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We are seeking to combine the reliability of the structures and energies obtained from
quantum mechanical methods with the insights given by larger scale simulations, which are
better able to search configurational space. We will discuss our recent work using quantum
mechanical methods, based on DFT, which have been applied to the study of a number of
solids, Al,O3, CeO,, MnO, and CaCO;, and compare these with results using atomistic
simulation where the forces between atoms are modelled using interatomic potentials. The
results show that such quantum methods can be used successfully to screen the different
potential models and where necessary, provide sufficient data to allow us to re-consider the
potential models. In addition, we show examples where the quantum based methods can
give further insights into the reactivity, particularly of surfaces. However, it still remains
computationally expensive to search all possible configurations and by using the atomistic
simulations to search through different configurations we can identify new structures which
can be verified with the quantum based simulations.

Introduction

The aim of this paper is to describe our current work using a range of simulation techniques to
model the structures and energetics of inorganic solids, with particular emphasis on the surfaces
and interfaces of oxides and minerals. Interfaces control many of the important physical and
chemical properties and hence deriving a detailed description of interface structure and its reac-
tivity is central to improving our understanding for many fields, not least the study of crystal
growth, chemical sensing, catalysis, remediation and corrosion.'™ However, experimental studies
capable of determining the stability for a given interface structure, particularly for polar solids, are
difficult and thus simulation provides a useful complementary technique for probing interfaces at
the atomic level.

A central requirement for predicting key physical properties quantitatively is that the forces and
the interaction energies between the atoms need to be described accurately. It is now possible to
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achieve a high level of reliability for condensed phase materials with the use of quantum mechanical
techniques based on density functional theory.’ Thus it is no surprise that there has been con-
siderable work in this area and that many oxides and minerals have been studied using this approach,
particularly using pseudopotentials for the core electrons to reduce the computational cost.® The
major limitation of the available DFT codes for routine use is still the high computational cost. This
is particularly acute for studying the surface structure and energy of an oxide or mineral as each
surface cut may have more than one low energy termination, the surface may be non-stoichiometric
or even charged. Depending on the property studied each of these may have to be considered before
investigating the effect of the impurities. Therefore the simulation of a single surface may require
many tens of simulations for a simple oxide to many hundreds for a complex mineral.

Our approach for overcoming the problem of computational cost is to use atomistic simulation
techniques to complement the quantum mechanical simulations. Atomistic simulations differ in
that the forces between the atoms are specified by parameterised analytical equations, called a
potential model, and hence the forces can be evaluated rapidly. The limitation is that the para-
meterisation can not be assumed to be perfect and thus the results from such simulations must be
checked against quantum mechanical calculations and experimental data not used in the original
parameterisation. If there are no suitable potentials available we can use the quantum simulations
to help derive the parameters for the model. The atomistic simulations can then be used to perform
a search of configurational space to identify other likely structures worthy of study using the
electronic structure methods. The electronic structure simulations are then extended to calculate
properties not accessible to the atomistic models, such as electron density and oxygen chemical
potential, but with the confidence that we have a sensible surface structure. The atomistic simu-
lations are extended to simulate for example, the effect of temperature on a large system of atoms,
with the increased confidence in the reliability of the forces.

The approach of using electronic structure and atomistic simulation approaches together is now
becoming established.” To date we have applied these complementary methods to study the
oxide-metal interface, where for the MgO-Ag interface we tested potential models for the metal-
oxide interaction'® and secondly, the interaction of CaO with water molecules!'! to give us more
insight into the oxide-water interface. Another earlier example has been our attempts at modelling
lead oxides.!? The work was able to give useful insight about the electron density of lead oxide, but
in this case it was not useful for developing simple interatomic potentials because the stereo-
chemical lone pairs were not stereochemical in that they were not just dependent on the lead but
also on the type and geometry of ligands. Thus no transferable potential could be derived without
recourse to a more sophisticated model.

