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Abstract: The “Learning from nature” strategy is currently going through a renaissance period in
modern materials science. Valuable experience gained by observing existing natural materials—
minerals—paves the way towards design and modification of prospective functional materials for
energy storage, which typically inherit the peculiarities of the parental minerals. The faults and
flaws of the crystal structure—its defects—play a crucial role in determining both mechanical and
electrochemical properties of the electrode materials. In this review, we endeavored to rethink the
defect chemistry in triphylite-type positive electrode materials for metal-ion batteries and reflected on
it from the perspective of their mineral olivine counterparts, thus establishing important correlations
between point defects in olivine minerals and related electrode materials, their origin and formation
processes. This work is meant to review geoscience and materials science perceptions of defects in
triphylite-type electrode materials for Li- and Na-ion batteries.
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1. Introduction

An olive-green-colored silicate-type mineral with an approximate composition of
(Mg,Fe),SiO4 (“olivine”) has long been an object under scrupulous study by geoscientists.
It is widely believed to be the most abundant mineral in the Earth’s upper mantle and plays
a key role in controlling manifold petrogenetic processes and physical properties of the
Earth [1-3]. The geochemical and thermobarometric information recorded from olivines
presents a useful tool in studies of rock formation and the geodynamics of the lithospheric
mantle, formation and exploration of magmatic ores and deep-formed minerals such as
pyroxenes and garnets. Nowadays the plural “olivines” presents a generic term to name a
group of minerals with the M;XO4 (M = Mg, Fe, Mn, Ni, Ca; X = Si, P) general formula,
which adopts the parental olivine-type structure.

The interest in this class of minerals from the broader scientific community was
reignited in 1997 when a lithium iron phosphate, LiFePOy, a phosphate-based represen-
tative of the triphylite family, also commonly known as mineral triphylite, was proposed
as a “rocks-shaking” abundant and safe cathode material for Li-ion batteries (LIBs) [4].
In contrast to layered oxide (LiMO,) cathode materials for LIBs, triphylites benefit from
high thermal, cycling and chemical stability due covalently bonded PO, anionic groups
but have lower theoretic capacity. Furthermore, the triphylite materials can operate within
thousands of charge/discharge cycles with low capacity decay and exhibit high specific
capacity at elevated current densities [5]. Compared to spinel cathodes (LiM,O4) featuring
an isotropic 3D Li* diffusion mechanism due to the cubic crystal structure, high cycling
stability at increased current densities and near-5V operational potential in the case of Ni-
or Co-based spinels, the total energy density of triphylites remains close or higher [6].

However, natural triphylites cannot be directly used for the production of electrode ma-
terials for LIBs, not only because they contain admixture phases, inclusions and intrinsic de-
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fects typical for minerals, but also due to the diffusion limitations in monocrystals. To fully
realize their electrochemical performance as an electrode material, triphylite phosphates
should be skillfully prepared in the form of a nano-dispersed powder with a preferential
crystallographic orientation of particles, and then suitably coated with conductive materials
to mitigate low ionic and electric conductivities, respectively [7-9]. In hunting for the ideal
synthesis method of LiFePO,4, many options were considered and developed: solid-state,
sol-gel, freeze-drying, supercritical, ion-exchange, co-precipitation, hydro(solvo)thermal,
etc., which led to high-quality electrode materials [10-12]. The path from the idea to a
viable material and its further commercial deployment has taken many years. Alongside
these developments, LiFePO, became one of the most studied electrode materials ever.
At the same time, in Na-ion batteries, triphylite-type NaFePO, has also captured a lot
of attention as an environmentally friendly and cheap electrode material. However, the
stabilization of NaFePOj in a thermodynamically metastable triphylite phase, rather than
the stable maricite one, turned out to be tricky and complex despite the existence of the
mineral analogues natrophylite (NaMnPO,) and karenwebberite (Na(Fe,Mn)POy) [13].
Additionally, low Na™* diffusion coefficients in NaFePO,4 and the high volume mismatch
between sodiated and desodiated phases of 17% significantly limit the practical application
of NaFePQ, in sodium-ion batteries (SIBs) [14]. The calculated Na* diffusion coefficients
were found in the range of 1071910716 [14,15].

Among the features drastically influencing the electrochemical performance of LiFePOy
and related electrode materials are multiple types of defects, many of which were literally
“reinvestigated” in synthetically made LiFePO, despite being intrinsic and known for
olivine-type minerals for decades. The ensuing rediscovery of the defects in LiFePO4 and
its counterparts was presumably due to the low-level collaboration and loose interaction
between physicists/chemists, who first introduced LiFePO4-based electrodes and carried
out the synthesis, and geologists/crystallographers, who had dealt with the natural olivine
minerals for decades but mostly investigated petrogenetic properties and structural aspects.
On the contrary, several types of defects, which are well-established in olivine minerals,
have not been found so far in their synthetic counterparts. For instance, OH defects in
the anion sublattice of LiFePO, were first detected quite recently [16,17] despite being
extremely common in natural olivines.

In this paper, we review the defects in natural and synthetic olivines (triphylites)
and draw parallels between them with a focus on the physical properties guided by the
introduction/elimination of various defects. Additionally, the influence of synthesis routes
and the production parameters on the defect chemistry of olivines are elucidated. This
work is intended to bridge the gap between geological and chemical interpretation of defect
chemistry in olivine minerals and strengthen dialogue between geoscience and materials
science communities.

2. Crystal Structure, Stability and Variety of Olivine-Type Minerals

In the most general view, olivines and isostructural compounds can be described
with the MyXOy stoichiometry, where M is s, p or d metal or vacancy, and X is Al, Si or P.
For minerals, this description is not exhaustive, because natural olivines normally feature
different minor substitutions for M and X with other elements. A family portrait of the
olivine minerals is schematically painted in Figure 1. Besides the end-members, olivines
form a variety of solid solutions resulting in the plural minerals existing in nature.
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Figure 1. Schematic representation of the olivine mineral group.

