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——ABSTRACT

Understanding the fundamental way materials respond to localized strains at the atomic length-scale is a critical first step in the devel-
opment of highly reversible, long cycle life, Na-ion insertion hosts. This perspective explores a variety of methods that can be employed
to mitigate the detrimental effects of large strain. The insights gained from these investigations should help lay the foundation for the
creation of more economical and sustainable batteries that could have immediate impact on global energy infrastructure.

The high costs and geopolitical challenges inherent to the lithium-ion (Li-ion) battery supply chain have driven a rising interest in the development of
sodium-ion (Na-ion) batteries as a potential alternative. Unfortunately, the larger ionic radius of Na limits the reversibility of cycling because of the
extensive atomic rearrangements that accompany Na-ion insertion, which in turn limit diffusion and charging speed, and lead to rapid degradation
of the electrodes. The Center for Strain Optimization for Renewable Energy (STORE) was established to address these challenges and develop new
electrode materials for Na-ion cells. This article discusses the current state-of-the-art materials used in Na-ion cells and several directions that
STORE believes are critical to understand and control the structural and volumetric changes during the reversible (de)insertion of large cations.

Keywords Energy storage - Na - Stress/strain relationship - Intercalation - Layered - Amorphous

Introduction remain significantly more expensive than Li-ion systems when
amortized over the lifetime of the battery. To mitigate thisissue,
a fundamental understanding of how materials respond to the
strain generated during Na-ion (de)insertion is critical for their
continued development and deployment.

With this in mind, a team of faculty members from across

As society races to establish a net zero-emission economy
by 2050, the need to accelerate the introduction of renewable
power sources into the grid is becoming more urgent. A critical
part of this effort will require the deployment of robust, afford-
able, and sustainable energy storage solutions. In recognition of
these challenges, the Department of Energy recently set a target
of $0.05/kWh for long-duration energy storage (LDES), which
will require diverse collections of technologies. Within this port-
folio, secondary batteries based on the reversible (de)insertion
of ions are poised to play an important role in grid leveling by

southern California came together to establish the Center for
Strain Optimization for Renewable Energy (STORE), which
was recently funded by the Science Foundations for Energy
Earthshots (SFEE) program of the US Department of Energy.
The team consists of an interdisciplinary group of scientists
and engineers with proficiency in both computation and experi-
ments, and broad expertise in electrochemical energy storage.
The complementary nature of the team includes research expe-

providing a rapid response to supply disruptions.

However, the high costs and geopolitical challenges associ-
ated with the Li-ion battery supply chain pose severe challenges
for large-scale incorporation into the grid. One proposed solu-
tion is to simply replace Li with more naturally abundant Na.
Unfortunately, the larger ionic radius of Naions (see Fig. 1) off-
sets this benefit because the extensive atomic rearrangements
that currently accompany Na-ion diffusion cause rapid electrode
degradation, thereby limiting the cycling lifetime. Thus, while
Na-ion cells should, in principle, be cheaper to produce, they

rience in solid-state chemistry, nanomaterials, electrochemical
methods, ex situ and operando structural characterization, and
atomistic and multiscale modeling. The goal of this perspective
is to discuss the current state-of-the-art materials used in Na-
ion cells and present several directions that the STORE center
will pursue to manipulate and control structural and volumetric
changes in electrode materials during the reversible (de)inser-
tion of large cations.

Discussion

Although there is near universal agreement that electrochemical energy storage must be an integral part of a green-energy future, there is less
agreement about how to reduce the cost of energy storage. Replacing high-cost lithium-ion cells with lower-cost sodium-ion batteries is one
option frequently considered in future energy models, but the details of what can be achieve with optimized sodium cell performance remains
unclear. Here we posit that developing methods to mitigating strain on the electrode particle length scale is a key factor for achieving long-cycle-
life sodium-ion batteries. Mitigating strain on the atomic scale suppress electrode-level volume change. Allowing for fast cycling in materials
without the problems of electrode cracking or delamination. We further posit that understanding volume change in sodium-ion electrodes at a
fundamental level will lead to the designing new sodium-ion electrode materials that will allow for efficient, stable, lower-cost energy storage.

Michael J. Brady and Jessica L. Andrews have contributed to this work equally and are sharing the first author position.
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Figure 1. lllustration of LiNiO, and NaNiO,, drawn to scale, to highlight the
difference in size of the transition-metal layer spacing resulting from the
larger Na ionic radius.

