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Abstract:

Microsized alloy anodes (Si, P, Sb, Sn, Bi, etc.) with high capacity, proper working potential,
high tap density and low cost are promising for breaking the energy limits of current
rechargeable batteries. Nevertheless, they suffer from large volume changes during cycling
processes, posing a great challenge in maintaining a thin, dense and intact solid electrolyte
interphase (SEI) layer. Recent progress suggests that the problematic SEI layer could be a
treasure in maintaining the integrity of the microparticle anodes if well designed, which would
significantly boost the cyclic stability without resorting to complex electrode architectures. We
review the advances in this attractive direction to shed light on future development. Firstly, the
key scientific issues of high-capacity microsized alloy anodes and the fundamentals of SEI layer
are discussed. Thereafter, progress on the regulation strategies of SEI layer in high-capacity
microsized alloy anodes for advanced rechargeable batteries, including electrolyte engineering,
electrode surface modification, cycle protocols, and electrode architecture design, are outlined.
Finally, potential challenges and perspectives on developing high-quality SEI layer for
microsized alloy anodes are proposed.
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1. Introduction

High-energy-density, high-safety and low-cost rechargeable batteries have attracted
tremendous interest with the increasing demands of portable electronic devices, electric
vehicles, and smart grids.['*) Alloy anode materials from group IV (like Si, Ge, Sn) and group
V (like P, Sb, Bi) are highly desirable for high-energy batteries owing to their appealing

1.1 5 681 Unfortunately, alloy anodes

theoretical specific capacity and proper working potentia
suffer from large volume changes during the cycling process, which causes mechanical failure
of active materials and the associated solid electrolyte interphase (SEI) layer.”'!l Both lead to
the exposure of the fresh surface to the electrolytes for copious SEI formation, resulting in low
Coulombic efficiency, large internal resistance and poor cycle performance.!'!5] Extensive
efforts have been devoted to the design of nanostructured alloy electrodes to address the
challenges, with the preparation of carbon/alloy composite as the most typical representative.
These strategies essentially improve the cyclic stability but bring about other issues, such as
reduced volumetric energy density and high fabrication cost. It is tempting to directly employ
the commercially available microparticles in view of practical application.['’: 48] Nevertheless,
the fracture of microparticles becomes more severe in such cases, which also makes the building
of a stable SEI layer more arduous.

SEI layer is deemed the most significant interface on the anode side for various rechargeable
batteries.!> 21 It is spontaneously generated on the anode surface by the electrolyte
decomposition and the reaction between electrolyte and anode in the initial charge process when
the redox potential of the anode is below the reduction potential of electrolyte.[* 1 21-251 An
ideal SEI layer should allow fast cation transfer to boost the reaction kinetics but block the
electron transfer from the anode to electrolytes to prevent continuous electrolyte consumption

and side reactions at the anode.l*! 2!

Therefore, the features of SEI layer, including
microstructure, chemical composition, mechanical properties, ionic conductivity, solubility, efc.,
play essential roles in determining the Coulombic efficiencies, cycling stability and even
safety.[% 23 26281
The SEI layer becomes vulnerable in the alloy anodes because of the large stress during

29.3%1 The anodes with low-quality SEI layer during cycling

electrode swelling and contraction.!
will face the following issues.l*" 321 (1) Large volume change of anode makes the fragile SEI
layer break or even peel off from the surface of active materials.[* 14! (2) Electrolyte penetrates
the broken interface and further reacts with the exposed anode surface, consuming the
electrolyte and generating a fresh SEI layer. As a result, the SEI layer becomes thick and uneven,

leading to increased internal resistance.l> !> 3% 34 (3) It has been demonstrated that SEI
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components (like NaF, Na,CO3) could be dissolved in some electrolytes (e.g., propylene
carbonate (PC)-based electrolyte!*>)), hindering the formation of stable SEI layer and thereby
deteriorating the electrochemical performance.l*> 3% On the contrary, a delicate SEI having
superior mechanical stability would maintain its integrity despite the large volume change.
Moreover, recent studies show that the well-designed SEI layer could also help stabilize the
microsized anodes, thus avoiding the complicate electrode architecture for facilitating the
practical application. However, a comprehensive understanding of SEI on the microsized alloy
anode is lacking.

