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Abstract: Alloying anodes have long been attracting attention as promising candidate electrodes
for application in grid-level energy storage systems owing to their high energy capacity. Alloying
anode-based batteries, however, remain far from practical applications, which require several
issues affecting cell performance to be addressed. The large volumetric expansion of anodes and
associated phenomena occurring during battery cycling are the main reasons for the poor
electrochemical performance of alloying anodes. These electrochemical behaviors of alloying
anodes originate from the reactions between the unreacted anode material and inflowing carrier
ions. Thus, the diffusion kinetics plays a key role in determining the electrochemical properties of
alloying anodes. Recent advances in analytical instruments and atomic simulations offer new
approaches for interpreting anode performance. Beginning with a brief historical background, this
review presents an overview of the origin of diffusion kinetics and how this concept has been

extended to alloying anodes. Accordingly, the relationship between the diffusion kinetics and
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electrochemical performance of alloying anodes is discussed, combined with efficient strategies
that can be adopted to improve electrochemical properties. Finally, we propose a design overview

of next-generation alloying anodes that can extend the batteries’ performance limit.

Keywords: rechargeable battery, alloying anodes, diffusion kinetics, anisotropic swelling, self-

limiting diffusion.
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1. Introduction

Since the first commercialization of lithium-ion batteries (LIBs) in the early 1990s !, LIBs,
in conjunction with transition metal oxide cathodes >3 and carbonaceous anodes, have been
attracting considerable attention as advanced energy storage devices *l. The current success of
LIBs is primarily attributed to the insertion mechanism of Li ions that occurs between the layers
of host electrodes I ®). This mechanism allows electrodes to operate without significant structural
changes for prolonged periods and enables LIBs to exhibit a long cycle life, high stability, and
moderate energy capacity that are close to their theoretical limits (Figure 1) 7%, However, with
the rapid expansion in the capacity demands of electric vehicles and grid-scale energy storage
systems, current electrodes based on the insertion mechanism are being criticized for their limited
energy density.

In a continuous effort by the research community to develop high-performance
rechargeable batteries, electrode materials that follow alternative mechanisms have been
investigated 171, Electrochemical processes involving conversion and alloying mechanisms exhibit
much greater theoretical capacities than those of processes based on the insertion mechanism, thus
enabling the realization of high-energy-density electrodes for next-generation batteries (Figure 1).
The high theoretical capacity of conversion and alloying electrodes originates from their unique
uptake mechanisms of carrier ions; unlike insertion electrodes, conversion and alloying electrodes
accommodate carrier ions by disrupting the crystal structure of host electrodes. This allows a large
number of carrier ions to be stored without the restraint of the crystal frameworks of electrodes,
which is particularly true for alloying anodes; Si, for example, can accept Li ions up to 4.4 per unit
formula and yield a theoretical capacity of 4200 mAhg™! (Figure 1a). However, the alloying of Si

with Li inevitably causes large volumetric changes in the Si anodes during electrochemical cycling
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[18. 191 resulting in performance issues associated with the mechanical degradation of Si, such as a
short cycling life and low practical capacity.

The increasing knowledge gap between the degradation process and changes in the
electrochemical properties of alloying anodes has motivated various theories and experiments on

(H-15.171 " Accumulated models and experimental evidence

the diffusion kinetics of alloying anodes
reveal that carrier ions are diffused into alloying anodes by forming an intermediate reaction layer
that separates the unreacted alloying anodes from inflowing carrier ions. This diffusion process,
often referred to as two-phase reaction/diffusion, means that the overall diffusion rate is governed
either by the diffusion rate of charge carriers at the propagating phase boundary (v;) or that at bulk
regions (v) of the trailing intermediate reaction layer (Figures 1b) 2%, The former mode of
diffusion is termed an interface-controlled reaction (ICR), whereas the latter is called a diffusion-
controlled reaction (DCR) 21, Although various electrochemical properties of alloying anodes are
closely related to their diffusion kinetics, their relationship remains largely unexplained because
of a lack of appropriate characterization of the atomic structures of the materials present. In the
past decade, there has been significant progress in nanotechnology and atomic simulations that has
enabled exploring the diffusional behaviors (e.g., orientation-dependent diffusion, diffusion rate,
and penetration depth of carrier ions) in alloying anodes and their effect on anode performance. In
this regard, an in-depth understanding of the diffusion kinetics of alloying anodes can offer a
rational strategy for the design and architecture of advanced anode materials with enhanced
properties.

This progress report, mainly from the perspective of diffusion kinetics, aims to understand
the origin of the electrochemical behaviors of alloying anodes and address their poor

electrochemical performance (i.e., cycle life, rate performance, and practical capacity). First, we
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summarize the research history of diffusion kinetics and its extension to alloying anodes.
Additionally, three sections successively discuss details on the electrochemical performance of
alloying anodes and their relationship with diffusion kinetics. Finally, on the basis of this
relationship, we clarify two important material properties, i.e., bond strength and yield strength,
for determining anode performance, which can be used as material design principles for

developing future batteries with superior electrochemical performance.
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Figure 1. (a) Comparison of the theoretical (colored bars) and practical () capacities of cathode
13.7.81 and anode 1®' materials governed by different diffusion mechanisms. The practical capacities
are obtained by averaging the specific capacities of Li half cells measured after 20 cycles. The
error bars indicate the maximum and minimum values of the capacities reported for each electrode.
(b) Schematic of a diffusion couple showing that the diffusion in alloying anodes proceeds by
forming an intermediate reaction layer that allows the diffusion to occur via the two-phase reaction.

2. Research history of diffusion kinetics
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2.1. Early studies on diffusion kinetics

Studies on diffusion kinetics were initially triggered by the need to control the oxidation
behavior of metals. An oxide layer, when growing slowly by adhering to the metal surface, can act
as a passive layer that can protect the metal from further oxidation. Conversely, loose, fast-growing
oxide layers tend to degrade substrate metals, causing them to fail after prolonged use. For
engineering design, therefore, an understanding of the oxidation rate is an important task in
estimating the lifespan of metals, and this requirement motivated various experiments aiming to
measure the oxidation rate of metals in the early 1920s. Based on accumulated experimental data,
Wagner established the diffusion kinetics by relating the oxide layer thickness (L) and oxidation
time (¢) by the L? o« ¢ law (also called the parabolic rate law and later termed DCR) [22 23], This
parabolic relation is obtained because the oxidation rate at the propagating phase boundary (or
interface) is faster than that in trailing bulk oxide regions; consequently, the overall diffusion rate
is governed by the reactions in the trailing bulk regions. In addition to the parabolic rate law, the
linear rate law of L oc ¢ occurs when the diffusion rate of solute atoms is faster at the trailing
reaction layer than that at the propagating phase boundary or interface. This linear relation is
obtained because the overall diffusion rate is limited by the reactions at the interface, which are
called ICR 2423,

