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ARTICLE INFO ABSTRACT
Keywords: Sodium-ion batteries (SIBs) have stepped into the spotlight as a promising alternative to lithium-ion batteries for
Heterostructure large-scale energy storage systems. However, SIB electrode materials, in general, have inferior performance than

Sodium-ion batteries their lithium counterparts because Na™ is larger and heavier than Li*. Heterostructure engineering is a promising

strategy to overcome this intrinsic limitation and achieve practical SIBs. We provide a brief review of recent
progress in heterostructure engineering of electrode materials and research on how the phase interface influences
Na' storage and transport properties. Efficient strategies for the design and fabrication of heterostructures (in situ
methods) are discussed, with a focus on the heterostructure formation mechanism. The heterostructure's influence
on Na' storage and transport properties arises primarily from local distortions of the structure and chemo-
mechanical coupling at the phase interface, which may accelerate ion/electron diffusion, create additional active
sites, and bolster structural stability. Finally, we offer our perspectives on the existing challenges, knowledge gaps,
and opportunities for the advancement of heterostructure engineering as a means to develop practical, high-
performance sodium-ion batteries.
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1. Introduction

Sodium-ion batteries (SIBs) are promising alternatives to lithium-ion
batteries (LIBs) and have received intensive research interest because
SIBs have similar electrochemical properties to LIBs and Na is an abun-
dant resource [1,2]. However, when used in SIBs, most existing electrode
materials used for LIBs suffer from sluggish kinetics and inferior cycling
stability because Na™ has a larger ionic radius (1.02 ;\) than Li* (0.76 ;\).
Developing suitable electrode materials to achieve high-performance
SIBs is therefore increasingly important. Through the in-depth study of
SIBs, various electrode materials with different reaction mechanisms
have been extensively explored as electrode candidates, such as
carbon-based materials, transition metal dichalcogenides, p-block ele-
ments, layered transition metal oxides, hexacyanoferrates, polyanionic
compounds, and organic materials [3-7]. Although the electrochemical
performance can be increased to some extent by adjusting the
morphology and structure of single-phase materials, it is still difficult to
simultaneously achieve high specific capacity, cycling stability, and su-
perior rate capability in single-phase electrode materials. In response to
this challenge, the last decade has seen a steady increase in research on
electrode materials with multiple phases integrated to form hetero-
structures (Fig. 1).

A heterostructure is defined by the integration of two or more distinct
phases with a shared interface. The integration of these phases generates
unique chemistry and physics at the interface, which imbue the electrode
with altered properties (Fig. 2). Local distortions of electronic structure
generate electric fields that can activate new sites for Na' storage and
accelerate ion and electron transport. Chemomechanical coupling and
microstrain generated by interfacial bonding can bolster the mechanical
integrity of otherwise fragile electrode materials. The interfacial phe-
nomena that underly the enhanced electrochemical properties in SIB
heterostructures are just beginning to be uncovered. Significant knowl-
edge gaps exist regarding the mechanism of heterostructure formation,
limiting current strategies for the intentional design and synthesis of
heterostructures. The local interactions at the heterostructure interface
have long-range effects, demanding the application of advanced, com-
plementary characterization techniques that span from the atomic scale
to the entire cell. Heterostructures are a promising avenue toward a new
class of high-performance electrode materials but face numerous chal-
lenges compared with their single-phase counterparts. We present recent
progress on interface engineering of heterostructured electrode materials
for SIBs, with a focus on efficient methods for heterostructure synthesis.
We aim to provide a comprehensive perspective on the driving forces for
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Fig. 1. The number of unique publications over time on sodium-ion battery
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Fig. 2. Schematic illustration of heterostructure materials for SIBs.

the formation of heterostructures and the mechanistic origin of their
altered electrochemical properties.

2. Heterostructure engineering — design and in situ synthesis

Heterostructure engineering can be defined as the rational design and
assembly of two or more phases with different chemical composition,
specific order (or disorder), and relative orientation of interfaces. The
architecture of the heterostructure is defined by the interfacial chemical
bonding, geometry, relative amount, and fundamental nature (e.g.,
composition, structure) of the individual components of the hetero-
structure. These qualities of the heterostructure largely determine the
electrochemical performance. Therefore, the ability to synthesize a well-
designed heterostructure with strong interaction between components,
controlled defect distribution, and suitable interfacial geometry is vital.

Classification of heterostructures into subgroups depends on the
specific variables of interest — chemical composition, crystal structure,
dimensionality (0D/1D/2D/3D), morphology, or performance function-
ality (e.g., positive or negative electrode, ion/electron conduction and/or
storage, corrosion protection) may all reasonably be applied to divide
related heterostructures into categories.