In this paper we will illustrate our use of these techniques by describing four examples that are
currently under investigation. Although the work in each of the areas is ongoing and not complete,
it does show different but related synergistic applications of atomistic and quantum simulations.
Initially, we will describe work on CeQ,, important for its catalytic properties. The difficulty is that
there are a large number of different potential models, many of which have been derived inde-
pendently and each can show agreement with available experimental data, but they differ in their
predictions of how the surfaces relax. The aim is thus to use reliable electronic structure simulations
to resolve the controversy and identify the best potential for this and future studies. We next
consider the defective layered manganese(1v) oxide, birnessite. The difficulty is that it cannot be
synthesised as the pure stoichiometric structure, therefore before modelling the defective material
we require insight into the stability of the stoichiometric end-member and its relationship with the
most stable polymorphs of MnO,, ramsdellite and pyrolusite. The third example is where we have
begun to use the electronic structure calculations to consider water adsorption on carbonate,
particularly calcium carbonate surfaces. Finally, following preliminary work on alumina sur-
faces,'® we use the electronic structure simulations to explore the change in stoichiometry with
oxygen partial pressure following the approach suggested by Finnis and co-workers.'* However
before discussing the results we will briefly summarise the simulation approach.

Theoretical methodology

Our approach for modelling surfaces and interfaces is to focus on the most common surfaces of a
crystal. The most common surfaces are those with lowest surface energy and are generally those of

156 Faraday Discuss., 2003, 124, 155-170



low Miller index. These planes are the closest packed with large interplanar spacings. However in
ionic crystals other constraints also apply. If the Madelung sums are not to diverge with increasing
crystal size then the crystal must not only be electrically neutral but also have no net dipole
moment perpendicular to the surface. Bertaut'® demonstrated that when there is a dipole moment
perpendicular to the surface, the surface energy diverges and is infinite. Such surfaces are therefore
unstable, and cannot occur naturally without the adsorption of foreign atoms or surface rough-
ening to quench the dipole.

The simulation strategy is first to cleave a crystal to generate a slab or block which is charge
neutral and symmetric about a mid point in the block. The crystal faces fall into three categories.
Type 1 surfaces are comprised of stoichiometric planes, common examples include the {100} and
{110} surfaces of rock salt and have equal numbers of cations and anions. Thus cleaving between
the layers will yield a non-dipolar repeat. Type II surfaces are where the crystal planes perpendi-
cular to the surface are charged and hence require more care as these must be cut at a specific plane
to produce a non-dipolar slab. Type III surfaces cannot be cut at specific plane to remove the
dipole moment. In order to remove the dipole the surfaces must undergo substantial reconstruc-
tion. As a consequence they are often the least stable.

The final structure (and energy) of a surface is then determined by the requirement that the
system is in mechanical equilibrium. This is achieved by allowing the ions in the surface region to
relax to the point at which they experience zero force. The number of relaxed surface planes is
increased to the point at which the surface energy converges. Defects and impurities can then be
accommodated in the surface. To date, we have modelled systems where the net charge is zero.

The atomistic simulations are based on the Born model of ionic solids, in which the ions interact
via long-range electrostatic forces and a short-range term which includes a shell-model description
of the ions to account for electronic polarisation.'® However, for more complex materials, parti-
cularly those containing polyanions it is often necessary to include angle dependent terms to
account for the covalency, as is the case for calcium carbonate.!”

We used the computer code METADISE'® which follows the two-region method developed by
Tasker' to perform static calculation at 0 K. In this approach the surface is separated in two
regions periodic in two dimensions: a near surface region where the ions are allowed to relax
mechanically and a second region where the ions are held fixed at their equilibrium positions. The
Parry technique®® was employed to calculate the electrostatic forces while parameterised analytical
functions describe the short-range interactions. To investigate the effect of temperature on the
surfaces we used the molecular dynamics code DL_POLY.?!

The quantum mechanical total energy and structure of the systems were determined using
density functional theory with the computer program VASP (Vienna ab initio simulation pack-
age).”?> VASP can employ ultra-soft < Vanderbilt’ pseudopotentials®® developed further by Kresse®*
which allow a smaller basis set for a given accuracy. Within the pseudopotential approach only the
valence electron are treated explicitly.

An alternative, and more expensive, approach is to use the projector-augmented wave (PAW)
method?® to remove the core electrons from the calculations. While in the pseudopotential
approach the core wavefunctions are replaced by a smooth nodeless functions, the PAW method is
a highly efficient all-electron implementation that takes advantage of a combined basis set con-
sisting of plane waves and one-centre orbitals.

In both cases the calculations were performed within the generalised-gradient approximation
(GGA), using the exchange—correlation potential developed by Perdew ef al.?® The optimisation of
the atomic coordinates was performed via a conjugate-gradients technique, which utilises the total
energy and the Hellmann—Feynman forces on the atoms. The systems were relaxed until the change
in total energy was smaller than 107> eV. It is important that the total energies are well converged.
In all calculations, we insured that the total energies were converged with respect to the plane-wave
cut-off and the density of k-points.

