al.24 This is outside
of the scope of this paper, which is focused on the mineral
surfaces, the first step towards a longer term goal of building a
broader, comprehensive model able to describe the silicates-
fluid interface with a similar level of accuracy that has been
achieved for other systems, e.g. the carbonate–water inter-
face.40 Indeed, while classical force fields are unable, by defi-
nition, to describe events that involve chemical reactivity, they

Table 1 Experimental and calculated structural properties of
orthoenstatite

Exp.41,42 DFT FF FF – Kerisit et al.24

V 831.98 +0.4 +0.0 +1.3
a 18.225 +0.0 −1.3 −0.6
b 8.8129 +0.2 +0.3 +0.0
c 5.18 +0.2 +1.0 +1.9
Mg–Omin 1.992 −0.1 +0.8 +2.4
Mg–Omax 2.445 +0.1 −1.7 −10.4
Si–Omin 1.585 +0.7 −0.1 +2.2
Si–Omax 1.679 +0.4 +0.4 −0.3

Calculated values (DFT and force field – FF) are reported as relative
differences. V, a, b, c are the unit cell volume [Å3] and lattice para-
meters [Å], Mg–O and Si–O are bond distances (maximum and
minimum) [Å].
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can be very accurate to describe the structure and dynamics of
fluids at the interface with minerals, which include physisorp-
tion, non-reactive dissolution and binding.

The rigid-ion (i.e. point charges with fixed positions) nature
of both the models mentioned above does not allow to repro-
duce other bulk properties (e.g. mechanical, elastic and
vibrational properties). While a shell potential model would
provide a better estimation of bulk properties, the high compu-
tational cost would limit its usefulness in modelling the
orthoenstatite-fluid interface. Therefore, we suggest to limit
the use of this force field to model surface properties and
interfaces, and discourage its use to investigate bulk
properties.

The full set of force field parameters developed in this work
is reported as ESI.†

2.2 Density functional theory (DFT) calculations

All quantum mechanical calculations were performed with
CRYSTAL23.43,44 The PBE0 45 hybrid functional and Gaussian-
type basis set originally optimised for pyrope46 and then used
for similar calculations involving silicate minerals and their
surfaces,25,29,47,48 were adopted.

Thresholds on the accuracy of the Coulomb and Hartree–
Fock (HF) exchange series and on the bipolar approximation
of Coulomb bielectronic integrals were tightened with respect
to default values (to TOLINTEG 8 8 8 8 16 and BIPOLA 18 18).
The default DFT integration grid ensured a satisfactory accu-
racy of the numerically integrated electron charge density (the
error is on the order of 10−4|e| on a total of 800 to 2400|e|,
depending on the system). The reciprocal space was sampled
according to a Monkhorst–Pack mesh49 with shrinking factor
6, corresponding to 64 and 16 to 20 k points in the first irredu-
cible Brillouin zone of the solid and the surfaces, respectively.
The threshold on the Self Consistent Field (SCF) energy was
set to 10−8 hartree, with initial direct inversion of the iterative
subspace (DIIS).50,51 To achieve SCF convergence a Fock/
Kohn–Sham matrix mixing between subsequent SCF cycles of
30% was selected for most calculations, and was increased to
50% for some surfaces.

Structures were optimized by using the analytical energy
gradients with respect to either atomic coordinates (for the
surfaces) or atomic coordinates and lattice parameters (for the
solid) within a quasi-Newton scheme, combined with the
Broyden–Fletcher–Goldfarb–Shanno (BFGS)52–55 scheme for
Hessian updating. Convergence was checked on energy, gradi-
ent components and nuclear displacements using default
thresholds.

A slab was used to model the surfaces. Surface energy (γ) at
T = 0 K was obtained from the equation

γ ¼ lim
n!1UsðnÞ ¼ lim

n!1
UslabðnÞ � nUbulk

2A
ð4Þ

where n is the number of the dhkl layers; Uslab(n) and Ubulk are
the energy of an n − layer slab and of the bulk, respectively; A
is the area of the surface unit cell; the factor 2 accounts for the
upper and lower surfaces of the slab model. Us(n) is the energy

per unit area required to form the surface, which converges to
its value as more dhkl layers are added. The thickness of the
slab (i.e. n) was set so that the difference between Us(n) and
Us(n − 1) is converged at the second decimal digit. Similarly to
what observed for the classical calculations, the number of
layers to achieve convergence for the considered surfaces is n =
1 to n = 3 (see Table 2). DFT calculations were run with 1
additional layer with respect to what reported in the table.
Despite large size unit cells (320 atoms for n = 4), several sur-
faces maintain some symmetry elements, lowering the number
of irreducible atoms and contributing to making these calcu-
lations feasible.