Synthesis methods for heterostructure preparation can be broadly
classified into ex situ and in situ strategies. An ex situ strategy is a multi-
step material synthesis method that usually involves the synthesis of
one material (A) as a substrate and then the introduction of another
component (B) on the surface of or mixed with the substrate to construct
the heterostructure (A + B — A@B). Coatings are a typical example of ex
situ synthesis and have been well studied for many classes of electrode
materials.

On the other hand, with an in situ synthetic strategy, the interfaces of
the heterostructure conveniently and efficiently self-assemble as a result
of chemical and/or physical processes. The so-called “one-pot” synthesis
involving hydrothermal or solvothermal reactions that result in hetero-
structures is a typical example of in situ synthesis. The material properties
of heterostructures prepared by an in situ strategy can be superior to those
of single-phase materials and heterostructures prepared by ex situ stra-
tegies due to the stronger interaction between the distinct phases. In
many cases, a combination of two or more in situ and ex situ synthesis
steps can produce even more complex heterostructures.

Compared with the ex situ synthetic strategy, the in situ method has
the advantage of simultaneously realizing compositional regulation and
architectural design. However, understanding the atomic-level mecha-
nisms of in situ synthesis and phase interaction that modify the electrode
properties is substantially more challenging than with the comparatively
simple ex situ synthesized heterostructures. Therefore, in situ synthesis of
heterostructured electrode materials warrants significant attention for
future research and is highlighted here.
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3. Negative electrode heterostructures

Different heterostructures have been explored as negative electrode
materials [8] for SIBs, including carbonaceous materials [9,10], mono-
metallic materials [11,12], bimetallic materials [13], 2D materials (e.g.,
MXenes/graphene/phosphorene) [14-16], and complex combinations of
multiple classes of these materials [17-20]. To provide a concise dis-
cussion that covers these various material systems, we refer readers to the
referenced reviews and primary literature for detailed comparisons of the
synthesis methods. Conversion-type monometallic electrodes (M Xp, X =
O, S, Se) as potential negative electrode materials for SIBs have been
investigated due to their high theoretical capacity and natural abun-
dance. However, the reaction intermediates (e.g., NayO, Na,S, and
NaySe) generated from the conversion reaction are reactive with the
electrolyte, forming an undesirable solid—electrolyte interphase (SEI) on
the surface of the electrode material that may strongly hinder the
reversibility of the conversion reaction. In addition, the large volume
expansion and contraction during charging and discharging can lead to
pulverization and deterioration of the active materials. Fabricating het-
erostructured negative electrode materials could offer additional op-
portunities for delivering better Na' storage performance by providing
the unique properties of a stable SEI a confined electrochemical reaction
space, and interfacial storage capacity. These advantages have driven
researchers to explore suitable methods for synthesizing hetero-
structured negative electrode materials for efficient Na™ storage.

3.1. In situ synthesis strategy and mechanism of heterostructure formation

Solvothermal/hydrothermal process are widely used one-pot
methods to prepare various heterostructure electrode materials. Typi-
cally, the different precursors are mixed uniformly and held under high
temperature and pressure inside the reaction vessel where they can react
to form solid products with unique, spontaneously formed nano-
structures. As a result of atomic-level interactions, the heterostructure
electrodes produced by the solvothermal/hydrothermal method often
exhibit active edges/defects and high specific surface areas. The 2D/2D
heterostructure of transition metal dichalcogenides (TMDs), consisting of
nanosheets, is readily synthesized using in situ hydrothermal/sol-
vothermal methods [14,17,21-24]. Transition metal precursors, such as
N32M004, (NH4)2MOS4, SnCl4, Kg (SH(OH)6), and WCI(, [14,17,21724],
react with water-soluble sulfur sources such as CH4N5S and CoHsNS that
can also serve as reducing agents. The hydrothermal and solvothermal
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processes are highly scalable, which is attractive for practical
applications.

Partial reaction (e.g., carbonization, sulfurization, or selenation) has
also attracted major attention for the in situ preparation of hetero-
structured electrode material [9,10,25,26]. Generally, the precursor can
be partially reduced to another material when annealed under an
appropriate gas atmosphere, such as Fe3O4 to FeS via a sulfurization
process (Fig. 3) [12]. The proportions of the components can be
controlled by adjusting the annealing temperature, time, and atmosphere
concentration. During the annealing process, the metal reacts to form
into different materials because of their different formation energies,
promoting the in situ synthesis of atomically integrated heterostructures.
Although the self-assembly method demonstrates intriguing potential for
fabricating heterostructures, it is difficult to precisely control the exposed
lattice planes that influence the electrode properties. Hence, it remains a
fundamental research challenge to develop the synthetic techniques to
achieve both controllable and scalable features.

