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A B S T R A C T

During the reversible insertion of ions, lattices in intercalation materials undergo structural transformations.
These lattice transformations generate misfit strains and volume changes that, in turn, contribute to the
structural decay of intercalation materials and limit their reversible cycling. In this paper, we draw on
insights from shape-memory alloys, another class of phase transformation materials, that also undergo
large lattice transformations but do so with negligible macroscopic volume changes and internal stresses.
We develop a theoretical framework to predict structural transformations in intercalation compounds and
identify crystallographic design rules necessary for forming shape-memory-like microstructures in intercalation
materials. We use our approach to systematically screen open-source structural databases comprising 𝑛 > 5000
pairs of intercalation compounds. We identify candidate compounds, such as Li𝑥Mn2O4 (Spinel), Li𝑥Ti2(PO4)3
(NASICON), that approximately satisfy the crystallographic design rules and can be precisely doped to
form shape-memory-like microstructures. Throughout, we compare our analytical results with experimental
measurements of intercalation compounds. We find a direct correlation between structural transformations,
microstructures, and increased capacity retention in these materials. These results, more generally, show that
crystallographic designing of intercalation materials could be a novel route to discovering compounds that do
not decay with continuous usage.
1. Introduction

Intercalation is the reversible insertion of guest species (e.g.,
molecules, atoms, or ions) into a material’s lattice structure, see
Fig. 1(a). This reversible insertion makes intercalation materials well-
suited for sustainable energy storage, such as graphite in hydrogen
storage, electrodes in lithium batteries, and chalcogenides in elec-
trochromic applications [1–7]. This intercalation, however, is typically
accompanied by an abrupt structural transformation of the material
that shortens its lifespan.

At the microscopic scale, this intercalation-induced transformation
leads to a misfit between neighboring lattices which, in turn, leads
to a stressed interface. At the macroscopic scale, this transformation
induces volume changes of the intercalation material [8] and leads
to non-uniform intercalation behavior [9]. These unwanted features
can nucleate microcracks [10], see Fig. 1(b); result in mechanically
damaged surfaces (delamination), see Fig. 1(c) [11,12]; and, in extreme
cases, lead to the amorphization of the intercalation material [13,14].
The structural transformation and its accompanying coherency stress
thus contribute to the decay of intercalation materials, which need to
be replaced eventually [15,16]. However, common applications such
as lithium batteries require these materials to survive thousands of
intercalation cycles.
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In shape memory alloys (SMAs), another class of phase transforma-
tion materials, the structural changes of lattices are also accompanied
by large strains. Despite the large transformation strains, SMAs form
characteristic microstructures with small coherency stresses (austenite–
martensite interface), negligible volume changes (self-accommodating),
and low fatigue (𝜆2 = 1). In these materials, lattices of different orien-
tations rotate and/or shear to fit with each other resulting in the for-
mation of twin boundaries, see Fig. 2(a) [17]. These finely twinned mi-
crostructures minimize coherency stresses at the phase boundary, and,
for specific geometric conditions, adapt to the macroscopic material
shape. These microstructures, if stabilized in intercalation electrodes,
could mitigate the chemo-mechanical challenges plaguing solid-state
battery materials.

Intercalation materials and SMAs share several similarities. First,
during phase transformation, lattices in both materials undergo re-
versible structural changes at a critical point. For example, intercalation
electrodes transform between the intercalated (lithiated) and refer-
ence (delithiated) phases at critical intercalant (guest-species such
as Li) concentrations, while SMAs transform between the austenite
and martensite phases at the transformation temperature, see Fig. 2.
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Fig. 1. (a) Schematic illustration of intercalation during which guest species are
reversibly inserted into a material’s lattice structure. This insertion induces structural
transformation of the material resulting in stressed interfaces and volume changes. On
repeated intercalation, (b) the material’s stressed interfaces nucleate microcracks [10]
(Reprinted with permission from Electrochemical Society and Institute of Electrical and
Electronics Engineers) and (c) its volume changes lead to delamination [11]. These
chemo-mechanical degradations eventually lead to a decay in material performance.
Source: Reprinted with permission from American Chemical Society.

Second, during phase transformations, atoms of the host intercala-
tion material and atoms of the SMA undergo cooperative and ho-
mogeneous displacements. For example, an intercalation material’s
lattices undergo structural changes during Li-diffusion, which is anal-
ogous to the SMA’s lattices undergoing structural changes during
thermal diffusion [18,19]. Besides these similarities, researchers have
shown evidence of intercalation materials that have near-zero volume
changes despite changes to their lattice geometry [20]: the Na-ion
cathode Na1.0Li0.2Ni0.25Mn0.75O𝛿 on intercalation has a near-zero vol-
ume change despite undergoing ∼ 1% anisotropic linear strains. This
example is analogous to the volume-preserving transformations ob-
served in shape-memory alloys [21]. Other examples include the recent
discoveries of zero-strain intercalation electrodes [22], a series of spinel
compounds with < 0.2% volume change [23], and the Mo-doped
V2O5, which have reduced coherency stresses during first-order phase
transformations [24].

The structural changes in the host intercalation material are sup-
ported by, in-situ, X-ray diffraction experiments that show abrupt lat-
tice transformations. Recently, researchers imaged a nanotwinned mi-
crostructure in a Spinel cathode (Li𝑥Mn2O4) that forms during electro-
chemical lithiation, see Fig. 2(b) [18]. These nanotwinned microstruc-
tures resemble the austenite–martensite interface in SMAs and are
formed to relieve coherency stresses at the phase boundary. In an-
other study, researchers showed that ordered microstructures with
plate-like features form in LiFePO4 electrodes to lower stresses in the
particle geometry [10]. While these elementary features of twinned
microstructures have been observed in some intercalation materials,
shape-memory-like microstructures with self-accommodating or low-
fatigue characteristics have not.

The self-accommodating and low-fatigue (𝜆2 = 1) microstructures
have important advantages that could address the chemo-mechanical
challenges in intercalation materials. The self-accommodation
microstructure, adapts to the original shape of the material without any
macroscopic change in volume, despite significant structural changes
at the atomic scale [25]. These microstructures would particularly
benefit solid-state architectures in which repeated volume changes
of the intercalation electrode leads to electrode/ electrolyte delam-
ination [11,26] and/or fracture [27]. The 𝜆2 = 1 microstructure
corresponds to an exactly compatible and stress-free phase boundary
that can move back and forth in the material, reversibly, several
thousand times, and yet induce ultra-low fatigue [28,29]. This exactly
compatible interface would minimize internal stress accumulations in
an intercalation electrode and mitigate failure arising from microcrack-
2

ing [30]. These microstructures are observed in shape-memory alloys
Fig. 2. Phase transformation microstructures in intercalation materials bear a striking
resemblance to microstructures in shape memory alloys. (a) An austenite–martensite
interface showing finely twinned domains in the Cu-14.0%Al-3.9%Ni shape-memory
alloy. Image courtesy of Chu and James [17]. (b) A bright field image of a partially
transformed Li𝑥Mn2O4 showing finely twinned domains.
Source: Reproduced with permission from American Chemical Society [18].

and other functional materials and have contributed to a phenomenal
improvement in their performance [31].

