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ABSTRACT: Structural and compositional defects in crystalline
materials are unavoidable. Accurately disentangling their role in
composition−structure−property correlations is therefore essential
but has long been hindered by our inability to precisely identify
and quantify certain microstructural features. As a result, deviations
from ideal structures have frequently been disregarded or assumed
to be detrimental. Nonetheless, today’s structural disorder
characterization advancements offer unprecedented insights into
defect architectures. Recent models and tools applied to scattering
and spectroscopic techniques provide an accessible window for
observing and accurately parametrizing microstructural complexity
and, if understood and mastered, offer the utmost control for designing better materials. One important field that can greatly benefit
from advancement in the understanding and control of structural defects is the development of battery materials, whose performance
and cycle life are closely related to structural aspects, including defects. This perspective offers an overview of the progress achieved
in this field, with a special focus on cathode materials, and a discussion about opportunities for future developments.

■ INTRODUCTION
Solids are usually classified into two categories depending on
the arrangement of their atomic constituents: (i) amorphous
compounds, where the arrangement of the atoms in the solid
does not follow any regular pattern at long-range, and (ii)
crystalline compounds, where the atoms are arranged according
to a lattice pattern that is periodically repeated along the three
directions of the space. This periodicity in crystalline solids is
often thought of (and taught) as being perfect. However,
perfect crystals are very often oversimplified ideal models, as
these could only exist at absolute zero temperature.
Imperfections are a universal feature of crystalline materials,
and these irregularities can profoundly affect macroscopic
physical properties and chemical reactivity. Ideal infinite
periodic structural models are thus precious tools to establish
many of the structure−property correlations in solids, but they
are sometimes insufficient.

Although the relevance of imperfections has long been
recognized in several fields, they are still often disregarded or
oversimplified. To begin with, imperfections in crystalline
solids are often referred to as defects. This word usually carries
a distinctly negative connotation and might erroneously bring
to mind that their presence is detrimental to performance. As a
result, such mistaken appreciation can foster considerable
efforts to either minimize their concentration or counter-
balance their impact. Conversely, defects in solids can generate
value.1,2 Point defects and impurities cause highly desirable
colors in gem-quality diamonds and other precious stones.3

Dopants, which is a more attractive name to refer to purposely
introduced chemical impurities, constitute the foundation of the
entire semiconductor industry, which masters methods to
precisely insert tiny amounts of desired impurities into Si, Ge,
or GaAs to finely tune the electrical conductivity. Chemical
substitutions are also used in battery materials, for instance, as a
tool to enhance ionic conductivity in ceramic electrolytes with
isovalent and aliovalent substitutions,4,5 to modify the reaction
mechanism and smoothen the voltage profile of insertion
electrode materials with doping,6 or to tune the redox
potentials of their redox centers thanks to cationic/metal and
anionic substitutions.7,8 Linear defects such as dislocations have a
relevant role in plastic deformations in metallurgy.9 Con-
versely, their role in battery materials is still largely underex-
plored. Yet, a few papers suggest that dislocations may provide
an energetically favorable diffusion path for the diffusion of
mobile ions, relieve lattice strain during phase transformations
and prevent particle cracking, or participate through motion of
dislocations in the layer gliding mechanism occurring in the
phase transformation(s) of layered battery materials upon
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alkali (de)intercalation.10 Planar defects such as twin boundaries
give rise to the peculiar shapes of twinned crystals of minerals.
The presence of grain boundaries separating small crystallites or
grains prevents the motion of dislocations and hence
strengthens the material. For solid-state battery applications,
however, electrolytes are often annealed to recrystallize the
polycrystalline materials with the aim to favor ionic mobility
within the bulk and to avoid Li dendrite propagation within
grain boundaries and volume defects such as cracks, voids, and
pores.11,12

On the other hand, defects have also been repeatedly
ignored in the evaluation of structure−property correlations
because achieving a complete, quantitative, and accurate
description often represents a challenge. This is due to several
factors. First, defects can be detected with a limited number of
characterization methods, which can be defect-specific and in
general are still not widely applied. Next, crystal structures are
extraordinarily diverse (as are the defect structures resulting
from different synthetic conditions and combinations of
defects), and these might even dynamically evolve (e.g.,
phase transformations). The intentional introduction of defects
(with control over the type, concentration, location, etc.) thus
offers an exciting research avenue for materials design and
engineering.

Battery materials are representative of the significant and far-
reaching benefits of seizing this opportunity. Innovation
through structural design has been an effective means for the
realization of today’s batteries. Our ability to master the atomic
scale through the identification of host structures and
chemistries able to intercalate lithium ions at convenient
voltages has been rewarded by the deployment of Li-ion
technology and the ushering in of the portable electronics era.
However, improving battery materials’ performances, using the
same earth-abundant elements, now requires a more complete
understanding of the thermodynamic and kinetic phenomena

occurring across all relevant length scales. Our ability to
precisely describe both the structure and the microstructure
(including the defect structure) is essential in this context.

In this Perspective, we discuss the potential of such
approaches. First, an overview of the main types of defects
studied in battery materials is provided, then we review the
effect of intrinsic-type defects on the electrochemical perform-
ance of a selection of electrode and electrolyte materials.
Whether these are detrimental or represent an enhancement of
the material function needs to be analyzed case by case, as
shown here. We then examine how the latest advances in
characterization methodologies and the understanding of
microstructural defects in these materials have opened new
ways for designing battery materials with improved perform-
ance. Finally, building on this knowledge, we identify several
exciting opportunities to conduct additional research in this
field.

■ MAIN TYPES OF DEFECTS IN BATTERY
MATERIALS

A defect can be defined as an alteration of the configuration of the
(atomic or electronic) structure of the ideal solid. The different
categories of defects that are encountered in crystalline solids are
described in Figure 1. Listing an exhaustive, detailed description of
each of these defects is out of the scope of this Perspective. For this
purpose, the reader can refer to many books dedicated to the
fundamentals of materials science that include chapters focused on
defects, such as refs 13 and 14. The main kinds of defects that have
been investigated in battery materials are highlighted in yellow in
Figure 1, and most of them are illustrated in Figure 2. They can be
gathered into two main categories: point defects and planar defects;
they are further described below.
Point defects consist of zero-dimensional irregularities in the crystal

structure and are usually divided into two groups (although they
might appear combined): intrinsic point defects, which are physical
defects and therefore do not involve foreign elements, and extrinsic