State-of-the-art

In research that parallels the extensive work on cathodes for
Li-ion cells, layered transition metal oxides, such as Na,CoO,
have been thoroughly explored as candidate Na-ion cathode
materials. Practical capacities between 70 and 100 mAh/g have
been reported, but they fall short of the theoretical maximum
of 213 mAh/g.! These phases are known to exhibit poor stabil-
ity over extended cycling, particularly at reasonable rates, with
only 68% capacity retention after 40 cycles at 2C. This is gener-
ally attributed to the poor reversibility of the glide transforma-
tions that occur during (de)sodiation, driven by the large ionic
radius of Na (see Fig. 1).2 Other layered oxides, such as Na,MnO,,
exhibit a practical capacity of 163 mAh/g, which is much closer
to the theoretical capacity of 170 mAh/g. However, the long-term
cycling performance remains poor, with only 77% capacity reten-
tion after 50 cycles.? Alleviating the strain introduced by these
structural transformations is critical to expanding the capac-
ity and extending the lifetime of Na-ion cathodes. For example,
recent studies have focused on suppressing these transitions in the
layered oxides through methods such as the introduction of ‘lock-
ing layers™ or chemical doping to create rigid pillars to anchor
the layers together.® Transition metal sulfides are also interesting
sodium layered insertion hosts. A recent study suggests that intro-
ducing a small amount of tensile strain into these 2D-layered tran-
sition metal sulfides can greatly increase the amount of sodium
inserted.® However, these materials typically generate tiny cracks
or defects to reduce the strain produced by sodium intercalation.”
Therefore, heterostructuring transition metal sulfides to have
larger interlayer spacings than the bare materials is one proposed
strategy to mitigate these detrimental effects.®13

In recent years, several polyanionic compounds have been
explored. NASICON-structured Na;V,(PO,); has a practical
capacity of 85 mAh/g, which is short of the already low theoretical
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capacity of 118 mAh/g, although its stability during cycling is
somewhat better.!* NaVPO 4F is also of interest, however, it suf-
fers from low electronic conductivity like many other polyanionic
compounds. While the addition of graphene has been shown to
enhance its performance, with the composite exhibiting 121
mAh/g with good retention over 50 cycles at C/20, its capacity
decreases significantly at C/2.!° Despite the lower capacity exhib-
ited by these polyanion compounds, they remain an area of active
research in part due to their high operating potentials as a result
of inductive effects. Current work shows that vanadium is critical
for controlling strain in polyanionic compounds due to its ability
to adopt several oxidation states and to use local strain to satisfy
its valence, rather than long-range structural distortions or large
volume expansions.'® Interestingly, the Na* migration barriers of
some olivine-based compounds, like NaFePO,, are significantly
reduced when tensile strain is applied in the ac-plane.'” Balanc-
ing the mitigation oflarge-scale strain, while taking advantage of
local strain-enhanced conductivity is an exciting area for advanc-
ing polyanion cathodes for Na-ion batteries.

Transition metal hexacyanometalates frameworks derived from
Fe,[Fe(CN)gl3, commonly known as Prussian Blue or Prussian Blue
Analogs (PBAs), have also been utilized and appear more promis-
ing. For example, the Fe-based PBA KFe,(CN) exhibits a practical
reversible capacity of approximately 100 mAh/g (compared to a
theoretical capacity of ~ 175 mAh/g), but onlywhen cycled at a rela-
tively slow rate of C/20.'® Despite this rate limitation, KFey(CN),
showed 99% capacity retention after 30 cycles, a promising capa-
bility ascribed to the material’s open framework with large tunnels
for easier ion transport.! This suggests that the most promising
candidates for Na-ion cathodes will require structural motifs con-
taining large channels capable of accommodating Na (de)interca-
lation without generating a large amount of strain in the crystal
structure. However, the identities of the transition metals within
the PBA structure also plays a critical role in the amount of strain
produced during electrochemical cycling. For example, while Mn-
based PBAs are promising due to their higher operating potentials,
the Jahn-Teller distortion upon oxidation to Mn>" results in sig-
nificantly increased lattice strain.!” Recent studies have shown
that reducing structural defects, such as [Fe(CN)6]4‘ vacancies
and coordinated water,?’ as well as Ni2* incorporation into the PBA

framework?!->4

are effective methods for alleviating strain gener-
ated during sodium insertion and removal.