The concepts of ICR and DCR were actively discussed for conventional alloys in the late
20th century to explain the relationship between the diffusion kinetics and the reactions that limit
the overall diffusion rate in conventional alloys. Experiments reported in this period 26-28] were
mainly on DCR diffusion (Figure 2a) and analyzed using various numerical models for solid-state
diffusion. Large-scale simulation based on finite element method (FEM) analysis is probably the

most common method used to analyze the local compositions and respective stress states under a
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given diffusion kinetics. Murray et al. developed a generic computational model for the solid-state

(2], This finite element (FE) model assumes the local

diffusion of systems governed by DCR
equilibrium state at the phase boundary and allows the prediction of the position of the moving
phase boundary as a function of time; this model was later used as a basis for calculating local
stresses near the propagating interface 31,

The DCR diffusion model was subsequently extended to ICR diffusion by considering the
non-equilibrium condition at the phase boundary; then, it was used to evaluate various parameters

affecting diffusion behaviors B!,

In the 2000s, with the development of advanced analytical
instruments, the direct observation of moving phase boundaries became feasible, enabling detailed
studies on the diffusion kinetics and associated changes in microstructures. In-situ experiments
performed to measure the thickness of the reaction layer at the interface confirmed that the L oc ¢
law and orientation-dependent diffusion are valid for systems governed by ICR (Figure 2b) 32331,

Based on these observations, Jeffrey et al. speculated that ICR can be responsible for the

anisotropic diffusion, often observed in the Li-Si system 4],
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Figure 2. Representative works on the diffusion behaviors governed by (a) DCR ** and (b) ICR
321 The systems governed by DCR and ICR are characterized by the L? oc 7 and L oc ¢ laws,

respectively. Reproduced with permission from Refs. 3233 Copyright © 1998 IOP publishing and

© 2000 AIP publishing LLC.

2.2. Extension of theories on diffusion Kinetics to alloying anodes

Although theories on diffusion kinetics were introduced for conventional alloys in the early
1920s, it was not until the 2010s when researchers began to adopt these theories to explore various
diffusion behaviors occurring in alloying anodes. Huang et al. developed the first open-cell micro-
electrochemical device that can be mounted inside an in-situ transmission electron microscopy
(TEM) instrument 3%} and observed the microstructural evolution of Si nanowires (NWs) during
Li diffusion '), They observed that the Li diffusion in Si NWs proceeds by forming an amorphous
LiSi layer, thereby establishing two-phase diffusion. Experiments show that the propagation
length (L) of the interface is linearly related to the diffusion time (7), suggesting that the lithiation
of crystalline Si is governed by ICR. This L o ¢ relation arises from short-range diffusion occurring
at atomically sharp interfaces with a thickness of ~1 nm [!8], This suggests that the Li diffusion at
the interface is too slow to transport Li ions to regions away from the interface, causing the entire
diffusion to be governed by ICR. Furthermore, the short-range diffusion occurring at the interface
causes the Li diffusion rate to differ depending on the orientation of the crystalline Si, rendering
the volume change of the lithiated Si NWs highly anisotropic 37,

Because lithiation behaviors are directly influenced by the nature of the Si/Li,Si interface,
model studies were performed to evaluate the physics underlying the lithiation of Si. In early model

studies on the Li/Si diffusion couple, researchers commonly assumed the lithiation rate of Si to be
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limited by the diffusion rate at the trailing Li,Si region (i.e., DCR), while ignoring the orientation-
dependent diffusion of the advancing interface ** 31 and thus failed to reproduce the sharp Si/Li,Si
interface and abrupt changes in the Li composition observed in experiments. To predict the abrupt
changes in the composition and the associated development of residual stresses at the Si/Li,Si
interface, new models were created by assuming the lithiation rate of Si NWs to be limited by ICR
diffusion. Models based on ICR diffusion could not only explain the crack formation behaviors of
Si particles during lithiation % but also reproduce anisotropic morphologies of lithiated Si NWs
371, Another important finding observed from Li/Si systems is that ICR diffusion is influenced by
various material characteristics, such as the molar volume of Si, Li diffusivity in Li.Si, radius of
Si particles, and rate constants for the reaction toward Si [2%1. These results obtained from Li/Si
systems explain why Si anodes exhibit abrupt changes in the Li composition profiles B7 4%, high
residual stresses 2%, anisotropic swelling 371, and associated crack formation %1, which are closely
related to such anodes’ electrochemical performance.

Studies on alloying anodes governed by DCR diffusion began only in the late 2010s.
Ironically, the first reported case of DCR diffusion is also the lithiation of crystalline Si. Seo at al.
performed direct-contact lithiation experiments using Si NWs with a diameter of ~80 nm [#!1. They
observed that the propagation length (L) of the reaction front changes with time (¢) according to
the L? oc ¢ relation, indicating that the lithiation of the 80-nm-thick Si NWs follows DCR. On the
other hand, the lithiation of Si NWs with diameters greater than 100 nm follows ICR [1%- 421, The
contradictory results obtained from the above experiments indicate that the diameter/size of anode
materials is another parameter affecting the diffusion kinetics of alloying anodes. Notably, the
transition in diffusion kinetics from ICR to DCR significantly improves the Li diffusion rate in Si

NWs; the propagation speed of the lithiation front measured from the 80-nm-diameter Si NWs was
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1082 nm s~ 11, which is nearly three orders of magnitude greater than that measured for 140-nm-
diameter Si NWs (1.7 nm s ') 3], In addition to Li/Si systems, DCR diffusion was observed to
occur in Na/Sn 4 Li/Ge I, and Na/Ge [*®) systems. Contrary to systems governed by ICR,
systems following DCR diffusion commonly display 1) comparatively fast diffusion rates, 2)
isotropic swelling or expansion, and 3) deep penetration depths of carrier ions. All these behaviors
are desirable for improving the electrochemical properties of alloying anodes, as typically revealed
by charge rate, cycle life, and energy capacity. Therefore, diffusion kinetics and its effects on
anode performance should be understood to extend/break the performance limit of conventional
alloying anodes. This point is elaborated in the following section by relating diffusion kinetics

with the abovementioned diffusion behaviors.