The olivine crystal type is typically described within the orthorhombic symmetry,
space group Pnma (#62) or its permutations such as Pmnb, Pbnm, etc. (further on, all the
considerations will rely on the Pnma setting for the sake of uniformity). The structure
consists of individual XOy4 tetrahedra (T site) corner- and edge-linked by octahedrally
coordinated cations (M sites), as shown in Figure 2 [18]. The M-site cations reside in two
independent positions, M1 and M2, whose environment usually deviates from the ideal
octahedral symmetry. Since one O atom in the hcp lattice (Figure 3) produces one octahedral
and two tetrahedral voids, M;XO,4 would contain eight tetrahedral and four octahedral
voids for a formula unit. In other words, the olivine structure can be described as a slightly
distorted hexagonal close-packed (hcp) array of O atoms, with 1/2 of octahedral voids being
occupied by M and 1/8 of tetrahedral ones by X [19]. After applying the orthorhombic
Prma symmetry, two oxygen atoms are located on a mirror plane (4c position); the other two
end up in the general (84) position and degenerate. Simultaneously, due to the symmetry
restrictions, eight tetrahedral voids transform into six non-equivalent voids, and four
octahedral ones merge into two in MyXOjy. Thus, metal atoms M split into the 42 and 4c M
sites, and X occupies the 4c T position on the mirror plane, with other T positions remaining
vacant. The M sites can also appear vacant. A more detailed representation in terms of
Wyckoff positions and atomic coordinates is represented in Table 1.

Maricite (NaMPO,)

Olivine (M,X0,) Olivine-to-Maricite transformation

° anew P site

a | a - B ac
bl—ﬁ ,,1—5 bI—f bI—f
Figure 2. Polyhedral representation of the olivine-type structures (a,b) and their conversion to the

maricite type (c—e) through the introduction of Na to the M2 site (c) and the shift of the P position (d).
Red spheres designate oxygen atoms, a, b, c are the unit cell directions.
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Figure 3. Arrangements and displacements of oxygen atoms in olivine (as in MgFeSiO,), maricite (as
in NaFePOy) and ideal hcp layers; the black rectangle represents the unit cell, a, b, c designate the unit
cell directions, A and B-/cp layers.

Table 1. Wyckoff positions and atomic coordinates of olivine, triphylite and maricite.

Atomic Coordinates *

Structure Type Olivine (M»XOy) [20] Triphylite (LiMPOy) [7] Maricite (NaMPOy) [21]
M1 4a 0,0,0 0,0,0 0,0,0
M2 4c 0.28, ¥4, 0.98 0.28, ¥4, 0.97 0.34, ¥4, 0.97
Wyckoff Position T 4c 0.10, ¥4, 0.40 0.09, ¥4, 0.41 0.32, ¥, 0.04
o1 4c 0.08, ¥4, 0.75 0.09, ¥4, 0.73 0.12, %4, 0.75
02 4c 0.42,Y,0.25 0.45, ¥4,0.21 0.34, ¥4, 0.45
03 8d 0.17,0.01, 0.25 0.16, 0.05, 0.28 0.12, 0.06, 0.32

* Rounded to two digits after comma; ¥4 and 0 are coordinates for the m-plane positions in the cell.

Beside silicate-based representatives, there is a variety of non-silicate minerals adopt-
ing the olivine-type structure, including chrysoberyl (BeAl,Oy), sinhalite (MgAIBOy),
lithiophilite (LiMnPOy), triphylite (LiFePOy), natrophylite (NaMnPOy), etc., which provide
additional insights into the behavior of this structure type. Minerals of the triphylite—
lithiophilite series, Li(Mn,Fe)POy, occur in evolved granitic pegmatites that are enriched by
both Li and P. The Li-rich pegmatites originate from the anatexis of Li-bearing metasedi-
ments or from very extensive differentiation of granitic magma. The deposition from gasses
emanating from the crystallizing magma was also hypothesized [22]. Iron-manganese
phosphates with the triphylite-type structure are common accessory mineral phases in peg-
matites and some granites, particularly in the beryl-columbite—phosphate pegmatite sub-
type [23]. They also occur in some hydrothermal quartz-rich dikes. Triphylite-lithiophilite,
sicklerite—ferrisicklerite and purpurite-heterosite [24] (Figure 1), all with a similar structure,
are three important pegmatite solid solution series. The crystal structures of the phosphate
minerals have similar features with those of olivines: the octahedral M1 site is mainly
occupied by Li ions in triphylite-lithiophilite, partly occupied in sicklerite—ferrisicklerite or
empty in purpurite-heterosite (Figure 2a). The paragenetic relationships in the structure
of phosphate minerals are quite complex despite the simple chemical formulation: the
M?* metal in the M2 site in the solid solution series of triphylite-lithiophilite can undergo
oxidation to M%*, simultaneously leaching out Li to maintain the charge balance and trig-
gering the phase transition to (ferri)sicklerite and further to heterosite. Since the minerals
originate from hydrothermal dikes and granitic magma, the main production process
for the triphylite-family materials is (solvo)hydrothermal treatment. This process allows
both the production of monocrystals for precise structure refinement and the study of the
defect chemistry and “ready-to-use” powders of cathode materials with a decent level of
operational properties. The minerals’ origin helps in understanding the proper synthesis
conditions for the production of materials with desirable properties.
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A group of maricite minerals, phosphates with the NaMPO, (M = Mn, Fe, Zn, Mg)
formula, is considered closely related to the olivine structure [25,26]. It also contains a
highly distorted hcp array of oxygen atoms (Figure 3, right) with the inverse occupation
of M1 and M2 positions and different positioning of phosphate anions in comparison to
triphylites: Na, with a larger ionic radius, accommodates the bigger M2 site, inducing its
distortion (Figure 2d,e), while the other metals reside in the normal octahedral M1 site
(Figure 2c). It should be noted that mechanical switching of the M1/M2 positions for
alkali and d metals in the olivine framework does not result in a maricite structure as it
is usually alleged [27,28]; in order to accomplish the olivine-into-maricite transition, the
phosphorus atoms have to be displaced to the adjacent (having a common basal plane)
position (Figure 2) with a shift along the a and c axes (Table 1, in bold). In maricite,
the phosphorus—-oxygen tetrahedron has no shared edges with the M1 site octahedra,
while in triphylite, the PO, tetrahedra possess a common edge with the environments
of both M1 and M2 sites. This maricite-type T site in the parent olivine structure is
severely distorted (Figure 2d). A cooperative rotation of the octahedra chains with a
simultaneous contraction of the unit cell along the b axis returns this T site to a normal
tetrahedral shape, as shown in Figure 2e. Without the phosphate unit displacement, a
new theoretical structural type with a quasi-layered structure can be obtained from the
olivine (Figure 2c). The oxygen lattice in maricite also experiences significant distortion
in comparison to the olivine/triphylite one (Figure 3, right). Some representatives, such
as the minerals natrophylite (NaMnPOy) or karenwebberite (Na(Mn,Fe)POy) [13], might
preserve the triphylite-type or mixed occupation of the metal sites, while phosphorus
resides exclusively in the olivine-type T site. At the same time, synthetic analogues of
Na(Mn,Fe)POy preferentially crystallize in the maricite structure [26], though sophisticated
synthesis approaches were devised to stabilize the triphylite-type framework [29,30].