The self-accommodating or 𝜆2 = 1 microstructures form when
the material’s lattice parameters satisfy particular geometric relation-
ships [32], and when unit cells deform along specific structural trans-
formation pathways [33]. The lattice geometries of several intercala-
tion materials are determined for the reference and intercalated phases,
however, the structural transformation pathways are dependent on
how unit cells are categorized into different crystal symmetries and
space groups.1 This ambiguity could result in multiple solutions for the
structural transformation pathways and it is important to identify these
deformations to predict the microstructural patterns at the continuum
length scale.

The central aim of this work is to quantify structural transformations
in commonly used intercalation materials and to identify the crystallo-
graphic design rules necessary to reduce coherency stresses and volume
changes for intercalation materials. We hypothesize that although some
intercalation materials approximately satisfy these lattice parameter
conditions, most of the intercalation compounds do not satisfy the
crystallographic geometric constraints necessary to form the special
microstructures with chemo-mechanical advantages. Additionally, we
hypothesize that intercalation materials approximately satisfying the
geometric constraints – under similar electrochemical operating condi-
tions – show improved material performance (e.g., reversible cycling
and capacity retention). In this paper, we test these hypotheses by
conducting a systematic search of the structural data of intercalation
materials and analyzing microstructures that form in these materials
during phase transformation.

This paper is organized as follows: In the Methods section, we
outline our theoretical framework to quantify structural transforma-
tion pathways and identify the crystallographic design rules necessary
to form shape-memory-like microstructures in intercalation materials.
In the Results section, we use our theoretical framework for two
studies: In Study 1, we analyze the structural transformations in com-
monly used crystal structures (e.g., Layered, Spinel, Olivine) and iden-
tify families of intercalation compounds that are capable of forming
shape-memory-like microstructures. In Study 2, we apply our algo-
rithms to the Materials Project database to analyze whether any known
intercalation compound can form shape-memory-like microstructures
during phase transformation. Our results show that none of the exist-
ing intercalation compounds exactly satisfy the geometric constraint

1 For example, the Li𝑥Mn2O4 (1 ≤ 𝑥 ≤ 2) can be described using both
a conventional tetragonal unit cell (𝐹41∕𝑑𝑑𝑚, 𝑎 = 8.0 Å, 𝑐 = 9.3 Å) and a
primitive tetragonal unit cell (𝐼41∕𝑎𝑚𝑑, 𝑎 = 5.7 Å, 𝑐 = 9.3 Å) [34], however,
the measured volume changes correspond to that of a conventional unit cell
in the reference state. Similarly, Melot et al. use the Fe2(MoO4)3 reference unit
cell to identify all potential symmetry-lowering transformation pathways [35].
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Fig. 3. Workflow steps of our theoretical framework. (a–b) We first extract structural data of over 5000 pairs of intercalation compounds from the Materials Project database.
We then apply our developed structural transformation algorithm (c–d) to determine unit cells in the reference and intercalated phases, and (e–f) construct the optimal stretch
tensor to describe the transformation pathway. Finally, we use the computed stretch tensor for each compound to identify potential candidates that can form (g) twin boundaries,
austenite/martensite (A/M), (h) self-accommodating, or (i) highly reversible microstructures. (j) The solutions of these compounds are stored in the microstructural database.
for self-accommodating or highly reversible microstructures; however,
intercalation compound groups, such as the Spinels, Tavorites, Phos-
phates, and NASICON, satisfy a few of the crystallographic design
principles. These compounds can be systematically doped either using
first-principles calculations or site-selective synthesis to precisely sat-
isfy lattice parameter relationships [24,36–38]. Throughout, we com-
pare our analytical results with experimental observations and show a
direct correlation between structural transformations, microstructural
patterns, and capacity retention. Our results, more broadly, quantify
the structural transformation pathways for over 𝑛 > 5000 pairs of
intercalation compounds and identify the crystallographic design rules
necessary to mitigate chemo-mechanical challenges in intercalation
materials.

2. Crystallographic design principles

In this section, we outline the theoretical framework that we use
to compute the structural transformation of unit cells during interca-
lation and to analyze how these transformations collectively generate
microstructures at the continuum scale, see Fig. 3. Before we outline
our framework, we describe a Cauchy-Born rule that is central to
our analysis: The Cauchy-Born rule is a basic hypothesis used in the
mathematical formulation of solid mechanics which relates the defor-
mation of the bulk solid to the movement of atoms in a crystal [39].
This rule gives an exact correspondence between the continuum mi-
crostructures at a material point and the structural transformations
of individual lattices. This Cauchy-Born rule allows us to impose spe-
cial lattice geometries as a necessary condition for characteristic mi-
crostructures (e.g., austenite–martensite, self-accommodating, 𝜆2 = 1)
to form during phase transformations. We use the Cauchy-Born rule in
our framework and identify the geometric constraints necessary to form
shape-memory-like microstructures in intercalation compounds.
3

2.1. Structural transformation

Structural transformations in intercalation materials are triggered
by ion insertion/extraction that is accompanied by redox reactions.
The resulting difference between reference and intercalated phases
eventually manifests in X-ray measurements of structure and lattice
parameters. We use this information to investigate the structural trans-
formation of unit cells in intercalation compounds and describe it using
a stretch tensor 𝐔.2 This stretch tensor maps a unit cell in the reference
phase (i.e., before intercalation) to the corresponding unit cell in the
intercalated phase (i.e., after intercalation). This stretch tensor, for a
given compound, is not unique and can have multiple solutions based
on how we choose the unit cells for reference and intercalated phases,
see Fig. 4. In this section, we describe our algorithm that determines
an optimal stretch tensor for a given intercalation compound. We use
these optimal stretch tensors to predict microstructural patterns at the
continuum scale.

Fig. 4 shows a schematic illustration of a unit cell in the refer-
ence phase, which is described using three linearly independent lattice
vectors 𝐄R = {𝐞R1, 𝐞R2, 𝐞R3}. These lattice vectors enclose the smallest
repeatable volume and constitute a primitive unit cell. On transforma-
tion the materials undergo a structural change and a unit cell is now
described by lattice vectors 𝐄I = {𝐞I1, 𝐞I2, 𝐞I3}. However, this definition
of a unit cell is not unique as other combinations of lattice vectors
describing unit cells 𝐄A

