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Intercalation compounds are popular candidate
electrode materials for sodium-ion batteries and
other ‘beyond lithium-ion’ technologies including
potassium- and magnesium-ion batteries. We
summarize first-principles efforts to elucidate the
behaviour of such compounds in the layered and
spinel structures. Trends based on the size and
valence of the intercalant and the ionicity of the
host are sufficient to explain phase stability and
ordering phenomena, which in turn determine
the equilibrium voltage profile. For the layered
structures, we provide an overarching view of
intercalant orderings in prismatic coordination based
on antiphase boundaries, which has important
consequences for diffusion. We examine details
of stacking sequence transitions between different
layered structures by calculating stacking fault
energies and discussing the nature of dislocations.
A better understanding of these transitions will likely
aid the development of batteries with improved
cyclability.

This article is part of a discussion meeting issue
‘Energy materials for a low carbon future’.

1. Introduction

Rechargeable Li-ion batteries have been tremendously
successful in industrial and consumer applications,
and continue to attract attention from the research
community in order to find ways of further improving
battery performance [1,2]. Efforts are also being made
to move beyond Li-ion for low-cost solutions to
large-scale energy storage problems. This includes a
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renewed interest in Na-ion batteries [3] and other less traditional chemistries for batteries that
shuttle K [4] and multivalent cations [5,6]. The success of such technologies hinges on the
development of new electrolyte and electrode materials that can withstand the extreme chemical
and structural changes that often accompany each charge and discharge cycle of a battery.

Many intercalation compounds, particularly layered ones, have been studied as electrode
materials for rechargeable batteries. The canonical layered LiCoO; [7] and related Ni-Mn-Co
(NMC) and Ni-Co-Al (NCA) compounds are used as cathodes in many Li-ion battery applications
[2,8]. Layered intercalation compounds are similarly the subject of great interest for Na- and K-
ion battery electrodes [4,9], though there is some question as to how they will compete with the
current state-of-the-art polyanionic compound Na3zV(PO4),F3 for Na-ion battery cathodes [10].
A main obstacle is the prevalence of structural phase transitions involving stacking sequence
changes of the layers [11-13], which often lead to mechanical degradation and poor cyclability
[10,14]. Many of these materials also exhibit strong cation-vacancy ordering tendencies [11,15,16],
which result in large jumps in voltage and sluggish diffusion at particular compositions [17,18].
Turning to other host structures such as spinel may offer benefits of better structural stability and
high rate capability [19-22]. Though we will primarily discuss intercalation compounds used as
cathode materials, all of these considerations apply to anode materials as well.

In exploring various candidate electrode materials for beyond Li-ion batteries, it is critical to
understand their fundamental thermodynamic behaviour. Structural phase stability and ordering
phenomena have large impacts on many aspects of battery performance including the voltage
profile, diffusion rates and degradation mechanisms. Key thermodynamic properties that may be
difficult to access experimentally can be readily probed using first-principles statistical mechanics
techniques [23-26], which can also be used to examine non-equilibrium kinetic processes [27-31].
Detailed atomic and mesoscale studies of battery electrode materials based on first-principles
techniques may offer more clues as to how to avoid unfavourable phase transitions or alleviate
their effects.

Na-ion batteries provide a lens through which to examine some effects not typically seen in the
more well-studied Li-ion systems, including, in particular, ordering phenomena and structural
phase transitions in the electrode materials. Certain underlying trends observed here may
extend to other more novel chemistries, such as K-ion batteries, and help explain observations
in those largely unexplored composition spaces. Recent progress on beyond Li-ion battery
technology, including Na-ion, has been extensively reviewed [3-5,9,32—40]. In this article, we aim
to summarize some insights we have gleaned from computational work into the fundamental
behaviour of intercalation compounds, with a focus on ordering and stacking sequence changes
in layered systems.

2. Thermodynamics

First-principles thermodynamic studies of battery materials begin with a calculation of free
energies of the relevant phases. Free energies at zero temperature can be calculated using
quantum mechanical techniques such as density functional theory (DFT) [41], while free energies
at finite temperature can be calculated with statistical mechanical techniques that build on the
ground state results using effective Hamiltonians [25,42]. Figure 1a shows the free energy of the
layered NayTiS; intercalation compound, calculated at 300K [43]. The envelope of equilibrium
free energies over the different phases as determined with the common tangent construction
delineates the single- and two-phase regions as a function of composition.