The counterpoise correction scheme proposed by Boys and
Bernardi56 was used to estimate the Basis Set Superposition
Error (BSSE), following a similar procedure as in De La Pierre
et al.57 and in Demichelis et al.25 In particular, for each hkl
direction, the slab was cut from the bulk and layers of ghost
atoms were added to both surfaces of the slab, with atomic
functions centred at the atomic positions of the atoms in the
bulk. A single point energy calculation was then run for each
slab with progressive increase of ghost layers, until conver-
gence on surface energy was reached (10−2 J m−2). The error on
the surface energy calculated as such was then subtracted
from the surface energy of the optimised slab.

3 Results and discussion

Enstatite started attracting the attention of mineralogists
nearly two hundred years ago, when it was first identified and
then found in several locations, as well as in meteorites.
Here, a rich literature on its possible crystal forms is available,
reporting more or less elongated prisms exhibiting mostly the
{100}, {010}, {210} faces, and sometimes {110} and {120}
faces, in different proportions. The shallow vaulted
summits of the prisms tend to include a great number of
repeated faces with small inclinations, i.e. {112}, {122}, {121},
{124}, {324}, {111}, {108}, {104}, {101} and, more
generally, {h0l}.58–64 Crystal models, extracted by the Mindat
database65 team from literature that we were unable to access
also exhibit the {310}, {410}, {102}, {211}, {221} and {331}
cleavage.

It is important to highlight that this information is of quali-
tative nature, mostly relying on physical measurements of their
geometry using a goniometer on natural samples containing
both Mg and Fe in different proportions (most samples are
actually hypersthene), often associated with clinopyroxene and
containing impurities (e.g. Al and water). To the best of our
knowledge, there is no additional study that elucidates the
surface structure, stability, and morphology of orthoenstatite.

Eleven surfaces were identified in this study and are
reported in Table 2. They correspond to all the possible non-
polar surfaces from dhkl = a to dhkl = 2.5 Å that preserve Si–O
bonding. All surfaces cutting along the z direction would break
one or more SiO4 units and require surface hydroxylation or
major reconstruction. Although we cannot exclude that these
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could be possible, especially when in contact with fluids, we
have assumed that the breaking of a strong, stable Si–O bond
should be energetically disfavoured with respect to other cuts
where all covalent bonds are preserved. In fact, the crystal
shapes of enstatite described in the aforementioned literature
suggest that most of the crystal surface is represented by {hk0}
surfaces. Additionally, studies on dissolution of pyroxenes66

show that even in extreme pH conditions and high tempera-
tures, the Mg–O bonds are the first to break, without altering,
at least initially, the structure of the Si–O framework. The dis-
solution would then proceed with a relatively slow detachment
of silica from partially liberated tetrahedral chains. Therefore,
in this initial phase of model development, we have dis-
regarded surfaces with a Miller index l ≠ 0.

In order to preserve the Si–O bonding structure, many {hk0}
surfaces turn out to be rough and microfaceted. In particular,
there are three main surfaces: {210}, {100}, and {010}, which
are also the ones most often reported in the literature. All the
other surfaces are microfacets exhibiting two of these three
orientations. The first part of the table reports the {hk0} sur-
faces that we have found in the literature.58–61,63,64 The second
part of the table reports surfaces that are in principle also
possible, but have never been observed.