The low index surfaces of CeQO,

Ceria is an important component in three-way catalysts for the treatment of automobile exhaust
gases>’ owing to its ability to store and release oxygen during surface reactions. A key requirement
in understanding this reactivity is to understand the surface structure.
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Table 1 Relaxed surface energies of the low index surface of CeO,;
AS1: atomistic simulation using potential 1, AS2: atomistic simula-
tions using potential 2, DFT: density functional theory

Surface energies/J m >

Surface AS1 AS2 DFT
{111} 1.22 1.36 0.68
{110} 1.59 2.14 1.01
{100} 2.05 291 1.41

Atomistic simulations with a range of different potentials have been used previously to examine
both the surface and bulk properties of CeO,. Several of them have predicted the surface energies
and structures of the low index surfaces {100}, {110} and {111}. We have investigated the quality
of a range of available potentials by comparing, with density functional theory (DFT) calculations,
the calculated surface energy and extent of surface relaxation. Here we present the results of two of
them, potential 1, by Sayle er al.?® and potential 2, by Vyas et al.?® Table 1 shows the surface
energies for the three low index surfaces. Qualitatively the results are in agreement with the surface
energies in the order {111} < {110} < {100}. Quantitatively the DFT energies are significantly
smaller than those obtained using atomistic simulation. The reason for the lower values appears to
be the inclusion of electron correlation as Hartree—Fock calculations® give surface energies closer
to the atomistic results.

Detailed comparison of the relaxation of the surfaces was made with the relaxation normal to the
surface plotted for the {111} in Fig. 1. Positive values indicate that the ions relax out of the surface,
whereas negative values indicate displacement into the bulk. The Ce shell in both potential models
more closely follows the DFT Ce relaxation with the cores displaced in opposite directions. For the
oxygen, potential 2 significantly overestimates the relaxation while again for potential 1 the shell
more closely matches the DFT atom location. Similar results were obtained for the {110} and
{100} surfaces.

Potential 1 reproduced the structure only if we consider the shell position to represent the atom
location. In atomistic models it is usual for the shell to represent the electronic polarisation and so
the location of the shell would not be expected to have any crystallographic significance. However
this model has a positive cation shell charge and therefore it could be argued that the shell represents
the cation position. The O shell has a negative charge and thus would be expected to polarise in the
normal way and yet this still represents a location significantly closer to the O found using DFT.

Potential 2 has a negative Ce shell charge and thus the polarisation of the Ce at the surface is
reversed (see Fig. 1) and the potential model takes on the normal interpretation of the shell model
with the core being located where the atom would be expected. The oxygen only polarises slightly
with significant overestimation of the surface relaxation compared to the DFT calculations.

The comparisons of the surface relaxation of the potential models highlights problems with the
definition of the shell model parameters when predicting the structure of surfaces. Further work
will look at deriving new potential models with more reasonable and accurate shell parameters to
ensure that the structural predictions are accurate. Such parameterisation will draw on the DFT
calculations for not only the structure but information regarding the polarisation of atoms at the
surface. By utilising this information we hope to be able to model not only the structure but the
response of the surface to defects, such as surface oxygen vacancies that are important in oxygen
storage capacity and CeO, reactivity.

Manganese dioxide

The ultimate aim of this work is to model the surface structure and reactivity of the important
layered mineral birnessite in contact with aqueous solution. Not only is it an important manganese
mineral, it reacts with organic compounds in the soil*! but is also associated with remediation, for
example it has been suggested as a means of lowering the concentration of dissolved As(m) in
drinking water.*® The reactivity stems from the ability of the surface Mn(1v) to reduce to Mn(in).
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Fig. 1 Relaxation of (a) cerium and (b) oxygen at the (111) surface with respect to their bulk terminated
positions as a function of depth. (ASn: atomistic simulation using potential n, shell: using shell location, DFT:
density functional theory calculation).

The problem with modelling the mineral is that it is always highly defective and has not been
observed as a pure phase. There is, therefore, insufficient experimental data to verify the simula-
tions and to be sure that our simulations are considering the correct geometries we need to be able
to consider a large number of configurations and the only way of obtaining detailed structural
information of the end member is via electronic structure calculations. The treatment of pure MnO,
is further complicated by the fact the two major phases pyrolusite and ramsdellite are themselves
rarely observed in pure forms. Indeed the control of the phases is of interest to the battery industry
as MEQ& is widely used, and not unsurprisingly has been subject to recent theoretical investiga-
tion.””