The free energies of the electrode materials also embed information about the voltage of a
battery. Indeed, the battery voltage is determined by the difference in chemical potential of the
intercalating species A between the two electrodes according to
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Figure 1. (a) Calculated free energy curves of Na, TiS, in different layered host structures at 300 K. The global convex hull of free
energies is shown with black lines connecting the curves of each stable phase. (b) Voltage curve derived from the free energy
at 300 K. Coloured rectangles in the background represent single-phase regions, while black lines correspond to two-phase
equilibria. The step at y = 1/2 corresponds to a stable ordering of Na ions in P3. (Online version in colour.)

where p4(y) is the chemical potential of A in the cathode at composition y, 1§ is the chemical
potential of A in the reference electrode, # is the number of electrons transferred per A ion and
e is the elementary charge. Note that for reversible electrochemical cells, the positive (negative)
electrode is technically only defined as the cathode (anode) upon discharge, while the opposite
is true upon charge. However, we will continue to use these terms, consistent with much of the
literature. With a constant chemical potential in the reference electrode, the voltage is simply
related to the chemical potential of the intercalating species in the cathode, which is the slope
of free energy versus composition. Through this connection, the meaning of certain features in
the voltage profile becomes clear, as illustrated in figure 1b. Plateaus correspond to two-phase
regions, where the chemical potential is constant, while steps correspond to ordered phases at
fixed composition, where the concavity (the energetic strength) of the ordering determines the
magnitude of its step. Sloping regions usually correspond to solid solutions. Note that kinetic
effects, chemical participation from the electrolyte and other extraneous factors can significantly
alter the voltage curve, but the equilibrium voltage curve is an essential starting point for
understanding battery performance.

3. Crystallography

We will discuss compounds of the formula AyMX>(0 <y < 1), where A is an alkali or alkaline
earth metal, M is a transition metal and X is oxygen or sulfur. Four key host structures that we
will examine are shown in figure 2. The layered (O1, P3, O3) and spinel structures are all based
on stacked triangular lattices of X. In the layered compounds (figure 2a—), triangular M layers
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Figure 2. The layered (a) 01, (b) P3 and (c) 03 host structures, in addition to (d) the spinel host structure. Grey octahedra
represent M cations with X anions at the corners. Green, yellow and orange are used to show A cations in octahedral, trigonal
prismatic and tetrahedral coordination, respectively. Structure visualization created using VESTA [44]. (Online version in colour.)

lie between every other pair of X layers, forming slabs of edge-sharing MXg octahedra separated
by van der Waals gaps. The intercalant A is inserted into these gaps, and its site topology is
determined by the X stacking sequence: A can occupy octahedral sites in O1 and O3 or trigonal
prismatic sites in P3, with the available sites sharing faces with two, one and zero M in O1, P3 and
O3, respectively. Hybrid structures that switch between different stackings, such as O1-O3, are
also seen and are often ‘staged,” meaning that the A concentration is not the same in every layer
[45,46].

Closely related to the layered phases is the spinel structure (figure 2d). Spinels are normally
represented by the formula AM, Xy, but with vacancies incorporated on the A sites and allowing
for octahedral occupancy of the A cations, this may also be expressed as AyMX». Spinel shares the
face-centred cubic X framework of O3, but with one-quarter of the M moved from the M layers
into the gaps. This M ordering results in a three-dimensional interconnected network of MXg
octahedra in which A can occupy tetrahedral or octahedral sites, neither of which share faces
with M.

The commonality of the anion (X) sublattices of spinel and O3 make phase transitions between
the two kinetically facile. The irreversible transition from O3 to spinel, for example, simply
requires the migration of one out of every four M from the metal layer to the A layers. There is
typically a significant driving force for this transition in partially deintercalated Li,MO, (around
y =1/2), although it tends to occur quite gradually due to kinetic limitations [8,47]. Such a driving
force is notably absent in Naj o MO, which has been attributed to the larger size of Na™ [48]. Note
that in the completely deintercalated state (y = 0), all layered intercalation compounds tend to be
susceptible to decomposition into other phases.

In contrast to the O3-spinel transition, transitions between different layered structures within
the O3 family (O3, P3, O1 and their hybrids) are generally reversible and facilitated through the
shearing of MX, slabs [49]. Though we focus on the O3 family here, there is another family
of layered structures based on a distinct set of stackings called the O2/P2 family [50]. Any
transition between the two families requires a stacking sequence change of the layers within a
single MXj slab and is therefore prohibited at room temperature by the energetic cost of breaking
M-X bonds. P2 compounds have received great interest as Na-ion battery electrodes [3,17], but
higher capacities are generally achievable with the O3 family because P2 hosts are often not fully
intercalated in order to avoid the transition to O2 [51]. O3-type compounds also yield higher
voltages since the NaMXj; end member is usually most stable in the O3 structure [52,53].