Given that many of these surfaces have large unit cell areas,
DFT calculations were performed only on a subset of surfaces,
which includes the three main surfaces and the two most com-
monly reported microfacets. The stability order of the surfaces
shown in Table 2 is the same with both the force field and DFT,
which confirms that our potential model is suitable for the
simulation of orthoenstatite surfaces. However, the relative
differences between the surface energy calculated with the force
field and DFT (including the BSSE correction) is high. Past work
on a similar system, forsterite,22,25 shows differences in the
order of 20 to 40%, though in this case the comparison is with a
polarisable force field. If we calculate the values of forsterite

surface energy with a rigid ion model, e.g. Kerisit et al.,24 relative
differences with DFT become >100%, while still maintaining the
correct stability order. This is a direct consequence of rigid-ion
models inaccuracy to model mechanical and elastic properties.
As discussed in the previous section, polarisable models come
with high computational cost that would limit the applicability
of this model to simulate the orthoenstatite-fluid interface.

The most stable surface is {210}, which also undergoes very
minor surface rearrangement during geometry optimisation, as
shown in Fig. 1 and in Table 3. A similar comment holds for
{010}, {110}, and {120}, which are slightly less stable.

Of the three main surfaces, and of all the surfaces that have
been observed experimentally, {100} is the least stable. A
higher surface energy is also associated with all surfaces that
have {100} as a main microfacet (i.e. {410} and {310}, see Fig. 1
in the ESI†). The {120} surface is not affected because the
{100} facet is very small compared to the {010} facet, though
the main structural rearrangement observed during geometry
optimisation is in proximity of the {100} facet.

Fig. 2 shows that the {100} surface terminates with Mg ions
with low coordination. In order to achieve dipole neutrality
without changing the SiO4 bonding, there are four distinct
ways of arranging 2 Mg atoms on the surface. One corresponds
to a higher surface energy with both force fields and DFT,
leading to some major surface reconstruction. Three undergo
some reconstruction and provide reasonable structures and
energies, though they have a different stability order with FF
and DFT. Therefore, we have reported the data for all these
arrangements. In all these cases, the {100} surface undergoes
surface reconstruction due to rebuilding the coordination
environment of the exposed Mg atoms, resulting in rotations
of SiO4 tetrahedra and Mg displacement (as also seen in
Table 3).

With the adopted basis set, a BSSE of about 25% on the
surface energy is estimated for forsterite surfaces25 and for the

Table 2 The surfaces of enstatite examined in this study, ordered by increasing surface energy

{hkl}

dhkl γ A

n MicrofacetsFF DFT FF DFT FF DFT

{210} 6.306 6.343 1.56 0.95 131.94 131.73 2 —
{010} 8.840 8.831 1.80 1.03 94.11 94.61 2 —
{110} 7.934 7.948 1.87 1.08 104.85 105.13 2 {210}, {010}
{120} 4.293 4.291 1.92 1.10 193.81 194.70 3 {010},{100}
{100}1 17.994 18.232 2.48 1.30 (1.37) 46.23 45.83 1 —
{100}2 17.994 18.232 2.60 1.25 (1.32) 46.23 45.83 1 —
{100}3 17.994 18.232 2.98 1.35 (1.40) 46.23 45.83 1 —

{320} 3.558 3.572 1.72 — 233.80 233.90 3 {210},{010}
{430} 2.465 2.473 1.77 — 337.50 337.90 3 {210}, {010}
{130} 2.908 2.906 1.89 — 286.08 287.52 3 {010}, {100}
{230} 2.800 2.801 1.93 — 297.08 298.28 3 {010},{210}
{310} 4.963 5.006 2.25 — 167.62 166.90 4 {100},{010}
{410} 4.010 4.050 2.34 — 207.51 206.29 4 {100},{010}

A line separates surfaces that have been mentioned more often in the literature from those that have rarely or never been observed. Miller indices
({hkl}), distance between planes (dhkl [Å]), surface energy (γ [J m−2]) and surface area (A [Å2]) are reported for each set of surfaces, as calculated
with the force field (FF) and DFT. The minimum number of layers needed to achieve convergence on the surface energy (n) are also reported.
Note that n < 3 has not been considered for surfaces with A > 200 Å2. Orientations of the microfacets are shown in the last column.
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surfaces of orthoenstatite that do not undergo any main recon-
struction. Such contribution increases to 30–40% for the 100
surface. Here, there is a limitation in the way the BSSE is calcu-
lated, which is that its accuracy decreases if the surface under-
goes major reconstruction (as it is estimated from the unopti-
mised surface cut). For this reason, the value of the surface
energy in the hypothesis of a 25% BSSE correction is reported
into parenthesis for the {100} surfaces in Table 2.