Figure 1. Different categories of defects found in crystalline solids. The two main categories of defects (point defects and planar defects) that have
been investigated in battery materials are highlighted in yellow. Structural concepts derived from defects in large concentrations are shown in green.
The main kinds of defects discussed in this paper are highlighted in bold.
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point defects, which are chemical defects that modify the chemical
composition of the compound (see left branch in Figure 1). Among
the former ones, lattice vacancies (including Shottky−Wagner defects; L
in Figure 2) appear when an atomic site of the ideal crystal is not
occupied. At nonzero temperatures, lattice vacancies are always

present in any crystal (as they generate disorder in the structure that
increases the entropy and stabilizes the system). Vacancies participate
in the diffusion mechanism of ionic charge carriers within electrode
and electrolyte materials. In higher concentrations (for example, when
intercalation-type electrode materials oxidize and mobile alkali cations
are removed from the host structure), vacancies can order within the
crystals (i.e., arrange according to a periodic pattern), which is driven
by the minimization of electronic repulsion. The presence of vacancies
within the crystal can be detected from a deviation of the intensity of
diffraction or solid-state nuclear magnetic resonance (ssNMR) peaks,
whereas their ordering with respect to other elements makes appear
superstructural peaks in Bragg diffraction and new environments in
spectroscopic techniques. Interstitial defects (or Frenkel defects; I in
Figure 2) correspond to atoms that have moved from their
corresponding atomic site in the ideal crystal to an interstitial
position that is normally unoccupied. These defects have a significant
impact on the ionic diffusion within electrode and electrolyte
materials; in some cases, these interstitial atoms can block the
diffusion pathways of mobile ions within the host structure, or if the
interstitial defects correspond to mobile ions (i.e., charge carrier),
they can be associated with increased conductivity. Likewise, the
degradation mechanism of classical alkali (and alkali-rich) TM
(transition metal) layered oxides, leading to the formation of spinel-
type phases involves the migration of TM and alkali cations into
interstitial tetrahedral sites.15,16 Antisite defects (X in Figure 2) appear
when two atoms exchange their crystallographic sites in the ideal
structure. Such defects have been shown to occur between ions with
similar ionic radii, such as for example Li+ and Fe2+ ions in a LiFePO4
cathode material, which affects the Li diffusion rate.17 On the other
hand, extrinsic defects include chemical substitutions of atoms of the
original lattice as well as the introduction of an extra atom in an empty
interstitial site. Note that aliovalent substitutions often generate
vacancies and/or interstitial defects for charge compensation. These
chemical alterations, or impurities, (S and I′ in Figure 2) can be
introduced accidentally in the material, or intentionally. In this latter
case, they are often referred as dopants in the case of low
concentrations or chemical substituents in the case of larger ones.
The presence of these foreign atoms within the structure always
generates lattice distortions and/or strains (i.e., a distribution of cell

Figure 2. Two-dimensional section of a schematic structure of
ordered crystals showing the different types of defects that are often
observed in battery materials (redrawn from ref 18).

Figure 3. (a) Schematic visualization of an ideal ABCABC stacking sequence. Similar stacking sequences with (b) an extrinsic stacking fault, (c) an
intrinsic stacking fault, and (d) twinning of a plane. The layer corresponding to the defect is colored in cyan. Gray lines are guides for the eyes to
follow the stacking sequences.
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parameters) because of size and bond modifications. At low
concentrations, the extrinsic defects (or solute) are generally diluted
in the host structure, generating a solid solution. A full solid solution
can also exist at a larger concentration. However, in some cases, the
substituting atom preferentially concentrates in specific regions,
forming clusters, which can grow until segregating in a second phase
(phase separation). In other cases, the solute is neatly distributed
within the host structure, giving rise to an ordered configuration
(superstructure). This ordering can occur at short or long-range, in turn
with more or fewer imperfections, making possible different degrees of
site order/disorder. Note that here the term site disorder refers to a lack
of periodicity in the occupation of regular lattice sites within a
crystalline structure; it should not be confused with the case of
amorphous or noncrystalline compounds, where no long-range
periodicity exists in the atomic arrangement and hence the atoms
cannot be attributed to any lattice site.
Planar defects are bidimensional defects and gather all types of

interfaces: intrinsic internal interfaces within the crystal (detailed below),
f ree surfaces (between the crystal and the surrounding gas or liquid),
grain boundaries (between two crystallites of equal compositions in
the particles), and two-phase interfaces (between two phases of distinct
compositions in the solid, and whose crystal lattice may be coherent,
as it occurs in two-phase first-order phase transitions). Free surfaces,
grain boundaries (G and K in Figure 2), and two-phase interfaces
result in particular atomic structures that depend on the orientation
and have a positive formation energy in comparison to the bulk of the
perfect crystal.13 The nature and properties of these last three types of
interfaces have a strong influence on the performance and the
processing of battery materials, for example, in the electrode
formulation (choice of the additives, formulation recipe and mixing
protocol, etc.) or in the processing of solid electrolytes (chemical
compatibility, densification approaches, and impact on the ionic
conductivity). However, these aspects will not be discussed here; the
interested reader is invited to consult other reference papers.19

Intrinsic internal defects are planar defects that will be particularly
discussed in this perspective paper. They correspond to interfaces (or
disruption of the periodicity over a surface) within the crystal.
Antiphase boundaries (A in Figure 2) separate domains of the same
ordered phase but with a rupture in the sequence of the atomic
distribution. They have been shown to be detrimental to transport
and to limit the rate performance of TM-ordered spinel
LiNi0.5Mn1.5O4, originating from the formation and propagation
mechanism of Ni/Mn ordering in this material.20 Stacking faults
mainly appear in layered materials (F, F′, and Z in Figures 2 and 3),
although strictly speaking they can be observed in any structure as
long as it can be described with a stack of atomic slabs. They
correspond to a defect in the sequence of planes of atoms in the

crystal and can also be viewed as gliding (or a shift of a whole plane of
atoms) with respect to their expected position in the ideal stacking.
Stacking faults are divided into three groups (see Figure 3): extrinsic
stacking faults (insertion of an extra plane in the perfect sequence
...ABC|B|ABC...), which can be the result of many interstitials that
gather on planes; intrinsic stacking faults (removal of a plane from the
perfect sequence ...ABC||BCABC...), which can be the result of the
condensation of vacancies on a plane or the slip of the crystal caused
by the motion of a dislocation; and twin boundaries (plane separating
two mirror sequences in the crystal ...ABCAB|C|BACBA...), which are
usually introduced during the growth of the crystal.13 Stacking faults
can arise during crystal growth (i.e., they require bond breaking and
the creation of new bonds) or from a plastic deformation (i.e., no
bond breaking) and are surrounded by dislocations in the atomic
structure. They occur in a variety of battery materials, as discussed
later in this Perspective. They have been observed either isolated,
randomly distributed within the crystals, or condensed, resulting in
successive stacking faults in certain regions of the crystal. When the
number of stacking faults increases, it may become difficult to identify
what would be the ideal stacking sequence, as it occurs in certain
lithium-rich layered metal oxides,21,22 and the structure is then
described as a random stacking.14 It should, however, be noted that in
such case only the stacking sequence is random, while there is a
limited number of possible relative positions (stacking vectors)
between the successive slabs. If the layers are stacked out of
alignment, the structure is turbostratic. Finally, polytypic materials are
compounds that can occur in different structures, which differ in their
stacking sequences. One of the simplest examples is graphite, which
crystallizes as hexagonal 2H (stacking sequence ABAB) but often
exhibits extended regions of the rhombohedral 3R polytype (stacking
sequence ABCABC). In the case of ZnS, CdS, or SiC, polytypic
sequences are made of blocks of hundreds of layers. Polytypic
structures are prone to exhibit stacking faults, but also to lead to
intergrowths of the different polytypic stackings (like graphite). Note,
however, that the concept of structural intergrowth is not limited to
polytypic structures but could also occur with compounds with similar
structure, as has been proposed in Li-rich materials, which would
consist of nanometric Li2MO3 and LiMO2 intergrowths (both layered
structures with the same oxygen lattice)23,24 or with polymorphs of
the same composition (e.g., the cathodic material of alkaline batteries
γ-MnO2 is described as a 3D intergrowth of pyrolusite and ramsdellite
domains).25,26 Selected examples of intrinsic and planar defects in
battery materials and their impact on their electrochemical properties
are described below in more detail.