Establishment of diffusion kinetics Extension to battery fields
Analytical modelling
A on Diffusion kinetics
I AR 1988
B T Combination with
— 0 Advanced analysis
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the parabolic rate law ' analyses on alloying
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diffusion process anodes following DCR

Application to solid-state diffusion

Figure 3. Schematic of the research history of diffusion kinetics, showing the establishment of the

theories on diffusion kinetics and its recent application to alloying anodes [3* 42471,
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3. Relationship between diffusion kinetics and anode performance

Lack of capacity retention, slow charging rate, and short cycling life, which are directly
related to the diffusion mechanisms operating in alloying anodes, are the major challenges that
limit the commercialization of such anodes. Considerable effort has been exerted to address these
issues in both LIBs ¥ and Na-ion batteries (NIBs) *°l. Of the various morphologies of anode
materials, samples in the form of NWs are the most common shapes for analyzing the related
diffusion kinetics because of two reasons. (1) One-dimensional NWs allow the direct tracking of
the moving interface and associated analyses of the L vs. 7 relation. (2) Compared with film- or
particle-type anodes, NW-shaped anodes accumulate comparatively low residual stresses during
battery cycling. Anode samples with low residual stresses are particularly important for studying
the diffusion kinetics intrinsic to anode materials because residual stresses can change the shape
of the L vs. t curve and cause a system to seem governed by different diffusion kinetics. For
example, in a Si particle, the shape of the L vs. ¢ curve associated with lithiation is greatly affected
by residual stresses whose magnitude is inversely proportional to the particle diameter; in principle,
the lithiation of Si is governed by ICR and should exhibit the L o ¢ relation during lithiation
(Section 2.2). However, the lithiation of Si particles appears to follow the parabolic rate law (L2 oc
f) because of the residual stresses accumulated at the Si/Li,Si interface in particle-shaped Si anodes
(59 Therefore, cylindrical anode materials should be used to minimize the residual stresses
developed at the interface and eliminate the associated artifacts. For this reason, this review is
mainly conducted from the perspective of NW-shaped alloying anodes and summarizes how their
diffusion behaviors and corresponding diffusion kinetics are related to such anodes’

electrochemical properties, such as cycle life, rate performance, and specific capacity.
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3.1. Diffusional anisotropy and cycle life of anodes

The structure of anodes suffers from continual degradation during battery cycling, which
reduces the cycle life of the anodes. Of the various factors affecting the structural degradation of
anodes, orientation-dependent volume expansion is the most detrimental. For alloying anodes,
especially those following ICR diffusion, the difference in volume expansion can differ by up to
~400%, depending on the crystallographic orientation. This variation causes the alloying anodes
to swell anisotropically. Large anisotropic swelling induces inhomogeneous stresses in alloying
anodes, which in turn cause mechanical degradation, as revealed by crack formation and anode
pulverization ['- 1], Because the anisotropic swelling behavior of anodes is closely related to the
diffusion kinetics of anode materials, we compare the degree of anisotropic swelling of anodes
governed by different diffusion kinetics and assess the relationship between the diffusion kinetics

and cyclability of alloying anodes.

Systems governed by ICR: Until the early 2000s, anisotropic solid-state diffusion was
known to occur only for materials with a non-cubic crystal symmetry. This is because, for systems
defined in continuum theory, the properties of crystals with a cubic symmetry are characterized by
a zero-rank tensor (i.e., scalar value) and thus are isotropic 2. However, the model based on
continuum theory was found to no longer hold for the diffusion behaviors of alloying anodes. The
best example that violates the conventional rule is the anisotropic swelling of crystalline Si with a
diamond cubic symmetry [1%37]; observations of lithiated Si NWs revealed anomalous volume
changes wherein the shape of fully lithiated Si NWs differs depending on the crystallographic

19,37

orientations of the NWs (Figure 4a) [1%-37], Subsequent TEM analyses were performed on a Si/Li.Si

interface to understand the physics underlying these observed anisotropic swelling behaviors
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(Figure 4b). Observations of lithiated Si NWs revealed that the Si/Li,Si interface is atomically
sharp and thin ['81 and propagates toward unreacted Si by defoliating close-packed Si (111) planes
(42, This defoliation, which is associated with the orientation-dependent, short-range diffusion near
the interface, causes the propagation speed of the interface to differ according to the
crystallographic orientation, resulting in anisotropic swelling.

The above discovery on the ICR diffusion of Li/Si systems facilitated computational studies
on the reactions occurring at the Si/Li.Si interface. On the basis of this observed defoliation
phenomenon, Liu et al. established an elasto-plastic deformation model and showed that the
anisotropic lithiation of Si NWs is attributed to the orientation of Si NWs at the Si/Li,Si interface
(2], Furthermore, the measurements of the propagation speed of the interface enable predicting the
morphological changes of Si NWs during lithiation. Using measured lithiation rates, an FEM study
calculated the Li diffusivity at the Si/Li.Si interface, followed by a simulation of anisotropic
swelling and crack formation (Figure 4¢) %), To further understand the reactions occurring at the
interface, atomic simulations based on molecular dynamics (MD) were performed to elucidate the
changes in atomic structures and stress states at the Si/Li.Si interface during lithiation. This
approach allowed the validation of the previously reported defoliation behaviors of Si (111) planes
while assessing residual stresses and their effect on the anisotropic diffusion behavior (Figure 4d)
[54.55] Recent works on the diffusion energy barrier at the Si/Li,Si interface show that anisotropic
diffusion may arise from the orientation-dependent thermodynamic stability of the Si/Li.Si
interface rather than from diffusion barriers for Li diffusion across the interface [°% 71, Despite this
unsettled debate, subsequent density functional theory (DFT) calculations further elaborated the
computational results by revealing the preferential pathways for Li diffusion and associated

diffusion barriers; Li ions tend to migrate along a direction parallel to the Li concentration gradient
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by taking regions or spaces with low valence electrons [°3-%°1. According to this simulation study,
the tortuosity of diffusion pathways is the structural origin of the anisotropic Li diffusion behavior
[61]

Analyses of the anisotropic swelling behavior of Si NWs triggered extensive studies on the
anisotropic diffusion of other alloying anodes. In-situ TEM observations on the lithiation behaviors
of black phosphorus (P) show that the transformation from orthorhombic P to amorphous Li.P is
accompanied by a large anisotropic volume expansion and associated crack formation (Figure 4e)
[62] Similar results are observed when Li is substituted with Na; during sodiation, crystalline P
expands preferentially along the [010] direction (Figure 4f) [®*64] In addition to crystalline P, Sb
also expands anisotropically upon sodiation [*!. All these systems follow the L oc ¢ relation during
lithiation/sodiation. Thus, ICR diffusion is characterized by short-range diffusion and strongly

correlated with diffusional anisotropy.
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Figure 4. (a) SEM images of Si NWs subjected to lithiation, showing different morphological
changes depending on the initial crystallographic orientation of the Si NWs 371, (b) High-resolution
TEM images of the atomically sharp interface between crystalline Si and lithiated Li,Si [ 421,
showing the defoliation of close-packed Si (111) planes. (c) FEM simulation results on the
distribution of Li contents and residual stresses in the lithiated Si NWs 1. (d) MD simulations
showing the morphological evolution of Si NWs associated with the lithiation 4], (¢) SEM images
of black P undergoing anisotropic swelling during lithiation 2], (f) SEM images and FE analysis
on a partially sodiated P particle, showing the distribution of the Na contents and associated

residual stresses (04,

Systems governed by DCR: For systems governed by DCR diffusion, the overall diffusion
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rate is limited by the diffusion of carrier ions in the trailing bulk region rather than by the diffusion
at the interface. Consequently, the overall diffusion rate and associated swelling behaviors no
longer depend on the crystallographic orientation of the anode material at the interface. Therefore,
contrary to alloying anodes governed by ICR, those governed by DCR display an isotropic volume
expansion during battery cycling. For example, the sodiation of 500-nm-diameter Sn NWs expands
at equal rates along the radial direction regardless of the crystallographic orientations, resulting in
isotropic swelling (Figure 5a) [®*]. Measurements of the propagating speed of the interface reveal
that the interface advances by following the L? oc ¢ relation, which confirms that the diffusion of
Na into crystalline Sn is governed by DCR. The sodiation and lithiation behaviors of Ge NWs also
follow the L? oc ¢ law > 461 thus causing Ge NWs to expand in a nearly isotropic manner. These
results obtained from Ge NWs suggest that DCR diffusion is valid for such systems.

