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Abstract

Over the course of more than three decades, Li-ion batteries have come to revolutionize the way
we store and transport energy. These incredibly compact electrochemical devices rely fundamentally
on the ability to reversibly insert lithium ions into densely packed arrangements of atoms. Of the
tens of thousands of materials reported in the structural databases, only a very small number have
been shown to be capable of accommodating the kind of fast ionic diffusion necessary to operate in
practical devices. In honor of John B. Goodenough’s 100" birthday, this perspective will overview
the current understanding of the kinds of structural features that help and/or hurt fast lithium ion
transport through insertion hosts, with a particular focus on the role that the rotation of rigid subunits

plays in the movement of lithium through the solid state.

Introduction

It would be no exaggeration to say that the development of the Li-ion battery was the watershed moment
that propelled the field of portable energy storage to what it is today. Underpinning this paradigm-shifting
technology is the ability to move charged ions into and out of materials without destroying their crystalline
structure, allowing for highly efficient and reversible (dis)charge cycles. While a great number of groups
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reported pivotal pieces of information that ultimately allowed these devices to become reality,
arguably the first report on LiCoOs by John B. Goodenough and co-workers in 1980 that highlighted their

true potential. '



Since that seminal work, Li-ion batteries have come to dominate energy storage for consumer products
because of their light weight, large operating potentials, and slow self-discharge rates. !> Despite the massive
body of work studying Li-ion insertion hosts, many questions still remain about how to develop new materials
that can match or exceed the performance of the rock salt family. In a previous report, we discussed how the
local structure and character of the chemical bonds influence the operating voltages; 1% this perspective will
instead examine how the distortions that crystal structures experience during the (de)insertion of lithium
ions impact the rate performance and reversibility of the electrode material.

This perspective will begin with a brief overview of distortions seen in oxide-based electrodes and contrast
this against more compositionally complex polyanionic hosts. This will be followed with the presentation of a
generalized method that utilizes symmetry-adapted representational analysis to characterize the reversibility
of these atomic rearrangements. We will conclude by discussing a handful of examples from the literature
where elucidating the nature of these distortions significantly enhanced the community’s understanding of
the electrochemical performance.

The current state-of-the-art positive electrodes in Li-ion batteries rely on LiCoOg, '* LiNi; /3C01/3Mn; /304, 17
LiNig.70Cog.15Alg.1502,'® or LiMnyOy, '® some of which are illustrated in Figure 1. The common structural
feature in these compounds is the presence of channels that allow for easy movement of ions and, naively,
may allow materials to be cycled with minimal change to the host framework. This void space typically
results from a layered topology (as in LiCoOj) or from a coherent network of empty interstices within a
close-packed anionic lattice (as in LiMnyOy4). Importantly, not all empty space within a structure will be

capable of facilitating ionic transport. For example, ionic conduction through meso- or micro-pores in a

Figure 1: Illustration of the polyhedral and close-packed representations of LiCoO4 (a) and LiMnyOy4 (b)
where lithium are shown in yellow while the transition-metal polyhedra for cobalt and manganese are shown
in blue and purple, respectively, and are coordinated by oxygen in orange.



material typically requires the incorporation of confined electrolyte solution into the pore in order to observe
fast diffusion. 2022 This suggests a “Goldilocks” situation where the interstitial space needs to be “just right”
to solvate the alkali ions within the structure without binding them so tightly that they cannot diffuse under
applied fields.

Following the advent of oxide-based hosts, the field soon turned its attention towards the far more
diverse family of polyanionic compounds. Polyanionic materials are characterized by the presence of complex
oxoanionic subunits that exhibit rigid covalent bonds between a main group element and its surrounding
ligands. Because of the many ways these polyhedra can pack, they offer a huge number of unique structural

3 as well as many others, 242% have extensively

topologies that can be explored. Masquelier and Croguennec,
reviewed the field and summarized the advantages that polyanionic phases offer as follows: (1) Robust
structures that provide long-term stability over an extended number of cycles; (2) Inductive effects from
polyanionic groups provide a route to enhance redox potentials; (3) Versatile frameworks that allow for rich
compositional phase diagrams and simple chemical substitutions.