Figure 4. (a) Structure of LiFePO4, where yellow octahedra represent FeO6, gray tetrahedra represent PO4, and lithium atoms are represented as
green balls. Li−Fe antisite defects block the lithium diffusion channel. If two antisite defects occur in the same channel, some lithium atoms become
trapped as those marked with a red square. (b) Computed unblocked capacity vs channel length in LiFePO4 for various defect concentrations.
Reprinted with permission from ref 29. Copyright 2010 American Chemical Society.

Chemistry of Materials pubs.acs.org/cm Perspective

https://doi.org/10.1021/acs.chemmater.2c03481
Chem. Mater. 2023, 35, 3345−3363

3348

https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03481?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03481?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03481?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03481?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ INTRINSIC DEFECTS IN BATTERY MATERIALS
Antisite Defects, Site Disorder, and Antiphase

Boundaries. Triphylite LiFePO4. LiFePO4 (170 mAh/g of
theoretical capacity at 3.45 V vs Li+/Li) is increasingly used in

commercial Li-ion batteries as a positive electrode material. Its
triphylite-type structure (space group (SG) Pnma) is based on
a solid polyanionic framework made of FeO6 octahedra and
PO4 tetrahedra, which confer thermal and structural stability to

Figure 5. (a) Crystal structure of Li6PS5Br shown in an anion-ordered state with Br− located on the Wyckoff 4a site and S2− on the Wyckoff 4c and
16e sites. (b) Room-temperature ionic conductivity plotted versus the degree of Br−/S2− disorder. Reproduced from ref 38 under the CC BY-NC
4.0 license.

Figure 6. (a) Structure of ordered (top) and disordered (bottom) LNMO. Color coding is as follows: in yellow, NiO6 octahedra; in cyan, MnO6
octahedra; in gray, MO6 octahedra (being M = 1/4Ni and 3/4Mn); and in green, Li atoms. (b) Raman spectra, (c) NPD patterns, and (d) ssNMR
spectra of ordered (LNMO-O) and disordered (LNMO-D) samples. Adapted with permission from ref 39. Copyright 2022 American Chemical
Society.
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the material, e.g., upon long electrochemical cycling (Li
extraction/insertion). Li cations occupy octahedral sites in the
straight channels arising from the arrangement of FeO6 and
PO4 polyhedra. Because of the similar ionic radii between Li+
and Fe2+ (0.76 and 0.78 Å,27 respectively), antisite defects
(Figure 4) are widespread in LiFePO4, as demonstrated both
experimentally and theoretically.17,28 In relevant concentra-
tions, these can be detected with ssNMR and X-ray diffraction
(XRD) or neutron powder diffraction (NPD). However, in the
case of LiFePO4 materials synthesized under optimal
conditions (and therefore with low antisite defect concen-
trations (∼1%)), they can be indirectly probed using ssNMR
by measuring the diffusion exchange rate between Li atoms in
the solid enriched with 6Li and the liquid electrolyte solution
(containing natural abundance Li, namely, 7.6% 6Li and 92.4%
7Li).17 Since LiFePO4 exhibits one-dimensional transport
paths, these point defects have a twofold impact: (i) Fe
atoms residing in the Li+ conduction path obstruct Li+
diffusion, blocking a fraction of the channel if two or more
defects occur in the same tunnel (trapped Li atoms, marked
with a red area in Figure 4a), and (ii) Li+ crossover between
channels occurs, albeit at a slower rate than Li+ hopping within
the channels.29 The net effect is typically a reduction in the Li+
diffusion rate (see Figure 4 b). Small and homogeneous
dimensions along the diffusion axis should be used to avoid the
negative effects of these defects in the electrochemical
performance of LiFePO4.

Halogenated Argyrodite Li6PS5X (X = Halogen). The high
ionic conductivity offered by Li6PS5X (X = Cl, Br) compounds
(10−4−10−2 S/cm) has triggered great interest for this family
of Li+ ion conductors.30,31 The ideal, ordered structure of these
argyrodite-type Li6PS5X (X = Cl, Br, I) compounds is
described in a F4̅3m cubic unit cell, as shown in Figure 5a.
It is built on PS4 tetrahedra and a sublattice of isolated halide
and sulfide anions, which respectively occupy the 4a and 4c
Wyckoff sites of the F4̅3m unit cell in the ordered
configuration, while Li+ cations are clustered in cages around
the 4c site. Depending on the halogen, a different degree of
anionic disorder has been reported between the 4a and 4c sites
(from a small amount of antisite defect for X = I up to 60% of
site disorder for X = Cl).

The lithium conductivity of these compounds has been
found to mostly depend on the degree of disorder in the
occupancies of anionic and cationic sites. Computational
studies have shown that the nature of the halogen does not
implicitly govern the ionic conductivity for a given degree of
disorder, but the distribution of the halogen in the anionic

sublattice affects the Li+ distribution and conduction path-
ways.32−38 The degree of anionic disorder for a given
composition was shown to depend on the synthesis
parameters, thus enabling the control of the ionic conductivity
of the electrolyte material (Figure 5 b).38 The substitution of P
by Ge was also found to induce anionic disorder in
Li6+xP1−xGexS5X, improving the ionic conductivity.32,34 As
with other electrolyte materials, the ionic conductivity of the
functional component is also affected by the processing of the
material; however, this aspect is out of the scope of this
Perspective.

Spinel LiNi1/2Mn3/2O4. LiNi1/2Mn3/2O4, which has recently
been attracting a large amount of interest as a high-voltage
cathode material for the next generation of Li-ion batteries
(147 mAh/g of theoretical capacity at ∼4.7 V vs Li+/Li), can
crystallize in two polymorphs depending on the ordering of Ni
and Mn in the octahedral sites of the spinel structure as shown
in Figure 6 a: P4332 (TM ordered phase) and Fd3̅m (TM
disordered phase), with a reversible transition between them
observed at ∼700 °C. Above the transition temperature,
manganese thermal reduction results in the formation of Mn3+

defects (resulting in electronic conductivity gains), which is
compensated (or driven) by the segregation of a secondary
oxide that crystallizes in a rock salt structure and has an
increased Ni/Mn ratio, whose insulating nature is detrimental
to electrochemistry. Since this secondary phase forms through
the preferential extrusion of Ni out of the spinel particles, the
amount of the rock salt phase is correlated with the amount of
Mn overstoichiometry in the spinel. Added to this, two
different types of defects with significantly different effects on
properties can be found in ordered samples: (i) antiphase
boundaries, which consist of relative displacements of the
ordered superlattice that result in a selective broadening of
superstructure reflections in NPD data (marked with gray
arrows in Figure 6 c) and lead to poor rate performance, and
(ii) Ni/Mn mixing (i.e., a certain degree of disorder within the
ordered phase), which can lead to an electrochemical
performance competitive with that of fully disordered samples
(see Figure 7).20 Both types of defects, even if occurring
simultaneously, can only be reliably quantified from NPD
data.20,39 However, spectroscopic techniques such as Raman
spectroscopy can be used for facile and reliable discrimination
between ordered and disordered forms thanks to their
sensitivity to local symmetry (Figure 6 c). Likewise, while
the Li ssNMR spectrum of the ordered phase is dominated by
a sharp peak as a result of a single lithium environment, the
disordered one presents a wider distribution of different Li

Figure 7. (a) Discharge rate capability test for spinel samples crystallizing in Fd3̅m SG (disordered), P4332 SG with Ni/Mn mixing and antiphase
boundaries, and P4332 SG with antiphase boundaries. (b) Antiphase boundaries in an ordered P4332 spinel. (c) Ni and Mn mixing in an ordered
P4332 spinel. In both cases, gray and pink atoms represent Ni and Mn atoms, respectively. Oxygen and lithium atoms are not shown for simplicity.
Adapted from ref 20 with permission from the Royal Society of Chemistry.