I = {𝐞AI1, 𝐞
A
I2, 𝐞

A
I3} (or 𝐄B

I , or 𝐄C
I ) generate the

2 A stretch tensor is a mathematical quantity, i.e., a rank-2 matrix, which
provides a linear mapping of unit cells between the reference and intercalation
phases. A brief description of mathematical quantities introduced in this paper
is provided in Table A.2.
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Fig. 4. A schematic illustration of primitive and conventional unit cells in reference
and intercalated (or transformed) phases. (a) Vectors {𝐞R1 , 𝐞R2} enclose the smallest
repeatable unit cell (or the primitive cell) in the reference phase. (b) Vectors {𝐞I1 , 𝐞I2}
enclose a primitive cell in the intercalated phase. The primitive cell of the reference
phase contains twice as many atoms as that of the primitive cell of the intercalated
phase. In subfigure (b) we illustrate three representative examples of conventional
unit cells–A,B,C–which contain the same number of atoms as the primitive cell
of the reference phase. We note that these conventional cells can be described in
multiple ways, and thus the stretch tensor 𝐔 mapping unit cells between reference
and intercalated phases can have more than one solution.

same lattice points in 3D space, see Fig. 4. These latter unit cells, called
conventional cells, typically enclose a larger volume (relative to 𝐄I) and
can be described in multiple ways. Each conventional cell is related to
the primitive unit cell via a lattice correspondence matrix 𝐏 ∈ Z3 as
𝐄A
I = 𝐄IPA, and several correspondence matrices can exist based on our

choice of the conventional cells.3 Based on our choice of unit cells for
the reference and intercalated phases, we would have more than one
stretch tensor describing the transformation between the two phases.

Following Refs. [33,40], we propose an algorithm to identify an
optimal stretch tensor, from a list of potential stretch tensors, by
minimizing the transformation pathways between the reference and
intercalated unit cells. We describe this algorithm in detail in the
Supplementary Material, and outline the three key steps below:

1. Determine the primitive unit cells of reference and intercalated
phases and identify all potential lattice correspondence matrices
𝐏 for a given compound. In the Supplementary Material, we
outline the specific steps to compute 𝐏 using a pair of primitive
unit cells as an example.

2. Compute the stretch tensor 𝐔 mapping a unit cell of the reference
phase to the corresponding unit cell of the intercalated phase.
The general form for the mapping is given by 𝐅𝐄R𝐏R = 𝐄I𝐏I
in which 𝐅 is the deformation gradient, and the transformation
stretch tensor 𝐔 is the unique positive-definite square root of
𝐅T𝐅.4 This stretch tensor 𝐔 is unique for a given pair of corre-
spondence matrices 𝐏R,𝐏I, and we determine all possible stretch
tensors by cycling through the set of correspondence matrices
identified in the first step.

3. Identify an optimal lattice correspondence (and thus the stretch
tensor) that minimizes a distance function representing the to-
tal strain of a structural transformation: dist(𝐏R,𝐏I,𝐄R,𝐄I) =
‖

‖

‖

𝐔−2 − 𝐈‖‖
‖

2
. Here, ‖.‖ is the Frobenius norm, ‖𝐀‖2 = 𝐀 ∶ 𝐀 =

Tr(𝐀T𝐀). By minimizing this distance function over the set of
stretch tensors computed in the second step, we determine the
optimal lattice correspondence and the transformation stretch
tensor for a given intercalation compound.

Further details of this algorithm using Li𝑥Fe2(MoO4)3 as an example
is described in the Supplementary Material. In principle, this algorithm
can be applied to determine stretch tensors for any crystalline material
undergoing a first-order phase transformation; however, for the present

3 Similarly, the unit cells in the reference phase can be described in multiple
ways.

4 Please see Table A.2 for the physical meaning of a deformation gradient.
4

work, we apply our theoretical framework to intercalation compounds
commonly used in batteries. We use the computed optimal stretch ten-
sors in our microstructural analysis—that is, we determine whether an
intercalation compound satisfies the crystallographic design principles
described in the next section.

2.2. Microstructures

The crystallographic theory of martensites is an energy minimiza-
tion theory [32] in which the material’s energy is described as a
function of a lattice deformation gradient 𝐅. The lattice deformation
gradient at the 𝑎𝑡𝑜𝑚𝑖𝑐 scale penalizes the elastic energy arising from lat-
tice misfit. Minimizing this elastic energy then results in the formation
of finely twinned microstructures at the continuum scale, see Fig. 2. This
theory has been widely used to explain the characteristic microstruc-
tures in shape memory alloys, ferroelectrics, ferromagnets, and more
recently in light-interactive materials [41–43]. We use this theory to
identify the geometric conditions necessary to form shape-memory-like
microstructures in intercalation materials.

Following the crystallographic theory of martensites, we next list
the criteria necessary to form the four candidate shape-memory-like
microstructures in Table 1. These criteria identify specific lattice ge-
ometries quantified by stretch tensors 𝐔 that are necessary to form
twins, austenite/martensite, self-accommodating, and 𝜆2 = 1 (stress-
free) microstructures. We identify these microstructures having several
advantages that, if stabilized in intercalation materials, would help
mitigate their chemo-mechanical degradation:

1. Shape-memory-like microstructures, such as the twins and
austenite/martensite microstructure, reduce the elastic energy
arising from misfit strains between neighboring lattices and
across phase boundaries, respectively. This reduced energy sup-
presses microcracking of intercalation materials with repeated
usage.

2. The self-accommodation microstructure, adapts to the original
shape of the material without any macroscopic change in vol-
ume, despite significant structural changes at the atomic scale.
These microstructures have the potential to eliminate large vol-
ume changes of intercalation electrodes, which in turn lead to
delamination in the composite electrode/electrolyte system.

3. The 𝜆2 = 1 microstructure corresponds to an exactly compati-
ble and stress-free phase boundary that separates the reference
phase from the intercalated phase. This phase boundary is a
coherent, unstretched, and consequently unstressed planar inter-
face. This interface eliminates interfacial stresses that commonly
arise during phase transformations, and has contributed to a phe-
nomenal improvement in the reversible cycling of phase trans-
formation materials. For example, in Ti-Ni-Cu shape-memory al-
loys, another material, the 𝜆2 = 1 microstructures have enhanced
its reversible phase transformation cycles over ten million times
with ultra-low fatigue [31]. We provide a detailed perspective
on these microstructures in the Supplementary Material.

3. Results

In Study 1, we apply our theoretical framework to commonly used
cathode compounds (see Fig. 5(a)), and compare our analysis with
microstructural measurements of Li𝑥Mn2O4 and X-ray diffraction mea-
surements for 𝑛 = 25 intercalation compounds. In Study 2, we apply our
framework to a larger structural database of intercalation compounds
(i.e., Materials Project database comprising structural data for over
5158 pairs of reference/intercalated compounds).5 We systematically

5 Intercalation compounds such as Li𝑥V2O5 undergo multiple phase trans-
formations as a function of Li-content. In these cases, we categorize the
end products across each phase transformation stage as a distinct pair of
intercalation compounds.
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Table 1
Crystallographic design principles to form twin interfaces, austenite/martensite microstructures, self-accommodating, and 𝜆2 = 1 microstructures
in intercalation materials. The stretch tensors describing the lattice transformation must satisfy specific geometric conditions to form
shape-memory-like microstructures. Further details on the notations used here are listed in Table A.1.

