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Computational modelling techniques have been employed to investigate defects and ionic con-
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ductivity in Cd,GeO,4. We show due to highly unfavourable intrinsic defect formation energies the
ionic conducting ability of pristine Cd,GeOQy is extremely limited. The modelling results suggest

trivalent doping on the Cd site as a viable means of promoting the formation of the oxygen inter-
stitial defects. However, the defect cluster calculations for the first time explicitly suggest a strong
association of the oxide defects to the dopant cations and tetrahedral units. Defect clustering is a
complicated phenomenon and therefore not trivial to assess. In this study the trapping energies
are explicitly quantified. The trends are further confirmed by molecular dynamic simulations. De-
spite this, the calculated diffusion coefficients do suggest an enhanced oxide ion mobility in the
doped system compared to the pristine Cd,GeO,.

1 Introduction

In the search for new oxide ion conductors, perovskite, fluorite
and apatite type materials have been the focus of most investiga-
tions due to their fast oxide ion conducting abilities.! Although
such materials are promising, many different structural classes
remain as yet uninvestigated. The oxygen-rich apatite-type
conductors differ from most in that ionic conduction occurs via a
faster interstitial mechanism rather than a vacancy mechanism. 2
Fast interstitial oxide conduction is often observed in oxygen
excess materials which possess flexible tetrahedral frameworks,
such as apatites or melilites.2® As a result of this one could
envisage that structures with similar frameworks capable of
accommodating interstitial oxide ions may also present fast ionic
conductivities. One such material is cadmium orthogermanate
(Cd,Ge0O4) which is of interest due to its structural similarity to
the apatites in that it possesses isolated tetrahedra and so may be
prone to interstitial formation via either isolated interstitial oxide
ion defects, or by increasing the coordination sphere of Ge, as in
the apatite systems, and hence showing enhanced ionic conduc-
tivity. Its olivine structure is also of interest since Li-containing
olivines have been shown to be good ionic conductors, albeit Li
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ions conductors via a vacancy mechanism.” Still, this material’s
open structure does warrant further investigation as a potential
oxide ion conductor.

Cadmium orthogermanate, of the formula Cd,GeOy, crys-
tallises with an orthorhombic olivine type Pmcn structure. As
shown in figure 1 the Cd ions occupy two distinct lattice sites.
The O ions coordinate octahedrally to the Cd ions and tetrahe-
drally to the Ge ions. The isolated GeO4 groups form channels
down the b-axis and are spaced both vertically and horizontally
by channels of Cd; and Cdj; ions. To date, there is no literature
on the applications of Cd,GeOy4 as a solid oxide fuel cell (SOFC)
material, however Whipple et al. reported the semiconducting
properties for Cd,GeQy in the 80’s.8 They found that conductiv-
ity is enhanced when doping with trivalent metal ions for samples
heated under a vacuum, where they suggested that the electrons
originate from shallow donors with their mobility determined by
a combination of large polaron formation and impurity scatter-
ing. They also reported a large drop in electrical conductivity is
observed upon exposure to oxygen which is thought to originate
from the reversible chemisorption of oxygen on to the surface of
the grains.

2 Computational Methodology

The simulation methods employed in this study are reviewed
in brief here, but more comprehensive reviews can be found
elsewhere. %11 Interatomic potential based energy minimisation
calculations were performed using the general utility lattice
program (GULP) 1213 and molecular dynamics simulations using
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Fig. 1 Structure of Cd,GeO, with Ge, Cd and O ions represented as
blue, green and red spheres respectively and GeQO; tetrahedra in blue.