These phases also offer advantages over oxides because the strong bonding between the main group
elements and their oxygen ligands provides superior safety characteristics. This is attributed to the fact that
polyanionic compounds rarely release Oy on thermal decomposition, which can exacerbate thermal runaway
when cells fail. 2226 Perhaps more relevant to the structural transformations explored here is the contrast
between the rigid (strongly covalent) main group polyhedra and the deformable (more ionic) transition

metals. This effectively creates hinges around which polyhedra can pivot during cycling, and will be discussed

presently.

Lithium Ion Diffusion through Oxides and Polyanionic Hosts

The classical picture of diffusion through the solid-state depicts the migration of ions between empty in-
terstices or vacancies in the lattice.?"-?® This hopping is strongly influenced by the nature of the bonding
in the host framework because of electrostatic interactions that occur between the positively charged alkali

ions and the negatively charged anions.2%3!

In layered oxides, the distortions that occur as lithium ions
move in and out of a structure trigger substantial changes to the lattice due to the looser packing of the
anions. Similarly, the framework of spinel LiMn,Oy is known to undergo a Jahn-Teller distortion as Mn*+
is reduced to Mn3T, which causes an elongation along the c-axis of the cubic cell and lowers the symmetry
to the tetragonal polymorph of A-MnO,.3?

As alluded to, polyanionic materials experience significantly different distortions to their frameworks

upon (de)lithiation. As an illustration of this type of mechanism, consider the case of tavorite-LiFeSO4F,



which Tarascon and co-workers have studied extensively in both its lithiated and delithiated forms.333°

This was possible because the delithiated form (i.e., FeSO4F) can be prepared directly, rather than having
to (electro)chemically oxidize the parent, which can often produce biphasic or amorphous materials that are
difficult to analyze.36

The framework of both phases consists of FeO4Fs octahedra that share their corners through fluoride
vertices oriented in a trans configuration with respect to each other to produce buckled chains (Figure
2a,b). Importantly, all of the oxygen atoms in the structure are bound within SO4 tetrahedra that connect
the chains via shared corners on the FeO4F; octahedra. The simplest way to describe the structure is by
considering a stacking of two kinds of layers, which alternate along the direction of the chains. Within an
individual layer, the irons are connected through two SO, tetrahedra, and the direction of this connection
changes from one plane to another, creating a 3D polyanionic network. It should be noted that there is only
one fluoride site in both structures and that the Fe-F-Fe bond angle dictates the degree of buckling along
the chains.

FeSO4F crystallizes in the higher symmetry structure and as lithium ions are inserted, the symmetry
drops from C2/c to P1 as the chains of octahedra rotate out-of-phase with each other (Figure 2¢,d). As a
result, the single iron in the monoclinic cell splits into two independent Wyckoff sites (1a and 1b) and the
two oxygen atoms of the delithiated phase become four sites in triclinic LiFeSO4F, which are all located on
the 2¢ Wyckoff position. The lithium ions are positioned within the channels between the chains and are
effectively coordinated by one fluorine and two oxygen atoms to form trigonal planar sites. This is reflected
in the Fe-F—Fe bond angle which decreases from 145° in FeSO4F to 129° in LiFeSO4F. One can see that this
distortion occurs via a rotation of one Fe octahedra about the F—Fe-F axis such that it falls into registry

with the rotation of the other octahedra (see Supporting Information).

Figure 2: Tllustration of differences in the crystal structure of FeSO4F (a,b) and LiFeSO4F (c¢,d). Note that
for a more direct comparison, FeSO4F is illustrated in a tricilinic cell.



Symmetry-Adapted Analysis to Visualize Structural Distortions

Group-theoretical and representational analyses are powerful methods used for understanding crystal struc-
tures. They are prominently used to identify the similarities between closely related structures, particularly
in describing the perovskite aristotype structure and the diverse bounty of distorted perovskites [octahedral
rotations, electronic distortions (i.e., first- and second-order Jahn—Teller distortions), site mixing/ordering,
etc.].3739 More generally, these methods are used for describing structures, phase transitions, chemical
changes of materials, and in structure solution/refinement. 33:40-48

Several tools are available for this type of symmetry-mode analysis, such as the AMPLIMODES package
from the Bilbao Crystallographic Server®®52 and the mode decomposition method in the ISODISTORT
software from the ISOTROPY Software Suite.>>** The general procedure is to provide the crystal structures
of the pristine and lithiated phases (although with the alkali sites removed), identify the transformation
matrix that puts the structures on the same basis, map the atoms between the two structures, and then
identify the symmetry modes that displace the atoms between the initial and final positions. When there
is a group-subgroup relationship between the structures—as is the case with Feo(MOy)3 (Pben, #60) and
LigFeo(MOy4)s3 (P21 /c, #14), vide infra—the transformation matrix is used to transform the high-symmetry
structure into the low-symmetry cell. Absent of a group-subgroup relationship, this is further complicated by
the need to identify a common subgroup, for which additional tools are available.1:52:55 The caveat added
is that identifying symmetry modes that convert between structures does not mean that they represent
the mechanistic path for how structures transform. Rather, this analysis is useful in highlighting how the
transformation could occur without a reconstructive phase transformation fracturing the topology of the

structure.