Currently, the main anodes being developed for Na-ion bat-
teries are based on metallic Na, carbonaceous materials, conver-
sion phases, and alloys. Although Na metal boasts the highest
theoretical capacity at 1165 mAh/g, its performance is severely
limited by instability of the SEI and dendrite growth.?®> When
considering carbonaceous anodes, graphite would seem an
obvious choice given its success as a state-of-the-art anode for
Li-ion. However, the large size of Na ions prevents any appreci-
able intercalation into pristine graphite.2® In response to this
limitation, an “expanded graphite” was developed and reported
to deliver a capacity of 280 mAh/g when cycled at C/20 (75%
of its theoretical max). Despite this undesirable rate capabil-
ity, expanded graphite exhibits impressive cyclability, with 74%



capacity retention after 2000 cycles.?” Hard carbons and doped
graphene foam have also been reported as promising anodes, in
which surface Na-ion adsorption reportedly adds to interlayer
intercalation and results in practical capacities of 431 mAh/g
and 220 mAh/g, respectively. However, both these materials
suffer from poor stability, fading after only 300 cycles.?®** An
impressively high capacity of 853 mAh/g was reported for nitro-
gen-doped graphene foam, attributed to its defect structure and
large interlayer spacing, but only 70% of this capacity is retained
after 150 cycles.? Controlling stress and strain in hard carbon
anodes is critical to extending cycle life. Some recent reports
on hard carbon anodes investigated strain using in situ imaging
techniques to correlate volume expansion to the depth of dis-
charge, uncovering residual strain in the hard carbon after a full
charge/discharge cycle.*! It was hypothesized that this remnant
strain could be minimized by controlling the depth of discharge
with capacity cutoffs to reduce the overall volume expansion
and, in turn, extend the cycling lifetime.>>

Some of the most heavily characterized anodes exploit conver-
sion reactions and have focused on transition metal sulfides (i.e.,
MoS,, CuS). MoS,-carbon composites achieve an impressive
practical capacity of 510 mAh/g, however, the capacity retention
suffers after only 100 cycles.?* CuS microflowers exhibit a lower
capacity (326 mAh/g), they boast a remarkable cycling lifetime
of 5000 cycles, ascribed to their novel nanostructuring and the
weakness of M-S bonds compared to M-O bonds.** However,
despite this impressive performance, scaling up such a complex
nanostructure for implementation in an affordable Na-ion bat-
tery is not straightforward.

To balance performance and practicality, alloys are among the
most promising anode materials being developed. In general, ele-
ments in group 14 and 15 elements (i.e., Si, Ge, Sn, Pb, P, Sb,
and Bi) can alloywith Na. Although these materials promise high
theoretical capacities, the dramatic crystal structure changes and
large volume expansion that occur during alloying often resultin
poor cycling stability.>> One notable exception is Sb, which deliv-
ers 630 mAh/g at C/5 and retains a capacity of 224 mAh/g after
900 cycles at 3C.3® Another notable example is nanoporous red
phosphorus on reduced graphene oxide (rGO, NPRP@rGO),
which achieves an impressive practical capacity of 2110 mAh/g at
C/10 (approaching the theoretical capacity).>” NPRP@rGO main-
tains a capacity of 775 mAh/g after 1,500 cycles at 2C, thereby
exhibiting some of the most promising cycling stability and rate
performance. More recently, red phosphorus has been encapsu-
lated in conducting carbons matrices to spatially confine the par-
ticle’s volume expansion.?”-* Given the success of these different
approaches to accommodate strain in alloy anodes materials, there
is great future prospects for red phosphorus and the other classes

of candidate anode materials discussed in this overview.>”

Impact of structural rigidity

From this brief overview, several trends have emerged, but
the major challenge slowing the adoption of practical sodium
batteries remains their poor cycle stability. While materials con-
taining large, continuous channels are frequently well-suited for
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Figure 2. lllustration of (a—c) rotational deformation of Re0;. Adapted
with permission from 40. Copyright 2018 American Chemical Society. (d)
Wadsley-Roth TiNb,0; and (e) tetragonal tungsten bronze BasNb;0,5. The
triangular motifs observed in the bronzes introduce structural rigidity in the
same way as the shear planes in the Wadsley-Roth phases.

ion transport, this alone is not a sufficient condition for Na-ion
transport. A prime example of this can be seen in ReO;, which
boasts a network of three-dimensionally interconnected vacant
A-sites within the perovskite structure, providing what at first
might appear to be ideal channels for Li-ion transport. However,
rotation and tilting of the MO octahedra results in extremely
poor reversibility, with the interpolyhedral angles bending from
180° in the parent structure to 138 ° in the endmember Li,ReO4
(Fig. 2a-c).*” This highly localized strain percolates throughout
the material and results in particle cracking and delamination of
electrodes from the current collector.*1-*3