Notably, the crystal structures of anode materials following DCR diffusion have little in
common: Sn (body-centered tetragonal) and Ge (diamond cubic). This suggests that the diffusion
behaviors of anode materials following DCR are less likely to be affected by their crystal structure
and orientation. Therefore, structural changes other than orientation effects are responsible for
DCR diffusion. In early studies on the isotropic swelling of lithiated Ge NWs, this behavior was
initially interpreted by relating the lithiation rate to the etching rate during wet-etching experiments
[43] Experiments showed that, compared with the etching rate of Si, that of Ge was approximately

66.67] This indirectly indicated that the mobility of the lithiated Ge region is less sensitive

isotropic !
to the orientation of the crystalline Ge. Although this explanation provided insights for
understanding the isotropic diffusion behavior associated with DCR, it lacked a theoretical basis

to support the DCR diffusion occurring during the two-phase reaction.

To further elucidate the structural origin of DCR diffusion, DFT calculations were performed
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on a Na/Sn diffusion couple while observing the structural evolution of crystalline Sn adjacent to
the interface formed during sodiation. Calculations showed that, as Na ions begin to inflow into
the crystalline Sn, the crystal structure of the Sn near the interface becomes prone to disruption,
forming a thin layer of an amorphous phase (Figure 5c) 44 65 81 The structure of thus-formed
amorphous layer near the interface is similar regardless of the initial orientation of crystalline Sn;
this weakens or nullifies the directionality of Na diffusion and promotes isotropic diffusion. These
results indicate that isotropic diffusion can readily occur for alloying anodes with lower
interatomic bond energies. Therefore, such materials would require less energy to disrupt their
initial crystalline structures and thus facilitate amorphization behaviors. As explained in detail in
Section 3.2, the amorphization at the interface is an important structural origin that not only causes
isotropic diffusion but also accelerates the diffusion of carrier ions. This renders the overall
diffusion rate to be controlled by the trailing bulk region, i.e., DCR diffusion.

In addition to low bond energies, the diameter of NWs can promote the formation of
amorphous phases in front of the advancing interface and the associated isotropic diffusion. For
instance, a previous study on the oxidation behavior of Si NWs reported that the pristine Si core
does not act as a rigid mechanical constraint during oxidation when the diameter of Si NWs is
smaller than 5 nm %%, As a result, for small Si NWs, the crystalline structures of the Si core can
be readily disrupted to reduce residual stresses during oxidation (Figure 5d). This behavior of
amorphization weakens the orientation-dependent diffusion in Si NWs, thus enabling the oxidation
to proceed in an isotropic manner. Amorphization behaviors similar to Si are observed from
various metal NWs, whereas their threshold diameter for promoting the amorphization behavior
differs depending on the materials [%: 300 nm for Si 37711, 1200 nm for Ge [7?), and ~60 nm for

CuO 1731,



334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

18

The above experimental and simulation results suggest that, in principle, DCR diffusion and
the associated isotropic swelling are feasible for group IVA and VA elements with small diameters
and interatomic bond energies. Considering that isotropic swelling can prevent the accumulation
of high residual stresses and crack formation "], the cyclability of alloying anodes could be
improved by decreasing their size to below the threshold diameter. However, the synthesis of
nanoscale anode materials is challenging and costly because of their susceptibility to external
contaminants, such as oxygen and moisture [, Therefore, given the cost and complexity of anode
fabrication, alloying anodes with large threshold diameters are desirable for producing long-lasting

alloying anodes.
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Figure 5. SEM images of the (a) sodiated Sn [®*) and (b) lithiated Ge NWs [72], showing that these
materials expand isotropically regardless of their crystallographic orientation during
sodiation/lithiation. (c) DFT calculations performed on the Na/Sn diffusion couple, displaying that
sodiation of Sn proceeds by the formation of a thin amorphous Sn layer in front of the advancing
interface (4], (d) Distribution of residual stresses of partially oxidized Si NWs, showing the release

of residual stresses in Si NWs with diameters smaller than 5 nm 6],
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3.2. Diffusion rate of carrier ions and rate performance

Compared with insertion electrodes, alloying anodes display slow diffusion rates of carrier
ions; thus, batteries exhibit poor rate performance. Reduced diffusion rates within alloying anodes
arise from the characteristic diffusion mechanism of carrier ions operative in these anode materials.
The width of diffusion channels, where carrier ions can diffuse, is not large in alloying anodes,
unlike that in insertion electrodes. Hence, the carrier ions within alloying anodes diffuse by
breaking the atomic bonds of the host anode material, leading to the disruption of the crystal
structures. This process requires additional energy and thus significantly lowers the diffusion rate
of carrier ions. Therefore, the disruption process of the crystal structure of anode materials needs
to be analyzed to understand the diffusion rate and associated rate performance of alloying anodes.
In this section, the structural changes occurring in alloying anodes are compared for systems
following ICR and DCR diffusion, and the relationship between the diffusion mechanism and

diffusion rate of carrier ions is discussed.

Systems governed by ICR: Previous studies on diffusion in alloying anodes found that
systems such as Li/P 162, Na/Sb 4 and Li/Si [ are controlled by ICR (Figure 6a). For these
systems, the diffusion rate is governed by the diffusion of carrier ions at the propagating interface,
resulting in low diffusion rates of carrier ions. In general, this characteristic diffusion is related to

the two structural features of the propagating interface, i.e., 1) the atomically sharp/narrow

75,76 40, 50, 75]

interface [7> 78] and 2) the curvature of the interface |
The presence of an atomically sharp interface in ICR-governed systems implies that the

composition of carrier ions changes rapidly across the interface. This change in the composition
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induces a large misfit strain and develops high compressive residual stresses to the unreacted anode
material near the interface ['8]. Compressive residual stresses () in turn increase the activation
energy (or diffusion barrier) for diffusion by a certain amount (6AV'), which reduces the diffusivity
and hinders the additional inflow of carrier ions into the anode. This is often revealed in