Moving Charge through the Solid State

Correlated Polyhedral Rotations

One of the first demonstrations of this group-theoretical analysis applied to Li-ion electrodes was reported by
Zhou et al. as part of an investigation into Fea(MoQy)s3.56 This anti-NASICON structure consists of corner-
connected FeOg octahedra and MoOy, tetrahedra that create several joints around which the polyhedra can
rotate as mentioned. In this particular composition, the charge cycling occurs entirely on the Fe3t/2+ redox
couple, which implies that the MoO, tetrahedra are effectively rigid. Perhaps the more interesting aspect
of this structure is that it can reversibly accommodate the diffusion of both Li- and Na-ions through its

lattice. Yet, while the voltage traces for the insertion of lithium only show a single voltage plateau over a



Figure 3: Transformation vectors showing atomic displacements from the symmetry mode analysis between
(pristine) Fes(WOy,)s; and (lithiated) LisFes(WOy)s. Displacing atoms with the displayed vectors, and
inserting lithium atoms at the indicated positions results in the structural description of the lithiated phase.
(Iron, tungsten, oxygen, and lithium are shown as green, purple, orange, and yellow, respectively.) %3

wide composition range (indicating a two-phase insertion process), when cycled against sodium two sloping
regions are seen (suggestive of solid-solution behavior).®%57 Note that care should be taken in comparing
two-phase and solid-solution mechanisms as many variables could influence this behavior.

To better understand the contrasting mechanisms, a closer examination of the structure is insightful.
Critically, the overall topology of the parent (monoclinic) and lithiated phase (orthorhombic) is unchanged
with respect to the polyhedral connectivity (i.e., there is no bond breakage within the framework), so that the
transformation occurs exclusively through rotations of the metal subunits. Symmetry mode analysis of the
structures shows negligible displacements of the transition-metal ions such that the polyhedral center-of-mass
is unchanged. Instead, the displacement vectors are almost entirely associated with the oxygen anions as the
polyhedra rotate to accommodate the unit cell volume increase upon lithiation. The sodium intercalation
shows a complex evolution of the cell parameters within the same monoclinic structure as the pristine
parent. Despite the different space group choice of the lithiated and sodiated structures, the similarity of
cell parameters suggests that similar rotations of the polyhedral framework occur in both materials. The
main difference is the position of the intercalated ions, which seems to be due to the inherent differences in
the size of the two ions.

A natural question that follows is, what happens when the topology of the framework is maintained,
but the metal within the rigid subunits is changed, like in Feo(WOy4)3? This phase was first reported by
Cheetham and co-workers, % and later explored by Goodenough and Manthiram via diffraction of chemically
lithiated materials.%® Since both the pristine and lithiated phases of the two compositions have the same

space groups and polyhedral connectivity, it is reasonable to expect that the structures should evolve through
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Figure 4: Bonding differences in (a) Y2(MoOy)s and (b) Ala(MoOy)s lead to distinctive structural changes
upon lithium intercalation.

very similar polyhedral rotations. The symmetry mode analysis indicated nearly identical changes, but the
global distortion amplitudes—the sum of all displacement vectors in the unit cell—is slightly higher in the
tungstate (6.50 vs 6.17 A), depicted visually in Figure 3.%% These slight differences were attributed to the
larger electronegativity (2.36 for W, compared to 2.16 for Mo), which increases the ionicity of the Fe-O
bonds through inductive effects and allows for larger displacements of the atoms.