3.2. Mechanisms of interface interaction

Interface engineering through the controlled fabrication of hetero-
structures has exhibited unique advantages for energy storage and con-
version due to a variety of synergistic effects. For instance, the
heterostructure can combine the merits of its different components to
overcome the shortcomings of a single phase, which provides a promising
way to enhance the electrochemical performance of individual electrode
materials. Additionally, heterointerface engineering has the key effect of
improving the electronic and ionic conductivity, which can reduce the
polarization and take full advantage of electrode materials in rapid
charge/discharge processes. Recently reported single-phase negative
electrode materials, such as metal oxides, metal sulfides, and black
phosphorus, are semiconductors with intrinsically wide band gaps [18,
27-29]. Building a heterostructure can optimize the band structure of the
heterostructured electrode materials due to unique interactions at the
heterointerface, thus enhancing the conductivity. Moreover, the inter-
facial coupling effect can facilitate charge redistribution that will accel-
erate ion/electron transport and create more active sites, thereby
enhancing the reversible capacity and rate capability.

3.2.1. Built-in electric field accelerating charge transport
The effect of a heterointerface on electrochemical performance is
strongly related to the particular heterostructure. To achieve better
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performance, it is necessary to construct a hybrid with a unique interface.
Once the two substances with different band gaps come into contact, the
charge will redistribute at the heterointerface spontaneously until the
Fermi levels achieve a balance. As a result, the negative charges will
accumulate on the lower Fermi level side and positive charges on the
higher Fermi level side, forming a built-in electric field. Driven by this
built-in electric field, ion diffusion and charge transfer will be acceler-
ated. Additionally, built-in potential caused by the accumulated electrons
and holes around the heterointerface could endow the materials with
high conductivity.

The specific role of the heterointerface in sodium storage has been
investigated using a combination of experimentation and density func-
tional theory. Guo et al. have successfully constructed monometallic SnS/
SnO; heterostructures with the same metal and different non-metal ele-
ments to investigate the charge-transfer effect in SIBs (Fig. 4) [11]. During
the discharging process, the built-in field formed at the heterointerface will
point to the narrow-band-gap side (p-type, SnS) from the wide band gap
side (n-type, SnO,). Under this condition, the charge distribution at the
heterointerface will be broken, which could contribute to a low Na™
diffusion barrier on the SnO, side and yielding fast charge-transfer ki-
netics. Accompanied by the charge balance, the built-in electric field will
vanish. But Na™ transport can still occur at the heterointerface, driven by
the concentration gradient to realize excellent reaction kinetics.

Heterostructures constructed using the same non-metal element and
different metal elements have also been explored and demonstrated high
reversibility based on the strength of the build-in electric field. For
example, Ma et al. synthesized a bimetallic FeP/CoP heterostructure to
investigate the reaction kinetics in Na™ storage [13]. The direction of the
electric field formed at the heterointerface pointed to FeP from CoP,
which induced electrons to move from CoP to FeP. Consequently, the Na™
adsorbed on the FeP side due to electrostatic interaction, inducing an
inverse electric field that enhanced Na™ diffusion during charge/di-
scharge. At the same time, it is important to note that the heterointerface
location in a composite can also affect the Na™ storage properties. In
layer-to-layer 2D heterostructures such as black phosphorus/graphite (or
few-layer phosphorene/graphene) [30-32] or MoS,/graphite [21,33], a
larger contact area can promote more effective charge distribution
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between the 2D layers and enable tuning for a larger range of electronic
structures, thus facilitating the reaction of molecules on the 2D surface
[15]. When it comes to a core—shell structure or a blended structure, the
heterointerface and active surfaces are largely buried, which can make it
more difficult for the ions to overcome the diffusion barriers and access
the heterointerface, resulting in inferior reaction kinetics [19].