In this paper we summarise our initial work at modelling the layered manganese dioxide phase
and its relationship to the other phases.

The birnessite structure is comprised of manganese octahedrally coordinated to oxygen. The
octahedra are edge linked, forming MnO, sheets, Fig. 2a, and the oxygen ions are three coordinate
but in a pyramidal geometry. This in contrast to the rutile-structured pyrolusite phase which has
rows of edge linked octahedra, where each row is corner linked to its neighbour, Fig 2b. The
cations are again linked to three coordinate oxygen ions but the three cation-oxygen bonds are in
the same plane, i.e. the geometry of the oxygen bonding is more reminiscent of sp” hybridisation,
rather than the sp>like of birnessite. The second major phase, ramsdellite, has both types of

Faraday Discuss., 2003, 124, 155-170 159



Fig. 2 The MnO; structures (a) AAAA birnessite, (b) ABAB pyrolusite and (c) AABB ramsdellite.

oxygen, and has double rows of edge linked octahedral, again these are corner linked to adjacent
double rows, Fig. 2c. Examination of the structure shows that there are two cation sites, and by
assigning the symbol A to one site and B to the other we can generate a simple Ising model-like
representation of the structures. If only one of the positions is occupied then the layering occurs
forming birnessite and can be designated AAAA. The rutile structured-pyrolusite is obtained by
the alternating sequence ABAB and ramsdellite by AABB.

This simple representation also allows us to write down a simple Hamiltonian which includes the
self-energy of each unit, E,, J,, the interaction between like units and J, the interaction between
unlike units. Thus the energy of birnessite, AAAA, will be 4E, — 4J,,, i.e. for a cell containing four
cations, there will be four times the self energy, and each unit will interact only with a similar unit.
In contrast, the energy of pyrolusite, ABAB will be 4E, —4J,,.

This approach of analysing the structural relationships and ordering in inorganic solids has been
considered before, e.g. by Price et al. on magnesium silicates®® where the interaction parameters
were fitted to energies generated by atomistic simulations and by Heine and co-workers using fitted
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Table 2 Relaxed energies of different polymorphs of MnO, using both DFT
and atomistic simulations with the fitted interaction parameters

Electronic structure Atomistic

E (per 4 Mn) E (per 4 Mn) Lattice energy

no spin/eV with spin/eV (per 4 Mn)/eV

AAAA birnessite -90.57 —-95.71 —160.84
ABAB pyrolusite -93.27 —96.06 —165.64
AABB ramsdellite —92.44 —-96.03 —163.34
Interaction parameters

2E, 44.19 44.81 79.32
Jab 1.31 1.63 1.76
Jaa 0.63 1.55 0.56

DFT calculations for SiC polymorphs.® Although in both cases next nearest neighbour interaction
energy parameters were also derived.

The energies for the three phases are calculated and given in Table 2, along with fitted interaction
energy parameters. The results show that the energy differences are significantly reduced by
allowing the simulation to include spin polarisation. Indeed, the energies of pyrolusite and rams-
dellite become almost identical, not totally unexpected as both phases are usually present when
synthesised. For comparison, Table 2 also gives the results from a rigid ion potential based on the
model developed by Matsui and Akoagi for rutile.’” The self-energy will be different because
the standard state of the different calculations is different, but there are also large differences in the
interaction energy parameters. The standard atomistic potential shows, not unlike the traditional
Ising model, that there are large energy differences between the interaction of like and unlike units.
However, by including the polarisability the interaction energy parameters become almost
identical.

Simply to illustrate the scope of this approach, we next used these interaction energies to
generate the energy of a large simulation cell, of 96 units and ran a Monte Carlo simulation
where the geometry was varied randomly and the new structure was either accepted or rejected
using the standard Metropolis algorithm at each temperature. Fig. 3 shows the concentration of
the different sequences as a function of temperature. At low temperatures the pyrolusite is the
dominant phase at low temperatures and becomes disordered at high temperatures. However,
to complete the simulation we do need to consider a wider range of possible phases so that we
can introduce next nearest neighbour interactions, and also investigate the effect of added
impurities.
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Fig. 3 Results from a Monte Carlo simulation indicating the relative concentrations of the three polymorphs
and amount of disordered material.
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Carbonate surfaces

Crystal growth of carbonate minerals is of major importance in both geological and biological
systems. If we want to treat the growth process we would need to perform many large scale
simulations. Atomistic simulation can achieve such system sizes but currently lacks the assured
accuracy of the quantum mechanical approaches. Therefore the aim of this work is to investigate
whether our currently favoured potential model agrees with electronic calculations for small model
systems by comparing the calculated structure and energy of dry surfaces of calcite and the
adsorption of water on the surfaces of different carbonates.