An interesting scenario arises when the redox active element is shifted from the octahedral to tetrahedral
site, as in the defect garnet molybdates A3 (MoQOy)s (A = Al or Y). The phases have the same general formula
and nearly identical topology, although the exact tiling of the corner-sharing polyhedra is slightly different.
Despite these similarities, the structural deformations during cycling are quite different, leading to highly
sloped voltage profiles and rapid capacity fade. 56

Operando X-ray diffraction (XRD) was used to show that, while the Y-based phase retains the crys-
tallinity of its framework during cycling, the Al analogue rapidly amorphizes. Additional Bragg reflections
were not observed during cycling, but X-ray absorption spectroscopy (XAS) revealed substantial changes to
the local structure. While the coordination environments in the Y-based phase were effectively maintained,
the Al-based phase showed dramatic rearrangements. Combining 27Al NMR with their XAS experiments,
Bashian and co-workers determined that both Mo and Al appeared to migrate to new sites within the
framework during cycling. 56

Density functional theory (DFT) calculations were used to postulate that the yttrium ions are bound
more tightly within the octahedra due to the covalency of the Y-O bonds, in contrast with the more ionic
Al-O bonds, wherein the aluminum ions seem to diffuse through the lattice as a way to relieve some of

the local strain. While the metal in the Al-based phase did not appear to mitigate the capacity fade, a



substantial reduction in the voltage polarization was apparent, which suggests that these rearrangements
lead to more facile ionic transport. In their study on a related material, Feng et al. reported similar
observations for LizCry(MoQy4)s3,57 which maintains its crystallinity during cycling and exhibits significant
polarization and capacity fade. This suggests that distortions of the tetrahedra may generate greater strains
within corner-sharing networks that ultimately lead to more complex atomic rearrangements in response to

(de)lithiation.

The Role of Charge-Lattice Coupling

While up until now we have primarily discussed the crystallographic aspects of lithium insertion, one cannot
ignore the fact that electrons must also be injected into and diffuse through the material in parallel to the
ions. 9869 While oxides like LiCoOs are well-known to undergo insulator-to-metal transitions that facilitate
this process, ™ polyanionic hosts are far more insulating and require careful carbon-coating to cycle well. %7
This is because the localization of an electron during charge transport can trigger a prominent structural
distortion. This is referred to as a small polaron as long as the length scale of the distortion is comparable
to that of the primitive unit cell of the host structure. %73

In any discussion of electrical conductivity, vanadium oxides are usually the best place to begin. V5Os,
which has been studied almost continuously for over forty years, was first proposed as a Li-ion intercalation
host,”™ due to the abundance of interlayer sites capable of accommodating lithium ions, readily accessible
Vo+H/4+ and V4/3+ redox couples, and strong enthalpic driving forces for lithiation. """ Recently, Baner-
jee and co-workers used scanning transmission X-ray microscopy (STXM) to study the correlation between
charge localization inhomogeneities and structural distortions induced by lithiation of V2Os nanowires shown

in Figure 5.7478 Using X-ray absorption near-edge structure and hard-energy X-ray photoemission spectro-
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Figure 5: As the V505 layered structure is lithiated, it undergoes a series of phase transformations, first to

the puckered n-phase shown in (a); upon further lithiation, an in-plane shift transforms the n-phase to the
§-phase shown in (b).™
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Figure 6: Illustration of the structural distortion that results in a twisting of the close-packed planes of
oxygen in (a) ReOg, (b) LiReOs, and (¢) LiaReOs. (d) Operando synchrotron X-ray diffraction patterns of
ReOs3 throughout a complete discharge to LisReOs.7?

scopies to support the theoretical predictions of a distinctive polaronic state, they showed that the polaron
hopping barrier in VoO5 both impedes electron diffusion and results in lithiation gradients across individual
nanowires.

Additionally, a combination of spectral assignments and DFT calculations suggested that lithiating V205
produces localized reduction of specific vanadium sites via the electron residing in the neighboring V 3d.,
orbitals, the lowest-lying states in the conduction band. Therefore, small polaron formation seems to be the
origin of slow lithium ion diffusion in V505, and the accelerated kinetics seen when nanostructured can be
attributed to overcoming slow small polaron hopping rather than shortening of the diffusion path lengths.

4 some of us began to study the metallic oxide

Not long after the work of Banerjee and co-workers,”
ReOj3 to determine if this type of polaronic charge transport was truly the origin of the rotational distortions
seen in polyanionic phases.” The defect perovskite structure is comprised of a perfectly cubic network of
corner-sharing octahedra, where the vacancy on the A-site creates a three-dimensional network of interstitials
that Murphy and co-workers demonstrated can accommodate up to two lithium ions per formula unit when

treated with n-BuLi.®® This combination of intrinsic metallic conductivity and pathways for ion diffusion

offered an ideal system for exploring the correlations between ionic and electronic transport during lithium



ion insertion.