4. Chemistry

The chemical properties of the intercalant A are important in determining its behaviour within
an intercalation compound. Consider the intercalants Li, Na, K, Mg and Ca. These exhibit a
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Figure3. Molecular orbital diagrams forisolated (a) TiOg and (d) TiS octahedra alongside the partial density of states of layered
(b) NaTi0; and (c) NaTiS; in the 03 structure. Na density of states is shown in grey, but is negligible in this energy range. (Online
version in colour.)

range of ionic radii, with Mg?* ~ Li* < Ca’* #Nat <K* (based on the Shannon crystal radii
[54] for six-coordination). The ionic radius influences the preferred coordination for each species,
as well its migration barriers and the distortions it induces when inserted into a host structure.
The difference in valence between monovalent cations (LiT, Na', K*) and divalent cations
(Mg?*t, Ca?*) is important not only in setting the battery capacity and voltage but also in scaling
the strength of electrostatic interactions within the electrode material. The other key factor for
electrostatics is electropositivity, for which Mg < Ca and Li < Na < K. More electropositive species
tend to give up more of their electrons, resulting in stronger electrostatic interactions.

The chemistry of the host MX> plays a key role in its electronic structure. Electronic structure is
often analysed by looking at density of states (DOS) diagrams (or partial DOS (pDOS) where the
density is broken up by contributing species), which indicate the density of electrons at specific
energy levels. As a simplified model, consider an isolated octahedron of a transition metal such
as Ti surrounded by six ligand species (e.g. O or S). The degeneracy of the transition-metal d
orbitals is split by the ligand field according to the Oy, symmetry group in a perfect octahedron
[55,56]. The octahedra in real compounds are often distorted such that the degeneracy of the
orbitals is reduced further (for example, the octahedral transition-metal environments in the
layered structures are typically trigonally compressed along the stacking direction, lowering their
symmetry to Dsq).

The d orbitals of the transition metal and the p orbitals of the ligand readily interact to form
hybridized states. Molecular orbital diagrams depicting the hybridization between these species
are shown in figure 34, d for perfect TiOg and TiSe octahedra, respectively. We have shown only
o-bonding (no w-bonding) in these simplified diagrams. The states within each species’ orbitals
can be assigned to a symmetry group representation, and only states with the same representation
can hybridize. Note, for instance, that there are no available f4 O or S states to o-bond with
the available tpg Ti states (though it turns out they can hybridize via 7-bonds). When states
hybridize, they split into low-energy bonding and high-energy antibonding (indicated by an
asterisk) hybridized states. Electrons fill lowest energy states first (i.e. from the bottom of the
diagram up), filling up to around the t;¢ states for materials discussed in this work. The bonding
states (e.g. f1u and a1g) are below the energy of the isolated ligand p states, are filled first, and
have mainly ligand character; the antibonding states (eg, ai‘g and #7 ) are above their respective
Ti states and therefore have largely transition-metal character.

The available states in TiOg are identical to those in TiS¢ and it is only the relative energy
of the states that differs between the two chemistries. The more ionic the M-ligand pair (i.e.
the greater their electronegativity difference), the further apart in energy the hybridized states
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will reside, which can be seen in comparing the pDOS of layered NaTiO, and NaTiS, crystals
(figure 3b,c). The intercalant (in this case, Na) serves largely as an electron donor and is generally
not considered to hybridize with the transition metals or ligands. However, increased intercalant
concentration does raise the Fermi level as more electronic states are filled. For instance, Ti*t in
TiX, has a d° electronic configuration while Ti** in NaTiX, results in d', corresponding to one
electron beginning to fill the 54 states.

When an octahedron is in a crystal, the localized states spread out into bands and new, more
complicated symmetries are introduced. However, we can approximate the regions in the pDOS
diagram as ligand-rich states, ty¢-like states, and eg-like states. The dashed line at the top of the
filled states indicates the Fermi level, which is conventionally set to 0 eV. We see that the decrease
in ionicity between Ti and S (when compared with O) results in a considerable decrease in the
energy gap between the S-rich states and the eg and f;g states. Since electronic structure plays
a role in conductivity, magnetization and even structural changes, understanding the effects of
different transition metal and ligand pairings is instrumental in material design. Oxides tend to
be more ionic than sulfides due to the high electronegativity of O. The transition metal identity
can also have a significant effect. We have focused on the TiS; and CoO; hosts, as the itinerant
nature of their valence electrons and absence of Jahn-Teller activity makes these good model
systems for examining fundamental behaviour.

5. Trends in phase stability

A high-throughput study of layered A,TiS, and A,CoO; (A=Li, Na, K, Mg, Ca) identified
key trends in phase stability and the energetic factors underlying them [57]. Three important
factors are depicted in figure 4 and can be explained in terms of size considerations and varying
strengths of competing electrostatic interactions between different cations. The strength of these
electrostatic effects depends significantly on the ionicity of the compound [57]. This simplified
picture does not include purely steric effects or highly covalent bonding, but nonetheless accounts
for much of the observed behaviour.