Dry slabs of four low index surfaces of calcite, the {1014}, {0001}, {1011} and {1120} with the
{0001} surface terminated in two different ways, either by a layer of calcium atoms or by carbonate
groups were simulated using both DFT and atomistic simulation utilising the potential model
derived by Pavese et al.'” for calcite. Table 3 compares the surface energies of the relaxed dry
surfaces obtained from the potential model and DFT as well as the order of stability relative to the
{1014} surface.

It is clear from Table 3 that the potential model overestimates the surface energy of all the
surfaces because of its lack of full electronic relaxation. Both models find the {1014} to be the most
stable surface and the {1120} surface the least stable surface. Moreover, they agree on the relative
stability of the different surfaces except for the {1010} surface, which is more stable in the electronic
structure calculations relative to the other surfaces. It is also worth noting that, although very
small, the difference in surface energy between the calcium and carbonate terminated surface is the
same for both approaches. By comparing the relaxation of all the surfaces obtained from the two
types of calculations, we find that the carbonate molecule is more flexible in the electronic structure
calculations. For example, such calculations predict that the carbon-oxygen bond distances range
from 1.29 to 1.37 A while in the potential model the bond distance is either 1.19 or 1.20 A. Also,
oxygen—carbon—oxygen bond angles calculated by the two approaches differ by less than 3° and the
carbonate torsion angles are within 0.5° except for a few instances where the difference is up to 3°.
These results support our view that both our bending and torsion angle potentials are satisfactory
but that the parameters for the carbon-oxygen Morse potential need to be modified to improve
agreement.

Table 3 also shows the surface energy of the calcite surfaces obtained from dynamic calculations
using the potential model. Static and dynamic calculations agree on all the surface energies except
one, namely the {1120} surface. The configurations obtained from the two methods are shown in
Fig. 4 and Fig. 5, where from Fig. 4 to Fig. 5 a surface carbonate group has rotated about its lattice
site at the surface. An energy minimisation of the structure obtained from the dynamic calculation
gives a lower surface energy, of 1.03 J m~2 using the potential model and 0.69 J m~? from the
electronic structure calculation. These calculations suggest that, to avoid being trapped in local
minima, the surfaces of molecular ionic minerals, where rotation of the molecular species can
occur, should be treated dynamically. As a molecular dynamics electronic structure calculation of
each surface would require a large amount of computer time, we suggest an efficient alternative
would be to use atomistic simulations to first perform a configuration search and then use the
electronic structure based simulations to obtain accurate surface energies.

Table 3 Surface energies in J m ™2 of the relaxed calcite surfaces as obtained
from the two models

Atomistic simulation Electronic structure

Static Dynamic Static
Surface Relaxed Paoia/y Relaxed Relaxed Yiowa/y
{1014} 0.59 1 0.52 0.42 1
{1010} 0.95 0.62 0.87 0.58 0.72
{0001} Ca 0.97 0.61 0.89 0.66 0.64
{0001} CO4 0.99 0.60 0.91 0.68 0.62
{1120} static 1.39 0.42 0.99 0.95 0.44
{1120} dynamic 1.03 0.57 — 0.69 0.61
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Fig. 4 The {1120} surface as obtained from a static calculation with the potential model.