Taking into account the rich crystal chemistry and the variety of minerals in the olivine
family, the understanding of possible crystal structure imperfections and their influence on
the operational properties is a necessary aspect for designing new functional materials. A
great example is triphylite-type cathode materials, which crystallize in the same structure
type. Adopting structure features described for olivine and triphylite minerals for the
technology of artificial cathode materials could lead to more efficient experimental designs
in the field and production of the materials with desirable properties suitable for specific
applications. In the following sections, the influence of point defects in cationic and anionic
sublattices of triphylite cathode materials will be discussed, along with the strong connec-
tion to their silicate relatives. Additionally, a defect modeling will be outlined using density
functional theory (DFT) calculations as a valuable tool for the prediction and description of
the defect influence on the kinetics and diffusion properties of electrode materials.

3. Point Defects in Cationic Sublattice: The Influence on Transport and
Electrochemical Properties of Triphylite Cathodes

3.1. General Overview of Point Defects

From a chemical point of view, natural minerals are often complex systems, which
indisputably have point or 0D defects (vacancies, interstitials, etc.), the presence of which is
thermodynamically profitable, resulting in gaining entropy and reducing free energy. Their
defects’ structures might hold several types of defects simultaneously, which influence
each other and determine manifold properties of the minerals, or comprise preferentially
a single sort of defect. This section is intended to compare the intrinsic 0D defects in
natural olivine-group minerals (mostly (Mg,Fe),5i0, and LixFePO,) with defects found in
synthetic triphylite-type electrode materials (mostly LiFePO,) and draw parallels between
their origin and impact on properties.

Point defects can drastically affect physical properties, such as color [31-34] and ther-
mal [35,36], electrical [2,37,38] and ionic [39,40] conductivities, corresponding to the special
defect types—vacancies, interstitials or impurities. Point defects can be subcategorized
into several types. A vacancy defect means the absence of an atom in the crystal. It is
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designated as Vy;, where M is the name of an atom sublattice, where the atom moves out.
A formal charge of the vacancy is equal to that of the M ion with an opposite sign. Another
type of point defects—an interstitial—appears when an atom is displaced from its original
site to a normally unoccupied free position in the lattice. Interstitials are expressed as
My, and they have a formal charge equal to that of the M of the same sign. All intrinsic
defects related to vacancy formation fall into two groups: Schottky and Frenkel defects. In
the case of Schottky defects, a pair of anion and cation vacancies is formed and the total
number of atoms per unit cell decreases. A Frenkel defect is realized when a vacancy and an
interstitial defect attract each other and couple. In both cases, the crystal remains electrically
neutral. It should be noted that Frenkel defect concentration is low in most cases, and such
defects are strictly stoichiometric in contrast to Schottky defects, where the crystal can be
off-stoichiometric. According to theoretical calculation, a Frenkel defect pair containing an
M2 vacancy (Vy,) and Mg in the interstitial site (Mg;') is the most energetically favorable
among other vacancy formations such as (Vg;) or (V§) [41].

Besides vacancies and self-interstitials, so-called substitutional defects such as im-
purity ions and antisite defects also exist in natural minerals, leading to physical and
mechanical properties changes. Due to the relative flexibility of the olivine structure, sub-
stitutionals normally form solid solutions and can be isovalent or aliovalent. In the latter
case, additional vacancies or charged species such as electrons or holes have to be present
concomitantly to maintain electroneutrality. Here and below in the description of defects
and their reactions, F.A. Kroger and H.I. Vink (i.e., Kroger—Vink) notations are used [42];
the list of all used notations are presented in Appendix A.

3.2. Defects of Cationic and Anionic Sublattice in Olivine Minerals

Olivines are particularly useful for the technological, geological and basic scientific
studies of cation interdiffusion for enhancing the understanding of geological and planetary
processes, such as volcano eruption and accompanying processes of magma flows and
crystallization, and tectono-metamorphic events as well as physical and chemical features
of the Earth’s mantle, chemical heterogeneities, etc. [43]. Due to this, there has been a
substantial number of experimental and theoretical studies of cation interdiffusion in
olivine minerals of various compositions. Among them, Fe-Mg interdiffusion is the most
common and most studied.

To consider defects such as antisites and the “off-stoichiometry” ones, it is more
convenient to represent the crystal structure of olivines as the hexagonal close-packed
counterpart of the cubic spinel structure AtVBON,0,, i.e., MO, Xt)O,. The M10y
octahedra approaching a trigonal antiprism are centrosymmetric. The M20O¢ octahedra are
more distorted and have two O atoms of one XO, tetrahedron each. In some d metals con-
taining mixed olivines, such as (FexMg1_x)25104, (CoxMgj_4)25i04 and (NixMgj_«)25iO4,
the divalent cations occupy crystal structure positions according to their ionic radius and
crystal field stabilization energy as well as M—O bonding nature [44]. Thus, the cations
might form antisite defects in the M1 and M2 positions (there are also other terms such as
interdiffusion or interexchange), for example, in (Mg;_yFex)[Fe;_xMgx]SiOy4.