Chemistry of Materials pubs.acs.org/cm Perspective

https://doi.org/10.1021/acs.chemmater.2c03481
Chem. Mater. 2023, 35, 3345−3363

3350

https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03481?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03481?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03481?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03481?fig=fig7&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


environments, resulting in multiple peaks (Figure 6 d).39,40

Achieving control of all these parameters (Mn3+ defects and
overstoichiometry, Ni/Mn disorder, and the rock salt phase)
through the synthesis conditions (synthesis temperature and
oxygen partial pressure) is essential to design LiNi0.5Mn1.5O4
electrodes that are closer to the performance limit that the
material can offer.41

Stacking Faults in Layered Materials. Layered Oxides.
Lithium layered oxides with the general formula LiMO2
(where M is one or more metals, mainly 3d TMs such as
Co, Ni, and/or Mn) are the most used commercial Li-ion
cathode materials. Their ideal structure can be described as an
ordered α-NaFeO2-type rock-salt in which Li+ and TM cations
occupy alternate layers of octahedral sites of the fcc array of
oxygen atoms (ABCABC oxygen stacking sequence; Figure 8

a). This regular stacking of LiO2 and MO2 slabs corresponds to
an O3 sequence according to Delmas’ notation, in reference to
the coordination of the alkali cation in the LiO2 interslab (T
stands for tetrahedral, O stands for octahedral, and P stands for
prismatic) and to the number of repeated MO2 slabs required
to describe the periodicity of the unit cell.42 When the TM
layers include different 3d metals, these are usually considered
to be randomly distributed in the 3b Wyckoff sites in the R3̅m
SG, as no sign of superstructure ordering is detected at long-
range from XRD or NPD techniques. However, in some
specific cases, local ordering trends have been detected using
ssNMR, pair distribution function (PDF), or SAED, even if
these are lost in the long-range.43,44

Upon oxidation, LiMO2 materials often undergo several
phase transformations from the ideal O3 structure to distorted
O3′ structures (associated with a symmetry lowering from R3̅m
to monoclinic C2/m due to lithium/vacancy ordering and/or
collective Jahn−Teller (JT) distortions) and even to O1
(ABAB oxygen stacking; see Figure 8 a) at high delithiated
states. In some cases (e.g., LiCoO2), one (or more) hybrid
H1−3 phases consisting of alternating O1 and O3 blocks are
observed before the appearance of the O1 phase. The
mechanism of these phase transformations between O3, O′3,
O1, and H1−3 structures involves slab gliding and often results

in interlayer space reduction and the appearance of stacking
faults.6,45 In the case of LiNiO2, the hybrid H1−3 phase is not
observed upon Li removal/uptake, but O1-type defects appear
in the O3 framework as soon as all the Li atoms are removed
from an interslab. In addition, LiNiO2 materials often exhibit
off-stoichiometry (Li/Ni ratio <1), which comes along with
the presence of Ni2+ cations in the Li interslabs. While the
presence of Ni in the Li interslabs is presented as detrimental
for the electrochemical performance (e.g., further contraction
of the interlayer spacing upon oxidation, lower Li diffusion),
the fact that O3-type defects corresponding to Ni-containing
interslabs have been observed in the oxidized O1 structure (see
Figure 8 a) suggests that these defects could also have a
beneficial effect by preventing the slab gliding to the O1
staking sequence.46 In mixed compositions, the presence of Co
in LiNi1−y−zCoyAlzO2 (NCA) and LiNi1−y−zMnyCozO2
(NMC) reduces the degree of Li/Ni off-stoichiometry,
although some Li/Ni antisite mixing is still observed. Like in
the pure Li1−xNi1+xO2 materials, the amount of these defects is
highly dependent on the synthesis conditions and should be
carefully characterized for each sample to well understand their
impact on the electrochemical performance. To do so, it is
common practice to evaluate the relative intensities of (003)/
(104) reflections in the XRD patterns,47,48 but these can only
be decoupled from anisotropic size broadening if a full pattern
analysis is performed. In both NCA and NMC, the random
distribution of the metals prevents Li/vacancies ordering upon
cycling, suppressing most abrupt phase transitions, including
the absence of transformation toward the O1 phase in the case
of NCA. Besides, in partially deintercalated LixMO2 (typically
around x ∼ 0.5 or lower), the TM tends to gradually migrate
from the TM slabs to the Li interslabs (i.e., interstitial and
antisite defects), which progressively results in the more stable
spinel LixM2O4 and/or cation-disordered rocksalt LixM1−yO4
phases. This kind of transformations has a strong driving force,
but its kinetics can be slowed with an optimal TM-substituted
composition.6,49

Sodium layered oxides are sought as a cheaper and more
sustainable alternative to their lithium homologues. Depending
on the chemical composition and synthesis conditions, they
crystallize into a wider variety of stacking sequences in addition
to O3,50,51 such as P3 (ABBCCA oxygen stacking sequence)52

or P2 (ABBA oxygen stacking sequence).50,53−58 In the P
stacking sequences, the alkali metal lays in prismatic positions,
for which the space between adjacent sodium atoms is smaller.
Na−Na repulsions strongly destabilize the structure and
therefore only sodium-deficient P-type materials can be
obtained (generally Na2/3MO2). It should be noted that the
five types of “primary” stacking sequences (illustrated in Figure
8 a) and their derivatives (distortions or polytypic intergrowths
of these “primary” stacking sequences) can be separated into
two groups: on the one hand O3, P3, and O1, and on the other
hand P2 and O2. Phase transitions between phases of a same
group can occur by simple layer gliding, while the phase
transformations between two groups require M−O bond
breaking and are therefore thermodynamically unfavored. In
other words, transitions between O3, P3, and O1 phases and
between P2 and O2 ones can occur during electrochemical
cycling, while transitions between the two types are forbidden.
However, although slab shearing does not require bond
breaking and can be seen as easily reversible, in certain cases
where the phase transformations involve important structural
changes (e.g., contraction/expansion of the interslab distances)

Figure 8. (a) Different possible stacking sequences in classic layered
oxides comprised in one schematic structure, with Delmas notation.42