Microstructure Geometric condition Notation Advantages

Twin 𝐐𝐔𝐼 − 𝐔𝐽 = 𝐚⊗ 𝐧̂ Stretch tensors 𝐔𝐼 𝐔𝐽 Exactly compatible
Rotation matrix 𝐐 interface
Vectors 𝐚 ≠ 0, 𝐧̂

Austenite/Martensite 𝐐′(𝑓𝐐𝐔𝐽 + (1 − 𝑓 )𝐔𝐼 ) Rotation matrices 𝐐′ ,𝐐 Energy minimizing
= 𝐈 + 𝐛⊗ 𝐦̂ Volume fraction 𝑓 deformation

Identity matrix 𝐈
Vectors 𝐛 ≠ 0, 𝐦̂

Self-accommodatinga det𝐔 = 1 Stretch tensor 𝐔 No macroscopic change
No relative stretch along in shape and volume
𝑐-axis

𝜆2 = 1 𝐐𝐔𝐼 − 𝐈 = 𝐛⊗ 𝐦̂ Rotation matrix 𝐐 Highly-reversible
Vectors 𝐛 ≠ 0, 𝐦̂ transformation

aThe listed self-accommodation condition applies to all Bravais lattice symmetries except the monoclinic symmetry in the reference phase. For
these cases, we use det𝐌 = 1 and further details are described in Supplementary Material.
Fig. 5. (a) Crystal structures of commonly used intercalation cathodes in lithium batteries. We extract structural data of intercalation cathodes (𝑛 = 25) from these families in
Study 1. (b) Our analysis shows that only 7 out of 25 intercalation compounds show a change in lattice symmetry during phase transformation.
search and analyze this database to determine whether any known
intercalation compound satisfies the crystallographic design principles
identified in Table 1. Our findings show that Spinels, Tavorites, Phos-
phates, and NASICON, are a group of intercalation compounds that
approximately satisfy the fundamental design principles necessary to
form crystallographic microstructures. We identify specific candidate
compounds that approximately satisfy the geometric conditions in Ta-
ble 1 for forming 𝜆2 = 1 and/or self-accommodation microstructures,
which could be systematically doped to precisely satisfy the geometric
constraints described in Table 1.

3.1. Study 1

We compute the stretch tensors 𝐔 for 𝑛 = 25 representative inter-
calation compounds, see Supplementary Table 5. These intercalation
compounds are the commonly used cathodes from the Layered, Olivine,
NASICON, or Spinel families, which have stable structures and large
interstitial spaces for reversible ion insertion, see Fig. 5(a) [44]. We an-
alyze the lattice geometries of 𝑛 = 25 compounds from the X-ray diffrac-
tion data and compute their corresponding structural transformation
pathways. We find that ∼ 28% of the compounds undergo symmetry-
lowering structural transformations during charge/discharge cycles, see
Fig. 5 and Supplementary Table 5. This lattice-symmetry lowering
transformation is necessary to form twin interfaces and crystallographic
microstructures described in Table 1. Furthermore, we identify that
intercalation compounds with Spinel and Pyrophosphate structures
approximately satisfy the crystallographic design principles (i.e. form
5

twins, austenite/martensite microstructures) and with precise lattice-
geometries can form stress-free phase transformation microstructures.
Below we present our microstructural analysis using Li𝑥Mn2O4 as a rep-
resentative compound. The analyses of other intercalation compounds
are presented in the Supplementary Material.

3.1.1. Twin interface
Li𝑥Mn2O4 (LMO) is a Spinel compound that undergoes a first-

order phase transformation between LiMn2O4 (reference phase) and
Li2Mn2O4 (intercalated phase). Using our algorithm, we determine that
the cubic-to-tetragonal structural transformation of LMO minimizes
the distance function ‖

‖

‖

𝐔−2 − 𝐈‖‖
‖

2
. This cubic (LiMn2O4) to tetragonal

(Li2Mn2O4) transformation generates three variants and their corre-
sponding stretch tensors are listed in Table 2.6 This transformation
pathway, predicted by our algorithm, is consistent with the experimen-
tal measurements [18], and the lattice correspondence matrices deter-
mined by our code are in agreement with those in the International
Tables for Crystallography [45].

Any two variants of the tetragonal-intercalated phase satisfy the
compatibility condition to form a twin interface, see Table 1. Table 2
lists the twin solutions, namely vectors 𝐚, 𝐧̂ and rotation tensors 𝐐, for
𝐔2 and 𝐔3 variants. We use these solutions to geometrically construct

6 Variants are lattices of different orientations belonging to the same phase
of the material. These variants are related to each other via a symmetry
operation.
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Table 2
Microstructural solutions for intercalation cathode Li2Mn2O4. The stretch tensors 𝐔1 ,𝐔2 ,𝐔3 are computed from lattice geometry measurements
reported in Ref. [18]. Using variants 𝐔2 ,𝐔3, we construct the solutions to twin interfaces and the austenite/martensite microstructure shown
in Fig. 6. The inset figures show a schematic illustration of a twin interface and an A/M interface. The vectors 𝐧̂ and 𝐦̂ denote the orientation
of the twin boundary and the A/M interface, respectively, in the reference configuration.
Stretch tensor Twin solution A/M solution

𝐔1 =
⎡

⎢

⎢

⎣

0.9690 0 0
0 1.1226 0
0 0 0.9690

⎤

⎥

⎥

⎦

𝐔2 =
⎡

⎢

⎢

⎣

1.1226 0 0
0 0.9690 0
0 0 0.9690

⎤

⎥

⎥

⎦

𝐚 = [0.2002, 0, 0.2319], 𝑘 = −1 𝑓 = 0.2158, 𝑘 = 1
𝐧̂ = (0.7071, 0, 0.7071) 𝐛 = [0.0996, 0.0646, 0.0043]
𝐾 = (0.7570, 0, 0.6534) 𝐦̂ = (0.8653,−0.4998,−0.0376)

𝐔3 =
⎡

⎢

⎢

⎣

0.9690 0 0
0 0.9690 0
0 0 1.1226

⎤

⎥

⎥

⎦

𝐐 =
⎡

⎢

⎢

⎣

0.9893 0 0.1461
0 1 0

−0.1461 0 0.9893

⎤

⎥

⎥

⎦

𝐐′ =
⎡

⎢

⎢

⎣

0.9982 −0.0514 0.0316
0.0515 0.9987 −0.0006
−0.0315 0.0022 0.9995

⎤

⎥

⎥

⎦

the orientation of a twin interface in Fig. 6(a). The computed twin plane
𝐾 = (0.7570, 0, 0.6534) closely matches the experimental measurement
(1, 0, 1) in Cartesian coordinates, see Fig. 6(a–c).

3.1.2. Austenite–martensite microstructure
The structural transformation of Li𝑥Mn2O4 generates coherency

stresses at the phase boundary between the cubic LiMn2O4 phase
and the tetragonal Li2Mn2O4 phase. To minimize these coherency
stresses, the tetragonal variants form a finely twinned mixture that
fits compatibly with the cubic phase and results in the characteristic
austenite–martensite microstructure, see Fig. 6(c).