The relative stability between prismatic and octahedral A coordination is strongly influenced
by X-X interactions. Prismatic coordination leads to a shorter interlayer X-X distance than
octahedral coordination for fixed A and X ionic radii (figure 44). Smaller intercalants such as Li
are therefore unstable in prismatic coordination because the X anions are too close together, while
larger intercalants such as Na and K do not penalize the host when it adopts a P3 or P2 structure.

Face-sharing between AXg polyhedra and MXs octahedra also influences the stability of
different layered structures due to the repulsive nature of the short-range A-M interactions
(figure 4b). In P3, each A site shares a face with one MXg octahedron, while in O3 there is no
face-sharing. More ionic compounds, therefore, tend to adopt O3 at high compositions to avoid
the electrostatic repulsion of face-sharing sites. The octahedral sites of O1 share faces with both
neighbouring MX, octahedra, making O1 unstable for any intercalant concentration in more ionic
compounds. More covalent compounds, however, tend to adopt O1 over the full composition
range, which has been ascribed to a diminished repulsion between X p orbitals in the gap between
layers [58].

The topology of the A sites within each host plays an important role in determining the
type of ordered phases that are possible at intermediate intercalant compositions. In more ionic
compounds, repulsive electrostatic interactions will strive to separate the A cations as far apart
from each other as possible within each intercalant layer. In P3, the available prismatic A sites form
a honeycomb network, which allows for A-A distances that are not available on the triangular
lattice of octahedral A sites in O3. This tends to stabilize P3 at intermediate concentrations when
the benefit of maximizing A-A distances on the honeycomb network outweighs the penalty for
face-sharing. Repulsive interactions on the honeycomb network can lead to intricate A orderings
which will be discussed later.

A systematic study of spinel A,TiS; and A,CoO, (A =Li, Na, Mg) revealed similar trends
in these compounds [22]. Here the host structure is fixed and intercalants may occupy either
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Figure 4. Important electrostatic interactions that determine phase stability in AMX; layered intercalation compounds,
illustrated using 03 and P3 as examples. (a) Interlayer X—X distances determine whether prismatically coordinated A are stable.
(b) Face-sharing results in energetically unfavourable A-M interactions (c) The sites available to intercalants determine the
possible orderings that limit A—A interactions. (Online version in colour.)

octahedral or tetrahedral sites, the relative stability of which is determined by two competing
factors: larger cations favour the octahedral sites because they offer more space, while tetrahedral
sites allow A cations to lie further away from neighbouring M cations and limit A-M interactions.
The latter is more important in more ionic hosts, much like the face-sharing penalty in the layered
structures.

In the layered and spinel structures, phase stability is greatly influenced by the identities of
both the host and the intercalant. Electrostatic interactions are stronger in more ionic hosts such
as CoO, compared to more covalent hosts such as TiS;. Furthermore, intercalation of a more
electropositive species, such as Na compared with Li, results in stronger A-A and A-M repulsions.
Ion size plays a similar role in the layered structures, as larger ions such as Na and K result
in larger interlayer spacing and reduced screening from the X anions [46]. Divalent intercalant
cations such as Mg and Ca tend to create stronger electrostatic interactions than monovalent ones
from the same period, as their charge is doubled [59,60].

To examine some of the trends in phase stability more closely, we turn to voltage profiles and
phase diagrams obtained from first-principles studies [22,28,43,61]. Figure 5 shows calculated
room temperature voltage profiles and phase diagrams of Li,TiS;, Na,TiS; and NayCoO, in
the layered (O3-type) and spinel structures. The agreement with available experimental voltage
curves, which are shown in red, is quite good. Recall that plateaus correspond to two-phase
regions, while steps correspond to ordered phases. The steepness of each curve is related
to the strength of A-A repulsion, which reflects the ionicity of the compound: the Na,CoO,
voltage curves in figure 5¢/f are noticeably steeper than their respective NayTiS, counterparts in
figure 5b,e. The particular characteristics of the transition metal, such as on-site electron repulsion,
can also affect the slope and average value of the voltage. For oxides, a systematic underprediction
of the voltage is not uncommon when using DFT (without additional corrections such as a
Hubbard U) [66].