Operando synchrotron XRD experiments showed that on discharge, a solid solution of Li, ReOg forms as
small amounts of lithium are inserted, but as the lithium content approaches x = 1, there is a distortion to
a hexagonal phase. 898! This transformation is driven by correlated rotation of the octahedra along the [111]
direction in tandem with a contraction along the c-axis in order to better coordinate the small lithium ions
within the rather large A-site interstitial (see Figure 6 and Supporting Information). Interestingly, while
strictly speaking ReOs is a close-packed oxide, the substantial covalency within the ReOg octahedra makes
them very rigid, more akin to the main group polyhedra in polyanionic hosts. This is very apparent from
the fact that the intra-octahedral O—-Re-O angles are maintained at 90° whereas the inter-polyhedral angles
bend from 180° to 145° in Li,ReO3 and ultimately to 138° in the end member LisReOs. These distortions
significantly limit the long-term cycling stability, which is unsurprising given that large changes to the unit
cell volume are known to detrimentally effect electrodes, driving particle cracking and de-wetting from the
current collector.?234 These observations seem to suggest that, despite clear evidence that polarons play a
role in V30Os5, the metallic character of ReOg implies the structural distortions during cycling are more likely

driven by local strains rather than charge hopping through the lattice.

Case Studies

Layered Rock Salts

The conventional oxide cathode, the layered rock salt LiCoQOs, is composed of slabs of edge-sharing CoOg oc-
tahedra separated by layers of positively charged lithium ions that screen the electrostatic repulsion between
anions. As lithium is removed from the parent structure, the electrostatic repulsion between the neighboring
layers of CoOg results in an elongation along the c-axis (stacking direction) of the unit cell. 8 This expansion
continues to the point that when all the lithium is removed (i.e., CoO3) the layers slip to the Cdly-type
structure (Figure 7).8¢ Unlike the LiCoOgy structure, this polymorph is unlikely to undergo lithium insertion
since the now vacant lithium site shares parallel faces with the CoOg octahedra—this coordination environ-
ment is energetically disfavored due to the strong Coulombic repulsion between lithium and cobalt at these
small distances.

Alternatively, in the layered transition-metal disulfides (TMDs; Li;_,MSy, M = Ti, V), both the lithi-
ated and delithiated phases adopt the Cdly structure type. The larger anion size and increased polarizability
of sulfur more effectively screens the lithium—transition-metal repulsion through the shared octahedral faces

such that the layer slip is not necessary.
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Figure 7: Schematic relating disordered rock salt (RS, top), layered rock salt oxides (O3, middle), and
delithiated layered rock salt oxides (O1, bottom), with several composition examples given. The different
connectivity of the lithium site is highlighted, where it shares edges with the top and bottom MOg layers in
the O3 phase while sharing faces in the O1 phase.

Significant effort has been invested in understanding how the transition metal identity influences the
layer stacking, particularly in regard to how the stacking changes and how the transition metals migrate
during electrochemical cycling. We point the reader to recent reviews by Delmas et al.,8” Clément et al.,38
and Manthiram, 3® which address these points and show how different sections of the community have reached
different interpretations. Briefly, cobalt has the longest history and has been used most frequently in portable
devices; however, its cost is prohibitive for large scale use, particular with the projected increase in demand for
energy storage systems. Nickel is attractive due to the diminished geopolitical issues and high cell potential,
but taken alone (e.g., LiNiOy) there are thermal stability concerns. Manganese in isolation (e.g., LiMnQO3)
is not stable in the layered rock salt structure, but is an advantageous choice when paired with other
transition metals (particularly with reference to stabilizing nickel) and for being abundant, low cost, and
the least environmentally harmful. Finally, aluminum incorporation decreases the capacity as it replaces

some of the redox active transition metals, but its inclusion is rationalized via the improved stability, which
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is often explained as inhibiting transition metal migration or dissolution via electronic effects. Combining
these factors, one can understand why LiNi;/3Co;,3Mn; /302 (NMC, or more specifically NMC333) and
LiNig 70Co¢.15Al0.1502 (NCA) are compositions frequently encountered in the modern literature and in

commercialized technologies.