711 and is explained

experiments as a phenomenon called the “self-limiting diffusion” behavior !
in detail in Section 3.3. One way to mitigate the formation of a sharp interface is to utilize anodes
with amorphous phases. For example, compared with crystalline Si with a sharp interface, an
amorphous structure with a broad interface can transport Li ions into the Si anode at faster rates.
This is because amorphous Si is characterized by loosely packed atomic structures (of Voronoi
polyhedral 8%) and thus can readily transport Li ions through an amorphic interface (Figure 6b).
Another important parameter that limits the diffusion rates of alloying anodes is the curvature
of the propagating interface. Compared with a flat/straight interface, a curved interface develops
additional compressive stresses in the direction tangent to the interface during the diffusion of
carrier ions. The increment in stress is linearly related to the curvature (or inversely proportional
to the radius) of the interface, thereby reducing the diffusion rates of carrier ions at the interface.
A subsequent model study quantified this decrease in the diffusion rate by relating the residual
stress at the interface with the increase in Gibbs free energy 9. This model was later used to
analyze the residual stresses generated within Si particles during lithiation and the corresponding

changes in the lithiation rate (Figure 6¢) %, and the results were subsequently validated through

experiments 811,
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Figure 6. (a) The L vs. ¢ graphs constructed for various alloying anodes following ICR [1%-44.62.76],
(b) TEM images and MD simulation results, showing different interfacial structures observed from
crystalline and amorphous Si subjected to lithiation [7®), (¢) Changes in the residual stress and the
corresponding changes in Gibbs free energy calculated as a function of lithiated layer thickness in

the Si particle 01,

Systems governed by DCR: With the progress of researches on alloying anodes, alloying
anodes that cannot be explained by the ICR diffusion mechanism were discovered for the Na-Sn
(821 and Li-Ge [ systems. These systems commonly follow the L? oc 7 law in solid-state diffusion
(Figure 7a), whereas the propagation rates of the interface were faster by 2—3 orders of magnitude
than those of alloying anodes following ICR diffusion (Figures 6a and 7a). The L? o« ¢ relationship
and fast diffusion rates of carrier ions suggest that the diffusion of carrier ions in these systems is

not restricted by the propagating interface, a characteristic of the DCR diffusion mechanism.

Huang et al. [*¢] performed direct-contact in-situ lithiation experiments on SnO> NWs and
observed that DCR diffusion arises from the formation of an amorphous phase and dislocation

cloud near the propagating interface during Li diffusion (Figure 7b). Such structural changes,



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

22

especially dislocation generation, are induced because of the initial preference of Li diffusion
along the [001] direction of SnO,, which causes a ~10% lattice expansion in the (100) planes [33],
These dislocations and amorphous phases act as fast diffusion pathways of Li ions 34! and thus can
carry Li ions to regions away from the interface, thereby enabling long-range diffusion, which is
a characteristic of DCR. The formation of dislocation clouds and the long-range diffusion behavior

of carrier ions are also observed from other oxide anode materials, such as ZnO [#] and RuO, 8],

Theories explaining ICR diffusion can be extended to explain the diffusion behaviors of
alloying anodes following DCR diffusion. For a Na/Sn system, the propagation length (L) of the
interface measured from Sn NWs follows the L? oc ¢ law, suggesting that the sodiation of Sn is
governed by DCR (Figure 7a). Compared with systems following ICR, systems following DCR
commonly exhibit a high diffusivity of carrier ions and thus improved rate performance. The
enhanced diffusivity measured from DCR-governed anode materials arises from two different
structural features: the formation of a thin amorphous layer and dislocations in front of the
interface. Byeon et al. performed ab initio MD simulations on a Na/Sn system to quantitatively
explain how the amorphization can promote the diffusivity of carrier ions in the system following
DCR [63: 681 Calculations showed that the amorphization increases the interatomic bond distance
of the adjacent Sn—Sn pairs near the interface (Figure 7c). Therefore, the amorphization at the
interface causes the phase to reveal atomically open spaces. These spaces provide a preferential
passage for Na diffusion and thus facilitate the fast transport of Na ions at the interfacial region.
When viewed at the macroscopic scale, the amorphization at the interface alleviates the rate-
limiting behavior of the propagating interface and causes the overall kinetics of the system to
follow DCR diffusion. Additional advanced analyses performed at the propagating interface reveal

that dislocations formed within crystalline Sn act as preferential pathways for Na diffusion (Figure
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7c) 1631,

Both the amorphization and dislocation generation mitigate the residual stresses developed
on the interface. Consequently, anodes following DCR diffusion exhibit an ultrafast charging rate
and alleviated self-limiting diffusion. Furthermore, dislocations generated near the propagating
interface can act as a preferential pathway for diffusion because the activation energy for diffusion
is lowered upon diffusion through dislocation cores. This accelerates the diffusion of carrier ions
and facilitates the long-range diffusion of carrier ions at accelerated rates, which is typically known

84, 87-89

as “dislocation-pipe diffusion” ! 1. The transport rate of atoms during pipe diffusion is many

84.901 Therefore, in addition

orders of magnitude faster than that during bulk diffusion in a crystal [
to the formation of a thin amorphous layer in front of the interface, dislocation-pipe diffusion in

alloying anodes is an important mechanistic origin supporting the high rate performance of anode

materials following DCR diffusion.
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(b) Formation of dislocations in front of the propagating interface captured during lithiation of

SnO> NWs, explaining the long-range diffusion of Li ions [*°l. (¢c) DFT calculations showing the

amorphization behavior of crystalline Sn near the interface %31, (d) TEM images showing the

formation of dislocations in crystalline Sn at regions away from the interface during sodiation [63],
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3.3. Carrier ion penetration depth and specific capacity

Despite its large theoretical capacity, the alloying anode can only utilize limited capacity
during battery cycling (Figure 1). This low practical capacity is mainly attributed to the short
penetration depth of carrier ions into the anode material because the diffusion of carrier ions is
often arrested or self-limited inside the anode material, which hinders its full utilization. This
behavior, referred to as self-limiting diffusion (SLD), reveals itself as the limited practical capacity
of alloying anodes "7 °!J, Numerous efforts to understand the SLD behavior showed that it stems
from a large volumetric expansion and the development of residual stresses associated with the
diffusion of carrier ions [°!:*21. Therefore, the development of anodes with large energy capacity
relies on the ability to control the residual stresses developed in the alloying anodes.

Previous research on the diffusion behavior of alloying anodes reported that the residual
stresses developed in the anodes are closely related to the diffusion kinetics of carrier ions
(Sections 3.1 and 3.2). In this regard, diffusion kinetics can be a key concept for interpreting the
SLD behavior encountered in alloying anodes. In this section, we compare the SLD behavior of
alloying anodes governed by ICR and DCR diffusion kinetics and assess the relationship between

the diffusion kinetics and the practical capacity of alloying anodes.