We use the stretch tensors 𝐔2 and 𝐔3 of Li𝑥Mn2O4, computed
in Table 2, to solve for the austenite–martensite microstructure. The
stretch tensors satisfy the compatibility condition in Table 1 for a
volume fraction 𝑓 = 0.2158. Table 2 lists a solution of the austenite–
martensite interface, namely vectors 𝐛, 𝐦̂, and the rotation tensors 𝐐′,
for corresponding volume fractions 𝑓 .7 Our analytical prediction of
the volume fraction for the austenite–martensite microstructure 𝑓 =
0.2158 is consistent with the experimental measurements of 𝑓 = 0.2 by
Erichsen et al. [18], see Fig. 6(a) and (c). Similarly, solutions to the
austenite–martensite interface can be computed for other intercalation
compounds that undergo symmetry-lowering transformation.

Fig. 6. Geometric construction of twin microstructures in Li2Mn2O4. (a) Using the
analytically derived twin solutions for Li2Mn2O4 in Table 2, we geometrically construct
a twin interface using variants 𝐔2 and 𝐔3. A cross-sectional view of the twin interface
shows a twin-plane 𝐾 = (0.7570, 0, 0.6534). (b) A 3D construction of the austen-
ite/martensite interface in Li2Mn2O4. Here, the cubic-reference phase (LiMn2O4) forms
a coherent interface with finely twinned tetragonal-intercalated phase (Li2Mn2O4). We
predict the volume fraction of the twinned mixture to be 𝑓 = 0.2158. (c) Our geometric
construction closely matches the previously imaged (Bright field) LMO sample showing
(101) twining plane in Cartesian coordinates and volume fraction 𝑓 = 0.2.
Source: Reproduced with permission from American Chemical Society [18].

7 Following similar steps, other solutions of the austenite–martensite inter-
face can be obtained between other tetragonal variants, see Supplementary
Table 3.
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3.1.3. Special microstructures
We next compute stretch tensors for each intercalation compound

in Supplementary Table 5 (𝑛 = 25) and examine whether they form
special microstructures, such as the self-accommodation and the 𝜆2 = 1
microstructure.

From Table 1 in Methods, we recall that self-accommodation mi-
crostructures must satisfy (a) volume-preserving structural transforma-
tion, i.e., |det𝐔 − 1| = 0, and (b) have no relative stretching along
𝑐-axis of the lattice during transformation. Fig. 7(a) is a polar plot
illustrating the volume change of intercalation compounds, |det𝐔 − 1|,
from the geometric center at which |det𝐔 − 1| = 0. As can be seen in
Fig. 7(a), the majority of the intercalation compounds do not preserve
their volume during intercalation; but a few compounds, such as 𝛼 −
Li𝑥VOPO4, Li𝑥CrMnO4, Li𝑥Mn2O4, have negligible volume changes,
|det𝐔 − 1| ≤ 0.05. Although these compounds have small volume
changes, they do not satisfy the remaining geometric conditions to
form self-accommodating microstructures, see Supplementary Table 7.
However, these compounds serve as suitable candidates that could be
systematically doped to satisfy the geometric constraints for forming
self-accommodating microstructures during intercalation.

From Table 1, we note that an exact interface forms between the
austenite phase and one variant of the martensite phase when the mid-
dle eigenvalue is 𝜆2 = 1. We compute the middle eigenvalues for each
intercalation compound and estimate the distance |𝜆2 − 1|. Fig. 7(b)
is a polar plot illustrating the radial distance of each intercalation
compound from the geometric center at which |𝜆2 − 1| = 0. Six of
the twenty-five intercalation compounds, including 𝛼 − Li𝑥VOPO4 and
Li𝑥CrMnO4, lie close to the geometric center with |𝜆2 − 1| ≤ 0.1.8

Overall, Figs. 7(a–b) show that none of the intercalation compounds
from our representative set exactly satisfy the geometric constraints
for self-accommodation and/or 𝜆2 = 1 condition. A few compounds
(e.g., Li𝑥Mn2O4, Li𝑥CrMnO4 and 𝛼 − Li𝑥VOPO4), however, approxi-
mately satisfy the geometric constraints. These materials would serve
as starting compounds for first-principles calculations or topochem-
ical synthesis that can be systematically doped to satisfy the self-
accommodation and/or 𝜆2 = 1 conditions. We note that designing
intercalation materials for the next generation of lithium batteries not
only requires superior structural stability but also excellent electro-
chemical performance. We propose that the crystallographic design
principles identified in this study must be used concurrently with other

8 In addition to the 𝜆2 = 1 condition, we examine whether these inter-
calation compounds satisfy the remaining cofactor conditions necessary to
form highly-reversible microstructures [28], see Supplementary Table 8. We
note that none of the compounds precisely satisfy these strong compatibility
conditions.
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Fig. 7. (a) A polar plot illustrating the deviation of the volume changes of represen-
tative intercalation compounds from the geometric center (identified by |det𝐔 − 1| = 0
condition). Please note that intercalation materials with a monoclinic reference phase
are identified by ‘‘□’’ and with other reference phases by ‘‘○’’. For materials with
monoclinic reference phase, the geometric center corresponds to |det𝐌 − 1| = 0 [25].
(b) A polar plot illustrating the deviation of the middle eigenvalues of representative
intercalation compounds from the geometric center (identified by |𝜆2 − 1| = 0 condi-
tion). Please note that the angular coordinates of the data points in both subfigures
(a–b) have no physical meaning, and are chosen to avoid overlap of data points.

electrochemical criteria to design novel intercalation materials with
low hysteresis and high reversibility.

3.2. Study 2

We next apply our framework to analyze the structural transforma-
tions of 𝑛 = 5142 pairs of intercalation compounds in the Materials
Project database.9 The Materials Project is an open-access database
documenting the structural properties of known and computationally
predicted intercalation compounds. We compute the stretch tensor
for each pair of these intercalation compounds and analyze whether
they undergo lattice-symmetry change during transformation and form
self-accommodating and 𝜆2 = 1 microstructures. Finally, we compare
our microstructural analysis with experimental reports on capacity
retention—in particular, for electrodes that are electrochemically op-
erated under the same conditions but have different lattice transfor-
mations. The findings from our analysis identify select candidate com-
pounds that can be systematically doped to form shape-memory-like
microstructures and show that materials nearly satisfying |det𝐔 − 1| →
0 and/or |𝜆2 − 1| → 0 have improved capacity retention.

3.2.1. Symmetry-lowering transformation
Our microstructural analysis shows that only ∼ 22% (𝑛 = 1, 127) of

the known intercalation compounds undergo a lattice symmetry change
during transformation, see Fig. 8(a–b). This lattice symmetry change

9 We omit 16 intercalation compounds from our microstructural analysis
due to significant errors (≥ 6%) in reporting unit cell volume changes on the
Materials Project database [46,47].
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during phase transformation is necessary to generate two or more
variants.10 During phase transformation, two or more variants rotate
and/or shear to form twin interfaces. These twins are characteristic
features of a shape-memory-like microstructure.