Cyan octahedra represent TM oxide octahedra, and green spheres
represent alkali metals. (b) On top, the honeycomb configuration
typical for the alkali-rich layered oxides is shown, where the yellow
octahedra represent alkali or alternative metal oxide octahedra. On the
bottom, an example of a structure with ideal and faulted stacking is
shown. Dashed arrows mark the relative position of the TM slabs.
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it can lead to structural damage after extended cycling. For this
reason, some research efforts have been focused on avoiding
abrupt phase transformations, as it will be illustrated below.
O3-Type NaMO2 materials (e.g., M = Co, Ni, Cr) typically

transform into layered P3-type phases at the beginning of Na+

deintercalation, while NaVO2 materials maintain a distorted
O′3-type stacking until half the Na ions have been
removed.6,49,59,60 Vacancies and Na atoms tend to order in
both O3- and P3-type structures upon Na deintercalation to
maximize the distance between alkali cations, which is reflected
though multiple voltage steps in the galvanostatic curves.
Complex Na/vacancies ordering schemes are observed in the
P3-type structures, giving rise to Na-rich and Na-poor ordered
domains that are separated by antiphase boundaries and enable
the accommodation of changes in the Na composition.10 The
presence of these antiphase boundaries might also have
implications in the Na diffusion mechanism, either through
the facile 1D diffusion of Na+ along Na-poor antiphase
boundaries or through the displacement of antiphase boundary
waves throughout the crystal.10 Selected TM substitutions have
been suggested to prevent or delay the transition from O3 to
P3, which could thus reduce mechanical degradation due to
repetitive phase transformations.61 Contrary to Li-based
layered oxides, TM migration to the NaO2 interslabs was
calculated to be unfavorable for both O3- and P3-type half-
desodiated structures due to the larger size of Na+.49 Migration

of Fe in O3-type NaFeO2 is, however, experimentally observed
at high desodiation states.62

P2-Type materials such as Na2/3[Ni1/3Mn2/3]O2 transform
into O2-type phases through a biphasic reaction upon
desodiation. In contrast, P2-Na2/3[Fe1/2Mn1/2]O2 has been
reported to undergo a more complex desodiation mechanism,
where Na removal is compensated by the progressive
introduction of vacant O-type stacking faults into the P2
structure. This gives rise to a continuously changing inter-
growth of P2 and O2 blocks (sometimes referred to as “Z”-
phase), which evolves toward the final O2-phase through an
ordered OP4-type intermediate that is made of a perfect
alternation of P2 and O2 slabs.63

Alkali-Rich Layered Oxides. Lithium-rich (Li-rich) layered
oxides with the general Li[LixMy]O2 formula (where M is
typically Mn, Ni, and/or Co; x + y = 1; and 0 < x ≤ 1/3) can
be regarded as conventional O3-type layered oxides in which
TMs are partially replaced by lithium.64 Some groups describe
the structure as an intergrowth of Li2MnO3 and LiMO2
domains,24,65−70 while others describe them as a full Li1+xMyO2
solid solution;22,71−74, and the only reconciling explanation
found so far is that differences in the synthetic method may
lead to one or the other.75 These materials can deliver high
capacities of over 250 mAh/g at similar voltages as
conventional layered oxides, leading to energy densities
above 1000 W·h/kg. This high capacity arises from the
combination of cationic and anionic redox activity.64,76−78

Figure 9. (a) Experimental XRD patterns of an ideal (in cyan) and a defective (in gray) Li2MnO3 sample. While the ideal sample shows five well-
defined peaks in the 2θCu range 20−35° related to the ordering in the TM layer, the highly faulted sample shows an asymmetric peak. (b)
Deconvoluted 6Li MAS ssNMR spectra of the ideal and defective samples from panel a. The defective sample shows a larger number of peaks due
to the new local environments generated by the stacking faults. Adapted with permission from ref 92. Copyright 2019 American Chemical Society.
(c) HR-STEM images of defective Li2MnO3. The bright points correspond to manganese columns. The faulted stacking can be followed with the
cyan and yellow arrows. (d) SAED pattern of the defective sample shown in panel c. Diffuse lines marked with white arrows evidence the existence
of a significant amount of stacking faults in the material along the c-axis. (e) dQ/dV plots for Li2MnO3 samples with low and high degrees of
stacking faults, showing how the characteristic voltage fading of these compounds is retarded in the sample with more defects. Adapted from ref 21
with permission from the PCCP Owner Societies.
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However, anionic redox activity often comes together with
structural irreversible modifications, which result in a low
initial Coulombic efficiency (ICE) and continuous voltage and
capacity decay.64,79−82 Proper understanding of the structure
of these materials is vital to overcome capacity and voltage
fading. Owing to size differences between the Li and TM
atoms, these tend to order following a honeycomb-like
configuration (i.e., each Li is surrounded by 6 TMs in the
Li2MO3 composition, as shown in Figure 8 b). While keeping
the O3-type stacking sequence unchanged (ABCABC oxygen
stacking), the stacking of these ordered layers can follow three
different directions, as shown in Figure 8 b with white, orange,
and blue dashed arrows over the honeycomb-like view. The
continuous stacking along the same direction results in an
ordered structure (e.g., purple dashed arrows in Figure 8 b).
Yet, stacking faults involving all three stacking directions are
often encountered in these materials depending on the
synthesis conditions (red dashed arrows in Figure 8 b), with
examples that often show negligible long-range order in the
stacking direction.21,83−85

The cationic ordering within the TM slabs of the Li-rich
layered structures results in new characteristic features in XRD,
NPD and selected area electron diffraction (SAED) patterns
(i.e., superstructure reflections), ss-NMR spectra (i.e., addi-
tional Li environments), or HR-STEM images (i.e., dumbbell
column of TM atoms separated by invisible columns of Li),
which are in turn distinctively altered by the presence of
stacking faults. Examples for each of these techniques,
corresponding to an ordered and a highly faulted Li2MnO3
sample, are shown in Figure 9. Figure 9 a compares the
experimental XRD patterns of the two materials. The XRD
pattern of the ordered sample shows well-defined super-
structure peaks (020, 110, −111, 021, and 111) arising from
the honeycomb ordering. When stacking faults are present,
these peaks are anisotropically broadened and, at larger
concentrations, they merge into one asymmetric broad peak
sometimes referred as a Warren fall.21,84,86−88 Figure 9 b shows
the corresponding 6Li MAS ssNMR spectra of the same two
materials. While the ordered structure exhibits mainly three
peaks related to the three different Li environments, the
spectrum of the faulted structure shows extra peaks due to the
presence of new local environments, which was confirmed by
DFT calculations.89−94 Alternatively, stacking faults can be
directly observed by high-angle annular dark field scanning
transmission electron microscope (HAADF-STEM) images
(Figure 9 c) due to the Z contrast difference between the TMs
and the lithium.21,70,88,95,96 Additionally, the SAED patterns
exhibit continuous diffuse scattering lines along the stacking
direction instead of well-defined diffraction spots (Figure 9 d).