We are now extending this work to consider other carbonate minerals and compare their
structures. For example, we have modelled the dry slabs of the {1014} surfaces of calcite, dolomite
and magnesite. The surface energies we obtained from the electronic structure calculations for the
three minerals are very similar as shown in Table 4. The differences are very small and it seems that
the surface energy increases slightly with the amount of magnesium in the crystal. In comparison,
the potential model reproduces this trend but the differences in surface energy are much greater. We
next adsorbed a monolayer of water onto the relaxed surfaces, with different starting configurations
for the water molecules. We found two distinct adsorption geometries and used the relaxed position
of the water molecules from the atomistic simulations as starting point for the electronic structure
calculations. The results of the electronic structure calculations and atomistic simulations are
shown in Table 5 for calcite and the relaxed structures in Fig. 6 and Fig. 7. For each mineral, the
first mode of adsorption is energetically more favoured. The difference in surface energy between
the two modes for each mineral is small and ranges from 0.06 to 0.15 J m~2 while the difference in
hydration energy varies from 7 to 16 kJ mol~!. The atomistic model reproduces these differences:
the surface energy difference varies from 0.10 to 0.13 J m~> and the hydration energy difference
from 8 to 13 kJ mol™'. Although the hydrated magnesite surface is calculated to be the most stable
surface using both methods, the surface is stabilised to a greater extent by the presence of water in
the atomistic simulation. In addition, the calculated magnesium-water oxygen distances using the
potential model are shorter by as much as 0.3 A. This may account for the fact that the hydration
energy of the magnesite surfaces is much more exothermic, by about 35 kJ mol™', than estimated
by the electronic structure calculations and that the surface energy is much smaller than the other
hydrated surfaces. This is in contrast to the calcium-water oxygen distances which differ by less
than 0.05 A between the two models suggesting that the parameters for the calcium-water oxygen
potential are satisfactory. Another major difference between the results of two methods is that in
the potential model the water molecules preferentially form two long hydrogen bonds with the
surface, whereas in the electronic structure calculations the water molecules form one short and one
longer hydrogen bond. For example, in the case of calcite, the water hydrogen—carbonate oxygen

Fig. 5 The {1120} surface as obtained from a dynamic calculation with the potential model.
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Table4 Surface energies/J m~2 of the dry {1014} surfaces of
calcite, dolomite and magnesite

Mineral Atomistic simulation Electronic structure
Calcite 0.59 0.426
Dolomite 0.64 0.437
Magnesite 0.76 0.464

distances for the first mode of adsorption of water are 1.66 and 2.42 A in the DFT calculations and
1.97 and 2.05 A in the atomistic simulations. This could explain the fact that the hydration energy
of calcite as calculated by the potential model is more endothermic by about 20 kJ mol~".

In the light of these results, we ‘fine-tuned’ the magnesium-water oxygen and the water
hydrogen—carbonate oxygen potentials to improve the agreement with the electronic structure
calculations. Table 5 shows the results of the new potential under the column ‘potential model 2°.
For each mineral the difference in energy between the two modes remains the same but the relative
stability of the different hydrated mineral surfaces and the hydration energies are much closer to
those obtained with the electronic structure calculations.

In conclusion, atomistic simulations helped to determine the preferred adsorption modes of
water, of which the accurate structure and energetics could be calculated using density functional
theory. This has enabled us to identify weaknesses in the potential model and to modify the
relevant parameters to better reproduce the electronic structure calculations. The ultimate goal of
this process is to be able to investigate large systems that would be too expensive to treat with a
quantum mechanical model and still be confident that we are performing a high accuracy calcu-
lation. For example, in the future we want to investigate the free energy profile of atoms and
molecules approaching the surface from the bulk of an aqueous solution to try and understand the
process of crystal growth.

Surfaces of alumina

In recent years the study of the surfaces of a-alumina by atomistic methods has been focused on the
basal (0001) surface and on trying to elucidate its controversial relaxation, either experimentally®®*?
or computationally.!***#” The energetics of other surfaces has been investigated by semi-
empirical modelling'®> and by DFT in its LDA approximation,*® and has been restricted to
stoichiometric terminations. Recent developments allow a new analysis to be carried, using the
more modern GGA approximation and taking into account the oxygen partial pressure.'*!?

Consider an oxide of chemical formula A,,O,, in chemical equilibrium with an O, vapour. This is
modelled here as a slab of area S containing N, metal atoms at chemical potential u,° and Ng
oxygen atoms at chemical potential yo°.

Let us first define the excess in oxygen, as in ref. 49.

T'o = [No/Na] :%(Nof%NA) (1)

Table 5 Surface and hydration energies of the hydrated {1014} surfaces of calcite, dolomite
and magnesite

Potential model 1 Potential model 2 Electronic structure

ﬁ}’/ Ehydrati(m/ V/ Ehydruti(m/ }'/ Ehydruli()n/
Mineral Jm? kJ mol ™! Im™? kJ mol ™! Jm™? kJ mol ™!
Calcite mode 1 0.34 —73.5 0.21 —88.0 0.04 -92.3
Calcite mode 2 0.44 —61.5 0.30 -77.9 0.10 —85.3
Dolomite mode 1 0.17 —94.6 0.25 —85.9 0.05 —88.7
Dolomite mode 2 0.27 —83.5 0.35 —74.8 0.12 —80.6
Magnesite mode 1 —0.10 —127.2 0.24 —-94.3 —0.006 -93.6
Magnesite mode 2 0.03 —114.4 0.35 —83.7 0.15 —76.8
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Fig. 6 Relaxed structure of the first adsorption mode of water from electronic structure calculation.