Fig. 8(a) is a heat map showing the number of intercalation com-
pounds that undergo a lattice symmetry change during transformation.
We find that majority of the intercalation compounds (𝑛 = 4, 015)
do not change their lattice symmetries when transformed between the
reference and intercalation phases and are concentrated at the diagonal
of the heat map in Fig. 8(a). These intercalation compounds commonly
undergo dilational strains that change the size of a lattice but not its
symmetry. Intercalation compounds that undergo a change in lattice
symmetry are located away from the diagonal of the heat map in
Fig. 8(a).

Fig. 8(b) is a histogram that shows how many intercalation com-
pounds generate two or more variants during transformation. From
the 𝑛 = 1, 127 intercalation compounds undergoing symmetry-lowering
transformation, nearly 50% of them generate two variants. For ex-
ample, the tetragonal ⇔ orthorhombic transformation in Li0−1MoO2
generates 𝑁 = 2 variants. Other structural transformations, such as
the cubic ⇔ triclinic in Li0.5−1NiO2 generates 𝑁 = 24 variants. How-
ever, these transformations, which generate multiple variants, are rare
and correspond to only ∼ 1% of the intercalation compounds. These
compounds that generate multiple variants 𝑁 during transformation
have a greater number of twin solutions and would offer increased flex-
ibility to form shape-memory-like microstructures. Overall, Figs. 8(a–b)
shows that the majority of the intercalation materials do not undergo
symmetry-lowering transformations and thus do not generate multiple
variants. These insights help explain the absence of shape-memory-like
microstructures in intercalation materials.

3.2.2. Shape-memory-like microstructures
We note that many intercalation compounds undergoing symmetry

lowering transformations in Fig. 8(b) decompose into smaller products
on cycling (e.g., Mn3CrO8 → CrO2 + MnO2), making them unsuitable
for forming shape-memory-like microstructures.11 However, a smaller
set of compounds (𝑛 = 15 pairs of compounds) do not decompose on
intercalation and undergo displacive structural transformations. Our
microstructural analysis of these select compounds identifies potential
candidates that approximately satisfy the crystallographic design rules
for forming self-accommodating and/or 𝜆2 = 1 microstructures.

Fig. 8(c) is a polar plot that shows the volume change of an interca-
lation compound, quantified by |det𝐔 − 1|, during transformation. In-
tercalation compounds that form self-accommodation microstructures
satisfy the crystallographic design rule |det𝐔 − 1| = 0. This condition
represents a zero volume change during transformation and corre-
sponds to the geometric center of the polar plot. Fig. 8(c) shows that
majority of the intercalation compounds, such as the Cs0−2WCl6 under-
goes a large volume change ∼ 30% on intercalation (i.e., |det𝐔 − 1| =
0.3), and do not satisfy the condition for self-accommodation. However,
select compounds, such as the Li1−2Ti2(PO4)3 from the NASICON fam-
ily, K0−1Mn(PO3)3 from the Phosphate family, and Rb2Na0−1MnF6 from
the Fluorite family have negligible volume changes with |det𝐔 − 1| ≤

10 The number of variants 𝑁 generated during transformation is defined as
the ratio of the number of rotations in the point group of Bravais lattices. For
example the cubic (24 rotations) ⇔ tetragonal (8 rotations) transformation in
Li0−2Mn3CrO8 intercalation compounds generates 𝑁 = 24∕8 = 3 variants. See
the Crystallographic Theory of Martensites section in Supplementary Material
for more details.

11 The intercalation compounds documented on Materials Project have been
predicted using high-throughput computing, and the chemical stability of these
compounds is often not ascertained using experiments [48,49]. For our analy-
sis, we screen intercalation compounds that are stable (i.e., do not decompose
into smaller compounds) and analyze their structural transformation pathways.



Acta Materialia 252 (2023) 118879D. Zhang and A. Renuka Balakrishna
Fig. 8. (a) A heat map showing the total number of intercalation compounds 𝑛 that undergo a lattice-symmetry change during intercalation. Our analysis shows that 78% of
the compounds documented in the Materials Project database do not change their lattice symmetry on intercalation. These compounds are shown on the diagonal of the heat
map. However, fewer than 22% of the compounds undergo a lattice-symmetry change during transformation (e.g., 𝑛 = 9 compounds undergo cubic (reference phase) to tetragonal
(intercalation phase) transformation on intercalation) and are shown at corresponding positions that are away from the diagonal. (b) A histogram of the total number of variants
𝑁 generated during the phase transformation. If a compound undergoes symmetry change during phase transformation, it generates multiple 𝑁 ≥ 2 variants. Specific details to
compute the number of variants are described in the Supplementary Material. Polar plots illustrating (c) the deviation of the volume changes of intercalation compounds from
the geometric center (identified by |det𝐔 − 1| = 0 condition), and (d) the deviation of the middle eigenvalues of intercalation compounds from the geometric center (identified
by |𝜆2 − 1| = 0 condition). Please note that intercalation materials with a monoclinic reference phase are identified by ‘‘□’’ and with other reference phases by ‘‘○’’; The angular
coordinates of data points in (c–d) are chosen to avoid an overlap between data points.
0.07, and approximately satisfy the crystallographic design rule for
self-accommodation.

Fig. 8(d) is a polar plot that shows the middle eigenvalues 𝜆2 of
intercalation compounds during transformation. The middle eigenvalue
𝜆2 quantifies the relative stretch of lattices during transformation, and
the crystallographic design rule 𝜆2 = 1 corresponds to microstructures
with exactly compatible and stress-free phase-boundaries. Similar to the
case in Fig. 8(c), our analysis shows that many intercalation compounds
do not exactly satisfy the 𝜆2 = 1 condition. However, 6 out of 15
intercalation compounds, including Li1−2Ti2(PO4)3 and K0−1Mn(PO3)3,
lie close to the geometric center with |𝜆2 − 1| ≤ 0.04. This finding is
in line with the emergence of LiTi2(PO4)3 as a robust cathode coating
material for solid-state batteries [48]. These results once again show
that intercalation compounds in the NASICON and Phosphate families
are potential candidates that can be crystallographically engineered to
satisfy the geometric constraints to form 𝜆2 = 1 microstructures during
intercalation.

Our analysis identifies several candidate intercalation compounds
with lattice parameters that do not precisely satisfy the geometric
constraints for self-accommodation and/or 𝜆2 = 1 microstructures.
These compounds would serve as promising candidates that can be sys-
tematically doped (e.g., using computational DFT [22] or topochemical
synthesis [24]) to exactly satisfy the |det𝐔 − 1| = 0 and |𝜆2 − 1| = 0
conditions [50]. For example, Shin and Manthiram [23] show that the
systematic doping of spinel compounds can reduce their intercalation-
induced volume changes to < 0.2%. Similarly, Schofield et al. [24]
8

showed that site-selective doping of Molybdenum in V2O5 electrode
reduces the lattice misfit strains during phase transformation by up
to 0.8% [24]. Integrating these synthesis experiments with x-ray
diffraction studies (to measure lattice parameters in-situ during interca-
lation) further contributes to the ongoing efforts of crystallographically
designing intercalation materials.