3.2.2. Built-in electric field generating Na™ adsorption sites

In addition to enhancing the kinetics, the interfaces of hetero-
structures can form active sites, which can improve the Na™ storage ca-
pacity. Electron redistribution at the interface allows extra Na® to be
adsorbed at the negatively charged sites, contributing to a higher specific
capacity. Stronger adsorption energy can be acquired at the hetero-
structure interface than with single-phase materials, allowing Na™ ions to
adsorb more easily and resulting in higher reversible specific capacity. To
clarify the synergistic effect of Na™ storage on enhancing the capacity, a
MoS>@Mo0,-C hetero-nanostructure was constructed by Xiong and co-
workers [20], who found that its adsorption energy was stronger than
that of MoS; and MoO;, on their own. The enhanced adsorption energy of
Na T ions was proposed to arise from the redistribution of electrons at
heterointerfaces. The built-in electronic field accumulated negative
charges on the MoS; side and positive charges on the MoOj side, creating
a charge transport pathway from MoO, to MoS; (Fig. 5a). Furthermore,
the Na™ was attracted to the MoS, surface, neutralizing the accumulated
electrons and increasing the capacity. A “job-sharing” mechanism in LIBs
was proposed by Jamink and Maier to explain the extra Li" storage at
interfaces [35]. To determine whether the mechanism remains valid for
Na' storage, Xiong et al. studied the Na* storage behavior of hetero-
structure interfaces via solid state nuclear magnetic resonance (NMR)
[34]. The lattice mismatch between different crystals in the hetero-
structure can promote defects near the interface, which can act as active
sites to store Na'. They quantitatively interrogated this by solid-state
NMR for individual carbonaceous TiOs, MoO,, and carbonaceous
TiO2/MoO, heterostructures. Na* not only was observed in TiO, and
MoO, materials but also resided at the interfaces between MoO5 and TiO5
(Fig. 5b). Quantitative analysis results demonstrated that the hetero-
interface contributed up to 20% capacity.
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Fig. 4. Schematic illustration of enhanced high-rate capacity mechanism of SnS/SnO; heterostructure [11]. Copyright 2016, Wiley.
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3.2.3. Morphologically controlled chemomechanical strain

High-capacity conversion-type electrode materials have attracted
significant attention as potential negative electrode candidates for SIBs
due to their high theoretical capacity, but the severe mechanical degra-
dation induced by huge volume expansion severely limits their practical
application [37]. Promising morphologically controlled heterostructures
have been reported to effectively relieve the stress caused by the volume
change. A cross-linked stacking architecture can help to transmit addi-
tional force from the point of load to its surroundings [38]. Thus, the
entire arrangement of this heterostructure can be more robust than that
of a hierarchical structure. Utilizing this concept, Wu et al. designed and
prepared a “bird's nest” layered heterostructure (SnFe)S; [36]. Assisted
by finite element method (FEM) simulation, the structural self-evolution
of stress distribution of (SnFe)S, and pure SnS; were compared (Fig. 6).
The electric field intensity of (SnFe)Sy was evenly distributed as the

a - 4 Synchronous confined
- self-evolution structure

Fig. 6. (a) Schematic of nest-like heterostructure. (b) FEM simulations of
different heterostructures to engineer stress distribution [36]. Copyright
2022, Wiley.

folding structure increased, showing a homogeneous distribution of
stress. However, for the pure SnS, structure, the electric field became
non-homogeneous with increasing current, indicating a progressively
greater stress concentration. The evolution of negative electrode heter-
ostructures in response to cycling is of significant concern. Structural and
surface changes that result from sodiation may or may not be reversible
upon desodiation [39,40]. Therefore, it is important to investigate the
heterostructure not only in its pristine state but also after exposure to real
operating conditions in order to develop a complete picture of electrode
behavior.

4. Positive electrode heterostructures

Among the various classes of positive electrode materials for SIBs,
layered transition metal oxides (LTMOs) are attractive compared to
polyanionic compounds [41], NASICON [42,43] structures, and Prussian
blue analogues [44] because LTMOs have a higher energy density [45]
and utilize abundant elements. While the benefits of heterostructures
have been demonstrated in all of these positive electrode systems
[46-49], LTMOs (and closely related spinel-type oxides [50]) display
unique in situ heterostructure formation without the significant inclusion
of carbon or the advanced ex situ synthesis methods usually required in
other material systems [51]. However, further investigation into LTMO
heterostructure (layered-layered and layered-spinel structures) forma-
tion and interaction mechanisms is needed to fully realize their benefits.

LTMOs are classified according to the notation proposed by Delmas
[52], with a letter describing the sodium site geometry (O — octahedral, P
— prismatic) and a number indicating the layers (e.g., 1, 2, 3, 4, 6)
required to achieve translational symmetry along the layering direction.
A prime symbol (') is often used to denote a distorted version of a given
structure, such as monoclinic (C2/m) O’3 NaNiO; compared to rhom-
bohedral (R-3m) O3 NaFeO,. The most commonly observed forms of
LTMOs in their pristine state (before charge/discharge) are the O3, P2,
and P3 structures (Fig. 7).