The fact that {100} has often been observed experimentally
and not just as “one of” the surfaces, but rather as “the” main
surface exhibited by orthoenstatite, is in contrast with its high
surface energy and unlikely atomic arrangement. Here, a
reasonable hypothesis is that when in contact with fluids or
other materials, the upper Mg atoms may leave the surface
and the surface may undergo hydroxylation (an hypothesis
that would be in line with what was observed in Oelkers and
Schott66 and Zakaznova-Herzog et al.67), or other forms of
reconstruction altering the Si–O bonding (e.g. the formation of
a phyllosilicate layer, as observed in some experiments68–71).

In order to test these hypotheses, two models have been
designed. In one, magnesium atoms have been completely
removed from the top and bottom of the {100} slab (2 per side)
and replaced with four hydrogen atoms per side bound to the
most external non-bridging oxygen atoms (i.e. bound to one
silicon atom only, see Fig. 3). In the other, magnesium atoms

and the two apical oxygen atoms in the unit cell have been
removed. In both cases, constant volume geometry optimiz-
ation was run using DFT. In the first case, the hydroxyl groups
form a network of hydrogen bonds that connect the chains of
tetrahedra on the surface. In the second case, a distorted phyl-
losilicate layer forms from joining the SiO4 chains through
rotation and rearrangement of the tetrahedra to compensate
for the oxygen vacancies. Both these arrangements are rep-
resented in Fig. 3 and do not affect the structure of the slab
beyond the superficial layer.

While it is important to highlight that these are just two
preliminary models and that further investigation is required
to achieve a conclusive understanding of the {100} surface
structure and stability, the results of the optimisations (run in
vacuum) are in good agreement with what is observed experi-
mentally during weathering. Through titration and electroki-
netic measurements, Oelkers et al.72 observe loss of divalent
cations coupled with protonation as a common feature for sili-
cate surfaces, which is also in line with the outcomes of the
XPS experiments by Zakaznova-Herzog et al.67 and Schott
et al.73 Numerous other studies based on XPS, AES, TEM,
HRTEM, XRD SEM-EDS, SAED investigations show that the
chemical components of the {100} surface of orthopyroxenes
are different from their inner compositions,68 and that poly-
merisation of silicate chains on the surface69 leads to the for-

Fig. 1 View along x of {210} (top left), {010} (top right), {110} (bottom left), and {120} (bottom left) surfaces. The b lattice parameter is shown as a
measure of the size of the unit cell; the microfacets are highlighted with a dotted line and their orientation is reported. SiO4 tetrahedra are coloured
in brown, oxygen atoms in red and magnesium atoms in green. The difference between the optimised and unoptimised surfaces is minimal and not
visually significant, hence, for each {hkl} set only one representation is provided.
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mation of a phyllosilicate layer.70,71 Most of these studies high-
light that the surface structure and chemistry of weathering
depend on external factors such as temperature, pH and
chemical composition of the solution.

The results of the simulations discussed in the previous
paragraphs show that the way the {100} surface re-arranges in
solution is also likely to occur when orthoenstatite is in
vacuum or in contact with gases. This is particularly relevant
in the context of organic matter in space, as orthoenstatite is
often found in meteorites and is present in extra-terrestrial
setups where the production of hydrogen and methane takes
place. As these surfaces are non-stoichiometric (i.e. the
formula unit no longer corresponds to that of the solid due to
loss or addition of atoms), there is no obvious way of comput-
ing their surface energies and of comparing their relative stabi-

Table 3 Relative (%) differences, obtained with DFT, between selected
interatomic distances of the optimised surfaces and those of the sur-
faces obtained from the bulk: Δmax and Δmin are the maximum and
minimum relative differences, σ is the standard deviation, and Δj j is the
average of the absolute relative differences

{210} {010} {110} {120} {100}1 {100}2 {100}3

Si–O
Δmax 3.4 3.7 5.0 4.8 2.2 3.2 1.8
Δmin −1.3 −1.0 −2.8 −2.6 −2.0 −2.4 −2.0
σ 1.2 1.4 1.6 1.6 1.6 1.5 1.4
Δj j 0.9 1.0 1.1 1.2 1.3 1.2 1.1