Transition-Metal Silicates

Lithium-containing, transition-metal silicates provide a rich structural and compositional space to begin
examining how the flexibility and connectivity of a structure can influence its cycling performance. Much
of the early research in this structure type focused on iron orthosilicate and its low- and high-temperature
polymorphs. First reported by Thomas and co-workers, LisFeSiO4 exhibits three polymorphs that are all
permutations of corner-sharing tetrahedrally coordinated Fe, Si, and Li. 2

The topology shifts from all corner-sharing in the low-temperature phase, LFS@200 (Pmn2;, #31),
to one shared edge in LFSQ700 (P2;/n, #14), and two shared edges in the high-temperature polymorph
LFS@900 (Pmnb, #62) as seen in Figure 8. Sirisopanaporn and co-workers showed that this change in
connectivity decreases the average Fe—O distance due to denser packing that results from the introduction of
shared edges with the smaller LiO4 tetrahedra.?® They concluded that these shorter Fe-O distances, which
imply a stronger degree of covalency, should directly impact the position of the Fe3t/2+ couple. Galvanostatic
and potentiostatic intermittent titration techniques confirmed that the Fe3*/2+ potential moves from 3.10 V

t0 3.00 V to 2.90 V as the Fe-O length contracts from 2.076 to 2.026 A, moving from the low-temperature
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Figure 8: Derivative plots of PITT measurements showing (a) the separation in the location of the Fe3+/2+
redox couple based on polymorph on the first cycle followed by subsequent merging of features at 2.8 V by
the 5* cycle in (c).%0
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Figure 9: (a) Structure of a typical 2:1 phyllosilicate containing layers of corner-sharing SiO4 tetrahedra
(gray, b) sandwiching a layer of edge-sharing FeOg octahedra. Potassium ions (yellow) sit in the interlayer
space to balance the negatively charged slabs. There are two metal sites present in the octahedral layer, a
“honeycomb” site and an interstitial site depicted in green and brown in (c) and (d). %!

to high-temperature polymorph. However, the authors noticed significant air and moisture sensitivity, in
addition to a re-ordering of the metals upon extended cycling inferred from a shift in the operating potential,
as seen in Figure 8.

Building on these reports, our group first investigated LiFeSioOg, a member of the pyroxene family,
which consists of edge-sharing chains of FeOg octahedra that are linked through corner-sharing chains of
SiO4 tetrahedra, with lithium sitting between the chains. Unlike the highly reversible orthosilicates, this
material cycled against lithium at C/50 resulted in a faradaic process centered around 2 V versus Li/Lit
providing a capacity of around 48 mAh/g, or roughly 40% of theoretical capacity. We concluded the low
overall capacity was due to poor kinetics of ionic diffusion after cells cycled at C/200 were able to cycle at
60% of theoretical capacity and efforts made to increase electrical conductivity via carbon coating resulted
in minimal gains.

To overcome the rigid nature of the silicate tetrahedra, the phyllosilicate family—which consists of a more
open framework of well-segregated layers of transition metals and silicate groups akin to LiCoQOy—offers an
interesting contrast. The structure of a typical 2:1 phyllosilicate, like muscovite KFeg 755i5.25010(OH)2, is
composed of a layer of edge-sharing transition-metal octahedra wedged between two layers of corner-sharing
SiO4 tetrahedra that make up the polyanionic framework. Surprisingly, the cycling data reported by Zhou et
al. showed that while a reversible faradaic feature centered around 2.5 V could be obtained, a maximum of

40% of the theoretical capacity, could be obtained.?' A b-value analysis, which can help distinguish surface
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capacitance from bulk intercalation, showed two distinct linear regions of slope 0.83 and 0.62 when moving
from low to high sweep rate, respectively. These values lie between the expected 0.5 for a purely intercalation
based process and 1.0 for surface-controlled electrochemistry, indicating there is a mix of contributions to
the overall capacity.

The presence of surface-dominated electrochemical processes suggests that lithium cannot access the
interlayer spacing occupied by potassium, which is consistent with work that shows K-based clays are par-
ticularly difficult to ion exchange when compared to the analogous Li- and Na-based clays. As a result, it
was concluded that the inability to displace the interlayer potassium is what causes the electrochemistry to
be isolated to the surface and limits the material’s accessible capacity.%* This observation highlights the im-
portance of thinking beyond simply the structural topology and that there is a need to carefully consider the
nature of the bonding for all species within the structure in order to better understand the electrochemical
performance.