The first detailed study of the Fe-Mg interdiffusion in olivines was presented in [45],
where compositional dependence and clear diffusion anisotropy was revealed with higher
diffusion coefficients along the b axis. Later, other authors carried out Fe-Mg interdiffu-
sion experiments at various pressures (from 3 GPa to 9-12 GPa) and temperature ranges
(873-1673 K) [43,46-48]. Fe-Mg interdiffusion coefficients in olivines were measured at
atmospheric pressure taking into account the Fe:Mg ratio, temperature, crystal orientation
and oxygen fugacity using thin films. The obtained results demonstrate a strong correla-
tion with the Fe fraction but are weakly linked to oxygen pressure. A quantitative model
describing Fe-Mg interdiffusion coefficients in olivine for modeling the above-mentioned
natural process was developed considering the point defects presenting in the crystal struc-
ture [49]. The results obtained in [49] confirm the findings obtained in [50], which showed
a negligible correlation with oxygen fugacity and no significant impact on composition
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variation. From numerous calculations of Fe-Mg interdiffusion coefficients (Dpe-mg) in
olivine, it was found that cation vacancies strongly depend on the concentration of ferric
iron (Fe**) formed at elevated temperatures and increased oxygen fugacity values. Thus,
the Fe-Mg interdiffusion in olivine occurs by the vacancy mechanism, which could be
described as cation position exchange with a nearby vacancy. The suggested diffusion
mechanism is a function of temperature, pressure and oxygen fugacity, but at the same
time, it is independent of the concentration of any impurities in the crystal structure [51].

The site preference of Fe in FeMgSiO4 was investigated in [52] by means of density
functional theory calculations. It was found that at equilibrium conditions (T = 0 K), iron
ions occupy the M2 site due to the higher Fe2-O bond covalence compared to Fel-O. The
connection pattern of FeOy octahedra at M2 results in the chain formation by sharing the
corner oxygen atoms. The obtained connection pattern makes the structure more stable
compared to a less connected network by sharing the edge oxygen atoms in the case of M1
site occupation.

For the characterization of Fe-Mg intermixing, a distribution coefficient Kp, is applied,
reflecting the atomic fraction of Fe and Mg at the M1 and M2 sites. The coefficient is
represented by the following formula [53]:

Kp — [Fem2 Mgy
[Fen-Mgyy,]

Kp is > 1 in the case of perfectly ordered and close to 1 for a completely disordered
material. A number of experimental techniques were applied for the investigation of cation
sublattice disorder and its influence on materials properties: powder and single crystal
diffraction techniques including synchrotron and neutron diffraction, spectroscopy [54]
and microscopy experiments. The main parameters influencing the defect structure of
olivine minerals are temperature, Fe/Mg ratio, oxygen fugacity and pressure. The neutron
diffraction experiment conducted in [53] at room temperature confirms the above-discussed
DFT calculations reported in [52], where a stoichiometric material was considered. In
increasing the temperature, the site preferences for Fe were reversed, reaching the so-called
cross-over temperature, above which the Fe ions start occupying the M1 site indicating
the presence of antisite defects in the crystal structure [53]. The reason for the observed
crystallographic site changing is the difference between bond-length thermal expansions of
Mg-O and Fe-O bonds; the higher covalency of the Fe—O bond is responsible for the lower
thermal expansion. The M10g and M20Oy octahedra volume was measured before and
after reaching the “cross-over temperature”; it was stated that the M2O4 volume is larger at
lower temperature but increases the volume as the temperature rises, while the opposite is
observed for the M1 site, indicating the transition of more covalently bonded Fe-O into
the M1 site [53]. Close results were obtained in [50], where in situ Mossbauer spectroscopy
was applied for the detection of the M1 and M2 disorder. When the temperature increases
up to 800 °C, the Fe occupancy of the M1 site approaches 60%, such that following the
exponential fit suggested by the authors, it is possible to achieve a completely disordered
material at a temperature of ~300 °C [53].

The influence of antisite defects in olivines on mechanical and dielectric properties is
described in [55]. DFT calculations were used to evaluate the effect of the cation disorder
on elastic properties of olivines [55]. It was stated that the presence of iron at the M1
site results in the deformation of the crystal lattice along the b axis and the stiffness
reduction along the a and b axes with a slight hardening in the ¢ direction [55], making
the material more vulnerable to mechanical deformation. The graphical representation
of the elastic modulus dependence on the cation disorder is represented in Figure 4a.
The incorporation of Fe at the M1 site results in a decrease in the Gi3 component of
the elastic modulus in the whole range of the experimental pressure, while for Gi, and
Go3, the difference is not that significant [55].
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Figure 4. The influence of defects on properties of olivine silicates: (a) the effect of antisites on
mechanical properties of MgFeSiOy [55], (b) the temperature dependence of electronic conductivity
(the numbers represent the water content in MgFeSiO,), and (c) the impact of hydroxyl defect concen-
tration on electronic conductivity of hydrogen-bearing olivine at different temperatures (the numbers
represent the experimental temperature, each symbol designates the data at a given temperature
above the solid line) [2].

The cation disorder plays a crucial role for distorting the crystal structure of the mate-
rial and thus influencing the key properties of minerals. At the same time, the formation
mechanism as well as the dependence of mineral genesis conditions on the defect concen-
tration opens up new insights for functional materials design. The consideration of the
differences and similarities between natural olivine minerals and artificial triphylite cath-
odes helps in adjusting the synthesis processes for production of less defective materials.
Since antisite defects for both classes influence the diffusion and mechanical properties in
a very similar way, one might consider natural minerals as a guide for tuning the materi-
als properties and use the natural formation conditions as starting points for functional
materials synthesis.

The anionic sublattice of olivine silicates could be in turn represented as a discontin-
uous arrangement of SiOy tetrahedra. As the silicate’s formation is closely related to the
hydrothermal conditions, the presence of water strongly affects the defect chemistry of the
materials. H" and OH™ species formed during water dissociation incorporate into vacant
and/or interstitial lattice sites [56]. Three possible reaction pathways are associated with
water inclusion in olivine silicates: incorporation into metal or silicon vacancies and partial
d metal oxidation for the preservation of charge balance [57].

The first scheme includes the protonation of metal vacancy at the M1 site. The most
stable configuration is observed when H atoms are bonded with O2 atoms of the neighbor-
ing silicate tetrahedra [58]. The presence of defects can be detected by FTIR, revealing the
vibration modes of OH groups. The two modes occurring at 3225 cm ™! and 3212 cm ™! are
assigned to the out-of-phase and in-phase stretching of the OH groups, respectively [58].
Using ab initio calculations, the most stable structural model for the M2 vacancy mech-
anism involves two hydrogen atoms bonding with the O3 atoms [59]. Considering the
possibility of hydrogen incorporation into the M1 site, the total energy of the structural
model was found to be 0.593 eV larger compared to the defect inclusion into the M2 site.
Thus, the substitution at the M2 crystallographic site seems more preferable. The structure
changes associated with the incorporation of defects into the crystal structure could result
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in lowering the symmetry of the unit cell from Pnma down to monoclinic P2;/m or P2; or
even triclinic P1, with higher stability of the monoclinic unit cell [59].