Systems governed by ICR: Si, the most well-known alloying anode following ICR, is
known to exhibit SLD behavior with various solute atoms, including O %1, Li 7] and B °3]. For
the battery systems, SLD behavior occurring in the Li/Si couple began to gain attention in TEM
studies performed on the lithiation of Si NWs P4, Experiments showed that lithiated Si NWs form
a core-shell structure consisting of unreacted Si at the interior and amorphous Li,.Si at the outer

layer. In the early 2010s, extensive TEM research was conducted to observe the SLD behavior of
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Si NWs and Si NPs during lithiation. Liu et al. [’ observed the lithiation behavior of Si by directly
attaching an Li2O/Li electrode to a 129-nm-diameter Si NW and traced the movement of the
reaction front (Figure 8a). The reaction front initially moved rapidly toward the interior of the Si
NW, after which it gradually slowed down, before stopping completely after 1.5 hours of lithiation.
This caused the lithiation of the Si NW to be arrested after penetrating only 55% of the entire
volume of the Si NW. Model studies showed that the observed SLD phenomenon arises from the
development of large compressive residual stresses at the sharp interface. Si NPs also suffer from
the SLD behavior similar to that observed in Si NWs % in-situ TEM studies showed that for all
Si NPs with diameters of 90-200 nm, lithiation is impeded when the lithiated volume of Si NPs
reaches approximately 50% (Figure 8b).

The SLD behavior of Si crystals can be explained by the increase in the Gibbs free energy

(AG) estimated for the consumption of one Li ion to form 1/x units of Li,Si:
AG = AG, — e + = [GsiVsi — GriysiVisil, (1)

where AG, is the free energy change in the absence of mechanical stress (o) and applied voltage
(¢). The second term (—e¢) is the free energy decrease in the presence of the voltage applied to
the electrochemical cell, whereas the third term in brackets is the increase in the free energy owing
to the presence of mechanical stress in the structure, where dg; and G;; g; are the mean stress in
the Si core at the interface and in the lithiated silicon, respectively, whereas Vs; and V; g
correspond to the volume of Si and Li.Si, respectively. From an analysis of Eq. (1), the
compressive stresses increase with increasing thickness of the lithiated layer, which suppresses
further transportation of Li into Si NPs, and causes the SLD behavior. The SLD behavior was also
observed in micrometer-scale Si structures 21 and other alloying anodes governed by ICR [#4],

As discussed in the earlier Sections 3.1 and 3.2 and in detail in the following, high compressive
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residual stresses are observed to develop in regions near the interface of the systems following
ICR diffusion, suggesting that the SLD behavior can be attributed to this type of diffusion.
Although the above theories assisted in understanding of the relationship between the SLD
behavior and ICR diffusion, these models cannot fully reproduce the SLD behavior of certain
systems. For instance, the theories claimed that the SLD behavior of the Li/Si system occurs
regardless of the initial size of Si NWs or NPs %, However, experimental studies on the lithiation
of Si reported that, contrary to the model predictions, the penetration depth of carrier ions differs
depending on the initial diameter of Si NPs. The full penetration of Li ions was observed for Si
NPs with diameters smaller than 80 nm (Figure 8¢) ["!], whereas only partial lithiation for 140-nm-
diameter Si NWs [43]. Subsequent studies interpreted this size-dependent SLD to arise, because the
amount of stress-induced energy (oV') accumulated near the interface was relatively small for Si
NWs with small diameters ["!l. In addition to the above examples, the full lithiation of Si was also
observed in Si NPs with an amorphous structure (Figure 8d). The amorphous Si phase can readily
relieve the compressive residual stresses developed at the interface via structural relaxation, which
allows the lithiation to proceeds toward the Si core. The above examples demonstrating the full
lithiation of Si indicate that the numerical models based on the continuum theory alone are
insufficient to fully interpret the SLD behaviors. This is because, when viewed at the atomic scale,
the SLD behavior is closely related to the structural changes, such as amorphization 4 %1 and
dislocation generation 3% %1 which can partially relieve residual stresses. This will be explained

in detail in the following by relating the structural changes to the DCR diffusion.
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Figure 8. Self-limiting lithiation behavior observed in: (a) 129-nm-diameter Si NW 771 and (b)
90-nm-diameter Si NPs 3% TEM images showing the full lithiation of Si NPs captured during

lithiation of: (¢) crystalline Si NPs ["!], and (d) amorphous Si NPs [731.

Systems governed by DCR: Of various anodes following DCR, Ge is the first material for
which the penetration behavior of carrier ions was observed. Lithiation experiments performed on
Ge showed that, while having the same crystal structure as Si, the SLD behavior is significantly
mitigated for Ge. When a 165-nm-diameter Ge NW was in contact with Li, Li ions penetrated into

the core of the Ge NW, transforming Ge into Li;sGes (Figure 9a) (1. In another experiment, the
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full lithiation in Ge NPs with various diameters of 160—620 nm was observed (Figure 9b) . The
lithiation behavior of Ge crystals largely differ from those observed in Si crystals that display SLD
even for 130-nm-diameter Si NWs (Figure 8a). This suggests that the threshold diameter for SLD
is larger for Ge than for Si, indicating that the anode materials following DCR diffusion can fully
utilize their theoretical capacity even for a relatively large size. Furthermore, close examination of
lithiated Ge revealed additional features, e.g., compared to the sharp and straight interface and
anisotropic expansion observed in the Li/Si system, the Li/Ge system displays an obscure and
tortuous interface and expands isotropically. This indicates that the atomic scale interactions
occurring at the Ge/Li.Ge interface differ from those at the Si/Li,Si interface.

To better understand the physics behind the SLD behavior, Park et al. 4 performed a
comparative study on the Na/Sb and Na/Sn systems governed by ICR and DCR, respectively. They
observed the structural evolution near the interface of the two systems and established a
relationship between the diffusion kinetics and SLD behavior. Compared to the Na/Sb system
(ICR), the Na/Sn system (DCR) exhibits a much deeper penetration of Na into Sn, while forming
a tortuous and obscure Sn/Na,Sn interface (Figure 9c). Subsequent DFT calculations showed that
in the Na/Sb system, Na ions diffuse toward crystalline Sb, while the initial crystal structure of Sb
is retained. This not only requires high energy for diffusion, but also leads to the development of
residual stresses near the interface, which arrests Na diffusion into Sb. Conversely, Na diffusion
in the Na/Sn system proceeds by forming a thin amorphous layer in front of the advancing interface
[65], The amorphization alleviates the residual stress development near the interface, which, in turn,
permits the additional penetration of Na ions into the Sn interior.

Another important structural evolution affecting the SLD behavior is the generation of

dislocations preceding an advancing interface. TEM observations near the interface of the Na/Sn
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system showed that residual stresses developed in regions near the propagating interface can
generate dislocations near the interface [6°]. Thus-formed dislocations in a Sn crystal not only
relieve the stress-induced energy, but also promote the transport of Na ions through dislocation
cores, by attracting Na ions into their open spaces. Continual supply of Na atoms via this
dislocation-pipe diffusion causes Na-rich particles to grow, which results in a localized plastic
yielding of the adjacent crystalline Sn grains by generating a dislocation burst. The repetition of
the pipe diffusion and generation of additional dislocations increase significantly the penetration
depth of Na ions, which mitigates the SLD behavior and improves the practical capacity of Sn
anodes.