In the case of heterostructured LTMOs, combinations of these and
other structures can be integrated at the atomic level through in situ
synthesis methods [51]. While many examples of LTMO heterostructures
have been reported, there has been relatively little discussion in the
literature regarding design strategy and the associated mechanism of
heterostructure formation, or the mechanism of the phase interface's
influence on electrochemical properties. A layered heterostructure can
significantly enhance the electrochemical properties by combining the
fast transport of P-type phases with the high storage capacity of O-type
phases. The heterostructure induces chemomechanical coupling at the
phase interface, which can mitigate the mechanical stress that occurs
during cycling. Substantial opportunity exists for future research to un-
derstand these mechanisms, which could lead to significant advancement
in our ability to control the properties of LTMO-based electrodes.
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Fig. 7. The common LTMO structures, with purple lines indicating the unit cells. Reproduced from Ref. [51] with permission under a Creative Commons Attribution

4.0 International Public License.

4.1. Synthesis strategy and mechanism of heterostructure formation

Heterostructured positive electrodes based on LTMOs have generally
been prepared by one of two primary routes: manipulation of the solid-
state reaction conditions (temperature, quenching), or manipulation of
the composition (transition metal composition, sodium content, and/or
dopants). Amine et al. utilized in situ synchrotron high-energy XRD
(HEXRD) to monitor the structural evolution of NayNi;,3C01,3Mn; /302
during high-temperature synthesis to elucidate the temperatures at
which phase transitions occurred (Figs. 8a and b) [53]. By controlling the
calcination temperature and quenching process, they were able to create
three materials with distinct phases — a triple phase P2/03/01, a binary
phase P2/03, and a P2/P3 phase (Fig. 8c). As a result of their varied
heterostructures, all three electrodes displayed vastly different electro-
chemical, thermal, and interfacial properties, despite having the same
overall composition. Understanding the reaction pathway between the
precursors and final product can therefore allow for heterogeneous,
metastable intermediate phases to be captured. In situ characterization
techniques that interrogate structural evolution during synthesis are
therefore highly valuable toward the design of heterostructured LTMO
electrode materials.

In single-phase LTMOs, O3 type phases typically form for compo-
sitions with high sodium content (Na,TMO3, x ~ 0.8-1.0) and large-
radius, low-valence transition metal elements (e.g., Ni2*, Fe3"), while
P phases occur for low sodium content (x < 0.8) paired with small, high-
valence transition metals (e.g., Mn*") [54]. Chen et al. demonstrated
that variation in the sodium content in Nag 9.xNig 45Mng 5505 resulted
in the transition from a pure O3 phase to a biphasic O3/P2 intergrowth
composite when x = 0.02, with the resulting superior capacity retention
(71.1% after 250 cycles vs. 38.3%), lower interfacial resistance, and
increased structural stability most likely arising from the intergrown
heterostructure [55]. However, additional sodium deficiency resulted
in the formation of a NiO type impurity, probably because Ni** for-
mation was unfavorable. The cation charge balance against O,*~ and

the oxidation states of the transition metal elements must be carefully
considered to achieve the intended heterostructure design and avoid
impurity formation. Zhou et al. demonstrated a biphasic O’3/P2@spinel
heterostructure with a spontaneously formed spinel-like titanium oxide
segregated on the surface, NaMng gTip 1Nip 102, which enhanced the
chemical, electrochemical, and thermal stability compared to homo-
geneous 0’3 NaMnO;, [56]. The spontaneous segregation of one species
on the surface is common in oxides but has rarely been reported in SIB
materials and deserves significant additional study. The influence of
composition in Naj.4Ni;.yMnyO2 was systematically studied by Xiao
et al. [57]. Systematic analysis of different Ni:Mn ratios elucidated that
higher Mn content promoted the P2 structure, and intergrown O3/P2
heterostructures only occurred in a narrow composition range.
03/P2-type Nag g5Nigp 4Mng ¢O2 material could have the O3/P2 ratio
tuned by substituting Mn for other TMs. While the Nag gsNig 4Mng 602
material would form an 87%/13% P2/03 structure, substitutions of Mn
with 0.1 Fe, Co, or Ti led to a decreased phase fraction of P2, with P2
contents of 12.3, 7.9, and 0%, respectively. The phase fractions corre-
lated strongly with the ionic potential [54,57] of the TMs, suggesting
the usefulness of compositional variables (i.e., ionic potential) to design
the phase ratio in heterostructured LTMO positive electrodes. Given the
influence of TM composition on structure, heterostructures utilizing
composition gradients (via coprecipitation), such as those well-studied
in lithium-based LTMOs, have rarely been studied in SIBs and could be
another valuable avenue to develop heterostructured LTMO electrodes.