Although stacking faults can be easily identified, they are
often omitted from the structural characterization because
their modeling and quantification has been traditionally
challenging. However, stacking faults are commonly present
in large amounts, and their effect on the electrochemical
performance should not be ignored. Classic XRD and NPD
refinement methods such as Rietveld (least squares approach
to refine a calculated powder diffracton profile until it matches
the measured profile) enable the extraction of information
from ideal structures and structures with particular defects,
such as point defects or antiphase boundaries. However, they
fail to model the complex anisotropic broadening caused by
structures containing planar defects. Alternatively, computer
programs such as TOPAS,97 or FAULTS25,98 (which in turn is

based on DiFFaX99), allow such defect structures to be
described by using averaged supercells or stacks of structurally
different atomic layers, respectively. With this approach, SAED
images of specific planes can also be simulated by FAULTS;
and XRD and NPD patterns of structures presenting planar
defects such as stacking faults can be simulated and refined.

The role of stacking faults in the electrochemical perform-
ance of Li-rich layered oxides has been investigated by several
authors.21,64,83,100 As occurs with many defect structures, the
main difficulty consists in decoupling the impact of stacking
faults from that of the size of crystallites or particle
morphology. Indeed, the synthetic conditions favoring stacking
faults generally result in smaller crystallites. A systematic study
comparing samples with different microstructural character-
istics concluded that samples with stacking faults exhibit less
voltage fading. The characteristic voltage fading of this material
is primarily seen in the displacement of the discharge peak at
3.3 V (which charges at 4.3 V) to lower voltages. This is shown
in Figure 9 e, where the dQ/dV plots for two Li2MnO3 samples
with similar particle sizes and different degrees of stacking
faults are compared.21 This degradation was theoretically
studied in ref 101.

Research in Na-rich batteries is becoming of increasing
interest, as they crystallize with the same structure as the Li-
rich homologues. However, their behavior upon cycling is
more complex.102−106 The model compound O3-Na2RuO3,
which exhibits a large amount of stacking faults in the pristine
state, shows a reversible and spontaneous ordering upon
charging, which was explained as a cooperative effect to
maximize the alkali-vacancy Coulombic attraction and
minimize the alkali-TM cationic Coulombic repulsion.102

In addition to lithium- and sodium-rich layered oxides, other
battery materials exhibit honeycomb ordering of the cations.
Examples are the LiTiO2−Li2TiS3 system,107 or A2M2TeO6 (A
= Na, K, Ag; M = Ni, Co, Zn, Mg) tellurates.106,108−113 These
later materials exhibit P2 structures. However, the honeycomb-
type slabs can stack following a single stacking direction like in
K2NiTeO6

113 (straight configuration, SG P63/mcm, Figure 10

Figure 10. (a) Visualization of straight and zigzag-type stacking
sequences. Red dashed lines are a visual guide to help to follow the
stacking. (b) Comparison between the experimental pattern in black
(top) and two simulated models in red and blue (bottom). Adapted
with permission from ref 111. Copyright 2021 American Chemical
Society.
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a) or alternate between two stacking directions like that in
Na2NiTeO6 (zigzag configuration, SG P6322, Figure 10
b).111,112 Interestingly, mixed Na and K compounds exhibit
ordered pure K and pure Na layers, resulting in an additional
superstructure in the stacking direction in which K and Na
layers alternate.111−113 This material exhibits stacking disorder
and, according to FAULTS simulations, the structure can be
described as a combination of straight stacking of the
potassium layers with a combination of straight and zigzag
sequences for the sodium ones,111 which was in accordance
with independent HR-STEM images.112

Nickel Hydroxides. Brucite-type β-Ni(OH)2 is used as
cathode material in NiCd and NiMH batteries. Its structure,
described in a hexagonal unit cell (SG P3̅m1), is based on an
ABAB oxygen stacking sequence that results in edge-sharing
NiO6 octahedral layers, with protons filling the interlayer
tetrahedral sites (T1-type structure). When oxidized to β-
NiOOH, the material undergoes a reversible change in the
oxygen stacking sequence, resulting in a metastable TP2
stacking.114,115 Commercial electroactive forms of β-Ni(OH)2
have long been considered to be “badly crystallized” or of “low
crystallinity” because of the strong broadening of certain
reflections in the powder diffraction pattern, although the
precise description of such broad concept was poorly
understood.116 However, the implementation of advanced
microstructural models in Rietveld refinement analysis
accounting for anisotropic size broadening revealed that such
“bad crystallinity” consisted mostly of short coherence lengths
resulting from the small size of the crystallites along certain
directions (a few nm).117 Stacking faults, also previously
proposed as the main cause of anisotropic peak broad-
ening,118−120 have also been observed in HRTEM images of β-
Ni(OH)2;

121 however, their quantification remains elusive due
to the coupled preponderant effect of size broadening in the
diffraction pattern.117,121 All in all, the thorough understanding
of the microstructures of different series of β-Ni(OH)2 samples
established that both the crystallite size and the presence of
stacking faults have a synergic effect on the improvement of
sample performance.121

Graphite. Graphite is the negative electrode of choice in
commercial Li-ion batteries due to its excellent performance
(372 mAh/g of theoretical capacity at 0.25−0−01 V vs Li+/Li)
and relatively low price.122 Graphite crystallizes as a stacking of

graphene layers linked through van der Waals weak
interactions in a hexagonal 2H (ABAB, P63/mmc) stacking
sequence (Figure 11 a). However, it often contains stacking
faults and/or extended domains of rhombohedral 3R-like
polytype (ABCABC, R3̅m, see Figure 11 a) and turbostratic
layers.122−127 All these defects have an impact on the XRD
patterns. Stacking faults can be identified by the selective
broadening of certain reflections (i.e., while the 1002H peak is
thin, peaks such as 1012H and 1032H are considerably broader),
while turbostratic defects broaden the 10L2H peaks, where L =
2n, and displace the 00L peaks to lower angles due to the larger
interlayer distance that results of electrostatic repulsions. The
presence of the 3R phase domains can be easily identified with
the appearance of additional peaks (see Figure 11 b).
Turbostratic layers have been found to hinder the lithium
intercalation reducing the effective capacity,128 while small
amounts of the 3R phase were found to improve the thermal
stability of the graphite.129

Calcium Ferrites. Even if calcium batteries at the very early
stages of research, Ca4Fe9O17 has been proposed, from
theoretical calculations, as a possible candidate to be used as
a cathode for Ca-ion batteries. It can theoretically deliver 230
mAh/g at 4.16 V with low calculated migration barriers for
calcium ions (0.7 eV).130 Its structure was solved in 1982 from
a single crystal and described as alternating layers of FeO6
octahedra and FeO5 bipyramids linked by FeO4 tetrahedra,
with calcium ions residing in the empty spaces (Figure 12
a).131 However, this model fails to fully describe the powder
diffraction patterns of samples with the same composition.130

SAED patterns revealed the presence of stacking faults on the
stacking direction, which were described and quantified with
FAULTS simulations and refinements of both XRD and NPD
patterns (Figure 12 b). The defect structure results from the
combination of three possible stacking directions that are
randomly stacked (an example of the faulted structure is shown
in Figure 12 a). The presence of stacking faults was suggested
to be the origin of the bad electrochemical performance
despite the low calcium migration barriers, although a
systematic study comparing samples with different degree of
faulting would be needed to confirm this hypothesis.