Hence, one way forward in the development of materials for
highly reversible and long-life Na-ion batteries is to develop
methods to suppress this type of phase transition during cycling.
This is typified by the competitive performance found to date in
PBAs. In contrast to the corner-sharing network found in perovs-
kites such as ReOj3, the cyanide groups that replace oxide ions
not only increase the volume of the cavity but can also disrupt the
long-range correlations between local tilting distortions that are
induced during Na-ion (de)insertion, which allows for modest,
reversible capacities to be obtained. Yet, despite the promising
performance seen in PBAs, the sensitivity of these materials to
incorporation of substitutional water as defects during synthesis
creates serious challenges that must be overcome to realize the
full potential of this family of materials.**

With the goal of creating rigid structures that contain inter-
stitials large enough to host Na with higher capacities, canoni-
cal Li-ion hosts can be used as inspiration. Recent reports on
fast-cycling Li-ion anode materials demonstrated that crystal-
lographic shear planes in materials, like in the Wadsley-Roth
family,45 reduce the impact of these structural deformations
by mechanically locking the structure, thereby enabling both
multielectron redox and extremely fast cycling of Li ions. %>
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The “locked” structures are formed by a shearing of the cor-
ner-connected octahedral network, creating planes of edge-
sharing octahedra. While the presence of shear planes reduces
the dimensionality of ion transport, it greatly enhances the ion
diffusion rate by restricting octahedral tilting and rotation. By
optimizing these architectures, high electronic conductivity
through the sheared regions and fast Li-ion transport through
the connected 4-sites of the ReO4 blocks can be achieved.

Unfortunately, Wadsley-Roth and other shear-phase struc-
tures consist primarily of early transition metals with relatively
low-lying d-orbital levels,’! resulting in redox potentials better
suited for anodes rather than cathodes. More critically, the four-
sided channels (highlighted with red in Fig. 2d) found in these
shear phases, while sufficient for Li-ion transport, are far too
small to accommodate Na-ion diffusion.’> One class of materi-
als with larger channels that has recently emerged as promising
cationic intercalation hosts are the tetragonal tungsten bronzes
(TTB),%%-%3-¢ which contain quite large five-sided tunnels,
as illustrated in Fig. 2e. In a way analogous to Wadsley-Roth
phases, the triangular motifs in bronzes create these larger five-
coordinate channels and, in the process, significantly reduce the
ability of the structure to deform during cycling.

Suppressing glides within layered oxides

Layered Na insertion compounds have among the highest
theoretical energy densities of all the candidate cathode materi-
als for Na-ion batteries,’%* In analogy with Li-ion cathodes, a
promising class of cathode materials for Na-ion batteries is the
NaMO, material family, where /M is a combination of transition
metals, with a layered O3 crystal structure (Fig. 3c),° In con-
trast to their Li counterparts, the NaMO, family does not need
Co or Ni to stabilize the layered structure and can instead be syn-
thesized with earth-abundant and domestically sourced elements
such as Fe and Mn,®4°® However, simple compounds in this fam-
ily with only Fe and Mn on the M site, such as Na(Fe;_ Mn )O,,
are suboptimal for commercial applications, as they degrade
rapidly when electrochemically cycled and are air and moisture
sensitive. Additional transition metals or dopants are required
to enhance the cycling performance and mitigate the electrode
degradation that occurs due to the significant phase transitions
that accompany Na (de)insertion and diffusion.?8-67-69

The structural transformations that plague layered transi-
tion metal oxides and result in severe electrode degradation
during Na (de)insertion are best described as changes in the
stacking sequence of the two-dimensional /O, building blocks,
which induces large and anisotropic shape changes of the elec-
trode particles.” This process is schematically illustrated in
Fig. 3. The NaMO, intercalation compounds with the highest
theoretical energy densities start in the O3 crystal structure but
quickly transform to the P3 crystal structure upon Na extraction
(Fig. 3¢).3031:36:38.71-T3 The O3 structure exhibits an ABCABC
stacking sequence of close-packed anion (oxygen or sulfur) layers,
asin an FCC phase, with the alkali and transition metals occupy-
ing alternating layers of octahedral sites. Upon removal of 20-30%
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Figure 3. Structural phase transformations of layered NaM0, intercalation
compounds during Na extraction results in changes in the stacking sequence
of the layered MO, building blocks. (a) First-order phase transitions involving
a structural transition usually proceed by the passage of a sharp interface
separating the growing phase (P3 upon Na extraction) and the phase being
consumed (03). (b) At the crystallographic level, the transition from P3 to

03 can be achieved through a periodic strain field that locally stretches

MO, layers in one third of the layers (blue), locally compresses MO, layers in
one third of the layers (purple) and leaves the remaining third of MO, layers
unstrained. The structural model is one of the many possible mechanisms

by which a glide transformation can be realized. (c) The crystal structures of
03 and P3 differ according to the stacking sequence of their M0, sheets. The
stacking sequence of the 03 phase produces octahedral sites for Na, whereas
that of P3 produces prismatic Na sites.

of the Na, the O3 structure transforms to the P3 structure, which
has an ABBCCA stacking of the close-packed anion layers, result-
ing in prismatic coordination of the Naions (Fig. 3c).