While a number of studies identify factors that promote the formation
of LTMO heterostructures, there are significant gaps in the understanding
of how LTMO heterostructures form. For example, a secondary O3 phase
could grow from nucleation sites within the bulk of a primary P2 phase as
sodium is intercalated in increasing amounts while the calcination pro-
gresses. Alternatively, the O3 phase could gradually form starting from
the surface, consuming the P2 phase and sodium as it grows toward the
bulk of the particle. Other plausible scenarios could be considered, but
there is little to no evidence in the existing literature to support any
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Fig. 8. (a, b) In situ XRD of the Na,Ni; ,sMn; ,3C0; 302 material during heating and cooling, respectively. (c) Ex situ XRD of NayNi; ,sMn; ,3C0; 30, samples prepared at
different calcination procedures. (d, e) Williamson-Hall analysis of microstrain during calcination and (f, g) during electrochemical cycling. Copyright 2017, Royal

Society of Chemistry [53].

specific hypotheses on the heterostructure formation mechanism. How to
differentiate between heterostructures formed via kinetically constrained
processes (such as anisotropic and/or incomplete reactions and
quenching) and those formed from thermodynamically favorable pro-
cesses is also generally uncertain. LTMO heterostructures are often
shown to be integrated along the layering direction, but in some cases
they appear to be joined at the edges of the layers [58,59]. This difference
in heterostructure geometry could arise from a different mechanism and
result in different properties. Other than the relative phase ratio, factors
such as the domain size between phase interfaces may be important for
the resulting properties of the electrode. These unanswered questions
necessitate the application of both local and long-range in situ charac-
terization techniques (e.g., transmission electron microscopy and X-ray
diffraction) to support the development of theoretical models of LTMO
heterostructure formation.

4.2. Mechanisms of interface interaction

Positive electrode materials can also benefit from the built-in electric
field and morphological optimizations seen in negative electrode mate-
rials. However, the distinctive chemistry of LTMO systems compared to
those of negative electrode materials can bring about unique mechanisms
of heterostructure interface interaction that we highlight in this discus-
sion. The bonded phase interface between different layered structures
generates a direct link for the exchange of mechanical forces caused by
electrochemical reactions within each phase and intertwines their Na*t
transport mechanism.

4.2.1. Integrated Na* transport mechanisms enhance diffusion

As a result of the different sodium site geometries, P- and O-type
phases tend to demonstrate significant differences in the Na®t diffusion.
In prismatic phases, the Na® ion diffuses easily between face-sharing
prismatic sites. Octahedral phases require that Na™ move through in-
termediate tetrahedral sites, which presents a higher energy barrier
compared to the diffusion mechanism in P-type structures. Consequently,
P-phases typically have significantly better performance at a high rate.
However, since P-phases are usually sodium deficient, there is a tradeoff
between theoretical capacity and rate capability when choosing between
single-phase materials.

In contrast, heterostructures can combine P-phase(s) to allow fast Na™
transport with O phase(s) that act as a high-capacity reservoir for Na* ion

storage [60,61]. Further, the P-phase can act as a highway for Na™ ions to
reach the core of secondary particles, mitigating nonhomogeneous re-
actions between the surface and bulk of secondary particles that could
generate significant stress. Consequently, the exact nature of the grain
size distribution of each phase, the relative orientation and location of
the grains, and the secondary particle size can also have a significant
effect on Na™ transport and overall structural stability. For example, a
larger O-type grain will have a longer diffusion length to its core,
requiring more time to fully (de)sodiate than a smaller O-type grain.
Layered phases stacked on top of one another will have a less direct path
for Na™ transport than those aligned at the edges, where diffusion can
occur directly. The possibility of individual phases being enriched in
certain elements can further complicate the investigation of these het-
erostructures. Therefore, probes that can access grain size, orientation,
and composition with high spatial resolution are extremely valuable but
have rarely been applied in previous studies of LTMO heterostructures.
We have previously reviewed these and other aspects of LTMO hetero-
structures in detail [51].

Several LTMO heterostructures have exhibited considerably
improved Na' transport and storage properties compared to single-
phase materials. Guo et al. demonstrated an order of magnitude in-
crease in the Na' diffusion coefficient of a O3/P3 heterostructure
compared to a single-phase O3 material [60]. Lee et al. showed that an
03/P2 heterostructure could retain 95% of its capacity at 150 mA/g
compared to the capacity at a low rate, while the single-phase O3 ma-
terial retained only 60% under the same conditions [61]. The
03/P2@spinel heterostructure prepared by Zhou et al. [56]. Took
advantage of this O3/P2 synergy in combination with the lower inter-
facial resistance of a three-dimensional, spinel-like surface layer with
high electronic and ionic conductivity. Heterostructures based on
combinations of P2 and P3 phases have also been demonstrated. The
sodium site geometry is prismatic in both P2 and P3 phases, so influ-
ence of the interface on the mechanism of Na™ transport is more subtle
than in the case of O3/P3 or O3/P2 heterostructures. In the
Nag 67MnyCoyAl, O3 system, a P2/P3 heterostructure was identified to
have the best performance at high rate compared to pure P2 or P3
materials [62]. The Nag.7sCug 33-xZnxMng 6702 system demonstrated
superior rate performance with its Zn-exchanged P2/P3 heterostructure
compared to a P2 structure at x = 0 [63]. The superior rate performance
of this heterostructure is surprising, considering that Zn doping induced
Na'/vacancy ordering, which is usually cited as a cause of poor kinetics
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[64]. In contrast, in the NayNip 22C0¢.11Mng g6 system, the P2 phase was
found to have higher capacity at high rate compared to a P3 structure
and a P2/P3 heterostructure [65]. These contrasting reports indicate
that in some cases, heterostructured materials are not necessarily
guaranteed to provide performance improvements. Triphasic or
higher-order phase combinations will necessarily be even more com-
plex to interpret. Further systematic study is needed to identify addi-
tional factors that dictate the Na' transport properties in
heterostructures, especially in P2/P3 systems.