Layered Li,TiS; is quite covalent and remains O1 at all Li concentrations (figure 5a).
ngTiSZ (not shown) behaves quite similarly [59]. Na,TiS;, conversely, stabilizes O3 at high Na
concentrations and P3 at intermediate concentrations (figure 5b). O1 is stable only at y =0, while
staged hybrid O1-P3 and O1-O3 phases are predicted to be stable at low Na concentrations.
Na,CoO; stabilizes similar phases as those adopted by Na,TiS; but there are some important
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Figure 5. Calculated equilibrium voltage profiles (black) for various layered (a [28], b [43], ¢ [61]) and spinel (d.e,f) [22]
intercalation compounds at 300 K. Available experimental curves (red) are shown for comparison in (a [62], b [63], ¢ [64], d
[65]). Coloured rectangles in the background of (a,b,c) indicate regions in which each layered host structure was found to be
stable. Background colour in (d,e,f) indicates the fraction of A occupying tetrahedral sites (versus octahedral sites) in the spinel
host structure. (Online version in colour.)

differences which reflect the increased ionicity of Na,CoO,. The Na,CoO; voltage curve is steeper
and contains more steps (the curve shown was actually calculated at zero temperature because
none of the ground states were found to disorder at room temperature [61]), with a much larger
step at y =1/2 compared to that of Naj/;TiS; (figure 5c). The ordering that produces this step
will be discussed in the next section. A significant step near y =1/2 has also been observed in
some K intercalation compounds [67,68], which likely corresponds to a similar ordering [69]. P3
is stable up to y =2/3 in Na,CoO, versus y~0.72 in Na,TiS;, indicating that the face-sharing
penalty begins to destabilize P3 sooner in the more ionic Nay,CoO,. The even more ionic Na, TiO;
(not shown) remains O3 throughout cycling [70,71], as face-sharing in P3 is likely even more
unfavourable.

In the spinel host, Li,TiS; and Na,TiS, display similar solid solution behaviour resulting in
smooth voltage profiles (figure 5d,¢). The intercalants in these compounds occupy only octahedral
sites. In the more ionic Na,CoO,, tetrahedral and octahedral sites were found to be essentially
degenerate, with the energy penalty of the smaller tetrahedral sites being balanced by reduced A-
M interactions [22]. This results in solid solution behaviour with mixed octahedral and tetrahedral
occupancy at high and low Na concentrations. However, at y =1/2 the compound orders with
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Figure 6. Typical low-energy A orderings predicted at (a) y =1/3in 03and P3, (b) y =1/2in 03and (c) y =1/2in P3. ais
the lattice parameter and d is the shortest A-A distance. Dark blue and light purple are used to distinguish between the two
different triangular sublattices. (Online version in colour.)

Na filling all the tetrahedral sites, thereby maximizing the distances between Na cations. This
ordering produces a significant step in the voltage curve, with two-phase regions on either side
(figure 5f). Mg, being a divalent cation, produces stronger electrostatic interactions than Na,
stabilizing some tetrahedral occupancy in ngTiSz and multiple ordered phases in ngCoOg
(not shown) [22,60].

In the following sections, we focus on ordering and structural changes that can occur in layered
intercalation compounds. First, we present the rich intercalant orderings that appear in more ionic
compounds and then we discuss the mechanisms for structural phase transitions between layered
structures.

6. Intercalant orderings

Larger intercalants such as Na and K tend to form ordered phases in more ionic hosts, which
manifest themselves as steps in the voltage profiles. Both the O3 and P3 structures favour
the hexagonal ground state ordering at y=1/3, shown in figure 6a [43,61,69]. This ordering
maximizes the distance between A cations where the shortest A~A distance is d = v/3a~ 1.73a
(a being the lattice parameter). At y =1/2, however, it is not possible to arrange the A ions on a
single triangular sublattice without occupying adjacent nearest-neighbour sites with separation
d=a (figure 6b). Orderings at y=1/2 in O3 are, therefore, frustrated in the sense that they
must include this electrostatically unfavourable interaction [57]. However, if a second triangular
sublattice is available, as in P3, the A ions can spread out slightly further to achieve a separation of
d =2a/~/3 2 1.154. This is realized in the zig-zag row ordering at y = 1/2 shown in figure 6¢, which
is observed in many Na intercalation compounds in both the P3 and P2 structures [33,64,72-74].