A proposed mechanism for the O3 to P3 structural transition
is a glide plane transformation (GPT). However, very little is
understood about the mechanisms through which GPTs occur.
They require a physical gliding of the atomic planes, leading to
substantial chemo-mechanical stresses; moreover, rigid gliding
of MO, sheets is an energetically unfavorable process.™ While
there have been no direct observations of glide transitions, a
likely mechanism involves the passage of partial dislocations to
mediate a change in stacking sequence between adjacent MO, lay-
ers.*>-™ However, unlike plastic deformation, where dislocation
motion is driven by external mechanical loads, in layered NaM/O,
compounds they are driven by the chemical force of Na concen-
tration gradients. Figure 3b shows one possible mechanism by
which a change in the stacking sequence can be achieved during



the O3 to P3 transition. The rate of this transformation is very
sensitive to the diffusion mechanisms of the two phases because
the migration of the highly strained interfaces separating O3
from P3 within a single particle is driven by Na-ion diffusion. Na
diffusion within the O3 structure, which is mediated by divacan-
cies,” is mechanistically very different from that in P3, which has
been hypothesized to occur through the migration of anti-phase
boundaries that separate well-ordered domains of Na ions.”""
Establishing a fundamental understanding of GPTs is essen-
tial to enable the rational design of new layered Na intercalation
materials that can attain their full theoretical capacity for many
cycles. Careful in situ characterization is critical to understanding
the crystallographic and multi-scale mechanisms of GPTs and to
informing the development of physics-based, meso-scale models
that account for the unique anisotropy of layered materials. Two
design strategies will become available upon the development of a
mechanistic understanding of GPTs: (i) electrode particles can be
designed with sizes and geometries to facilitate elastic and pseu-
doelastic deformation properties so that GPTs are reversible over
thousands of cycles, and (ii) new compositions can be identified
that suppress GPTs altogether. Overall, the lack of a mechanis-
tic understanding of glide transitions and the inability to control
them is preventing the development of otherwise promising lay-
ered Na-ion cathode materials, which are significantly more sus-
ceptible to glide transitions than their Li counterparts. Greater
fundamental knowledge of these phase transformations is essen-
tial to designing electrodes that can achieve their full theoretical
capacity, thereby enabling the development of Na-ion batteries
with higher energy densities than those currently available and
identifying new chemistries for future battery systems.

Amorphous structures that suppress plastic
deformation

Thus far, the cause-and-effect of strain have been discussed
solely through the lens of crystalline materials. However, the
impact of strain on amorphous materials is also worth exploring
due to their lack of long-range order and consequent absence of
microstructures. These features contribute to characteristic defor-
mation modes of amorphous materials, which differ from those
observed in crystalline materials.?” For example, while some
amorphous materials can be brittle, phases containing metallic
bonds are able to accommodate large strains through plastic defor-
mation.®! These material systems are also known to deflect cracks
by facilitating crack branching, which delays material failure.®?
These deformation mechanisms create new pathways for dissipat-
ing energy in amorphous materials thereby enabling these materi-
als to accommodate large volume changes without fracture. How-
ever, ionic diffusion in amorphous phases is usually slow, thereby
requiring compensation via other mechanisms, such as creating
nanostructured amorphous electrode materials.

The bonding requirements of amorphous materials precludes
their application in some types of electrode materials; for example,
highlyionic materials owe their stability to long-range periodicity.

Figure 4. TXM images of nanoporous SbSn cycled with lithium: (a, b)

full field of view and zoomed-in image, respectively, of a single particle
before cycling; (c, d) image of the yellow box in (a) in the fully lithiated

and delithiated states, respectively. In all cases, dark dots correspond to
nanoscale pores. Excellent retention of the nanoscale structure is observed
during alloying a dealloying with Li, a fact that is ascribed both to the two-
component nature of the porous material, and to the amorphous nature of
the lithiated Sn. Adapted with permission from 90. Copyright 2020 American
Chemical Society.