DL POLY classic!4. Images in this paper were generated using
VESTA visualisation software. 1°

Calculations were based on the Born model for ionic solids
where ionic interactions are described using a long range coulom-
bic term and an analytical function representing the short-range
Pauli repulsion and attractive van der Waals interactions. In this
work the short-range interactions were described with the Buck-
ingham potential 1°:

‘I)ij (rij) :Aexp (—%) _rc?;. (1)
Where ®;; is the potential energy resulting from the interaction
between ions i and ; at a distance of r. A, p and C are the em-
pirically derived potential parameters specific to each interaction.
Potentials from various literature sources were screened to iden-
tify a preliminary potential set. These potentials were then em-
pirically fitted to the experimental structure with a high degree
of agreement.!” The interatomic potentials where then further
vetted in their respective binary oxides. The final interatomic po-
tentials are presented in table 1. Potentials selected to model the
dopants, discussed later, were verified by testing them in their re-
spective binary oxides with the oxide potential listed in table la.
The electronic polarisability of the ions, which is of particular im-
portance when considering charged defects, was described using
the Dick and Overhauser shell model. '8 Point defects were mod-
elled using the Mott Littleton method.!® This method partitions
the area surrounding the defect into two spherical regions. Ions
in the central region, which immediately surround the defect, are
treated explicitly. While those in the outer region are handled
more approximately by quasi-continuum methods. !° For single-
defect calculations the central region’s radius was truncated at
12 A, but this was increased appropriately for larger multi-defect
systems. The aforementioned methods have, previously, been
successfully employed to model defects in olivine-(Fg/Mg),SiOy,
LiFePOy and apatite structures. >7-20

Molecular dynamic (MD) simulations were performed on 5x5x5
supercells containing ~ 3500 ions, at four temperatures 873,
1073, 1273 and 1473 K. Systems were equilibrated at zero kelvin
before simulating for a further 3 ns under isothermal-isobaric
(NPT) conditions. Final production runs were carried out under
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Table 1 Interatomic potential and shell model parameters for Cd,GeO,.

(a) Buckingham potential parameters’.

Interaction A (eV) p &) C (eVA® Ref

cd?*- 0%  1207.70 0.327100  0.00 -

Ge**r- 0  1497.40 0.325646  16.00 21

0%- 0% 22764.30 0.149000  27.89 22
(b) Shell parameters.

Ton Shell Charge (e) k& (eV A=2) Ref

0% -2.86 74.92 22

T A short range potential cut-off of 12 A was enforced in all static-lattice calculations.

constant volume (NVT) conditions for 3 ns with a time step of
0.5 fs. Oxygen shells were included via the adiabatic shell model.
Diffusion coefficients (D) were derived from the mean squared
displacements (MSD), ([A7(¢)]?), using equation 2. Migration ac-
tivation energies were then extracted using the Arrhenius rela-

tion.

MSD
D=—— 2
& (2)

3 Results and Discussion

3.1 Structural Modelling and Intrinsic Defects

Cd,GeOy4, shown in figure 1, is an olivine Pmcn structured
material comprised of Ge tetrahedra and two inequivalent Cd
octahedra. In Cd,GeOQy, the isolated tetrahedra are linked by
corner and edge sharing Cd octahedra. These tetrahedra align to
form columns down the b-axis.

A comparison of the calculated and experimental lattice pa-
rameters, table 2a, indicates a good fit to within 1%.!7 Similarly,
the interatomic distances, table 2b, are also in reasonable agree-
ment with the experimental data. Such agreement, between the
simulated and experimental structures, supports the validity of
the model employed in this work.

In materials such as Ba,In; 0y the oxygen defects, pivotal to ox-
ide ion conduction, form naturally though oxygen Frenkels. 2324
However, the formation of Frenkel and Schottky defects in
Cd,GeOy is found to be energetically unfavourable therefore the
concentration of these defects will be negligibly small even at
higher temperatures, listed in table 3. We are confident that
the high intrinsic defect energies are not as a result of the inter-
atomic potentials employed since the scrutiny employed to ver-
ify the potentials was stringent and included verifying the po-
tentials against the respective binary oxides as well as the inte-
grated properties of the crystal structure such as the interatomic
distances and the coordination about each ion among others. As
the spontaneous formation of oxygen defects in pristine Cd,GeOy4
is unfavourable doping was employed to induce their formation.