The honeycomb network of A sites in P3 yields many more possible orderings than O3, which
can result in very complex ground states at intermediate intercalant concentrations. However, a
unifying picture of these orderings is revealed by considering them as regions of one ordering
separated by antiphase boundaries (APBs). For example, in Na,TiS;, the P3 orderings at room
temperature for y > 1/2 are predicted to consist of triangular islands of Na occupying a single
sublattice, as shown in figure 7a [43]. The APBs formed along the edges of the triangular domains
introduce vacancies into the structures. The total length of APBs, therefore, determines the
composition. Another example is in Na,CoO,, where the zig-zag row ordering at y =1/2 is much
stronger than in Na,TiS;. As such, the orderings immediately above and below y =1/2 preserve
this ordering locally, but include APBs to accommodate changes in Na composition. There are
two types of boundaries that introduce either more vacancies (diluted) or more Na (enriched), as
shown in figure 7b,c [61]. More complicated orderings are predicted between y =4/7 and y=2/3
that are based on the y=4/7 ground state periodically separated by another type of ‘enriched’
APB. More details about the precise orderings are reported in [61]. The same intercalant ordering
preferences have been predicted for K,CoO; in the P3 structure [69].
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Figure 7. Different types of antiphase boundaries predicted to appear on the honeycomb network in P3. (a) Vacancies
congregate along boundaries to form triangular island domains at high compositions. At intermediate compositions, two types
of boundaries incorporate (b) additional vacancies or (c) additional A ions between regions of the y = 1/2 ordering from
figure 6¢. Dark blue and light purple are used to distinguish between the two different triangular sublattices. (Online version in
colour.)

Inboth Na, TiS; and Na,CoO,, stable ordered superstructures are predicted at nearly arbitrary
composition (within some range) and formed by incorporating a certain density of APBs. This
produces sloping regions in the voltage profile that correspond to sequences of ordered structures
rather than solid solutions. Similar ordering phenomena may very well occur in other systems
that stabilize the P3 structure. The occurrence of such orderings may also give rise to more
exotic diffusion mechanisms than are usually considered. For example, diffusion could occur
exclusively along ‘diluted” APBs [43], resulting in reduced dimensionality of transport, or by
creation/annihilation of APBs in waves throughout the crystal. Detailed kinetic studies are
required to resolve these mechanisms exactly.

7. Stacking sequence changes

Stacking sequence changes in layered intercalation compounds can be accomplished by a simple
shearing of the MXj slabs. These transitions tend to be more prevalent in intercalation compounds
containing larger ions such as Na and K since they can stabilize prismatic coordination. O3
typically transitions to P3 towards the beginning of charge (deintercalation), while empty layers
take on O1 stacking towards the end of charge to form hybrid structures (consisting of a
mix of Ol and O3 or O1 and P3 layers) and eventually purely O1. These stacking sequence
changes are accompanied by a collective reordering of the intercalant within the layers as
the composition changes. Such transitions are critical to battery performance and can lead to
mechanical degradation of electrode materials.

Despite the prevalence and importance of stacking sequence changes, the finer details of these
processes are not well understood. First-principles techniques can be used to gain some insights
into these transitions that may be difficult to probe experimentally. A fundamental property of
interest here is the generalized stacking fault energy or y-surface, which gives the energy per unit
area of shearing half of a crystal relative to the other half [75,76]. This has long been recognized as
a key property that influences deformation behaviour in metallic alloys [77-80]. The stable points
corresponding to local minima of the y-surface represent allowed stackings, while the unstable
points, which are experimentally inaccessible, give the barriers between those stackings. This
information provides a starting point for understanding stacking sequence changes as well as
key parameters for multiscale modelling efforts.

Figure 8 illustrates the methodology of our y-surface calculations. Supercells with three MX>
slabs are used to isolate faults from their periodic images. A displacement u within the a-b
plane is introduced by adjusting the c lattice vector (¢’ =c + u), which changes the stacking
between each periodic supercell and the next. For each displacement u, we optimize the interlayer
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perfect faulted

Figure 8. Stacking of an 03 AMX, supercell before and after shearing by u = (a/2) + (b/2). The displacement vector u has
been scaled up by a factor of three for better visibility. M and A ions are shown as grey and green, respectively, with X anions at
the corners of all octahedra. The fault plane is shown in grey. Structure visualization created using VESTA [44]. (Online version
in colour.)

(@  Co0, (01 (b) LiCoO, (03) (¢) NaCoO, (03)

0 6 12 18 24 30 36 42 48 0 40 80 120 160 200 240 280 320
stacking fault energy (meV/CoO,) stacking fault energy (meV/CoO,)

Figure 9. (alculated 3 -surfaces of (a) 01C00,, (b) 03 LiCo0, and (c) 03 NaCo0,, normalized by the number of in-plane formula
units. Special points on the surface are annotated with the local stacking. (Online version in colour.)