This review provides clear design perspectives of high-quality SEI for microsized alloy
anodes in rechargeable batteries. We first summarize the merits and critical scientific challenges
of microsized alloy anodes. Then, the fundamental background, advanced characterization
techniques to unravel mechanical properties, composition and structure of SEI layer, and factors
influencing SEI layer are reviewed. Subsequently, we systematically discuss the major design
strategies of the omnipotent SEI layer for microsized alloy anodes from the following aspects:
(1) regulating electrolytes formulation, (2) building artificial protective layers, (3) optimizing
cycling protocols, and (4) tailoring electrode materials. Finally, we discuss the remaining
scientific challenges for further boosting SEI layer.

2. Understanding of microsized alloy anode and SEI
2.1. Microsized alloy anodes
2.1.1. Advantages of alloy anodes

Carbonaceous materials (e.g., hard carbon, graphite) are very advantageous in terms of
stable cycling performance, but their moderate capacities restrict the energy density of a
battery.®’*1 In comparison, several group IV (like Si, Ge, Sn) and group V (like P, Sb, Bi)
possess higher theoretical specific capacities based on the alloying mechanism and proper
working potential in rechargeable alkali-metal ion batteries.!”> 12 16: 37 40-42] Their gpecific
features are summarized as follows:

(1) Silicon (Si) is one of the most promising anodes for lithium-ion batteries (LIBs) due to
the high theoretical specific capacity (4200 mAh g! according to the formation of Lis4Si, 3579
mAh g for Lis 75Si alloy at mild temperature), low working potential (0.2~0.3 V vs. Li/Li"),
low cost, nontoxicity, high abundance, efc.[*!- 43 44471
(2) Phosphorus (P) is deemed one of the highest-capacity alloy anodes for sodium-ion

).[2-48-301 I nature, there are three types of

batteries (NIBs) and potassium-ion batteries (KIBs
P allotropes, including white phosphorus (Pwnhit), red phosphorus (Pred), and black phosphorus

(Pblack). Among these allotropes, Pwhite has a low melting point and presents a safety issue
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associated with the self-ignition at room temperature, thereby being excluded as a potential
alloy anode. Prq possesses high theoretical specific capacity, moderate working voltage (like
~0.4 V vs. Na/Na"), low cost, nontoxic and safe nature.>!l Nevertheless, it suffers from large
volume change (>400%), low electronic conductivity (~10'* S em™), unstable SEI layer, and
poor cycling performance. Ppiack 1S a two-dimensional (2D) anisotropic layered material, which
has a 5.2 A interlayer distance. Pyiack possesses superior thermal stability, relatively high
electronic conductivity (0.2-3.3x10? S cm™), and high charge-carrier mobility.l*> 331 Notably,
Poick Can be fabricated from Pra under high-pressure and high-temperature conditions®! or
through high-energy ball milling.[% 54

(@)
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Figure 1. Importance of SEI layer with regard to microsized alloy anode. (a) The number
of publications and cited frequency on the topic of SEI and microsized alloy anodes (updated
on March 2023). The keywords used for the search in "Web of Science" were “microsized or
micronsized or microscale or micrometer + anode + battery” and “battery + solid electrolyte
interphase or SEI”. (b) The comparison of microsized and nanosized anode materials in cost,

specific surface area, tap density, initial Coulombic efficiency, cycling stability, the kinetics of
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ion diffusion, and volumetric energy density. (c) Theoretical gravimetric specific capacities,
corresponding alloy phase and volume expansion ratio of high-capacity alloy anodes and
graphite (or carbon) anode for LIBs, NIBs and KIBs. (d) Volume change during Na-Sn alloy.
Adopted from Ref.! with permission. Copyright 2016 Wiley. (e) The challenges of alloy
anodes during cycling processes (A is the alloy anode, and MyA is the alloy phase).

(3) Metallic tin (Sn) is a low-cost, environmentally friendly material that is abundant in
nature.!>>8) It shows a high theoretical capacity and proper average reaction potential, i.e., 994
mAh g!, below 0.6 V vs. Li/Li"; 847 mAh g'!, ~0.2-0.4 V vs. Na/Na.>% 6%

(4) Metallic antimony (Sb) for NIBs and KIBs is also a promising anode candidate owing to
decent theoretical specific capacity (660 mAh g), proper reaction potential (~0.4-0.8 for Na
and ~0.4-0.5 V for K), and relatively high electronic conductivity (2.5x10* S cm™).[1661]

(5) Metallic bismuth (Bi) possesses nontoxic nature and large interlayer spacing (~0.395 nm)
along the c-axis.[”-62-631 Compared with the above other alloy anode materials, Bi anode is less
popular for LIBs and NIBs due to its limited capacity. In contrast, it has attracted attention in
KIBs owing to low reaction potential and high capacity among the reported anodes.[”!