In order to access more of the theoretical capacity in these materials, Stiles et al. examined the fer-
ripyrophyllite, Fe2SigO19(OH)s, a direct analogue to muscovite that does not contain potassium ions in the
interlayer space. ?? In contrast to muscovite, the cycling of this material versus lithium resulted in a reversible
capacity near 80 mAh/g, corresponding to roughly 1.25 units of Li per formula unit as opposed to 64 mAh/g
for a single Li. Obtaining over one Li per formula unit suggests that the mechanism of lithiation involves

both the interstitial sites in the transition-metal layer, as observed in muscovite, and the interlayer space.

LiFePO,

In stark contrast to the silicates, LiFePO, (LFP) is an example of a polyanionic electrode that exhibits
exceptionally fast rate performance despite experiencing fairly significant structural deformation during
cycling. 3 LiFePQ,, which can be found in nature as the mineral triphyllite, was first reported by Goodenough
and co-workers in 1997 when they showed that lithium could be extracted reversibly from the ordered olivine
structure. °»% Early work on this phase identified substantial challenges associated with lithium ion diffusion
due to the one-dimensional channels parallel to the b-axis that lithium ion conduction occurs through, ?¢ which
was ultimately found to be caused by the presence of antisite defects that mix the lithium and iron in the
site that obstruct and prevent efficient charge transport. 2798

The facile chemical extraction of lithium from LEFP results in the isostructural iron phosphate (FePOy),
which other than the absence of lithium, differs by the cooperative rotation of the polyhedral network

(see Supporting Information). Since these rotations are parallel to the 1D lithium diffusion pathways,

they do not interrupt lithium movement through the structure and result in rapid ionic diffusion. While
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exhibiting slightly lower energy density and voltage than the rock salt phases, the improved safety and more
sustainable composition (due to the absence of cobalt) has made it an attractive alternative for high cycle-life

applications.

Wadsley—Roth Shear Phases

As discussed, the insertion and removal of lithium from perovskitic ReO3 induces highly correlated rotations
of the Re polyhedra, ultimately leading to large polarizations and rapid capacity fade. Even in the early
1980’s Cava, Murphy, and Zahurak recognized the detrimental impact these kinds of transformations could
have on the ability to move ions through the lattice. In fact, they explicitly note that crystallographic shear
introduces edge-sharing into the corner-shared ReOj framework and stabilizes the host structures against
severe distortion on lithium insertion; thus enhancing kinetics and reducing hysteresis. *® To overcome this
barrier, they suggested that the introduction of shear planes would effectively pin these octahedral rotations
at edge-shared boundaries within the structure and impart greater structural stability during cycling. In this
section, we will examine the impact that suppression of the structural deformations has on the performance
of several materials. Following this logic, the Wadsley—Roth phases have attracted an increasing amount of
attention. 100-103

Wadsley—Roth phases are derived from the ReOj3 structure by introducing crystallographic shear through

the removal of a plane of oxide ions to yield alternating layers of edge-sharing and corner-sharing octahedral

Figure 10: (a) The defect perovskite structure of NbOyF with corner-sharing octahedra. (b) The related
shear structure, NbsO7F, with layers of edge-sharing and corner-sharing octahedra formed by the removal of

an anionic plane of atoms from the NbOoF structure. (c) Representative diagram of the shear relationship
between NbOoF and Nb3O,F. 104
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units (Figure 10, 11),1%5112 and have been extensively reviewed by Anderson.!!® In particular, Nb-based
compositions like NbsO-F, which is a shear-derivative of the perovskite NbOyF, 14 offer particularly in-
teresting insights. Nb3O7F crystallizes in a less common one-dimensional shear structure, with the planes
running along a single crystallographic axis rather than the two-dimensional blocks that are more common
in shear structures (Figure 10c).1® Previous studies had demonstrated that both NbOoF and Nb3O-F show
reversible lithiation, 116119 but more recently Bashian et al. investigated the structural relationship between
the two phases (Figure 10).1%* They found that while lithiation of the perovskitic NbOoF occurred through
similar twisting of the octahedra, the shear planes in Nb3O7F suppressed those rotations and helped to
increase the structural stability during cycling.