Si⋯Si
Δmax 2.1 2.2 2.7 2.5 2.6 2.2 1.0
Δmin 0.2 −0.6 −1.1 −1.0 −2.9 −3.2 −2.3
σ 0.7 1.1 1.2 1.1 3.9 2.1 2.4
Δj j 1.1 1.4 1.3 1.4 2.8 1.6 1.7

Si⋯Mg
Δmax 5.6 3.4 3.4 3.6 2.6 3.5 7.0
Δmin −7.7 −5.0 −9.6 −9.1 −17.0 −20.5 −12.3
σ 3.2 2.3 3.0 2.7 7.8 7.0 5.6
Δj j 2.5 2.0 2.4 2.3 6.0 4.9 3.7

Si⋯O
Δmax 7.8 6.9 7.4 8.1 11.7 6.3 16.2
Δmin −3.2 −1.3 −3.5 −4.1 −14.7 −4.2 −12.3
σ 2.7 2.0 2.5 2.3 6.7 2.7 5.2
Δj j 2.5 1.8 2.2 1.8 4.5 2.2 3.3

Total
Δmax 7.8 6.9 7.4 8.1 11.7 6.3 16.2
Δmin −7.7 −5.0 −9.6 −9.1 −17.0 −20.5 −12.3
σ 2.6 2.0 2.6 2.4 6.2 4.4 5.2
Δj j 1.8 1.6 1.9 1.8 3.9 2.6 3.3

The Si atoms of the SiO4 tetrahedra on the top surfaces have been
chosen as references. Si–O is the bond distance between each Si atoms
and the O atoms of its tetrahedron (a measure of the rigidity of the
SiO4 units during the optimization); Si⋯Si is the distance between
each Si atom with its two closest Si atoms (a measure of the relative
displacement of the SiO4 centres on the surface); Si⋯Mg is the dis-
tance between each Si atom with its four closest Mg atoms (a measure
of the relative displacement of Mg atoms); Si⋯O is the distance
between each Si atom and its five closest non-bonded O atoms (a
measure of the rotation of SiO4 units on the surface). Total is the stat-
istics run on the whole set of the aforementioned distances. A similar
atomic rearrangement is observed with the force field.

Fig. 2 View along x of {100}1 (top), {100}2 (middle) and {100}3 (bottom)
as cut from the bulk (left) and optimised with DFT (right). Force field
optimization leads to similar structures. Colours and labels as in Fig. 1.

Fig. 3 View along z of the most external silicate layer of the optimised
{100} surface: stoichiometric (left), hydroxylated (middle, H4-S100-H4 in
Table 4), and with removal of apical oxygen (right, S100 in Table 4).
Hydrogen bonds are shown in green dashed lines, H atoms are shown in
white colour. The other colours are as in Fig. 1.
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lities. Table 4 shows that a number of reactions leading to the
formation of both the non-stoichiometric surfaces are highly
favoured, both in gas phase and in water. These data should
be considered semi-quantitative: the zero point energy and the
thermal contributions have not been calculated due to the size
of the system; no BSSE correction has been included; the non-
stoichiometric surface models might correspond to local
minima (we did not test all the possible hypothesis); and DFT
has known limitations in reproducing relative stabilities of
solids that are too different in their structure and density.74,75

Additionally, the estimation of the reactions in water have
been obtained through including the experimental hydration
free energies for Mg2+ (−1830 kJ mol−1 (ref. 76)), H3O

+ and
H2O (−461.30 kJ mol−1 and −26.46 kJ mol−1 (ref. 77)), while
the hydration of the two orthoenstatite surfaces is neglected as
it is expected to cancel nearly exactly. However, while these
sources of inaccuracy would affect the absolute number of the
reaction energy, it is unlikely that they would change the sign.

The surfaces in the second part of Table 2 are all shown in
Fig. 1 of the ESI.† Given that they are all microfacets of the
three main surfaces, we can assume that what was discussed
above for {210}, {010} and {100} will apply to this set of sur-
faces. In particular, most surfaces do not undergo any major
reconstruction with the force field, except for {410} and {310}
due to {100} being their main facet. This is why they also
require more layers to converge, due to their considerably
larger area with respect to that of the {100} unit cell. These
facets would most likely be hydroxylated or reconstructed in a
simular way as described above for the {100} surface.