The relationship between the SLD behavior and diffusion kinetics can further be explained
by relating the various experimental observations to the measured residual stresses near the
interfaces 7). For the Li/Si system governed by ICR diffusion, lithiated Si develops a large misfit
strains and the associated compressive residual stresses near the Si/Li,Si interface (Figure 9d). The
compressive stresses increase the stress-induced energy term (V) in Eq. (1), which in turn
increases the overall driving force of Li diffusion and causes the SLD behavior. Conversely, for
systems governed by DCR, the diffusion of carrier ions is often accompanied by the disruption of
crystalline structures and generation of dislocations, which can reduce the stress-induced energy
term and thus increase the driving force of diffusion. This was confirmed by stress measurements
at the atomic scale performed on a partially sodiated Sn anode, where the residual stresses develop
near the Sn/Na,Sn interface were much smaller than those measured at the Si/Li.Si interface
(Figure 9¢). Such low residual stresses cause Na ions to diffuse much deeper into Sn anode at fast

rates, which allows Sn anodes to fully utilize their theoretical capacity.
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Figure 9. TEM images captured during in-sifu lithiation experiments performed on: (a) a 165-nm-

diameter Ge NW 31 and (b) 160- and 620-nm-diameter Ge NPs [l (¢) Back-scattered electron

image and energy-dispersive X-ray spectroscopy line profiles recorded from longitudinal cross-

section near propagating phase boundary of sodiated Sn pillar 4. (d) High-resolution TEM images

of interfacial structure recorded at Si/Li,Si and Sn/Na,Sn interfaces in Li/Si and Na/Sn systems,

respectively 7). (e) Comparison of interfacial microstructures and corresponding residual stress

distributions near interface of Li/Si and Na/Sn systems 7],

4. Summary and Outlook

In this brief progress report, we summarize the research history of diffusion kinetics and how

this concept can be used to interpret the origin of the electrochemical performances of alloying

anodes. The previous theories on diffusion kinetics developed generic criteria of DCR and ICR
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diffusion, which is revealed in experiments by the parabolic (L? oc ¢) and linear (L o« f) rate laws,
respectively. Experimental and theoretical studies that aimed to develop high-performance
alloying anodes highlighted the importance of diffusion kinetics on the cycle life, rate performance,
and practical capacity of anodes. Overall, alloying anodes (e.g., Si, Sb, and P) following ICR
commonly show diffusion behaviors, such as anisotropic volume changes, slow diffusion rate, and
self-limiting diffusion, which can deteriorate the anode performance during battery cycling. The
mechanistic origin of the diffusion kinetics governed by ICR is ascribed to the diffusion of carrier
ions by forming a sharp two-phase boundary and abrupt compositional changes across the interface,
which develops large residual compressive stresses and impedes further diffusion of carrier ions.
Contrary to ICR-governed alloying anodes, those following DCR commonly show isotropic
volume changes, a comparatively fast diffusion rate, and reduced self-limiting diffusion, which
can improve the anode performance during battery cycling. The criteria to select DCR-governed
alloying anodes are based on the interatomic bond strength and yield strength of alloying-anode
materials, which can be used as the indicators to assess the ease of diffusion at the interface. When
carrier ions diffuse into a low-yielding anode material with a weak interatomic bond strength,
carrier-ion diffusion often proceeds by the formation of an amorphous layer and dislocations at the
unreacted anode material close to the advancing interface [°!1. These structural changes can readily
relieve residual stresses at the propagating interface and thus facilitate the rapid inflow of carrier
ions into the unreacted anode following DCR diffusion. The diffusion behaviors displayed by
DCR-governed anodes can also be beneficial in practical applications, of which examples are

discussed in the following.

Reducing the fabrication cost of long-lasting alloying anodes: With regard to the issues
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related to relieving residual stresses and improving the cyclability of anodes, some achievements
have been made with the design of nanostructure and composite anodes. In light of the size-
dependent residual stresses developed in alloying anodes, the use of nanostructured anodes has
become a common means by which to prevent anode degradation and improve the cycle life.
Nanoscale materials, owing to their large surface-to-volume ratio, can reduce the development of
residual stresses 81, which, in turn, can mitigate the reduction of the electrochemical performance
arising from ICR diffusion. In addition to nanoscale structures, porous structures can also alleviate
the residual stresses caused by large volume changes associated with battery cycling (0101,
Recently, coating and doping of Si and Ge anodes with other elements have also been considered
to be effective in controlling volume expansions and associated residual stresses 43811,

Although the above synthesis strategies have greatly improved the cyclability of alloying
anodes, there remain critical issues regarding their production costs and complexity. In this respect,
the selection of anode materials governed by DCR can provide better battery performance while
reducing the additional fabrication cost; when Si and Ge NWs that follow the different diffusion
kinetics of ICR and DCR, respectively, are compared, the threshold diameter for the fracture of
NWs during lithiation is much larger for Ge (1200 nm) ["?l than that for Si (300 nm) [7!],
Furthermore, the critical diameter for full lithiation is also larger for Ge NPs (~620 nm) ¢! than
for Si NPs (~130 nm) ”7], These large threshold diameters of Ge allow it to exhibit high mechanical
stability and large practical capacity even for anodes with a large size, which requires less
fabrication cost than the Si counterparts 1. This suggests that, although the use of nanostructured
anodes is effective in improving the cyclability of anodes, the choice of anode materials following

DCR diffusion could be another alternative for enhancing the same property.
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Improving the rate performance of the conversion—alloying anodes: In addition to the
Group IVA and VA elements (e.g., Si, Ge, and Sn) discussed in this review, metal oxide anodes
MOy, M = Zn, Sn, Sb, etc.) also undergo alloying reactions during battery cycling and have
emerged as another important class of anodes for future applications. Some representative
examples include ZnO and SnO: for Li-ion batteries [1°2] and SnOy and Sb,O; for Na-ion batteries
[17], The charging and discharging processes of these anodes proceed by following the mechanism
known as the “conversion—alloying reaction”; the initial irreversible conversion reaction occurs
between MO, and the charge carriers (Li or Na), and this is followed by the reversible alloying

reaction occurring between the reduced M and the charge carriers, according to Egs. (2) and (3),

respectively.
M, 0, + 2yLi* + 2ye™ - xM + yLi,0 ()
XM + zLi* + ze~ & Li,M, 3)