2.1.2. Benefits of microsized alloy anodes
Since the use of Si nanowires to buffer the volume expansion during Li-Si alloying in 2008,64!

57]

various low-dimensional nanostructured materials, like nanodots,! nanowires,®>]

36,591 nanopores,!'® 4! and 2D nanosheets, have experienced prosperity rapidly. The

nanotubes,|
nanomaterials can enable less or even zero strain for SEI formation during cycling processes,
thereby mitigating the destruction of SEI and consumption of electrolytes and improving cyclic

41, 49, 66

stability. 1 Moreover, high surface-to-volume ratios of nanomaterials ensure sufficient

contact between active materials and electrolytes, provide large amounts of electrons/ions
transfer pathways, promote diffusion kinetics, and enhance rate performance.[*!: 44 67 68]
However, the large contact area of nanomaterials with electrolytes also results in large
irreversible capacity loss due to the copious SEI formation in the initial cycle, leading to low
initial Coulombic efficiency.[10 1533 52,691 Moreover, low tap-density of nanomaterials can lead
to the low volumetric energy density of a battery.[**! Furthermore, well-designed nanomaterials

generally require complicated manufacture processes and, thus, a high fabrication cost.[!¢33: 70

71]

In contrast, microsized materials demonstrate greater potential for practical applications than
those nanomaterials in the aspects of areal mass loading, volumetric energy density, Coulombic
efficiency, fabrication process and cost (Figure 1b).10: 4. 15, 17. 33, 52, 69. 2] The booming

publications on microsized anodes for rechargeable batteries in recent years reflect the keen
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interest of the scientific community (Figure 1a). Briefly, (1) owing to the large size, microsized
materials have high tap density. It means that electrode composed of microsized materials has
higher mass loadings at a certain thickness than nano-counterparts, leading to higher volumetric
capacity and energy density, which is promising to satisfy the demand for portable energy
storage devices.”¥! (2) Low specific surface of microsized materials significantly decreases
contact area with electrolytes, which mitigates capacity loss in the initial cycle and enhances
the first Coulombic efficiency.[% 15 33.52.69, 74 (3) Microsized materials are easily fabricated,
simplifying the fabrication process and presenting remarkably cost advantages.[”® Therefore,
from the perspective of practical application, microsized alloy anodes with a high specific
capacity, low reaction potential, and high tap density are promising candidates for the
commercial implementation of high-energy batteries.
2.1.3. Challenges of SEI layer for microsized alloy anodes

Figure 1c summarizes the volume expansion ratios of the commonly used alloy anodes for
LIBs, NIBs and KIBs.[”" 12 421 For example, high-capacity Pra anode experiences a volume
change of 499% upon sodiation processes.>!! Sn anode suffers from 260% and ~430% (Figure
1d) volume expansion, corresponding to the phase transformation from Sn to and Lis4Sn and
NaisSng, respectively. Such a huge volume change may lead to severe pulverization of the active
materials.’® The massive volume expansion of alloy anodes poses a great challenge in
maintaining an intact SEI layer.[* 33 % 771 Ag illustrated in Figure le, large volume expansion
occurs due to the formation of MxAy alloy phase. Meanwhile, a SEI protective layer is
spontaneously generated on the alloy anode surface along with the electrolyte consumption.
Once the SEI layer is broken because of the large strain, the electrolyte will further react with
the freshly exposed anode surface, leading to further consumption of electrolytes.[*! This newly
formed SEI layer could isolate the fragmented active materials, resulting in the loss of compact
electrical contact.3® 71 Notably, these issues occur in every cycle, which can lead to repeated
failure and continuous formation of SEI layer as well as severe electrode pulverization. As a
result, the SEI layer becomes thick and uneven, and the electrolyte is severely consumed.
Moreover, it will decrease the reversible capacity due to excessive consumption of the charges
from the cathodes. Significant stress would be exerted on the SEI layer grown on the microsized
alloy particles, making it more challenging to keep SEI stable. Therrfore, a high-quality SEI

layer is essential to achieve superior electrochemical performance.