This journal is © The Royal Society of Chemistry [year]
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Table 2 Calculated and experimental properties of Cd,GeO,. 17

(a) Lattice parameters

Parameter Calculated Experimental Difference (%)
a(A) 6.528 6.584(3) -0.056 (-0.86)
b (A) 5.262 5.211(2) 0.051 ( 0.98)
cA) 11.177 11.160(4) 0.017 ( 0.16)
a=B=y () 90.0 90.0 0.0 (0.00)
(b) Interatomic distances &)

Bond Calculated Experimental Difference
Cd; - Oy (x2) 2.30 2.29 0.00

Cd; -0, (x2) 2.26 2.30 -0.04

Cd[ - O]U (><2) 2.40 2.36 0.04

Cd;;- Oy 2.23 2.25 -0.03

Cd[[- O[[[ (><2) 2.25 2.28 -0.03

Cd;;- Oy 2.44 2.36 0.08

Cd[[- 0111 (XZ) 2.49 2.43 0.06

Ge - Oy 1.73 1.76 -0.03

Ge - Oy (x2) 1.75 1.76 -0.01

Ge - Oy 1.77 1.77 0.00

Table 3 Calculated Cd,GeOQy intrinsic defect energies.

Defect Defect equation” Defect energy (eV)
Cd Frenkel  Cd}, — V&, +Cd; 6.00

Ge Frenkel  Ge(, — V(. +Ge;™ 19.31

O Frenkel 05 = Vs +0] 6.25
Schottky 2Cdf, 4 Geg, +405 — 31.41

ZVC”d + Vg:,’ +4Vy 4 CdrGeOy

@ Equations given in Kréger-Vink notation.

3.2 Doping

Aliovalent doping is a well-known method of promoting oxygen
defect formation in oxide materials.:2> During the course of
investigation a broad range of mono, di, tri and tetravalent
dopant ions on both cation sites were investigated. Considering
both constant-cation and constant-oxygen based methods of
charge-compensation. In constant-cation mechanisms, such as
equations 3 and 5, charge-compensation is achieved through
the formation of oxygen interstitials or vacancies. = While
constant-oxygen mechanisms are charge balanced by cation
vacancies or interstitials, as seen in equations 4 and 6. The
relative favourability of a particular dopant and its incorporation
pathway can be established from its solution energy, which is
calculated from its constituent isolated point defect energies and
relevant lattice energies. Investigations concluded that constant-
oxygen stoichiometry was favoured in all but the trivalent doping
mechanisms. This suggests that mono, di, and tetravalent doping
would primarily result in the formation of cation defects, rather
than oxide defects. As these mechanisms do not offer a means
to induce oxygen defect formation they are considered no further.

In this work four different trivalent doping mechanisms were
considered. The first two, shown in equations 3 and 4, represent
trivalent doping of the Cd sites (M4). With the charges in the
former and latter compensated by O interstitial (Og’ ) and Cd va-

This journal is © The Royal Society of Chemistry [year]
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cancy (ng) defects respectively. The oxygen vacancy (V) and
Ge interstitially (Ge;™") compensated Ge site doping (Mg, ) mech-
anisms are represented in equations 5 and 6 correspondingly.

%M203 Oy My + %o;’ +Cdo 3)
%M203 + %Cdéd — Mgq + %ng + %Cdo 4
%M203 +Geg, + %og — Mg + %V‘c', +GeO, (5)
%M203 +Geg, = Mg + iGe}"' + %Geoz (6)

The calculated solution energies for the trivalent doping of
Cd,GeO, at the Cd;; and Ge sites, following equations 3-6, are
plotted in figure 2 as a function of dopant ionic radii. It should
be noted that 6 coordinate radii have been used in figure 2
to aid comparison, and that radii for the high-spin states have
been used where applicable. Results show Cd, specifically
Cdy;, site substitution mechanisms are favoured by all but the
smallest trivalent dopant ion tested (Al), which is consistent
with experimental suggestions.826 The larger dopants, such
as La, are favoured as their ionic radii are closer to Cd (0.95
A), making them more appropriate.?” The results show that
Ge based substitution are generally unfavourable, with high
defect energies. Substitutions on the Cd site are predicted to
be more favourable, with a small preference for constant-cation
stoichiometry in which charge compensating oxygen interstitials
form. This indicates that trivalent doping offers a potential
method of forming oxygen interstitial defects.