Halides. Li3MX6 materials, where M = TMs such as Y, Sc,
Er, etc. and X = halide, are today at the center of research in
superionic conductors, as they have been reported to have

Figure 11. (a) Structures of 2H and 3R graphite polytypes. Cyan spheres represent the carbon atoms. (b) Experimental XRD patterns of two
different graphites: a 2H phase containing stacking faults and turbostratic defects, as revealed by the anisotropic broadening of the some of the 2H
reflections (green pattern), and an intergrowth of 2H and 3R phases (red pattern) showing a lower number of stacking faults and turbostratic
layers. The reflections corresponding to the 2H phase are indicated with dashed lines as guides for the eyes for both patterns.

Chemistry of Materials pubs.acs.org/cm Perspective

https://doi.org/10.1021/acs.chemmater.2c03481
Chem. Mater. 2023, 35, 3345−3363

3354

https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03481?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03481?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03481?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03481?fig=fig11&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


predicted Li+ conductivities of around 14 mS/cm and
experimental Li+ conductivities of 0.12 mS/cm133−141 due to
the large number of vacancies and the lower Coulombic
interaction between the halide and the lithium atoms in

comparison with oxides. They are stable at high voltages and
compatible with layered oxides, which makes them particularly
attractive. Li3YCl6 (LYC) was computed to be the most
promising material in terms of activation energy and ionic
conductivity.135 When prepared by ball milling, LYC
crystallizes in the P3̅m1 SG with Li and Y octahedrally
coordinated with the halide atoms, as shown in Figure
13a,b.142 The broadening or even disappearance of certain
XRD peaks related to the planes of the Y atom inhibit a
complete Rietveld refinement (Figure 13 c).140 FAULTS
refinement was performed to understand the defect structure,
which consists of the combination of Li/Y layers with half Y
occupation, lithium-rich layers without Y, and layers with full Y
occupation (Figure 13 c). This model was able to successfully
describe the broadening of the peaks affected by the stacking
faults and was confirmed by cryo-TEM imaging and DFT
calculations.140 Nudged elastic band (NEB) calculations and
bond valence (BV) maps confirmed that these faults facilitated
ionic conduction. Two different migration paths were
calculated in different structural configurations: in the ab
plane and along the c-direction. The results showed a large
variation in the migration barriers, but stacking faults generally
facilitated the lithium transport because they increased the
connectivity between Li sites.
Intergrowths. EMD-MnO2. Electrolytic manganese dioxide

(EMD-MnO2), used a positive electrode material in alkaline
primary batteries, represents another insertion compound with
planar defects. The electroactive forms of manganese dioxides
have been historically classified into γ-MnO2 and ε-MnO2
depending on specific features of their XRD patterns, which are
typically those of poorly crystalline compounds with few peaks
and pronounced anisotropic broadening. The XRD pattern of
the latter exhibits some resemblance to the pattern of the
ramsdellite mineral (R-MnO2) while the pattern of the former
is closer to that of pyrolusite (β-MnO2, rutile-type structure).

Figure 12. (a) Ideal and faulted structures of Ca4Fe9O17. (b)
Comparison between the experimental XRD pattern (in black) with
XRD simulations of an ordered (blue) and a disordered (red)
structure. Reproduced from ref 132 with permission from the Chinese
Chemical Society (CCS), Peking University (PKU), and the Royal
Society of Chemistry.

Figure 13. Reported P3̅m1 structure of LYC shown from different angles: (a) structure viewed down the c-axis and (b) annotated side view of the
LYC crystal structure. The structure exhibits full Y occupancy at the M1 (0, 0, 0) position and split Y occupancy over the M2 (1/3, 2/3, 0.5) and
M3 (1/3, 2/3, 0) positions. The Wyckoff positions are denoted in parentheses. (c) Comparison between Rietveld and FAULTS analyses of X-ray
diffraction data (λ = 0.241 17 Å) of Li3YCl6. (d) Individual layers used to build the FAULTS model. Chlorine layers are not shown here for
simplification purposes. Orange balls or octahedra represent Y, blue balls represent Li, and green balls represent chlorine. Figure adapted from ref
140 under CC BY-NC-ND license.
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Both pyrolusite and ramsdellite structures are based on a
similar hexagonal close packing (hcp) of oxygen atoms, with
half of the octahedral sites occupied by manganese atoms. Mn
atoms are arranged in double chains of MnO6 octahedra in the
case of ramsdellite (forming 1 × 2 tunnels for the diffusion of
the mobile species; Figure 14 a) and single chains of MnO6 in
the case of pyrolusite (forming 1 × 1 empty tunnels; Figure 14
b).

The description of the real structure of EMD-MnO2 samples
is thus challenging, and different models have been discussed
for the last seven decades. DeWolf and co-workers proposed
describing γ-MnO2 samples as a structural intergrowth
between pyrolusite and ramsdellite structures, while the
structure of ε-MnO2 samples was suggested to consist of a
statistical (random) distribution of Mn in the hcp array of
oxygens (Figure 14 c).143,144 Later, using the intensity of the
two first broad peaks at low angles of the XRD pattern, the γ-
or ε-character of the samples was determined (also referred to
as the “Q ratio”, which is correlated with the increase of the
deposition current density, the Brunauer−Emmett−Teller
(BET) surface area, the porosity, the pore volume, and the
bulk density).145−147 Then, Chabre and Pannetier proposed
describing the wide variety of EMD-samples using the
percentages of 1 × 1 tunnels (Pr) and of microtwins
(Tw),26 both pseudoquantitatively determined from the
position of selected Bragg peaks that are strongly related to
the concentration of these defects, as they demonstrated with

series of XRD patterns simulated with the help of the
DIFFaX99 program.

The refinement of XRD data was, however, achieved more
recently. On the one hand, XRD patterns whose first peak
matches with the main reflection of the ramsdellite structure at
low angles can be refined using a Rietveld refinement involving
a ramsdellite-type R-MnO2 phase and a fully disordered ε-
MnO2 phase, with the occasional occurrence of pyrolusite β-
MnO2 (Figure 14 d). Simon and co-workers interpreted that
the need for this ε-MnO2 phase for the refinement does not
correspond to a discrete phase, but instead it is the signature of
Mn disorder within the long-range ordered oxygen framework,
i.e., microtwinning forming boundaries between small domains
of ordered ramsdellite-type crystallites (see inset in Figure 14
d).148 On the other hand, recent advances in refinement
software (e.g., FAULTS25,98 and TOPAS,97) enable the
refinement of intergrown structures to be performed that was
not possible at the time of Chabre and Pannetier’s paper.
Casas-Cabanas et al. showed that samples with a strong γ-
character (i.e., first broad peak indexed with the main peak of
the pyrolusite structure) can be refined with a structural
intergrowth of pyrolusite and ramsdellite domains using the
FAULTS program, making possible a quantitative evaluation of
the amount and distribution of ramsdellite motifs into the
pyrolusite structure (Figure 14 e).25 Such structural inter-
growth implies the loss of long-range ordering along one
direction and prevents conventional Rietveld refinement.
Besides, PDF analysis was also evaluated to model and
quantify the crystal intergrowth of MnO2 samples, but it was
found to be less suitable than XRD pattern analysis.149,150