The Fe?* oxidation in the olivine crystal structure is attributed to the shift from the
uniform ion distribution between the M1 and M2 sites to the predominant M1 occupation
by Fe** due to the lower ionic radius. In this case, the protonation of either O1 or O2
oxygens takes place. The detection of the specific configuration is possible by IR spec-
troscopy with a theoretical signal at a wavenumber of 3388 cm ™! and 3245 cm ! for O1
and O2, respectively. The third possible scenario concerns the presence of a ferric ion at
the M2 site with an H atom bonded to the O3 oxygen, manifesting a characteristic band at
3374 cm~!. The described model suggests the combination of the three described scenar-
ios in natural materials in the mantle at elevated temperatures with the relative fraction
of 30-40% [60]. Another scenario is close to the “titanoclinohumite defect” observed in
titanium-rich garnets [61]. Like in the case of titanium, the ferric ion and H* compensate a
partially protonated Si vacancy, which could be represented by the following Kroger—Vink

; X
notation: [FeM1 (3H51)} . Consequently, Fe** occupies the M2 site and shares the edge

with a vacant silicon site. The presence of this complex defect could be traced by the
appearance of the three IR bands in the region of 3250-3540 cm ! (57).

The presence of hydrogen-associated defects in olivines significantly affects the con-
ductivity of the material, since the protons occupying the Si vacancies could serve as
additional charge carriers along with the electron holes created by the ferric ions” incorpo-
ration at the M2 crystallographic site. The water-content-dependent conductivity is best
explained by the motion of free protons [2,62,63]. In one interpretation, two protons present
at the M1 site can split up and form an interstitial proton:

(2H)yyg ¢ Hygg + Hj

Indeed, the conductivity is normally determined as a sum of electron hole conductivi-
ties from Fe3* substitution at the M1 site, the proton conductivity and holes constitute:

0 = O0Fe + OH + O},

Therefore, the conduction mechanism differs between wet and dry samples [2]. For
wet olivine samples, it should be mostly due to charged species, such as hydrogen ions (o).
Then, for water-free olivine, the conduction mechanism is considered to be the migration
of electron holes (oy,) formed by oxygen vacancies:

1
5 Oy 4V, <> Of +2h

As the number of charge carriers increases, the electronic conductivity of water-
incorporated olivines rises (Figure 4b,c).

Overall, defect incorporation in olivines brings drastic changes in the structure and
mechanical and electric properties of the minerals, as validated by numerous examples
above which emphasize the role of defect chemistry in designing the desired properties
of artificial analogues. The graphical representation of the crystal structure defects on
mechanical properties and electrical conductivity is represented in Figure 4.

3.3. Defects of Cationic and Anionic Sublattice in Synthetic and Natural Triphylites

The rich variety of crystal structure defects of olivine silicates could be translated to
the triphylite minerals and synthetic cathodes due to the same structure type. The most
important types of defects and their formation conditions are presented in Figure 5.
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Figure 5. The main triphylite structure defect types.

The most well-studied defects for synthetic triphylites are antisites, since their pres-
ence drastically impacts the operational properties of the material, for example, on the Li*
diffusion coefficient, its de/intercalation mechanism and the specific capacity of the cath-
odes. An antisite defect could be described as an atomic arrangement when a position of a
particular atom is occupied by a different chemical species contained in the crystal. Antisite
defects are a feature of a number of ionic and covalent functional inorganic materials. In a
crystal with the formula AB, the antisite defects are represented as the A atom positioned at
the site normally occupied by the B atom, or vice versa. The formation of an antisite defect
pair consisting of the B atom at the A atom site, By, and the A atom at the B site, Ap, can
be described in terms of a quasi-chemical equation: Ap + Bg — Ap + Ba. The formation
of antisite defects usually occurs during crystal growth, when atoms are misplaced from
their normal sites during the crystallization of a material. Alternatively, the defects can be
promoted by applying the sufficient energy required for atom movement when the crystal
is formed [64,65].

The importance of antisite defects is manifested in a number of lithium intercalated
electrode materials, in which d metal and lithium cations of a close radius usually feature a
well-ordered framework. The antisites drastically influence the kinetics and electrochemical
performance of triphylite-type cathodes, LIMPOy, since the lithium motion normally pro-
ceeds through one-dimensional (1D) channels (along the b axis) but not across the channels
because of a high energy barrier. Unlike the two-dimensional Li* diffusion occurring in
layered metal oxides, the diffusion of Li ions in LiIMPO, can be easily blocked if there
is a defect representing an obstacle in the channel. Thus, a fundamental problem in the
triphylite-structured phosphates is the 1D nature of the Li* pathways, which become
effectively impassable due to the antisite defects, i.e., M"* cations occupying Li sites.

The antisite defects were found in natural triphylites by means of X-ray diffraction
and Mossbauer spectroscopy experiments, where the total Fe?* occupying the M1 site was
determined as 8% [24]. Another study of natural triphylite suggests 4% of Fe?" at the Li
site and the presence of Fe>* at the M2 site, with Li leaching from the M1 site forming a
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vacancy [66]. The presence of ferric ions in natural triphylites could be explained by the
partial oxidation of Fe or Mn and the transition to the sicklerite mineral [67]. Both ferric
ions and sodium vacancies at the M1 site were found in the karenwebberite mineral [13].
Furthermore, the oxidation process is similar to the triphylites. The very close processes
associated with the de/insertion of lithium ions from the cathode material undergone
during battery operation [68] makes the study of the weathering process of triphylites
minerals extremely important, especially from the point of view of defect formation. The
close relation of the nature of the oxidation process and Li leaching from minerals and
electrochemical Li* de/intercalation could help us to understand the defect formation
evolution and use natural processes as references due to their equilibrium.