Yet, because of the one-dimensional nature of the shear, delithiation of Nb3O~F introduced significant
disorder in the stacking of the planes, disrupting the lithium ion diffusion channels in the structure and

resulting in poor capacity retention over multiple cycles. This seems to suggest that while Nb3O7F was indeed

(b)

Figure 11: (a) The Wadsley-Roth shear structure TiNbyO7, where the (3 x 3) blocks of ReOs-like octa-
hedra are shaded purple and green, and are offset by 1/2b in the structure.?® (b) The Wadsley—Roth shear
structure PNbgQOs5, where the left-hand side depicts the real structure, and on the right, a scheme showing
the 3 x 3 x 1 blocks of Nb—O octahedra offset to create corner- and edge-sharing moieties. Half-occupancy
tetrahedral sites, filled by P, bridge the offset Nb—O blocks. The tan and blue colored octahedral blocks on
the right side indicate their relative positions in the c-direction. 2!
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stabilized by the presence of the crystallographic shear, the one-dimensional nature still left it susceptible
to the deformation and indicated multiple shear planes in orthogonal directions are needed to fully stabilize
these structures.

A slightly more complex example of a Wadsley—Roth phase can be found in MNbgOg5 (M = V or
P), where the structure contains 3 x 3 blocks of NbOg octahedra that produce a half-occupied tetrahedral
M-site bridging the blocks (Figure 11b).122:123 The electrochemical properties of these phases were first char-
acterized by Masquelier and co-workers, and more recently revisited by Preefer et al.,'?! who demonstrated
that the nature of the element occupying the tetrahedral site can significantly impact the material’s electro-
chemical performance. 24 Interestingly, they found that replacing redox-inactive phosphorous with vanadium
significantly decreased the rate performance and capacity retention due to an irreversible reduction of the
vanadium. So while crystallographic shear can certainly limit the detrimental structural distortions upon
(de)lithiation, the composition of the reinforcing subunits must also be carefully considered.

As a final example, we consider TiNbsO7, which is an example of a shear phase that shows extremely
robust cycling due to the more efficient suppression of these phase transformations during cycling. 129125 This
phase, illustrated in Figure 11a, is made up of blocks of corner-connected Ti/Nb-O octahedra where the
blocks are three octahedra wide and three octahedra long, and are infinitely connected in each plane with
crystallographic shear planes at the borders of these ReOz-type regions.'?¢ This motif, denoted (3x3)o,
creates multiple orthogonal crystallographic shear planes that drastically limit structural distortions upon
(de)lithiation. Since this phase has already been extensively reviewed by Griffith and many other titans
in the field,'?” we will simply conclude by remarking that it can accommodate a whopping five lithium
per formula unit to provide a maximum theoretical capacity of 388 mAh/g. This large capacity that can
be obtained at fairly high rates makes it extremely competitive, even against graphitic anodes, and has
ultimately led to efforts to commercialize it by Toshiba.?” Therefore, this should serve as an important
example of how careful consideration of structural factors, while paying close attention to the sustainability

of the composition, can lead to exceptionally promising future technologies.

Summary and Outlook

Before concluding, it would be prudent to add the caveat that most of the materials we have discussed are
oxide-based phases, which strike a delicate balance between ionic and covalent bonding, and the observed
trends may not readily translate to other anionic compositions. As Zeier and co-workers highlighted in their
discussion of sulfide-based lithium ion conductors, the structural requirements are quite different when the

lattice becomes significantly more polarizable.!2® Softer lattices do not need to distort to the same extent
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that the rigid oxoanionic groups discussed in this article do to sufficiently solvate the diffusing species.

In this perspective, we have tried to demonstrate the complex (and frequently competing) material
requirements that all must work in perfect harmony to create high performance batteries. Taking all this
into consideration, its actually quite amazing that some of the first materials investigated as intercalation
electrodes have worked as effectively as they do. The highly correlated nature of the rotational distortions
that occur in polyanionic compounds serves to emphasize the substantial degree of atomic rearrangement
that these structures experience during cycling. It is therefore quite impressive that these devices work as
efficiently as they do, and it is a credit to the myriad of battery scientists and materials chemists who have
helped to overcome these complex challenges.

Nevertheless, a number of open questions regarding the optimal structural topologies and compositions
for fast diffusion through intercalation hosts still remain. When do polaronic effects start to interfere with
charge transport? How do we, a priori, target structural topologies that will deform without interfering with
tonic transport? Can we create analogues to the Wadsley—Roth phases that contain higher voltage transition
metals like Ni, Mn, Fe, or Co to eventually realize a zero-strain full cell? All these questions foretell an
exciting future for Li-ion electrode materials, which, if answered, could drastically improve the cycle life and

rate performance of rechargeable batteries.
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