■ DISCUSSION AND PERSPECTIVES
Defects Are Ubiquitous in Battery Materials and

Their Impacts Remain in Many Cases Poorly Under-
stood. All the examples presented in the previous section
illustrate the profound impact of defects on the performance of
battery materials. However, accurately describing the nature,
location, and amount of defects often represents a challenge
due to (i) the limited number of characterization methods able
to probe defects and/or their limited application; (ii) the
diversity of crystal structures and constituent elements; and
(iii) the variety of defects, their nature, and their usually low
concentration. Poor understanding of their effects (either
beneficial or detrimental) represents a knowledge gap whose
negative impact cannot be afforded.
Progress in the Characterization of Defects Is

Providing Unprecedented Insights into Defective (and
Ordered) Structures. The observation and understanding at
the atomic scale have, however, greatly progressed in recent
years and are in some cases now ripe for exploitation. Recent
models and tools applied to X-ray scattering techniques, often
in complement with electron microscopy or ssNMR, offer an
accessible window for the observation and accurate para-
metrization of complex microstructural features. Recent
advances in the refinement methods of XRD data have made
it possible to move from qualitative or semiquantitative
approaches to achieve full pattern fittings and more precise
characterization (both qualitatively and quantitatively) of
defects. Most Rietveld refinement programs now include
approaches to refine structures with antisite defects or
antiphase domains, while the FAULTS program25,98 enables
the refinement of systems with any type of planar defects
(including those including 3D frameworks). FAULTS refine-

Figure 14. Structural models for the (a) ramsdellite, (b) pyrolusite,
and (c) ε-MnO2 (equivalent to a fully Mn-disordered pyrolusite)
phases. (d) Rietveld refinement of EMD-MnO2 samples using a
ramsdellite-type R-MnO2 phase (Bragg positions indicated with blue
sticks), a fully disordered ε-MnO2 phase (red sticks), and a tiny
amount of pyrolusite β-MnO2 (green sticks). The inset illustrates
short-range order crystallites of the R-MnO2 phase with micro-
twinning and pyrolusite-type faults (De Wolff defects), which is
representative of the ε-MnO2 disordered superstructure. Redrawn
from ref 148. Copyright 1961 AIP Publishing. (e) FAULTS
refinement of a γ-MnO2 sample using a structural intergrowth
between pyrolusite and ramsdellite slabs, showing that the sample
contains 9% of isolated ramsdellite-type defects in the pyrolusite
matrix, as illustrated in the inset. Adapted from ref 25. Copyright 2016
International Union of Crystallography.
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ments were also needed to reveal full cationic site ordering in
Li4FeSbO6, an example that highlights the importance of
combined structure and defect descriptions to avoid
misleading results.151

Need to Invest More Efforts to Develop Techniques
and Methods to Study Defects. There are, however, several
technical bottlenecks that still require the development of
novel methodologies across multiple disciplines. Conventional
diffraction, imaging or spectroscopic characterization techni-
ques also suffer from relevant limitations. These either provide
indirect information (in powder diffraction, for example,
microstructural and structural contributions are convoluted),
cover limited length scales, require coherency, are destructive
(and therefore low doses might be required with a concomitant
loss of sensitivity), are spatially resolved (and therefore
nonaveraged), or are limited in contrast for light elements.
As a result, attempts to characterize defects are often limited to
quasi-ideal materials (which are not always representative) or
to “ideally faulted” materials with relatively simple structures. A
scenario with several types of defects coexisting represents a
major challenge. In diffraction, the angular dependence of the
different types of defects is often used to decouple their
contribution to line broadening; however, the profile
parameters used are often strongly correlated and may lead
to an over- or underestimation of the various types of defects.
To avoid this, the structural model is often simplified and
includes only the defect with the strongest contribution to the
diffraction pattern, at the cost, however, of an incomplete
description of the defect structure. More efforts should be
invested in developing techniques and methods to better
characterize defects (and disorder) and correlate their effects
in functional materials.
Operando Studies Allow the Dynamic Evolution of

Defects to Be Understood. While progress is being made in
understanding the role of defects in certain properties,
operando studies focusing on defects are still very rare. Such
an approach represents an additional degree of complexity, but
there is evidence that defects can dynamically evolve and
strongly impact on the obtained capacity and the resulting
cycle life.101,102 Breakthroughs in understanding the dynamic
evolution of defects are expected to result in unique insights
regarding the impact of defects on phase transformations that
can be further exploited for the development of a new class of
materials through microstructural design.
More Research Is Needed to Cover More Materials

and Types of Defects. The diversity of materials, defects,
and synthesis approaches requires a collective effort to achieve
a complete picture of defects and their dynamic evolution,
which is still in its initial steps. One can mention, for example,
the fact that stacking faults, despite being observed, have not
been extensively studied in ceramic electrolytes such as in
halides,140 oxides,152 or sulfides,153 in contrast to those for
cathode materials, and further research is needed (and
expected) in the coming years to establish correlations with
ionic conductivity. Likewise, very few reports dig into the role
of interfaces resulting from twin boundaries, antiphase
domains, grain boundaries, or intergrowths on lithium
transport, although there is recent evidence of a major
impact.154,155

Another example is the role of dislocations in battery
materials. These linear defects are strongly related to stacking
faults: stacking faults start and end with dislocations within the
particles (it is indeed improbable that materials undergo

stacking sequence changes via the macroscopic collective
shearing of an entire particle).10 Dislocation glidings may
participate in the phase transformations occurring through slab
shearing.156−158 Achieving a high dislocation energy has thus
been suggested as a means to prevent stacking sequence
transitions in layered oxides.10 Operando experiments using
Bragg coherent diffractive imaging (BCDI) have recently been
proposed to study the contribution of dislocations in the phase
transformation mechanism of LNMO and Li-rich layered
oxides.159,160 Finally, several reports also suggest that ionic
diffusion can also be amplified or hampered by the presence of
dislocations and grain boundaries.161,162 A new tool has been
recently made available to build models of highly distorted
local environments representative of dislocations, grain
boundaries, and surfaces.163 All these present new oppor-
tunities for improving battery materials through defect
engineering.
Systematic Studies of Series of Samples Are Key to

Understand the Impact of Defects on the Electro-
chemical Properties. Understanding the individual impact of
overlapping microstructural features on electrochemical
properties is a difficult mission. The more reliable approach
consists of evaluating samples with a variety of microstructural
features and concentrations to establish independent correla-
tions.121 Such an approach will often require mastering the
synthesis conditions that will favor one or the other features,
for which a previous screening of different conditions will be
required.21 Although such systematic studies require more time
and resources, these are very often the only means to ensure
that reliable correlations are established and that synthetic
efforts are invested toward the right direction.
Defect Engineering Offers a Unique Design Oppor-

tunity to Make Better Battery Materials. While defects
have traditionally been thought of as detrimental, we have
shown in this review that they can result in novel or improved
functionality. As a matter of fact, defects are a sine qua non
requisite for lithium transport.164 However, most micro-
structural features appear accidentally: as our ability to observe
defects is limited, so is our synthetic control. Proper
understanding of faulted structures is expected to pave the
way toward the directed design of superior materials and to set
the ground to the development of novel functionality.
Microstructural control offers a unique opportunity to enlarge
the chemical design space to foster a new generation of
imperfectly perfect functional materials.
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