3.2.3. Comparison with experiments
We next compare our analytical results with previously published

experimental literature on intercalation cathodes (Refs. [23,51,52]).
Specifically, we examine the effect of geometric constraints (e.g., self-
accommodation quantified by |det𝐔 − 1| and stress-free phase bound-
aries quantified by |𝜆2 − 1|) on the capacity fade of intercalation mate-
rials.

We note that the structural transformation of lattices – which at
the macroscopic scale manifests as volume changes and/or stressed
interfaces – leads to contact loss between active battery materials.
These structural changes expose new surfaces to side reactions and
hinder active-ion transport, thus contributing to capacity fade [11].
However, in batteries, capacity fade could also arise from other factors
including operating conditions (e.g., C-rates, voltage window), cation
dissolution, and/or electrode morphology [53]. To isolate the effect of
these other factors from lattice transformations on capacity retention,
we identify experiments in which authors report structural data and
the cycling performance of intercalation electrodes, by holding other
electro-chemo-mechanical parameters constant (e.g., Refs. [23,51,52]).
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Fig. 9. Capacity retention of intercalation electrodes as a function of (a) the self-
accommodation geometric constraint |det𝐔 − 1| and (b) the highly-reversible geometric
constraint |𝜆2 − 1|. Each electrode was cycled 50 times and under identical electrochem-
ical conditions as indicated for each dataset. Please note RT and IDC are short for Room
Temperature and Initial Discharge Capacity, respectively. Intercalation materials that
closely satisfy the geometric constraints, i.e., |det𝐔 − 1| → 0 and |𝜆2 − 1| → 0 show
higher capacity retention.

We select three datasets (labeled in Fig. 9 as ‘Dataset 1’ [51], ‘Dataset
2’ [52], ‘Dataset 3’ [23]), that contain electrodes with similar mor-
phologies (e.g., single-phase materials, comparable particle size), and
are electrochemically cycled under identical conditions (i.e., voltage
window between 4.3 V and 3.5 V, Initial Discharge Capacity IDC >
80mAh∕g, C/5 or C/10 rates), and at room temperatures (RT). Further-
more, the electrode particles in individual datasets are all synthesized
by the same research group using solid-state reactions and are reported
to have similar Mn-dissolution (see Supplementary Table 9–11 in and
Refs. [23,51,52] for further details).12

Fig. 9(a–b) shows the capacity retention of compounds in Datasets
1–3 as a function of |det𝐔 − 1| and |𝜆2 − 1|. We note that intercala-
tion electrodes that approximately satisfy the geometric constraints
|det𝐔 − 1| → 0 and |𝜆2 − 1| → 0 have greater capacity retention. For
example, intercalation cathodes such as LiMn1.8Ni0.1Li0.1O4 in Dataset
3 [52] with |det𝐔 − 1| = 0.0441 and |𝜆2 − 1| = 0.0292 have 99.5% capac-
ity retention even after 50 cycles. By contrast, intercalation cathodes
such as the undoped LiMn2O4 in Dataset 3 with |det𝐔 − 1| = 0.0764
and |𝜆2 − 1| = 0.0503 in Fig. 9 only shows 60.6% capacity retention

12 Electrodes across the different datasets differ based on the choice of sub-
stitutional dopant, particle morphologies, and operating conditions. However,
in our analysis, we compare the capacity retention of electrodes within each
dataset.
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after 50 cycles. We find similar trends in Dataset 1 [51] and Dataset
2 [23] in which doped LiMn2O4 that approximately satisfy geometric
constraints have > 90% capacity retention while the capacity retention
for the undoped LiMn2O4 is ∼ 60%.

Fig. 9(a–b) shows a direct correlation between capacity retention
and geometric constraints |det𝐔 − 1| → 0 and |𝜆2 − 1| → 0 of interca-
lation materials. It is interesting to note that the two geometric con-
straints correspond to distinct macroscopic manifestations (i.e., zero-
volume changes (|det𝐔 − 1| = 0) and stress-free interfaces (|𝜆2 − 1| =
0)), however, they are both conducive to improving the capacity re-
tention. In Datasets 1–3, we are unable to determine which of the two
geometric constraints has a dominant effect on capacity retention. This
is a necessary limit of our work and not an intentional oversight.13

Overall, Fig. 9 shows that structural transformations of individ-
ual lattices, in addition to the thermodynamic and kinetic driving
forces, affect the performance of intercalation materials. These results
further emphasize that designing the structural transformation of indi-
vidual lattices (e.g., through systematic doping), can lead to improved
capacity retention and extended lifespans of electrodes. These crystallo-
graphic design criteria, however, would need to be used together with
other electrochemical criteria to design suitable intercalation materials
with improved performance.

4. Discussion

Our microstructural analysis shows that only a small percentage of
known intercalation compounds form twins and austenite/martensite
microstructures during intercalation and, a vast majority of the com-
pounds do not satisfy the design principles for self-accommodation
and/or 𝜆2 = 1 microstructures. This was the case in Study 1, in
which selected compounds from the Spinel family form twins and
austenite/martensite microstructures; however, their lattice geometries
did not exactly satisfy the geometric constraints for self-accommodation
and/or 𝜆2 = 1 microstructures. In Study 2, less than 22% of interca-
lation compounds reported on the Materials Project database undergo
symmetry lowering transformation and thus form twins; however, none
of these materials precisely satisfy the geometric constraints for self-
accommodation and/or 𝜆2 = 1 microstructures. These compounds
are promising candidates that can be systematically doped to satisfy
precise lattice geometries. In the remainder of this section, we discuss
some limitations of our findings, compare our results with prior work
on understanding intercalation material reversibility, and present the
potential impact of our work on the materials discovery program.

Two features of this work limit the conclusions we can draw from
our microstructural analysis. First, we minimize a distance function
‖𝐔−2−𝐈‖2 to identify an optimal stretch tensor 𝐔. This distance function
quantifies the total strain of a structural transformation; however,
minimizing this function can generate more than one solution for the
stretch tensor. In these cases, we choose the stretch tensor describing
a lattice-symmetry lowering transformation as this would generate
energy-minimizing microstructures. Furthermore, the accuracy of the
computed structural data of intercalation compounds on the Materials
Project database affects our microstructural analysis. For example, we
identify candidate compounds that approximately satisfy the design
constraints for self-accommodation and/or 𝜆2 = 1 microstructures;
however, we have limited information on the chemical stability of
these compounds. Many of these compounds were predicted using first-
principle calculations, and rigorous experimental investigations would
be necessary to ascertain their chemical stability. Second, by screen-
ing and analyzing intercalation materials using the crystallographic