The first systematic study of defects in synthetic LIMPO, was performed by Islam
et al.,, who applied interatomic-potential simulations. It was observed that the required
energy for the antisite-pair defect formation Lip, and Fey; (Li atoms at the Fe site and Fe
atoms at the Li site) in LiFePO,4 was the lowest (E,ntisite = 0.74 €V), compared to Frenkel

(Vi + Li;, Ve + Fei') or Shottky defects [69,70]. Based on theoretical calculation, Malik

et al. also came to similar results about the energetics of the defects: the formation energy
of the FeLi'—LiFel antisite pair lies in the range of 0.515-0.55 eV [71]. The formation ener-
gies of antisite defects were calculated for synthetic NaFePOj, in [72] by means of density
functional theory calculations. Like for LiFePQy, the antisites have the lowest energy of
0.86 eV compared to Na or Fe Frenkel-type defects (2.25 and 2.29 eV, correspondingly).
An investigation of Na vacancy ordering was conducted in [73] using microscopic and
diffraction techniques, where it was stated that the symmetry of Naj ;FePO, transforms
into monoclinic (P27 /a space group) with a regular pattern of Na vacancies and ferric ions
compensating the charge balance. The same phase was detected during the operation of
NaFePO,4 with the reason of a lower volume mismatch between sodiated and desodiated
phases [74].The effect of particle size was also taken into account; the probability of the
defect formation in nanosized particles was significantly lower, leaving most of the chan-
nel available for fast 1D diffusion of Li* [75]. It was shown that the probability of the
exchange of Li/M positions in the case of LiFePO, increases with increasing concentration
of Fe3* ions [75,76]. The same results were observed in olivine silicates, where Fe3* jons
tend to occupy the M1 sites due to the lower ionic size, leading to the increase in the
ion interexchange [60]. The most important conditions influencing defect concentration
and distribution are synthesis scheme, temperature and particle size. Among all the sug-
gested synthesis routes, the hydrothermal one is the closest to naturally formed LiFePOy.
However, this method might easily lead to a large concentration of Fe antisite defects in
the obtained material [77]. According to the current understanding, the amount of Fe/Li
antisite defects can be gradually reduced by long synthesis time (5-7 h) and elevated
temperatures (180200 °C) [78], by switching to non-aqueous solvents (ethylene glycol
or ethanol) [79] or by a heat treatment at high temperatures (T > 600 °C) [80]. However,
LiFePO4 produced by a hydrothermal/solvothemal route at low temperatures (<175 °C)
inevitably forms Fey; antisite defects [81]. Despite the unavoidable formation of antisite
defects during material synthesis, there is a possibility of their elimination during the
electrochemical annealing by inducing Li into the material’s structure during discharge.
In [82], Li/Fe antisites were annihilated by a partial electrochemical reduction of the de-
fective material containing ferric ions. The reduction of ferric ions in the crystal structure
during the discharge process lowers the activation energy of Li* migration from the M2
site to the M1 site. Along with the Li intercalation into the crystal structure and the re-
combination of the defects, the total amount of antisites was decreased from 4% to 1.86%.
Furthermore, studies showed that Fej; defects in LiFePO,4 can be recombined while heat-
treated above 500 °C [83]. Furthermore, single phase samples with 4% of Li:Fe antisites
have been reported for the very low-temperature synthesis of nanoparticles based on a
co-precipitation process [84]. The formation of nanopowders is principally important as
nanosizing provides enhanced Li* diffusion in LiFePOy as well as a diminished amount of
antisite defects. The concentration of antisite defects in a mechanochemically produced
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LiFePO,4 was estimated to be as low as 3-4% [85,86]. In addition, considerable efforts have
been made to decrease the diffusion pathway length of Li* ions via an oriented growth
of LiFePOy particles along the b axis. Zhao et al. have produced (010)-oriented LiFePOy
sheetlike particles with an average thickness of 50 nm [87]. The controlled orientation of
the material particles promotes the fast diffusion of Li* ions as well as making it possible to
minimize the amount of conductive additive for decent electrochemical performance of the
material [88]. Paolella et al. [89] realized an inexpensive hydrothermal synthesis of LiFePO,
nanoparticles and succeeded in minimizing the Fe—Li antisite defect concentration to 1%
using calcium ions. The suggested mechanism includes the formation of an intermediate
LiCay9(POy); composition followed by the formation of an LiCaPO,4 phase. The next step
is a topochemical reaction leading to the production of LiFePOy. The remaining Ca ions
occupy the M2 site, forcing Lip, defects to segregate on the materials surface [89]. However,
this method is too complex and the capacity at high current density is comparable with
the conventional LiFePO, with 3-4% of antisites. Much recently, Zou Y. et al. developed
a cost-effective method to suppress Fe-Li antisite defects to 0.23% using the “egg-box”
structure in alginate and reduced graphene oxide [90]. The described approach makes it
possible to create a uniform ion distribution of mixed Li-Fe-P alginate inside the graphene
oxide layer due to the hydrogen bond formation between hydroxyl alginate groups and the
surface hydroxyl layer of graphene oxide [90]. Therefore, the hydro/solvothemal synthesis
might be successfully used to obtain an LiFePO, with a low antisite defect concentration.
In addition, antisite defects could manifest during electrochemical cycling of the material:
mechanical stress induced by Li* de/intercalation results in cation rearrangement, which
leads to the local charge disbalance, although the process is almost reversible [91]. It should
be noted that exchange defects were observed directly experimentally using various meth-
ods. The important studies of Chen J. et al. (via in situ X-ray diffraction) [83], K. Jensen
M. et al. (via neutron powder diffraction) and Chung S.-Y. et al. (via HAADF-STEM) [92]
stated that the Li, antisite defects are formed by Fe?* ions positioned in the M1 sites, thus
blocking the Li* diffusion pathways. Different resolutions and sensitivities provided by
the diffraction and microscopic experimental techniques resulted in the uncertainty of the
exact contraction of the defects. For example, HAADF-STEM imaging concedes a variation
of antisite defect concentration of up to 15%, while high-resolution neutron diffraction
experiments on the same sample indicated that the total fraction of antisite defects is as low
as 1% [93]. Seemingly, the variation could be deduced by the local aggregation of the de-
fects, compared to the homogeneous distribution through the whole lattice [92]. Applying
divalent Ca or Mg cations for decreasing antisite defects in synthetic triphylite phosphates
proves to be a useful tool and could be considered as a natural hint for improving the
key properties of the materials, since Mg and Ca frequently accompany the formation of
triphylite minerals [94].