4.2.2. Chemomechanical interface coupling provides structural
reinforcement

It is regularly observed in single-phase LTMOs that during des-
odiation, the in-plane lattice parameter (a) contracts, the interlayer
spacing (proportional to c) increases due to oxidation of the transition
metals (reducing their radii), and the oxygen repulsion between layers
becomes stronger because the screening effect from the positively
charged Na™ ions is reduced [7]. This structural distortion often triggers
phase transitions associated with gliding of the TMO; layers without
TM-O bond breakage, as well as Na® rearrangement to reduce the
interlayer repulsion. In single-phase materials, there is nothing to prevent
this lattice distortion and phase transformation, apart from other nearby
particles mechanically restricting the distortion. Accumulated stress from
this distortion may eventually cause secondary electrode particles to
crack, increasing the surface area for electrolyte decomposition or loss of
contact with conductive pathways that allow Na*/electron transport.

In contrast, heterostructured LTMOs will experience the coupling of
lattice distortion in one phase to its intergrown neighbors. The distinct
phases will not undergo identical degrees of contraction/expansion at all
potentials, resulting in a “pinning” effect. For one phase to contract or
expand, it must “pull” on the intergrown phase, like reinforcement bars
in concrete. As a result, phase transitions that might occur for single-
phase materials can be restricted by chemomechanical coupling with
the heterostructure. There may also be significant microstrain at the
interface due to lattice mismatch, even in a pristine material. This
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microstrain could further contribute to the pinning effect and mitigate
the development of further microstrain by “prestressing” the phases near
the interface. Recently, Wei et al. studied the effect of interfacial stress
generated by lattice mismatch at P2/Li-O3 biphasic heterointerfaces
[66]. High-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM, Figs. 9a and b) was used in combination with
geometric phase analysis (GPA) to examine the local strain field near the
phase interface (Figs. 9c and d). Complex phase transition could be
effectively inhibited by interfacial shear stress, with the Li-O3 phase
restricting in-plane contraction and TMO,, layer gliding in the P2 phase.

We note that the distinction between intergrowth heterostructures and
stacking fault(s) is blurred when the number of sequential layers with
unique stacking sequences approaches the number of layers in a single unit
cell. The P2/1i-O3 material (Figs. 9a and b) contains regions where only
1-3 layers deviate from the ideal P2 stacking sequence; an argument could
be made that these are perhaps more accurately categorized as individual or
clustered stacking faults than a heterostructure. The local information given
by scanning transmission electron microscopy (STEM) does not capture the
long-range average features of the heterostructure unless a large number of
particles are observed. For coherently layered structures containing stack-
ing faults, the X-ray, neutron, and electron diffraction patterns for statisti-
cally distributed stacking sequences can be simulated and fitted using
software such as DIFFaX [67] and FAULTS [68]. These simulations have
been successfully applied to layered oxides to understand phase trans-
formations during synthesis and electrochemical cycling [69,70]. Treat-
ment of the diffraction data in this manner, in combination with local
analysis via microscopy, is recommended to describe more completely the
nature of the heterostructure, which may contain very small domains (1-3
layers) as well as coherently layered domains sufficiently large to generate
distinct peaks in the diffraction pattern. Williamson-Hall analysis [71] of
the diffraction pattern can also provide information about the domain size
and microstrain in each phase. This analysis method was successfully
applied by Amine et al. (Figs. 8d-g) [53] to support that the superior sta-
bility of triphasic P2/03/01 NayNij,3C0;,3Mn;,302 possibly arose from
the lack of microstrain increase after charging, due to the presence of

Fig. 9. (a, b) STEM and (c, d) GPA of NaLiMNO, showing the strain field associated with the O3/P2 phase interface [66]. Copyright 2021, Elsevier.
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heterostructure interfaces. The domain size information from Wil-
liamson-Hall analysis could also indirectly grant insight into the dynamics
of grain growth (through domain size) during the synthesis process.