13 Electrode particles in Datasets 1–3 were placed in a liquid electrolyte bath
with negligible surface tractions. In the absence of surface forces both the
geometric conditions |det𝐔 − 1| = 0 and |𝜆2 − 1| = 0 have similar conducive
effects on capacity retention.
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Table A.1
Summary of symbols.
Notation Brief description

e𝑖 Lattice vector
𝐄 = {𝐞1 , 𝐞2 , 𝐞3} Primitive unit cell spanned by e𝑖(𝑖 = 1, 2, 3)
𝐄R, 𝐄I Primitive unit cell of reference and intercalated phase
𝐏R, 𝐏I Lattice correspondence matrix of reference and intercalated phase
𝐄A = 𝐄𝐏A Conventional cell related to 𝐄 via a lattice correspondence 𝐏A

𝑛 Number of intercalation compounds
𝑁 Number of variants
𝐈 Identity matrix
𝐅 Deformation gradient tensor
𝐔, 𝐔𝑁 Transformation stretch tensor. Variants 𝐔𝑁 are related to each other

via a symmetry operation
𝐌 Necessary and sufficient condition for a monoclinic compound to

form self-accommodating microstructure (see Ref. [25] Section 3.4)
𝐐, 𝐐′ Rotation matrices
𝐚, 𝐛, 𝐦̂, 𝐧̂ Vectors
𝐾 Twin plane direction
𝑘 A constant which can take a value of ±1
𝜆𝑖 Eigenvalues when solving 𝐐𝐔I − 𝐈 = 𝐛⊗ 𝐦̂
𝑓 Volume fraction
𝜃 Orientation of the twin plane
|det𝐔 − 1| = 0 Volume preservation
|𝜆2 − 1| = 0 Condition to form stress-free interface
𝑝, 𝑞 Number of host-atoms in reference and intercalated unit cells
𝑚 = 𝑝

𝑞
Ratio of host-atoms

𝑑 Largest edge ratio
{𝑎, 𝑏, 𝑐, 𝛼, 𝛽, 𝛾} Lattice parameters
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design principles alone we omit the role of other factors, such as
lectronic conductivity and Li diffusivity, which are important to the
lectrochemical performance of battery materials. The crystallographic
esign principles focus on one aspect – reducing the chemo-mechanical
egradation of intercalation materials – that is known to accelerate
lectrochemical decay. We propose, however, that the crystallographic
esign rules identified in this work as one of the design parameters that
ust be used concurrently with other electrochemical criteria to design
ovel intercalation materials. With these reservations in mind, we next
iscuss the impact of our findings on the materials discovery program.

A key feature of our work is that we quantify the structural trans-
ormation pathways for 𝑛 > 5000 pairs of intercalation materials

using an in-house structural transformation algorithm and identify can-
didate compounds that can form shape-memory-like microstructures.
The algorithm, unlike earlier works [33], finds an optimal structural
transformation pathway (i.e., a stretch tensor that minimizes a distance
function ‖𝐔−2 − 𝐈‖2) between the reference and intercalated phases (as
escribed in the Structural transformation section in Supplementary
aterial). Our results identify intercalation materials that approxi-
ately satisfy the design rules necessary to form self-accommodating

nd/or 𝜆2 = 1 microstructures. These compounds serve as potential
andidates that can be atomically engineered (e.g., using site-selective
opochemical synthesis or computational doping using DFT calcula-
ions) to satisfy precise lattice geometries. This theory-guided search
or intercalation compounds would accelerate the discovery of novel
ntercalation materials with improved reversibility.

Another significant feature of our work is that we show a direct link
etween structural transformations, microstructures, and material be-
avior. For example, we compute the stretch tensor for Li1−2Mn2O4 and
uantitatively predict the microstructural features measured in Fig. 6.
urthermore, our analysis in Fig. 9 shows that, when all other elec-
rochemical operating conditions are kept constant, intercalation com-
ounds that nearly satisfy the self-accommodating (i.e., |det𝐔 − 1| =
) and 𝜆2 = 1 design constraints show improved (≥ 90%) capacity
etention. These examples demonstrate that structural transformation
athways of individual lattices, in addition to the electrochemical
perating conditions and diffusion kinetics, play an important role in
aterial performance and reversibility.
10
. Conclusions

To conclude, we quantify structural transformations in interca-
ation compounds and identify crystallographic design rules neces-
ary to mitigate chemo-mechanical degradation in intercalation mate-
ials. Our findings show that the majority of the known intercalation
ompounds are not qualified to form microstructures that are self-
ccommodating and/or have stress-free interfaces. However, we iden-
ify candidate intercalation compounds–such as the spinel Li𝑥Mn2O4

and NASICON Li𝑥Ti2(PO4)3–that approximately satisfy the crystallo-
raphic design rules. These compounds serve as promising candidates
hat can be systematically doped to satisfy precise lattice geometries
nd thus form microstructures with minimum volume changes and/or
tress-free interfaces. More generally, our analysis and the crystallo-
raphic design principles serve as a theoretical guide to discovering a
ew generation of intercalation materials with reduced volume changes
nd stress-free microstructures. These design principles will need to be
sed together with other electrochemical criteria to improve the overall
erformance of electrodes.
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See Tables A.1 and A.2.
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Table A.2
Definition of terminology.
Terminology Description

Deformation gradient 𝐅 The deformation gradient 𝐅 quantifies the deformation in continuum
mechanics. It is a second-order tensor that maps line elements in
the reference configuration into line elements (consisting of the same
material particles) in the deformed configuration.

Stretch tensor 𝐔 During phase transformation, the reference phase typically has
a different lattice geometry from the transformed (or intercalated) phase.
A stretch tensor maps a unit cells of the reference phase to the
corresponding unit cell of the transformed phase.
This tensor describes the local stretching (or contraction) at a material point.

Eigenvalues A set of scalars associated with a linear system of equations.
In our calculations, these values correspond to the lattice
stretches during transformation.

Variant Variants are lattices of different orientations belonging to the same
phase of the material. These variants are related to each other via
a symmetry operation.

Bravais lattice A Bravais lattice is an infinite set of points in three-dimensional space
generated by the translation of a single point 𝐨 through three linearly
independent lattice vectors 𝐄 = {𝐞1 , 𝐞2 , 𝐞3}.

Primitive unit cell The lattice vectors 𝐞𝑖 enclosing the smallest repeatable
volume constitute a primitive unit cell 𝐄.

Conventional unit cell The latter lattice vectors 𝐞′𝑖 enclosing a larger volume
(relative to 𝐄) constitute a conventional unit cell 𝐄′.
A conventional cell of a crystal structure can be described in multiple
ways, however, all the conventional and the primitive cells generate the
same set of lattice points in 3D space.

Lattice correspondence 𝐏 A conventional cell is related to the primitive cell via
a lattice correspondence matrix 𝐏, i.e., 𝐄′ = 𝐄𝐏

Frobenius norm ‖.‖ A matrix norm which is defined as the square root of the sum of the
absolute squares of elements in a matrix. It is also equal to the square
root of the matrix trace of 𝐀T𝐀, i.e., ‖𝐀‖ =

√

Tr(𝐀T𝐀)
Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.actamat.2023.118879.
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