While Na-containing cathodes cannot be easily made amorphous,
several anode materials lacking long-range periodicity are known.
Among these, two families of materials stand out: alloy anodes and
metal oxide hosts. Alloy anodes, in particular, are exciting because
of their large capacities,?>®! but are plagued by large volume
change and particle fracturing during cycling which inhibit their
long-term cyclability.®>*%¢ Some improvements in cycling stability
can be made through nanostructuring the materials, as structured
networks can increase the mechanical flexibility thereby allowing
for expansion within the pores that mitigates damage.®”%8 Recent
studies on Li-ion anode materials also suggest that amorphous
phases can help stabilize structures against cracking. For example,
nanoporous antimony tin (NP-SbSn) anodes have been examined
using operando transmission X-ray microscopy (TXM, see next
section for more detail) during (de)lithiation, and show highly
reversible deformations of the nanoscale pore system (Fig. 4).%
This can be ascribed to a combination of the flexible nanoporous
structure, the fact that the anode contains two components (Sb and
Sn) that alloywith Li at different potentials and thus spread out the
volume change, and the fact that the lithiated Sn is observed to
be amorphous, providing a more ductile component to the overall
composite. In agreement with this idea, in situ hard X-ray nano-
tomography experiments of lithiated and sodiated bulk Sn pow-
ders display differences in volume changes during cycling. The data
show the visible formation of large cracks in the primary particles,
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and those cracks are influenced by the stresses in the more ductile
lithiated tin compared to crystalline sodiated tin.”°

In considering potential alloy anode materials, elemental Sn,
Sb, Ge, Bi, Si, and P have been shown to electrochemically alloy
with Li and Na. Operando TEM of nanoparticulate Sn revealed
that nearly all sodiated intermediates were crystalline.”'~® Simi-
larly, in situ TEM accompanied by operando XRD shows that Bi
undergoes a two-step alloying mechanism involving crystalline
NaBi and NagBi.% In contrast, Sb, Ge, Si, and certain allotropes
of P display amorphous intermediates when cycled versus Na and
may show promising behavior.”"11

Amorphous phases can also be helpful for oxide-based inser-
tion hosts, and recent results from a group in STORE suggest
that TiO, is a promising candidate for an amorphous metal oxide
host.!2 The abundance of TiO,, paired with its environmental
and safety advantages make it stand out from other candidate
electrode materials with potential to reduce costs in Na-ion bat-
teries. Although there are many scientific reports exploring the
use of various polymorphs of this oxide in the field of electro-
chemistry, the results of Na cycling are inconsistent.

Despite a theoretical capacity of 335 mAh/g (based on the
insertion of 1.0 Na-ion per TiO, formula unit), TiO, polymorphs
such as anatase and TiO,(B) have shown much lower reversible
capacities, rarely exceeded 200 mAh/g when cycled versus
Na.!03:104 This is primarily due to the fact that Na-ion interca-
lation into crystalline TiO, phases is thermodynamically unfa-
vorable. However, recent results suggest that amorphous TiO,
may be a promising anode for Na-ion batteries.!”> When anatase
is subjected to Na insertion, it undergoes amorphization in the
first 5-10 nm below the surface. A pseudocapacitive charge stor-
age mechanism occurs as Ti**/Ti®" redox reactions triggered by
Na insertion take place at the surface and near surface regions.
0.8 mol of Na are reversibly (de)intercalated leading to capaci-
ties in excess of 250 mAh/g with no evidence of interfacial or
conversion reactions. The dramatic improvements in energy and
power density when nano-sized anatase is fully converted into
the amorphous phase upon sodiation are shown in Fig. 5a for a
current density of 1.5 mA/cm?. These amorphous nanomateri-
als also displayed an impressive capacity retention of 90% after
5000 cycles at 3 mA/cm? (Fig. 5b). These results show that even
in a material as well-known as TiO,, there is still much that we do
not understand about the nature of Na-ion storage and about the
role of amorphization in accommodating insertion-driven strain.

Materials characterization

As has been discussed extensively, the development and
implementation of Na-ion batteries is largely hindered by the
structural transformations that accompany Na-ion (de)insertion
and diffusion, as these often lead to electrode degradation and
poor cycling lifetimes. If Na-ion batteries are to reach large-scale
deployment, it will be essential to utilize an extensive array of
characterization tools that span multiple time and length scales
to better understand the fundamental operating and failure
modes of electrodes.

38 ® MRS ENERGY & SUSTAINABILITY // VOLUME 12 // www.mrs.org/energy-sustainability-journal

=-Ti0,-5 nm & TiO,~10 nm —+-TiO,-18 nm
a Ti0, 5 Ti0,-10 Ti0,-18
—~ 3001 TiO,-25 nm — Ti0,-40 nm —4—Ti0,-100 nm
o "

= ge,

< l'-::':.o.o.no - -

E . 'l.l.l-::::::-:::‘: LI TYY
:'; 2001 ,

‘©

g ¢

3

(&) 1 00 i ‘...'....nloonil

= .'l...