4 Conclusions

Modelling is becoming an increasingly powerful tool able to
provide accurate predictions and atomic insights into experi-

mental findings. In order to model complex phenomena, such
as the adsorption and reactivity of CO2 at the mineral-fluid
interface, detailed knowledge of the mineral surfaces is
required. Within this context, this work:

• provides a detailed analysis of the atomic structure and
stability of the surfaces of orthoenstatite, which represents the
background knowledge necessary to start modelling the inter-
face with gas-phase and dissolved CO2;

• shows that only three stoichiometric non-polar surfaces
exist, the others being microfacets. The restricted number of
possible main surfaces and large number of possible microfa-
cets, together with their similar surface energy, could justify
why such a variety of faces are observed in natural samples;

• shows that one of the aforementioned surfaces, {100}, is
the least stable cut despite being that most frequently observed
in natural samples, meaning it will likely exists as a non-stoi-
chiometric surface (i.e. either hydroxylated or with Si–O
bonding structure altered);

• provides a force field that models structural parameters
and surface stability order with similar accuracy as DFT and
that can be used, together with the surface models discussed
above, as a starting point to develop a model of the orthoensta-
tite-CO2–water interface.

These fundamental details on orthoenstatite surface struc-
ture, stability and morphology add to the knowledge we have
on other better characterised silicate phases (e.g. olivines) and
can be used together in future works to characterise non-stoi-
chiometric surfaces, to identify binding sites for water and
CO2 (also in presence of cationic substitutions and other
surface defects), to investigate physical and chemical adsorp-
tion mechanisms of these and other molecules, and to shed
light on the CO2 reduction mechanism in both terrestrial and
extra-terrestrial environments. The models and tools devel-
oped in this work can also be expanded in future works to
characterise the fundamental interactions leading to the dis-
solution/reprecipitation processes involved in CO2

geosequestration.
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Data availability

Force field description has been included as ESI.† The infor-
mation that is needed to make the input files for GULP and
CRYSTAL are reported in the text. The full set of input files
necessary to reproduce the calculations and a selection of
output files are stored on the data storage facilities available

Table 4 Energy [kJ mol−1] associated to possible reaction pathways
leading to the {100} surface reconstruction via hydroxylation (top) and
formation of a phyllosilicate-like layer (bottom) in gas phase and in
water

Reaction ΔUel

Mg2-S100-Mg2 + 4H2O(g) → H4-S100-H4 + 4MgO −1035
Mg2-S100-Mg2 + 8H2O(g) → H4-S100-H4 + 4Mg(OH)2 −1437
Mg2-S100-Mg2 + 4Mg(OH)2 → H4-S100-H4 + 8MgO −633
Mg2-S100-Mg2 + 8H2O(aq) → H4-S100-H4 + 4Mg(OH)2 −1226
Mg2-S100-Mg2 + 8H3O(aq)

+ → H4-S100-H4 + 4Mg(aq)
2+ + 8H2O(aq) −475

Mg2O2-S100-O2Mg2 → S100 + 4MgO −201
Mg2O2-S100-O2Mg2 + 4H2O(g) → S100 + 4Mg(OH)2 −603
Mg2O2-S100-O2Mg2 + 4H2O(aq) → S100 + 4Mg(OH)2 −497
Mg2O2-S100-O2Mg2 + 4H3O(aq)+ → S100 + 2Mg(OH)2 + 4H2O(aq)
+ 2Mg(aq)

2+
−122

Mg2-S100-Mg2 and Mg2O2-S100-O2Mg2 represent the unaltered {100}
slabs; H4-S100-H4 is the slab where 2Mg2+ atoms per side have been
replaced with 4H+ atoms; S100 is the slab where 2MgO per side have
been removed. Energies do not include thermal contributions, the
zero point energy, the hydration free energy of the solids, and the BSSE
correction.
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through the Pawsey Supercomputing Centre and Curtin
University, and can be made available upon request.

The codes used for this work can be found at: 1. Lattice
dynamics: https://gulp.curtin.edu.au/index.html. 2. DFT,
CRYSTAL: https://www.crystal.unito.it/. 3. Visualisation: https://
jmol.sourceforge.net/ and https://github.com/arohl/gdis.
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