spacing § around the fault plane as well as the position of the intercalant ion nearest to the fault
plane. More details about the calculations are described in the Methods section. Figure 9 shows
calculated y-surfaces of CoO; in the O1 structure and LiCoO; and NaCoO; in the O3 structure.
Each point on these surfaces corresponds to a particular displacement vector u, with the colour
representing the stacking fault energy (normalized by the number of in-plane formula units).
Special points are labelled with the local stacking of the oxygen layers around the fault plane (O1,
O3 or P3) although the remaining layers retain their original stacking, as illustrated in figure 8.
Note the difference in energy scales between the three compositions: the highest point for LiCoO,
is about five times that of CoO;, while the highest point for NaCoO, is about 30% higher than that
of LiCoO;. The energy landscape is relatively flat in CoO; because the interlayer interactions are
mainly limited to van der Waals forces. The presence of an intercalant raises the energy through
A-O and A—Co interactions, which are more significant with the larger and more electropositive
Na than Li. Another important detail is the threefold symmetry of the crystal, which is reflected
in the y-surfaces. With this underlying symmetry, there are three equivalent directions for a given
stacking sequence transition to occur, so it may not proceed in the same crystallographic direction
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Figure 10. Stacking fault energy along the [110] direction (grey dashed lines in figure 9) for Co0,, LiCo0, and NaCo0,,
normalized by the number of in-plane formula units. Circles indicate calculated points. Filled circles and solid lines represent
equilibrium fault energies, while open circles and dotted lines represent metastable fault energies. Inset supercells show the
most stable local A coordination within the 03 structure for LiCo0, and NaCoO; at each special point on the 3 -surface. Black
dotted circles in the insets identify vacant tetrahedral A sites within the structures. Structure visualization created using VESTA
[44]. (Online version in colour.)

going forward and backward even if it is completely reversible. This entropic effect can lead to
‘electrochemical creep” after many cycles, resulting in roughening of the electrode particles [14].

To compare the y-surfaces from figure 9 more closely, we examine the energy along the dotted
line connecting O3 to P3 to O1 to O3, shown in figure 10. The preferred coordination of the
intercalant in the fault plane at each special point is also shown. For both LiCoO; and NaCoO,
the intercalant favours prismatic coordination in a local P3 stacking and octahedral (as opposed
to tetrahedral) coordination in a local O1 stacking. However, the relative stabilities of each local
stacking are different. In NaCoO,, local P3 stacking is more favourable than O1, and both are
local minima. In LiCoOs, the situation is reversed, and P3 is actually an unstable maximum. This
confirms the established fact that Li is too small to stabilize prismatic coordination. The CoO,
curve has its lowest value in O1, has a local minimum in a local O3 stacking, and has a maximum
for a local P3 stacking, with smooth transitions in between. By contrast, the curves for LiCoO, and
NaCoO; are mostly smooth but both contain a sharp cusp between the O1 and O3 minima that
corresponds to an abrupt change in the intercalant position as the structure is sheared. The smooth
transitions (O3 <> P3 and P3 < O1) require the intercalant to travel along with either the top or
bottom layer as the crystal is sheared. However, for the O1 <> O3 transition, if the intercalant
travels continuously along with either the top or bottom layer it moves toward a tetrahedral
site (black dotted circles in the insets of figure 10), which is higher in energy than the preferred
octahedral site. The presence of this cusp feature highlights an important subtlety of y-surfaces in
layered intercalation compounds in that careful consideration of intercalant site preference must
be accounted for when calculating them.

The y-surfaces of figure 9 collect the energies associated with a homogeneous shear of
adjacent MXj slabs in layered intercalation compounds. However, these materials do not undergo
stacking sequence changes via the macroscopic collective shearing of an entire particle. Much
like in metallic alloys, the transitions are instead likely mediated by dislocation motion, which
requires less energy [76,81,82]. Dislocations have also been observed in intercalation compounds
[45,82-88]. The details of their behaviour, however, are still largely a mystery, so we will simply
present some underlying concepts.
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Figure 11. Depiction of an electrode particle undergoing a first-order transition from 03 to P3 upon deintercalation of Na. Inset
shows a suggested dislocation structure at the interface. (Online version in colour.)

e g-agaee OO
R e wee O

Figure 12. Dislocation structure of an 03/P3 two-phase region viewed along the stacking direction, showing only the two X
anion layers nearest to the fault plane. The layer below is shown in dark grey, while the layer above is shown in blue or orange
for 03 or P3, respectively. In (a), the change in stacking is abrupt, while in (), it is more continuous, as reflected by the colour
gradient. (Online version in colour.)

Figure 11 schematically illustrates an electrode particle as it transitions from O3 to P3 upon
deintercalation of Na. During the transition, the two phases coexist within the same particle
and are separated by a moving front at which a stacking sequence change from O3 to P3 must
occur. These local changes in the stacking sequence are likely to be mediated by a periodic array
of dislocations as schematically represented by right side up and upside down “T” symbols. By
simply considering the X anion stacking sequences of the two structures (AB CA BC for O3
versus AB BC CA for P3), we arrive at the dislocation structure shown in the inset of figure 11.
Because O3 and P3 have the same stacking periodicity, every third layer is continuous, while
pairs of dislocations must be introduced along the phase boundary to accommodate the change
in stacking. Another important detail is the depletion of Na locally within the P3 phase. A severe
gradient in composition may result in a large interlayer spacing mismatch along the boundary
and lead to cracking.