5. Summary

Heterostructures present the possibility of significantly enhancing the
properties of electrode materials, but they introduce substantial chal-
lenges for design, synthesis, and characterization. In situ synthesis tech-
niques whereby heterostructures form spontaneously are an efficient
means to prepare this class of electrode materials. However, the currently
incomplete understanding of the chemical and physical processes that
prompt heterostructure formation limits the ability to design a phase
interface with specific desirable properties. When the heterostructure can
be prepared with strong interfacial interaction between phases, the local
properties of each phase are distorted, which has long-range conse-
quences. The electric field developed by the phase interface can generate
additional sites for Na™ storage and accelerate charge transport. Superior
transport properties both in an individual phase and at the interface in
the heterostructure can mitigate stress development in neighboring
phases by reducing the tendency toward anisotropic reaction across the
scale of the electrode particles. Additionally, bonding between the phases
generates a mechanical link that allows forces caused by electrochemical
reactions to be exchanged, bolstering the electrode particles' mechanical
integrity. Microstrain associated with lattice mismatching can mitigate
the development of excessive strain during electrochemical operation,
further stabilizing the electrode. Unveiling the mechanism of interface
formation during synthesis, and the heterostructure's influence on the
electrode properties, requires a careful combination of local probes and
complementary methods that simultaneously capture the long-range
changes [72]. Correlating the properties and behavior of the electrode
across multiple length scales is necessary to fully understand the influ-
ence of the heterostructure.

6. Outlook

Although great advances have been made, the design, synthesis, and
comprehension of the synergistic mechanism of heterostructure in-
terfaces in SIBs remains elusive. Heterostructure design ideally allows
control over the properties of the distinct phase components, in addition
to the nature of their shared interface. In practice, the available synthesis
methods lack precise control over many variables of interest. Phase
fractions and overall composition are often readily manipulated by the
choice of chemistry, but geometric constraints between phases that are
harder to control could prevent the maximum benefit of the hetero-
structure from being realized. If the interfacial contact area is small, then
few active sites can be generated, and the built-in electric field may
appear only sparsely throughout the heterostructure. Excessive lattice
mismatching or other unfavorable surface chemistry between the
exposed facets of each phase could reduce the strength of the interface
bonding, decoupling the phases and losing the chemomechanical
coupling or other interface effects that the heterostructure is intended to
promote. The degree of synthetic control over the geometric factors and
surface chemistry that dictate the overall strength of the interface in-
teractions is limited and demands significant attention. The system-
specific nature of these factors compounds the difficulty of hetero-
structure design. Therefore, synthetic approaches for heterostructure
control that can be generalized across material systems could be
extremely valuable and are sorely needed. Beyond these challenges in
design and synthesis, the characterization of heterostructures is a
pervasive issue that must be addressed to achieve their further
development.

Many studies of heterostructured materials have focused on theoret-
ical simulation, and others have implemented powerful experimental
characterizations, but rarely have both approaches been applied to
interrogate the local behavior at the interface simultaneously with
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investigation of processes up to the electrode scale. Experimental iden-
tification of key parameters that describe the heterostructure — phase
ratio, relative domain size, spatial configuration, and interface chemistry
and interaction strength — is extremely challenging and demands a va-
riety of complementary spatially resolved and chemically sensitive
methods. However, these essential properties of heterostructures have
rarely been experimentally probed systematically across a wide range of
length scales. Investigation of heterostructure synthesis processes as they
occur (in situ) is a relatively unexplored avenue that may provide a
wealth of information about the mechanisms of heterostructure forma-
tion. Simulation efforts also must undertake the challenging endeavor of
explaining heterostructure formation and electrochemical behavior from
the atomic scale to the electrode scale. To this end, continuous efforts are
needed to combine precise theoretical calculations with systematic,
multiscale experimental characterization technologies to develop a
deeper understanding of the synergistic effect of interfaces in hetero-
structured electrodes.

In his Metaphysics, Aristotle wrote: “In the case of all things which
have several parts and in which the totality is not, as it were, a mere heap,
but the whole is something beside the parts, there is a cause; for even in
bodies contact is the cause of unity ...” Though he was referring to a
different subject matter, the analogy to heterostructured materials is
apparent. The emergent properties of the heterostructure as a whole arise
from the interaction of its united but distinct parts (phases). Control over
the unique parts of heterostructures and the manner of their unification
will remain an attractive avenue toward high-performance electrode
materials for sodium-ion batteries.
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