2.2. Fundamental background of SEI layer
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Figure 2. Development history and advanced characterization of SEI layer. (a) Timelines
of SEI layer. (b) The SEI model proposed in 1979.781 (¢) Multilayered SEI model proposed in
1994.71 (d) Classical Mosaic model on Li-metal or carbon anode. Adopted from Ref.[® with
permission. Copyright 1997 The Electrochemical Society. (e) Schematic illustration of ionic
diffusion through inner inorganic and outer organic layers of SEI. Reproduced with permission
from Ref.®!] Copyright 2012 American Chemical Society. (f) Corrected electrolyte stability
window. Reproduced from Ref!®?! with permission. Copyright 2018 Royal Society of
Chemistry. (g) The comparison of capacity loss rates when adding NaF, Na>COs and Na to the
electrolytes. Reproduced from Ref.[**! with permission. Copyright 2020 The Authors. (h) The

influence of temperature on SEI layer. Reproduced from Ref.!%3! with permission. Copyright
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2019 American Chemical Society. (i) Schematics of SEI layer after electrochemical
pretreatment with standard and enlarged distance between electrodes. Reproduced from Ref. [
with permission. Copyright 2022 American Chemical Society. (j) TERS. Reproduced from
Ref.%) with permission. Copyright 2019 Elsevier. (k) Cryo-(S)TEM images of lithiated Si
nanowires in EC/DEC electrolyte. Reproduced from Ref.[**®! with permission. Copyright 2019
Elsevier. (I) Mechanical properties of SEI layer via a two-step AFM-based nanoindentation test.
Reproduced from Ref.”! with permission. Copyright 2021 Elsevier.

For boosting the construction of a high-quality native SEI layer for high-capacity alloy
anodes, understanding the formation mechanisms, structures, compositions, and properties of
SEI layer is urgent and essential.”?% 37 Hence, in this section, we summarize some fundamentals
of SEI layer, including the historical advances, advanced characterization techniques,
functionality and required merits, primary factors influencing SEI formation, and regulation
strategies of SEI layer.

2.2.1. History, formation mechanism and significance of SEI layer

Figure 2a outlines the vital advances in the formation mechanism, roles, the models for
components and structures of SEI layer. In 1970, Dey et al.®¥! firstly discovered the existence
of a protective film consisting of electrolyte decomposition products in liquid electrolyte Li-
metal batteries.[”® 38! Subsequently, Peled ez al.l”8 proposed the term "SEI" in 1979 (Figure 2b).
They revealed that SEI layer was instantly formed between the anode and electrolyte due to the
reaction of the anode with the electrolyte. SEI layer possessed the properties of a solid-state
electrolyte that was electronically insulating but ionically conductive. The feature of SEI layer
can affect the corrosion rate of metal anode, the reaction mechanism during
deposition/dissolution process, and deposition morphology. In 1983, Peled et al.**! pointed out
that SEI had a double-layer structure. The inner layer near the electrode was thin and compact.
The outer thick layer close to the electrolyte presented porous features.

In 1985, Nazri et al.’®! firstly investigated the composition of SEI on Li electrode by adopting
a series of characterization techniques, including in-situ X-ray diffraction (XRD), secondary
ion mass spectroscopy (SIMS), low angle X-ray photoelectron spectroscopy and infrared
spectroscopy (IR). The study identified the existence of Li»CO3 and polymeric species in SEI
layer. In 1987, Aurbach et al.®!! investigated SEI layer in PC and diethyl carbonate (DEC) of
LiC104, LiAsFs, and LiSO3CF; via X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared spectroscopy (FTIR), disclosing solvent and salt reduction reactions. In PC-
based electrolytes, the primary components of SEI were lithium alkyl carbonates (RCOsLi,
R=alkyl), while lithium ethyl carbonate (CH3CH3CO3Li) was dominant in DEC-derived SEI.

8
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92 observed the existence of many organic components and LiF in the

In 1995, Kanamura ef al.!
SEI generated in a LiBFs-based electrolyte via spectroscopic studies and the potential sweep
approaches.

In 1997, Peled et al.®* proposed the classical mosaic model of SEI. It demonstrated that SEI
was generated instantaneously upon exceeding the cathodic thermodynamic stability of the
electrolyte. This surface film consisted of multifarious organic and inorganic species, which
were formed owing to electrolyte decomposition on the surface of active material. Figure 2d
illustrates the distribution of inorganic and organic species, where inorganic-rich species were
located closer to the lithiated carbons or Li metal.

Besides, in 2012, Shi er al.®! elucidated a two-layer/two-mechanism of Li* transport through
SEI (Figure 2¢). In a porous organic layer of SEI, Li* can rapidly transport, while Li" in a dense
organic layer diffuses via a repetitive knock-off mechanism. Development of advanced
technology, like cryogenic transmission electron microscopy (cryo-TEM)) has significantly
deepened our understanding of SEI’s microstructures.[®>! Several unique SEIs are observed,
such as monolithic and organic-inorganic composite types, which facilitate establishing the
structure-property correlations.