In figure 12, we show what the dislocation structure along the phase front may look like within
the X layers. The X layer below the intercalant layer is shown in dark grey, while the layer above
is shown in blue or orange, depending on the stacking. Dislocation lines may change directions or
form kinks throughout the particle. The dislocation structure may also consist of a sudden change
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between the two stackings or a more continuous transition. The former would result in large local
strain of the layers but a lower stacking fault energy (figure 124), while the latter would result in
smaller strain and higher stacking fault energy (figure 12b). The competition between strain and
stacking fault energies should, therefore, determine how spread out the dislocation is. A clearer
picture of these dislocations and their motion will provide a better understanding of stacking
sequence changes and perhaps how to mitigate them.

8. Conclusion

As battery research pushes beyond Li-ion technology into less well-explored territory, a
fundamental understanding of materials in these composition spaces must be developed. We
have illustrated the utility of first-principles techniques to predict detailed behaviour of electrode
materials. In both layered and spinel host structures, simple size and electrostatic effects can
explain thermodynamic trends with varying host and intercalant identities. These include site
preferences in spinel, as well as the relative stability of various layered phases and intercalant
orderings.

We have highlighted two phenomena that are more prevalent in layered Na intercalation
compounds than their Li counterparts: complex Na-vacancy orderings and phase transitions
involving shearing of the host layers. Staircases of ordered superstructures that incorporate
composition changes through APBs likely have profound implications for Na diffusion, while
stacking sequence changes can cause increased susceptibility to mechanical degradation.

Our examination of stacking sequence changes suggests potential strategies that could be
developed to avoid them. These transitions may be prevented or delayed thermodynamically
through tuning of the host chemistry and ionicity [89], or kinetically penalized by achieving a
high dislocation energy. If they cannot be avoided, then they could perhaps be managed so that
they are not as harmful, for instance, by matching lattice parameters of the two endpoint phases
[10]. The challenges inherent to intercalating Na and other less traditional cations can hopefully
be overcome through a combination of experimental efforts and computational insights in order
to develop next-generation electrode materials.

9. Methods

DOS and y-surface calculations were performed using the Vienna Ab initio Simulation Package
(VASP) [90-93]. Projector augmented-wave (PAW) method [94,95] pseudopotentials (O, S, Ti_sv,
Co, Li and Na_pv) were used, and the optB86b-vdW exchange-correlation functional [96] was
selected to accurately capture van der Waals interactions. All calculations were spin-polarized.
The DOS calculations employed a plane-wave energy cut-off of 550eV and a k-point mesh of
density 45 A or higher along each reciprocal lattice vector. These calculations were static and used
the linear tetrahedron method [97].

The y-surface calculations were set up using MULTISHIFTER, a CASM-powered [23] utility for
calculating y-surfaces and universal binding energy curves for arbitrary slip planes in crystals.
The code is under active development and is available on GitHub [98]. Supercells for the y-surface
calculations contained three layers with an in-plane size of one formula unit. This was found to
be sufficient for isolating faults from their periodic images and converging stacking fault energies
to within 2%. The y-surfaces were calculated using 12 by 12 triangular grids of displacements
over the unit cell. Only symmetrically distinct displacements on this grid were calculated. For the
energy paths along the [110] direction shown in figure 10, the number of samples was doubled.
For each displacement, we varied the interlayer spacing around the fault plane from —0.1A to
0.4 A in increments of 0.1 A, relative to the original spacing. All ions were kept static, except for
the one A ion in the fault plane (for LiCoO; and NaCoO;), which relaxed until forces converged

to within 02eVA ", To avoid local minimum trapping, we ran three separate calculations
for each displacement and interlayer spacing in which we initialized the A ion from each of
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the three distinct triangular sublattices. The final energy versus interlayer spacing was fit to a
parabola to determine the lowest energy for each displacement and initial A position (in some
cases, the fit yielded an R? value of less than 0.95 so we simply took the lowest value over the
interlayer spacings), and the minimum of these was taken to be the stacking fault energy for
each displacement. The y-surface calculations used a plane-wave energy cut-off of 700eV and
a k-point mesh of density 38 A along each reciprocal lattice vector. Gaussian smearing of width
0.1eV was used for the LiCoO; and NaCoO; relaxations, while static calculations using the linear
tetrahedron method [97] were performed for CoOs.
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