The effect of antisite defects on Li diffusion has been investigated extensively using ab
initio calculations [71], empirical models and classical molecular dynamics simulations [95].
Direct dynamical simulations [91,96] suggested that antisite defects may enhance the
interchannel crossing for Li migration, enabling a transition from quasi-1D to 2D diffusion.
Thus, the interaction of exchange defects with each other [97] and cationic vacancies
for LiFePO, and LiMnPO, was studied in detail. The higher site preferences for Mn in
LiMnPO, was found compared to Fe in LiFePO, [97]: the total amount of antisite defects
was found to be 2%, which is two times lower for analogous LiFePO,4. Another distinct
difference between the two triphylites is that for the Mn analogue, the aggregation of
defects was not observed and the defects were randomly distributed in the crystal structure
of the material, while for LiFePOy, a strong tendency of defects to coalescence is more
energetically favorable [97]. The obtained results correlate well with the site preferences
in Fe- and Mn(Co)-containing natural olivine silicates, where the presence of Mn or Co
restrains the d metal transition to the M1 site [44,98].

It is worth mentioning the off-stoichiometric materials preparation resulting in the
formation of so-called Li-rich triphylites, where additional Li ions occupy the M2 site with
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the partial oxidation of Fe?* remaining at its crystallographic position. First, the concept
was introduced in [99], where a 5% excess of LiFePO, cathode material was synthesized.
Then it was established by means of DFT calculations that the presence of additional Li ions
at the M2 site of LiFePO, will result in increasing Li* diffusion coefficients and a switch
of the diffusion mechanism from conventional 1D to a two- or even three-dimensional
one, depending on the Fe substitution fraction. The maximum amount of excess Li* in
triphylite was calculated as 12.5% [100]. Followed by the described approach, a number
of successful experimental confirmations of Li-rich triphylite synthesis were published.
The reported concentration of additional Li ions present in the crystal structure fell in
the range of 5-10%, which is sufficient for enhancing the electrochemical performance
at high C-rates and reducing the polarization at elevated current densities [7,9]. The
comparison between stoichiometric and Li-rich LiFePO, was performed in refs. [9,99].
Electrochemical performance of the conventional and Li-rich materials demonstrated in
Figure 6a,c,d makes it possible to suggest the higher output specific capacity at elevated
C-rate for Li-rich materials. At lower C-rates, conventional material exhibits slightly higher
output capacity (Figure 6a,b) due to higher concentration of electrochemically active Fe*
For the detection of Fep; defects, a combination of diffraction, spectroscopic and microscopy
techniques is applied. In a recent paper [7], this concept was transferred to a higher
energy density LiFeysMng 5PO4 cathode material. Using joint neutron and synchrotron
diffraction coupled with Mossbauer spectroscopy and EELS as well as HAADE-STEM, the
excess Li" in the crystal structure was estimated as 7%, revealing the beneficial impact on
promoting the Li* de/intercalation process to follow mostly a solid-solution mechanism.
The electrochemical performance at high current densities was close to the reported values
of the Li-rich LiFePOy, rendering this approach a reliable tool for enhancing transport and
electrochemical properties of triphylite-type cathodes [7].
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Figure 6. The charge—discharge profiles of Li-excess and conventional LiFePOy (a), rate capabilities of
the materials at different current densities (b) [99], and the comparison of electrochemical performance
between “Li-rich” (c) and stoichiometric LiFePOy (d) at different C-rates [9].

The “Li-rich” defects were found mainly in nanopowders of artificial cathode materials
and have not been published for natural triphylite minerals. Although the investigation of
monocrystalline LiFePO4 by means of single-crystal-neutron and X-ray diffraction confirms
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the formation of an Li-excess material [101]. The monocrystals were produced by a flux
growth technique, suggesting the possibility of off-stoichiometric defects occurring in nature.

Due to the structural similarity between triphylites and olivine silicates, the anionic
sublattice experiences the same substitution tendencies. The phosphorus deficiency, which
could also be assigned to the “off-stoichiometric” defect type, was observed in a natu-
ral ferrisicklerite with a suggested mechanism of substitution of phosphorus by hydroxyl
groups [102]. First, the phosphorus deficiency in synthetic LiFePO4 was observed for highly
defective material synthesized during short reaction times in [103]. As a result, the material
encountered severe structural changes accompanying the Li* de/insertion: a transition
of Fe’*and Fe®* from the regular M2 position to M1. The material demonstrated poor
electrochemical performance even at extremely low current densities of C/50 (Figure 7a).
Despite the detailed structural changes, the phosphorus deficiency origin as well as the
charge compensation mechanism were not revealed. The first attempt to precisely charac-
terize the charge compensation mechanism of phosphorus-deficient triphylite cathodes or
“hydrothriphylites” was made in [16]. Following the concept of water incorporation into
olivine silicates, the phosphorus vacancy is supposed to be protonated with the formation
of (OH) groups at the terminal oxygen atoms. The synthesis conditions leading to the
production of phosphorus non-stoichiometry samples were found to be extremely diluted
solutions of precursors. The defects were detected by FTIR spectroscopy and validated
by joint synchrotron and neutron diffraction refinement. The influence of the hydroxyls
on the material properties was observed as a drastic deterioration of the extracted specific
capacity, with the possible explanation being significant structural changes [16]. The electro-
chemical performance of samples with different phosphorus deficiencies was investigated
(Figure 7b). Increasing the hydroxyl defect concentration resulted in drastic deterioration
of specific capacity of the material: 16% of phosphorus deficiency prevented Li* from
de/intercalation into the material structure [16].
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Figure 7. (a) The characterization of LiFePO, containing 8% of P vacancies (the upper inset rep-
resents the cycling stability of the sample at C/50 rate, and the lower inset depicts the dQ/dV
derivative [103]), and (b) the comparison of electrochemical performance of LiFePO4 materials with
different P deficiency [16].

A further study conducted in [17] considered the Li-Fe-P-O, phase diagram con-
structed by means of first-principles calculations [104] and suggested the mechanism of
charge compensation for P deficiency triphylite cathodes depending on oxygen chemical
potential. Three different scenarios of hydrogen incorporation were taken into account:
octahedrally coordinated Li or Fe vacancies, or phosphorus vacancy tetrahedral voids. It
was found out that the minimum formation energy manifests the phosphorus vacancy com-
pensation, while the substitution of Li or Fe vacancies is almost energetically equivalent.