In addition to metal oxides, metal sulfides (SnS,, Sb.S3) also follow the conversion—alloying

mechanism 17-102],

The excellent electrochemical performances of conversion—alloying anodes are attributed
to the formation of the Li,O (or Na,O) phase in Eq. (2). The major advantage of Li,O is that it can
mechanically buffer the volumetric expansion during battery cycling and thus improve the cycle
life of anodes %1, This is particularly true during the subsequent alloying reaction in Eq. (3).
Although the reaction given by Eq. (3) normally causes the volume of the anode to expand by
greater than 300% 43491 the development of residual stresses in the anodes can be reduced by the
presence of the buffer Li,O phase, which reduces the energy barrier for diffusion and retards the
crack formation and pulverization of the anode materials. Another important feature of the Li,O

phase is its electrochemical inactivity during battery cycling. According to previous studies on
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typical conversion anodes of TMO, (TM = transition metal), the reduction or oxidation of Li,O
during battery cycling requires a large amount of energy, which is revealed in voltametric
experiments as a large hysteresis loss and thus low energy efficiency of the anodes [103 1041,
However, unlike the Li,O formed in conversion anodes, the same phase formed in conversion—
alloying anodes does not react with inflowing/outflowing Li ions, rendering the anode to manifest
low-voltage hysteresis and thus high energy efficiency. However, despite the advantages
associated with the formation of Li,0 in conversion—alloying anodes, its poor electric conductivity
impedes the diffusion of carrier ions and, in turn, limits the rate performance of the anodes. To
solve this problem, research on conversion—alloying anodes hybridized with electrically

conductive carbon/graphite is currently underway [105-1061,

Together with the incorporation of carbonaceous materials, the use of anode materials
governed by DCR diffusion can further improve the rate performance of conversion—alloying
anodes. As can be seen from the conversion—alloying reactions in Egs. (2) and (3), the initial
conversion reaction is irreversible, whereas the subsequent alloying reaction is reversible during
repeated battery cycles. This indicates that the electrochemical performance of these anodes is
primarily determined by the alloying reaction, not by the conversion reaction. From this
perspective, the concept of the diffusion kinetics of alloying anodes discussed earlier can also be
extended to the conversion—alloying anodes. Because alloying anodes following DCR diffusion
exhibit faster penetration of the charge carriers into the anodes, conversion—alloying anodes mixed
with alloying anodes could display an improved rate performance by taking the advantages of
DCR diffusion. There is an increasing number of evidential reports that support this hypothetical
concept. Representative examples are SnO> 1% and BiO3 %) both of which exhibit long

cyclability under fast charging/discharging rates.
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Developing anodes for high-power applications: The two main techniques used to
understand the carrier-ion diffusion under high-power operations are the (1) galvanostatic and (2)
potentiostatic modes of diffusion experiments. The diffusion of carrier ions under the galvanostatic
and potentiostatic modes are controlled by the current density and the electric field (or potential)
in the anodes, respectively. From an atomistic perspective, the former operation uses a constant
flux of carrier ions in the anode, whereas the latter maintains the constant concentration of the
carrier ions at the anode’s surface [!%]. Although the two methods appear to be different from each
other, both methods have the same effect in enhancing the diffusion rate of the carrier ions; the
greater the current density (or electric field) applied in the anodes, the faster and deeper the carrier
ions diffuse into the anodes. This behavior was well observed from the lithiation of Si measured
as a function of the current density ?!. Experiments have shown that the penetration depths of Li
diffusion into Si increase with increasing current density, while maintaining the preferential
diffusion direction along <110> of crystalline Si. This indicates that the practical capacity of the
alloying anodes can be increased simply by increasing the current density or the electric field.

Although increasing the electric field or the current density is beneficial for improving the
capacity of anodes, both methods are ultimately limited by the Li (or Na) diffusivity of the
electrode materials. When the current rate of the anodes exceeds the threshold current rate (also
referred to as the “diffusion-limited C-rate”), the diffusional flux of carrier ions in the anodes is
no longer able to keep up with the current rate, resulting in the depletion of carrier ions in the
cathodes (anodes) during discharging (charging) [!1%]. This depletion in the charge carriers causes
a substantial decrease in the capacity of the battery U1, This phenomenon occurs because the

diffusivity of the carrier ions in the electrodes is slower than the current rate applied during high-
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power operations.

The concept of the diffusion kinetics of alloying anodes discussed in this review can be used
to develop high-power-density batteries. Owing to their ability to form an amorphous layer and
high-density dislocations near the propagating interface (see Figures 7c—d), alloying anodes
following DCR diffusion enable the faster diffusion of carrier ions into the anodes. When the
diffusivities of alloying anodes are compared, the diffusivities (~3.0 x 107 cm? s™! for Na—Sn 82!
and ~3.6 x 1077 cm? s7! for Na—Ge [!'2]) of carrier ions in DCR-governed alloying anodes are
greater than those (~5.1 x 1072 cm? s7! for Li-Si [!!*1 and ~3.0 x 10719 cm? s7! for Na—Sb [!!4]) of
ICR-governed alloying anodes by more than three to five orders of magnitude. Therefore, the
selection of the DCR-governed alloying anodes can prevent the depletion of charge carriers at high
current rates, making them suitable for the high-power operations. In addition to the works on
improving ionic diffusivity in anodes, additional studies have reported the electric resistivity
associated with the occurrence of phase transition during battery cycling is also important in
developing anodes for high-power applications [13-!'7] Further experimental and theoretical
studies on the effect of the current rate on diffusion behaviors are required to realize alloying

anodes suitable for high-power operations.

Although the present review has mainly focused on the diffusion kinetics of alloying anodes,
the diffusion behaviors in practical batteries are more complicated and are determined by various
external factors. In particular, the electrolyte conditions and associated solid-electrolyte interfaces
(SEIs) formed during battery cycles can play an important role in determining the diffusion
behaviors of carrier ions. This is especially true when the diffusivity of the carrier ions is lower in

the SEIs than in the anodes [!'% '] For instance, the carrier-ion diffusivity (~1.8 x 10713 to
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7.6 x 1071 ¢m? s7! 1290y in SEIs is much lower than the typical values (e.g., ~3.0 x 107% cm? 57!

for Na—Sn 2l and ~3.6 x 1077 cm? s7! for Na—-Ge !'!?)) in DCR-governed alloying anodes. In this
case, the overall diffusion rate is limited by the SEI, rather than by the propagating interface or the
trailing bulk region. Furthermore, the large volumetric expansion of the alloying anodes during
lithiation/sodiation can readily destroy the SEI layer formed on the anode surface. All of these
behaviors, although lowering the rate performance of the anodes, can alter the diffusion kinetics
and associated diffusion behaviors (e.g., anisotropic/isotropic swelling and penetration depth) of
the anodes. Therefore, to realize batteries for practical applications, it is essential to optimize the
electrolyte conditions and the associated SEIs.

Various technical approaches have been devoted to minimizing the detrimental effects of the

121,122] and the coating of the

SEIs on the alloying anodes. The addition of electrolyte additives |
anode with conductive artificial SEIs [!23-12%] are the effective ways to improve the diffusivity of

carrier ions in the SEIs. Other strategies include the enhancement of the structural stability of SEIs

[126 127, 128

dissolving appropriate salts [!2°) or additives [ 1 in the electrolyte solution and the coating of

1291 Although discussions on the

the anode surface with a conductive and stable carbon layer !
electrolyte conditions and SEIs were not covered in detail in this review, the strategies to optimize

the electrolyte conditions, in combination with the diffusion kinetics of the alloying anodes, are

the key to developing the anodes for future batteries.
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