O

u) Ak YT T T YR YYS ALAAAALALALLALDASL
D_ a2 A ..AA

= 5

0 10 20 30 40 50
Cycle number

(b) 200 =100
= P — o
= 160 Q
g ' 95 &
E E
g 9 %

Q
T 801 3
g 3
8 40 -
w TiO,-10 nm =~

Specific current: 2 A g™

0 T - y g 80
0 1000 2000 3000 4000 5000
Cycle number

Figure 5. (a) Size dependence of the specific capacity showing larger
storage with decreasing size of Ti0, nanoparticles cycled vs sodium

at 0.1 A/g. (b) Long-term cycling of 10 nm Ti0, nanoparticles at 2A/g
demonstrating excellent capacity retention after 5000 cycles. Readapted
with permission from 104.1%?

At the atomistic level, X-ray absorption near edge structure
(XANES) can be used to fingerprint oxidation state changes and
provide insights into local coordination environments.'*® Fur-
ther from the absorption edge, the extended X-ray absorption
fine structure (EXAFS) gives insight into the local structure
around the absorbing element, even on amorphous materi-
als, %6197 and by continuously scanning the monochromator,
full spectra can be collected in tens of seconds.'’® In conjunc-
tion, Raman spectroscopy can be used to monitor changes in
metal-ligand bond stiffness or weakening,w(”110 aswell as strain,
as vibrational modes consistently shift blue under compression
and red under tension based on the state of charge.'!!

At the particle level, TXM enables high-resolution (tens
of nm) imaging of electrode materials in pouch cells during
operation (Fig. 4) and of ex situ electrodes (Fig. 6a). By tun-
ing the incident X-ray energy across an elemental absorption
edge, spectroscopic images can be collected to create maps
of the chemistry or state of charge. TXM can also be used to
track redox changes in metal oxides and sulfides within and
between particles during cycling, as well as to directly observe



Figure 6. (a) Ex situ X-ray tomog-
raphy of cracks formed in a SnSh
anode particle after 20 cycles.
Reprinted from 117, with permis-
sion from Elsevier. (b) Schematic
illustrating 4D STEM technique. (c)
STEM image of pristine graphite
particle. (d) Virtual image of the
same graphite particle recon-
structed by 4D STEM dataset.
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morphological changes such as volume expansion, cracking, and
pulverization.®”8%112-115 For example, Fig. 6a shows an example
of areconstructed volume of a single SnSb alloying anode parti-
cle that was cycled 20 times versus Li before ex situ data collec-
tion, showing the particle cracking that occurs as a result of vol-
ume expansion and contraction during cycling.” Furthermore,
by rotating the sample using a capillary-based cell designed by
a team composed of several STORE PIs, nanoscale computed
tomography allows for the calculation of quantitative volume and
density changes in three dimensions.

Four-dimensional (4D) scanning transmission electron micros-
copy (STEM) complements TXM studies by providing sub-nanom-
eter spatial resolution by scanning a probe in two-dimensions (2D)
and then collecting a 2D diffraction pattern to generate a 4D data
cube (Fig. 6b).1° To stabilize sensitive battery materials under
the intense electron beam irradiation required for 4D-STEM,
cryogenic conditions are highly beneficial.''"11° Cryo 4D-STEM is
capable of elucidating how strain across a single electrode particle
evolves during cycling, providing valuable insights into how crys-
talline and even amorphous materials degrade at the nanoscale
over time.'2-122 For example, in contrast to a real space STEM
image (Fig. 6¢) of graphite, a virtual image (Fig. 6d) can be recon-
structed by probing the electron diffraction image at different
locations within the 4D STEM dataset which provides crystallo-
graphic information of graphite. The morphology of graphite in
virtual image (Fig. 6d) not only matches well with the real image
(Fig. 6c¢), but also has a different contrast from red to blue, high-
lighting different crystallographic orientations. Furthermore, 4D
STEM datasets allow us to calculate small distance changes in the
electron diffraction spots and thus generate strain maps induced
in the particle after ion intercalation. This new understanding will

enable the design of materials that can resist strain or distribute it
uniformly across particles to mitigate particle degradation during
battery operation.

To probe the strain induced during Na insertion at the single
particle level, electron transport spectroscopy (ETS)!2312% can
be performed by concurrently measuring the electrical conduct-
ance and the electrochemical behavior of a single (or few) parti-
cle device. This ultrasensitive on-chip signaling technique could
directly determine the sample conductance under varying elec-
trochemical potentials, providing critical information on how lat-
tice strain or phase transition evolves with varying degrees of (de)
sodiation states. Clearly, these ex situ and operando techniques can
be leveraged to establish a greater understanding of the structural
and volumetric changes during Na-ion (de)insertion, as well as how
materials respond to the strain generated during these processes.