The obtained computational results for triphylites are similar to those reported for
olivine-type silicates long before, thus making the learning-from-nature concept a valuable
tool for predicting and investigating the inner structure of the materials. Since the crystal
structure defects influence the material properties significantly, the mineral genesis and
formation conditions could be applied to the synthesis process of functional materials and
could serve as additional ways of tuning the material properties. As a reference, the natural
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genesis processes of dittmarite (NHyFe(Mn)PO4-H,O) and struvite (NHsMgPO4-HO)
minerals were studied from the thermodynamic point of view; as the result, the optimal
conditions of precipitation were found [105]. Dittmarites are applied as precursors for
triphylite LIMPOy cathode synthesis [11,106]. Thus, the observed patterns could be applied
to the optimization of the production process of the cathode materials.

4. Discussion and Outlook

The mineral world is diverse and enormous; it hides a great number of hints and
clues nurtured and validated by nature that are now at our disposal for application in the
industry of functional materials. In the current review, we attempted to bind together the
genesis and defect chemistry of olivine-group minerals with the synthesis processes and
relationships between the defects and key properties of triphylite-type cathode materials.
The tight connection between the minerals and cathodes made it possible to understand
the main features of defect formation which led to the reduction of their negative impact
on the electrochemical performance and production of defect-free materials as modern
battery electrodes. A good example is hydroxyl defects for both natural silicate and
phosphates of the triphylite family that were known among mineralogists since the mid-
1970s but were observed only in the mid-2010s for synthetic LIMPO4 cathodes. Since the
phosphate minerals are vulnerable to phosphorus non-stoichiometry especially during
hydrothermal treatment, hydroxyl incorporation should be present in other functional
phosphate-based materials besides those applied in batteries. Additional information that
could be extracted from the mineral genesis is lattice distortion during cathode material
cycling: the Jahn-Teller distortions that are responsible for low cycling stability of Mn-rich
triphylite cathodes were described during the observation of triphylite-sicklerite-heterosite
transformations by mineralogists long before the practical application of the corresponding
electrode materials [67,107]. Moreover, the less effective diffusion of ions along the b
crystallographic axis in the olivine-group silicates [45] was also observed well in advance
of Li ion diffusion along the same axis in LIMPOy, cathodes.

The presence of antisite and hydroxyl defects impacts key material properties in a
similar way: they deteriorate mechanical properties of olivine silicates and electrochemical
performance of triphylite cathodes by the reason of inducing a charge imbalance in the
crystal structure and reducing the rigidity of the PO4 framework. Thus, avoiding or
minimizing defect formation becomes a top priority during material synthesis. On the
other hand, the presence of the “Li-rich” defects that were found directly only in synthetic
cathodes makes it possible to enhance the diffusion properties of the material with the
sacrifice of the total capacity of the cathode. Another question is whether “Li-rich defects”
are purely artificial or whether they might possibly be run across in natural minerals, since
there is only one reference of additional Li ions present in the crystal structure of a synthetic
LFePOQy single crystal [101].

The same pattern of antisite defects formation is observed for NaFePO,, although the
defect formation is not the only problem of the material. Low Na* diffusion coefficients and
extremely high volume changes during Na* de/insertion restrain the application of the
material, despite the abundance of precursors and high theoretical capacity. An additional
problem is that the maricite polymorph is more thermodynamically stable compared to
its triphylite-structured counterpart, where the NaOg octahedra are isolated in the crystal
structure, so the activation energy for Na* is high. In that sense, switching to fluoride
phosphates (NayFePO4F) and mixed polyanion compositions (NayFe)(C204)(HPOy) [108]
seems to be a promising strategy in the way of mass production of high performance
sodium-ion battery cathodes.

Additionally, other defects that occur in phosphate minerals could be engineered in
the triphylite structure, for example, a partial substitution of PO,3~ tetrahedra by SiO4*~
with the possibility of additional Li ion insertion in the interstitial site. Considering that
the ion size of Si*" is larger than that of P>*, such a type of substitution could be more
favorable in materials with a bulkier d metal ion such as Mn?*. Another case is Li inclusion
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into the tetrahedral site that could be performed by an isomorphic substitution of LiF,
for PO4. One more question that could be intriguing from the crystal chemistry point
of view is whether it is possible to stabilize LiFePOy in a maricite structure since there
is a pronounced temperature dependence of phase coexistence between maricite and
natrophylite in NaFePOy [13] that can be expected in the case of LiFePOy as well.

Overall, nature has already created the most suitable and energy-effective formation
processes of most of the functional materials (or their predecessors) applied in modern
industry. That information is usually contained in geochemical reports for natural ancestors
of the materials—minerals. In that sense, a close collaboration among mineralogists,
crystallographers and materials scientists is vital for ensuring effective breakthroughs in
the manufacturing of modern functional materials.
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Appendix A
(Mg,Fe),SiO4 LiFePOy4 Description
V}I’C’ , Vg , Vacant Fe (M2) site
VMg Vi Vacant Mg/Li (M1) site
Vé VQ’ Vacant O site
VS;” VP"' Vacant Si/P site
o H A proton at an unoccupied
I I interstitial position
H}YIg H:Ll- A proton in the Mg/Li site
Hp, Hp, " ?};thn in the Fe site .
. .. i" at an unoccupie
Mg; Lij 8 interstitial positi F
position
. . Fe?* at an unoccupied
Fej Fej . o P
interstitial position
o’ o' O?~ at an unoccupied
I I interstitial position
Siv P Si** at an unoccupied
I I interstitial position
o o Electron in the conduction
band
h h Hole in the valence band
Fe Fe Fe3* in the Mg/Li (M1) site
Mg Li (antisite defect)
. Fe3* in the Fe (M2) site (Fe
Feg, Feg, oxidation)
« « Mg?*/Li* ion in the Mg /Li
Mg Mg Lig; site
Fe* Fe'. Fe?* ion in the Mg/Li site
Mg Li (antisite defect)
Fey, Fey, Fe?* ion in the Fe site
Sisxi Py Si** /P5* jon in the Si/P site

Oy (0)s O?~ ion in the O site
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