The surface energy is (as there are two interfaces due to the slab nature of the system)

1 slab

Va0 = 2S( — Napp — NOH0)~ (2)

The Gibbs energy per formula unit g, is related to the energy of the bulk but also to the chemical
potential of A and O,

8A0 = Gbmk and gao = mpip +nug. 3)
By recombining, we obtain first
1 Na
Ta0 =3¢ (G?i‘bb - —ng) — Topo- “

In this last equation, all the quantities can be extracted directly from ab initio calculations, with the
exception of g .

Fig. 7 Relaxed structure of the second adsorption mode of water from electronic structure calculation.
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To access this last quantity, we invoke the standard ideal gas expression for the chemical
potential of O in equilibrium with its vapour

o 1 P
o = o +§leog(P?f). (5)

Calculating the energy of molecular oxygen presents difficulties for DFT, so we have to resort to
using experimental quantities and a thermodynamic cycle. The standard energy of formation of the
oxide, corresponding to the following equation,

WIA(S) + gOz(g) — Amon(s)

is

AG:®(A4,0,) = gao® — mua® — npo’, (6)
from which it is straightforward to extract up® as a function of ua° and gao°. The values for p,°
and gao° can be extrapolated from 0K calculations (solid A and solid A,,0,), and AG(A,,0,)
which has a tabulated experimental value of —376.77 kcal.mol™! for a-alumina.>® A note of caution
here, as gao° depends on the pseudopotential used for the calculation, uo® must be computed using

the same pseudopotential.
Inserting eqn. (6) into eqn. (4), we reach a workable expression for the surface energy

1 Na
Ya0 = 25 (Gka(‘)b - Wng)

T gAOO - mﬂAo - AGfO(AmOn)
—To P

kT, (Po,
_FOTIOg(PO)' (7)

The first term in the rhs of eqn. (7) is the stoichiometric contribution to the surface energy, the
second is the contribution of the excess oxygen at a pressure of P° (1 bar) and the last term is the
temperature and pressure dependent component.

A last approximation consists of replacing the standard value gao° and p4° by their value at 0 K,
gao and ua (possible because they are solids).

DFT-GGA calculations were performed on different surfaces/terminations of a-alumina (Fig. 8).
We present in Fig. 9 two sets of results. First we pay special attention to the {0001} surface by con-
sidering the stoichiometric Al termination, the hypostoichiometric Al, termination, the hyper-
stoichiometric Oz termination and a hydroxylated configuration of the later, O;H;. Then we
compare the relative stability of three surfaces, {0001}, {0112} and {1010}, chosen because they
were those with the lower surface energy in the early LDA work.*®

There is currently a disagreement between theoretical and experimental description of the {0001}
surface of alumina. Most studies find that in the absence of water the Al terminated surface is the
most stable, and we will assume in the following discussion that this is the case. This surface
experiences a strong relaxation, which is interpreted as the fact that the Al atoms sink into the
plane of O atoms, but while experimental probes estimate the Al-O interplanar distance at roughly
half its bulk value, ab initio (mostly DFT, but also HF) find an even more important relaxation
where the AI-O interplanar distance is only 20% of the bulk value. To date, the different expla-
nations to this puzzling behaviour, involving either localised anisotropic vibrational modes or
adsorption of O or H at the surface have not been sufficient to explain the differences. No localised
anisotropic very intense mode has been found yet and the changes of relaxation with adsorbate
only marginally improves the agreement with experiment.

We consider the simple single species termination and ideal planar cleavage surfaces, {0001} Al,
{0001} Al, and {0001} Oj;, as well as a H passivated, oxygen terminated surface, {0001} O3;H;.

None of these terminations compare especially well to the experimental relaxations, as can be
seen in Table 6.

The closest is {0001} Al, which is also the one with the lowest surface energy under a reasonable
range of oxygen partial pressure (see Table 7 and Fig. 9).
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Fig. 8 Surfaces considered in this work.

The surface could reconstruct in a number of alternative structures, some of which have been
investigated in ref. 42 but we do not believe that any of these will either match the experimental
relaxations better or have a lower surface energy than {0001} Al.

Our aim is ultimately to predict the morphology of the crystal, using a similar approach as
described in ref. 13 but using ab initio modelling. We therefore need to compare the surface energy
of different surfaces, for a range of temperatures and compositions.