65]® Cd_.(eq.3)

00]® Cleolead) /ﬂ,/uﬂ"’ﬂ
1w Gey,(eqb) B
554, Ge,,(eq.6) /ﬁ/ﬁ
is.o- Co Mn E
§4.5— % H/B”/
240{e. A n Nd
w PR Sc
< 351w & In Y ad La
= -0
2 30 Al ‘2 Pr
® 5] Ga \‘\2‘
~--Q
2.0 RE L ® o
9 ¢
1.5 *-w. 0
e °
1.0 T T T
0.6 0.8 1.0

Ionic Radius (R)

Fig. 2 Solution energies for M>* doping of the Cd%' and Ge** sites via
mechanisms 3 (Cdgg), 4 (Cdco), 5 (Gegc) and 6 (Gegp).

3.3 Defect Clustering

It is known that defects, particularly those of opposite charge,
generally tend to associate with one another.?® These defect-
defect interactions, which are determined by coulombic forces
and lattice relaxations, can significantly affect defect mobility
and could result in ion trapping.23® Although in general one
would expect that introducing a trivalent dopant on the Cd site
giving rise to donnor defects of opposite charge should result in
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some level of clustering, it has been shown many a times that
ionic conductivity is significantly enhanced in e.g. apatites?-31
and little of evidence of defect trapping is observed. Therefore,
an understanding of clustering behaviour will be important in
understanding material stability, and offer insight into ionic
conductivity thus aiding the dopant selection process. For this,
2M,;:0/ defect clusters, where M = Sc3t, Y3+, Nd3, Pr3t and
La3t, were examined. The lanthanides were considered due
to their large sizes and low incorporation energies. The two
comparatively smaller dopants Y and Sc were also included to
elucidate the effects of dopant size on defect clustering, and due
to existence experimental data for the former. 8

The identification of stable conformations is an important con-
sideration during clustering analysis. The stability of a cluster can
be determined from its binding energy Egiyging, Which is the dif-
ference in energy between the cluster E¢y,q. and the sum of its
constituent point defects Ep, .., as shown in equation 7.

EBinding = Ecluster — ZEDefect (7)

For example, the binding energy of a 2Nd.,:0/ cluster is calcu-
lated following equation 8.

Epinding = E(2Nd(407) — E(0}) — 2E(Ndg) &

A negative binding energy would indicate that the cluster is
bound, and, is more favourable compared to the defects at
infinite separation.

As previously discussed, an oxygen interstitial is formed
for every two dopants in order to maintain charge neutrality.
Therefore, the simplest charge neutral defect cluster would
consist of a single oxygen interstitial and a pair of neighbouring
dopant ions (2Mg,;:0). Investigation of small 2M,,:0/ clusters
can be conducted with relative ease due to the limited number
of possible permutations (~4000). The complex nature of defect
clustering means behaviours may differ in larger clusters. How-
ever investigation of larger clusters quickly becomes infeasible
due to the vast number of possible conformations associated with
them (> 1x107 for 4M,,:207 systems). As such, investigations
have been restricted to 2M,;:O/ clusters. Any effects which
may arise from further clustering will be captured during the
molecular dynamics simulations where the random placements
of clusters lead to finding some in proximity to one another.
With the exception of Y, each dopant is found to present only a
single stable 2M¢.,:0/ cluster conformation. The Sc and Y based
clusters adopt “Gez0,3” based defect structures, as shown in
figure 3a, in which the dopants, like the natural Cd ions, are six
coordinate. However, the “GeOs” structure shown in figure 3b is
favoured by the three larger dopants, Nd, Pr and La, as it affords
them a more preferable seven coordinate environment. The
existence of interstitially bridged defects has been proposed in
other materials such as “Ge,Oo” groups in apatite. %31 However,
currently, no reports of analogous “Ge30,3” type defect structures
can be found.
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Table 4 Corrected solution energies for the trivalent doping of Cd,GeQOy4
via the mechanism detailed in equation 3.

Dopant Radii (A) Esotution (€V)
Sc 0.75 1.06
Y 0.9 0.60
Nd 0.98 0.11
Pr 0.99 0.09
La 1.03 0.09

(b)

Fig. 3 a) “Ge;0;3” and b) “GeOs” 2M2,,:0/ clusters, with O, Ge and M
represented as red, blue and gold spheres respectively. Surrounding
ions omitted for clarity.