The thermodynamic models for SEI formation have also been extensively explored.
Goodenough et al.®¥ proposed the classical thermodynamic description of SEI formation by
molecular orbital theory. The energy gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) of the electrolyte was
considered the thermodynamic stability window of electrolyte. An anode with chemical
potentials higher than LUMO will automatically transfer accessible electrons to the electrolyte,
reducing the electrolyte and leading to the formation of SEI on the anode surface in the initial
charge process.!?! % Peljo et al.!®” revealed later that it was not appropriate to consider the
LUMO-HOMO of the solvents only because of complicated reactions participated inside the
cells. Figure 2f presents the corrected model. The electrolyte reduction potential at the anode
would be more accurate in determining the SEI formation process.

2.2.2. Required merits of SEI layer

The ideal SEI layer allows fast cations transport but blocks other solvent molecular and
electrons, suppresses electrolyte decomposition, and accommodates the volume variation of the
active materials (Figure 3a).2: 2] To achieve high Coulombic efficiencies and stable cycling
performance, the desired merits for an ideal SEI of high-capacity alloy anodes are discussed
and summarized as follows:

(1) Superior ionic conductivity and electrical insulation. The SEI layer requires high

9
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cation (Li*, Na®, K, etc.) diffusivity for achieving a high-power density.!?® 33 36 86, 95, 96]

Therefore, uniform and thin SEI close to a few nanometers is necessary to boost fast ions
transport. Besides, SEI layer should also be electronically insulating to prevent continuous
electrolyte decomposition. ¢!

(2) Outstanding mechanical properties. Due to the large volume change of high-capacity
alloy anodes during cycling, the SEI needs to have sufficient tolerance to ensure its integrity.*
10.28.97] Therefore, outstanding SEI requires high mechanical toughness, that is, a combination
of strength and ductility (or elasticity).[* ' The ductility can ensure reversible deformation of
SEI without irreversible plastic deformation and fracture when experiencing large volume
expansion.”” 1% In 2018, Huang et al.'” discovered that outstanding elastomers were preferred
components of SEI layer. In 2021, Gao et al.’! proposed that the “‘maximum elastic deformation
energy’’ of SEI, which coupled the effect of Young’s modulus with the largest elastic strain, can
predict cycling stability.

(3) Chemical and thermal stability. To avoid undesirable side reactions with electrolytes,

[9, 10, 87, 98-101] Previous

the SEI needs to be chemically stable and insoluble in the electrolyte.
studies demonstrated that some SEI components (like inorganic NaF, Na>COs) had high
solubility in organic solvents,®> 36871921 which could lead to severe self-discharge and fast
capacity loss.[*> 361 As early as 2001, Moshkovich et al.'% indicated that NaClO4-PC derived-
SEI components were more soluble than SEI components generated from LiClO4 and KCI1O4
salts. In 2016, Younesi’s group*®! unveiled that most sodium inorganic species of SEI presented
higher solubilities than these of Li analogs. In 2021, Younesi’s group®! further analyzed the
influence of SEI formation and dissolution in NaPFe-PC, NaPFs-EC/PC and NaPFs-EC/DEC
on electrochemical performance. As shown in Figure 2g, the Na2COsz and NaF inorganic species
have the highest solubility in PC-based electrolytes, leading to the fastest self-discharge rate.
The issues could be alleviated by saturating the electrolytes by adding these species as
electrolyte additives. Until now, the dissolution of SEI in electrolytes is still a big challenge.
Hence, developing effective strategies to avoid the dissolution of SEI components are essential
for boosting the electrochemical performance.

Moreover, the practical rechargeable batteries powering mass-market electric vehicles must
be able to operate over a wide temperature range.®* %8-101. 1831 However, the formation kinetics
and stability of SEI are temperature sensitive.l*8! High operation temperature will aggravate the
dissolution of some SEI components, reactions between SEI and active materials, and
electrolyte decomposition.?® %% %1 These detrimental reactions could lead to the thermal

runaway of a battery.?%-*® %] As shown in Figure 2h, the comparison of electrochemical profiles

10
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and SEI thickness indicated that SEI dissolves or detaches at faster rates when operating at
higher temperatures.!®! Therefore, for stable operation in extreme conditions, the SEI layer
must have excellent stability over a wide temperature and voltage range.
2.2.3. Advanced SEI characterization techniques