Theoretical and computational modeling and the role
of data science

The reaction of Na with different electrode materials
through intercalation or alloying is a multiscale phenom-
enon, whereby properties at the electronic structure scale
greatly impact the material response at the macroscopic
scale. The development of integrated multiscale methods
and advanced computational models is critical for decoupling
many competing effects. Broadly, the computational mod-
elsin the STORE team can be categorized across atomic and
continuum length scales to describe the unique anisotropic
chemo-mechanical phenomena observed in intercalation and
alloying electrodes.
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Figure 7. The STORE team is
developing a multiscale modeling
framework to investigate the
interplay between diffusion and
lattice deformation in intercalation
materials. These models serve as a
design tool to engineer the crystal-
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Quantum mechanical simulation techniques based on density
functional theory (DFT) and its extensions are remarkably accu-
rate for many material classes. However, predicting the thermo-
dynamic, kinetic, and mechanical properties of battery materi-
als requires simulations that occur on length scales involving
millions of atoms and computationally expensive time scales. To
address these challenges, the STORE team is developing a first-
principles statistical mechanics approach,”'*? which has been
implemented within the CASM software package.'**'** This
approach relies on constructing surrogate models that interpo-
late first-principles electronic structure calculations within the
framework of Monte Carlo and Molecular Dynamics simulations.
At the core of these methods is a cluster expansion formalism
(arigorous mathematical approach to construct tunable expan-
sions to describe the energy of a collection of atoms in terms of
descriptors of alocal environment) that enables the calculation

71,133-137 138-140

of free energies. mechanical properties and non-

dilute diffusion coefficients”®78-141-147

at finite temperatures
starting from first principles. These statistical mechanics tech-
niques are used to calculate the thermodynamic, mechanical,
and kinetic properties at finite temperatures, and naturally feed
into the phase field and chemo-mechanical continuum models.

Currently, most mesoscale models predict phase transforma-
tions in intercalation materials using the guest-species composi-
tion (e.g., Li or Naions) as the order parameter.'*®">" In these
methods, lattice deformations are typically homogenized, do
not distinguish between lattice variants in symmetry-lowering
phase transformations, and are limited in their ability to predict
stacking-sequence deformations in layered Na intercalation com-
pounds,.m’151 To address this challenge, STORE PIs have devel-
oped new mesoscale models to investigate the interplay between
diffusion and finite lattice deformations (see the workflow in
Fig. 7); to date the methods have been applied to the Li,Mn,0,
(1<x<2) system.152‘155 This electro-chemo-mechanical model

reveals fundamental insights into the microstructural evolution
pathways under various dynamic galvanostatic conditions and
provides quantitative insights into the nucleation and growth
of twinned microstructures during intercalation. The results
further identify regions of stress concentrations (e.g., at phase
boundaries and particle surfaces) that arise from lattice misfit
and accumulate in the electrode with repeated cycling and sug-
gest potential mechanisms for the structural decay of LiyMn, 0.
PIs within the center deposit all codes in repositories like the
Open Science Framework (an open-source platform) to facilitate
collaboration in materials modeling research.

As the previous sections have discussed, there is a need to
develop continuum models to describe diffusion-deformation
mechanics, not only in crystalline compounds but also in mate-
rials with no long-range order (i.e., amorphous materials).
For example, some of the alloy anodes and metal oxide hosts
discussed above can involve intermediates the evolve between
crystalline and amorphous structures.?®!® These intermedi-
ate compounds are accompanied by enormous volume changes
that cause anode materials to crack and/or amorphize and give
rise to a plastic-like deformation. In the continuum framework,
these changes are analyzed from a microstructural perspective
to inform the architecture of electrode materials with porous
geometries.

Conclusion and outlooks

Understanding the fundamental way materials respond to
localized strains at the atomic length is a critical first step in the
development of highly reversible, long cycle life, Na-ion inser-
tion hosts. As discussed extensively in this perspective, there are
avariety of methods that can be employed to mitigate the det-
rimental effects of large strain. This includes the development
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of low strain porous electrode materials, understanding and
thereby controlling structural transitions during cycling using
experimental and computational analysis techniques, and
exploiting the ductility of amorphous phases. Such insights rep-
resent the intellectual underpinnings for the creation of more
economical and sustainable batteries that could have immedi-
ate impact on global energy infrastructure. In pursuing this
understanding, open dialogs and close collaborations within
interdisciplinary teams will prove critical for developing truly
sustainable energy storage solutions.
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