The calculated binding energies for the stable 2M,:0/ defect
clusters are reported in table S1 and are plotted against dopant
size in figure 4a. Examination reveals defect clustering to be a
highly favourable process. Therefore, the existence of isolated
defects, particularly at non-trivial defect concentrations, is
unlikely. Furthermore, the binding energy generally decreases
as the dopant’s radius deviates from the native Cd ion’s (0.95
&), which is due to the dopant size dependency of the lattice
relaxation interactions (discussed later). As the previously
discussed solution energies were calculated assuming infinite di-
lution they failed to take into account the additional stabilisation
energy arising from defect-defect interactions. This results in
an overestimation of the solution energies due to the non-trivial
nature of such interactions. However, this can be corrected for
by simply adding the binding energy to the solution energy. It
can be seen from table 4 that dopant incorporation is much more
favourable once defect-defect stabilisation energy is factored in.

Although binding energies are an approximate indicator due
to their complicated nature of the extent to which an oxygen in-
terstitial may become trapped, it is more appropriate to consider

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 a) Binding and b) interstitial separation energies of 2M¢,,:0/
clusters as a function of dopant radius with Cd’s ionic radius indicated by
the solid black line, trend line include as a guide only.

interstitial separation energy. This represents the energy required
to remove an oxygen interstitial from its cluster to infinity. The
separation energy is calculated as the difference in binding energy
between a cluster with and without its oxygen interstitial. The
calculated interstitial separation energies for the 2Mg.,:0/ clus-
ters are presented in table S1 and figure 4b. Again, this shows in-
creased separation energies for dopants notably larger or smaller
than Cd. The larger the dopant ion the greater its preference for
the seven coordinate environment provided by the oxygen inter-
stitial. Small dopants, such as Sc, are a poor fit for the native Cd
site. However, interstitial defects allow the oxygen ions to relax
around to dopant to accommodate it better. As such, the energetic
penalty for the movement of an oxygen interstitial away from its
2M.,;:0/ cluster is likely to be greater for dopants notably larger
or smaller then Cd. This suggests that ions closer in size to Cd
are generally more appropriate dopants, as their lower trapping
capability suggests increased oxide defect mobility. However, this
is not conclusive as it fails to provide information on the short to
medium range defect interactions. Further to this, molecular dy-
namic simulations were carried out to elucidate interstitial defect
trapping at higher temperatures. This being said, the large bind-
ing and separation energies clearly show that interstitial diffusion
will be heavy restricted by the dopants with a high trapping prob-
ability.
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3.4 Diffusion

Molecular dynamic simulations were conducted on pristine and
10% doped Cd,GeO,4 in order to assess the impact of doping
on oxide ion conduction. Yttrium was selected as the primary
dopant due to its reduced binding and separation energies. The
starting structures for the doped systems were generated by
randomly placing 25 2M,:0/ clusters in 5x5x5 supercells.

2.5x10% —— Cd,GeO,
Cd1 9Y0 1660405
20x1024 Cd, (Nd, ,GeO,

1.5x10%°

1.0x10%°

Mean squared displacement (M?)

5.0x10%" o

0.0 T T 1

Time (ms)

Fig. 5 Mean squared displacements for oxygen in Cd,GeOy (black),
Cd1‘9Y0‘1G604_05 (red) and Cdl‘gNdollGeO4_05 (blue) at 1273 K MD
simulations.

The mean squared displacements (MSD) of the oxide ions,
figure 5, clearly shows oxygen diffusion is only significant
in doped systems. The diffusion coefficients for oxygen in
Cdy9Yy.1GeO4 5, as calculated following equation 2, are pre-
sented in figure 6 table S2. The MD results suggest that, although
mobile, the oxide defects generally reside in the dopant rich
regions of the cell, shown from the O-Y and O-Cd;; radial
distribution functions presented in figure 7. This supports the
earlier defect clustering analysis which indicated trapping of the
interstitials by the dopants to be highly favourable. As previously
discussed 2Y‘Cd:0§’ clusters assume “Ge3QO;3” based structures
while larger ions such as Nd prefer to adopt “GeOs” based clus-
ters. To probe the effects of differing defect cluster structures on
oxide diffusion a limited number of simulations were conducted
on Nd doped Cd;GeO4 systems. The diffusion coefficients for
the Nd doped systems were found to be comparable to those
of Y doped systems, as indicated by the MSDs in figure 5. This
suggests that the difference in interstitial trapping of the Y and
Nd doped systems, calculated at high temperature, is negligible
compared to their overall binding energies which were calculated
at zero kelvin.