Table 6 Relaxations for different terminations of the {0001} surface

Surface Al#()’All Allol O]Alz A12A13 A1302 02A14
{0001} Al — —80.1% 39%  —45.0%  19.7% 5.0%
{0001} Al, —41.4% 32.3% 13%  —4.1% 1.5% 0.1%
{0001} O — — —2.7% 0.6% 3.6%  —0.6%
{0001} O;H,® — — 6.0%  —39.1%  119%  —0.6%
Technique First Second Third Fourth

X-ray* —51% 16% —29% 20%

Tensor-LEED¥  —50% 6% — —
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Table 7 Surface energy/J m~> of a-alumina surfaces

Surface GGA, this work  LDA*®  Shell"?
{0001} Al 1.94 1.76 2.42
{0001} AL,  9.60 — —
{0001} O, 5.02 — 3.83¢
{1012} 2.02 1.97 2.385"
{1010} 2.56 1.40 2.867

“ Represent a different surface, stoichiometric, with 0.5
of the O site occupied. ® Recalculated using the same
potential.

We present here very preliminary results where only the oxygen present in the vapour in equi-
librium with the crystal is considered.

In Table 7, we show the calculated surface energies, as well as those previously obtained by DFT-
LDA and atomistic modelling based on the shell model.

It is at first surprising that the new GGA results seem more in line with the atomistic simulations
than with the LDA calculations. But the {1010} requires a large cell, and therefore more com-
putational power than was available in 1994 to simulate a sufficiently thick slab, and as noted by
the authors of the original paper, the LDA value for this surface could not be relied on.

Conclusion

This study has shown the application of both DFT and atomistic simulation techniques to a
number of inorganic solids.

The limitation of available computational resources means that for us the most effective means of
modelling complex interfaces in inorganic solids is via atomistic simulation. However, the elec-
tronic structure simulation techniques do play a crucial role.

First of all, thanks to their superior accuracy, they provide a useful set of tools for screening,
calibrating and developing interatomic potentials.

() In many cases there are different sets of parameters that can be used to model the same
material. Hence a reliable approach for deciding which potential is best suited to the problem under
consideration is valuable. Especially for interfaces, where we find that different potential models
which can reproduce the same bulk behaviour, as for CeO,, do show distinctly different surface

10 - —-———(00.1)Al
1 G0, ey —(10.2)
] e _,55';

g oo e (10.0)
i __.:I'E.. o (00.1)AI2, 293 K
~ 6 0°O°°°°°°°°°°2ﬂi'55.oooooooo "-.... o (00.1)0, 293 K
E . 00000000088  w  (00.1)A12, 1500 K
=4 -~ e (00.1)0, 1500 K
_.!!? ___________________________________
2
0 g . e e e e e

40 -35 -30 25 -20 -15 -10 -5 O
log(Po2/P)
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relaxations and hence even a moderately reliable electronic structure based simulation should be
able to distinguish between them.

(if) Another use of the quantum simulations is to obtain structural and thermodynamic data for
these phases that cannot readily be synthesized experimentally, or to complete the set of experi-
mental data for little studied materials.

Secondly, when the emphasis is more on the electronic structure calculations, one can use the
advantages of the interatomic models in terms of speed and spatial scaling.

(iii) In the case of adsorption at complex surfaces, atomistic simulation methods are valuable for
providing a preliminary search of the configurational space and quantitative criteria to pre-sort the
different structures and hence reduce the amount of quantum calculation to be performed or
increasing their scope. In our studies of calcite surfaces, several structural rearrangements, which
had originally been missed by direct geometry optimization (DFT) of the bulk terminated surfaces,
were discovered by using shell models.

(iv) Another use for interatomic models is to estimate the effect of some parameters which are
typically used in quantum-mechanical simulations, without incurring the large cpu overheads. For
example, using classical molecular dynamics to check the effect of temperature on a system is now
standard practice, but one can also evaluate size effects, vibrational k-points sampling, harmonic
versus quasi-harmonic approximation, disorder, interface with liquid and many others.

Finally, there are some phenomena that are very difficult to approach directly with simple
potentials, such as the change of stoichiometry in alumina surfaces. In such cases, it is actually
conceptually much simpler and cost effective to use directly an ab initio technique instead of
expanding (possibly beyond a reasonable scope) an interatomic model.

In summary, DFT and atomistic simulation techniques show useful synergy when modeling
structure, stability and reactivity inorganic oxides and minerals, the accuracy of the first com-
plementing well the realism of the second, and together they form a useful complement to
experiments.
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