The calculated diffusion coefficients are found to be several
orders of magnitude higher than those of the common cathode
material LSM-20 and on a par with composite cathode materials
such as YSZ-40 wt.% LSM which, at 1073 K, have diffusion
coefficients of 1.3x107!2 and 1.0x10~° cm? s—! respectively. 32
However, many common electrolyte or advanced electrode
materials present significantly higher diffusion coefficients, for
example yttria stabilized zirconia (2.6x10~7 cm? s~! at 1273 K)
and lanthanum strontium cobalt ferrite (2.6x107° em? s—! at
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0.6 08 10 1.2
Temperature (1000/K)

Fig. 6 Plot showing temperature dependency of oxygen diffusion in
Cd;9Y0.1Ge0y 5.

773 K).23:29

The MD results suggest that oxide ions diffuse primarily in the
ac-plane, which is shown by the axial MSDs (figure S1), with
a calculated activation energy of 0.92 eV, and that, like apatite
germinates, all oxide ions are found to be mobile.? The oxide
defects diffuse down the a-axis through the sequential formation
of “Ge30;3” and intermediary “Ge,Oq” defects between nearest
neighbouring tetrahedra in a “knock-on” type mechanism. This
mechanism, which is depicted in figure 8, forms diffusion chan-
nels along to the a-axis as represented in figure 9. This bears a
striking resemblance to the oxygen vacancy diffusion mechanism
reported in Lal,xBa1+xGaO4,x/2.33 Movement between these
channels is permitted by the c-axial diffusion mechanism. This
mechanism differs from the former in that it is stepwise and as
oxide ions must unbind from their tetrahedra, traverse the Cdy;
channel and rebind with another tetrahedra. The exact pathway
of this mechanism is highly dependent on the local environment,
specificity the presence of dopant or other interstitial ions. Sim-
ilar anisotropic diffusivity is predicted via static lattice methods
for olivine (Mg,Si0Qy) itself. Such work reports a-axial diffusion
is also favoured, with an activation energy of 0.97 eV.20

—cd,0
—Y-0

Radial distribution function

0 T T T
2 3 4 5

Radius (A)

Fig. 7 Radial distribution functions for O about Cd;; and Y at 1473 K.
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4 Conclusion

To summarise, in this work we predict that oxygen defect
formation in olivine-type Cd,GeO4 can be promoted through
trivalent doping which follows a constant-cation mechanism.
Furthermore, the dopant ion, and the size thereof, is predicted
to play a significant role in trapping the mobile defects (a
complicated phonomenon to capture fully in a computational
model). The oxide ion interstitial diffusion primarily occurs in the
ac-plane via a “knock-on” mechanism along a-axis, in line with
previous migration pathways reported in the Li - olivine structure
and via a stepwise mechanism along the c-axis. However for the
first time we explicitly show, that even at high temperatures the
mobile oxide ions tend to stay within the dopant rich regions of
the cell. Thus confirming the favourability of dopant trapping,
which partially inhibits oxide ion transport. Finally, from our
MD simulations we calculated migration barriers of 0.92 V. In
conclusion, whilst trivalent doping on the Cd site shows some
promise, the oxide ion trapping capabilities of the dopant ions
limit the use of Cd,GeO4 as an oxide ion conductor. Finally,
we show the use of simulations to illustrate the potential of
the olivine structure to accommodate interstitial oxide ions,
and exclusively quantify the binding energies and, hence, the
trapping of such mobile defects in this material. In addition to
the relevance in the oxide ion conductor field, this work is also
of relevance to the Li ion battery field, given the large interest in
olivine-type LiFePOy,.
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