The SEI layer generally has complicated chemical components and nano-microstructure.
Moreover, it is very sensitive to both air and electron beams. These characteristics make it
difficult to accurately probe the composition, structure, and other physical/chemical
properties.[ 10- 1041051 Therefore, developing advanced characterization techniques and
analytical methods is essential.?% 1961081 We briefly summarize the commonly used
characterization techniques in this section. As early as 1985, some techniques such as in-situ
XRD, secondary ion mass spectroscopy (SIMS), low angle XPS and IR have been utilized to
analyze the components of SEL”® Subsequently, FTIR, IR and XPS are employed to reveal the
solvent and salt reduction reactions in liquid electrolytes.[’!] We summarize the commonly used
techniques in characterizing different properties of SEI as follows.
(a) Composition characterization

The surface-sensitive nature of XPS makes it an ideal tool for analyzing the organic and
inorganic components in the SEI with a nanoscale thickness. XPS normally has a probing depth
of 5-10 nm, revealing the elements presented and their relative amounts. The chemical states of
the elements could help infer the possible products regardless of their crystallinity. To examine
the homogeneous along the thickness direction, an ion beam is adopted to etch the surface for
proving a depth profiling. Furthermore, time-of-flight SIMS (TOF-SIMS) has attracted wide
attention in probing the SEI composition recently. Compared to XPS, a 3D image of the species
could be obtained to show the distributions. For instance, Xu’s group!!%®! established a dynamic
picture of the SEI by employing an in-situ liquid SIMS in combination with molecular dynamics
simulations. Dahbi et al.® adopted TOF-SIMS and hard XPS to analyze chemical components
of SEI layer on Ppiack anode for NIBs.

Electrochemical quartz crystal microbalance (EQCM), an inverse-piezoelectric-
phenomenon-based gravimetric analytical tool, presents promising potential in quantitatively
analyzing SEI compositions and the variations, owing to its high sensitivity to mass

108-110 EQCM could probe the species accumulated on or lost from the electrode as a

changes.!
function of the applied potential during electrochemical processes.!'”! For example, Zhang et
al." discovered that SEI layer formation process on Al varies with the potential change via
the EQCM technique. Liu et al.l'®! precisely identified LiF and lithium alkylcarbonates as the

main chemical components of SEI at different potentials by measuring the mass change of
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graphitic anode during the first lithiation process via EQCM.

Optical methods, such as Raman and FITR, have also been used to complement the above
tools. Because of the relatively poor resolution, these techniques normally only provide the
overall information of the components, provided reference spectra of the species are available.
Nevertheless, the rapid development of the techniques offers new opportunities. Tip-enhanced
Raman spectroscopy (TERS) has enabled a sampling depth of <5 nm and lateral resolution of
<10 nm.®> "2 Nanda et a/.®3! adopted the TERS technique to acquire nanoscale topography
and chemical mapping of SEI layer generated on an amorphous Si anode (Figure 2j). Recently,
Gajan et al.!® investigated the dynamic composition variation in the electrode/electrolyte
interphase using shell-isolated nanoparticle-enhanced Raman spectroscopy conditions,
revealing the origin of the irreversible capacity of Sn electrodes in LIBs.

(b) Structure characterization

Because of SEI’s nanoscale thickness, TEM is generally adopted to examine the
nanostructure, such as thickness, the particle size of the inorganic species, and distribution. This
information is essential to build the SEI structure models in simulating stability. Furthermore,
electron energy loss spectroscopy (EELS) coupled with energy-dispersive X-ray spectroscopy
(EDS) can precisely acquire atomic-resolution structural and chemical information of SEI
layer.[''> 1141 In particular, the EELS could complement the XPS in identifying the possible
organics species.!'” Note that the SEI is sensitive to electron beams, which may damage the
SEIunder a long irradiation time. The issue could be largely resolved by examining at cryogenic
temperatures. The prefix “cryo-““ is used to indicate the test at cryogenic conditions. For
example, Huang et al.l** adopted cryo-(S)TEM and cryo-EELS techniques to show the
evolution of the SEI layer on the Si anode surface in the first cycle. As shown in Figure 2k, the
analysis revealed a bilayer SEI (the exterior was crystalline Li.O and amorphous Li ethylene
decarbonate (LEDC), and the inner was amorphous LixSiOy) on lithiated Si in 1 M LiPFe-
EC/DEC. Moreover, it was discovered that FEC additive in 1 M LiPFs-EC/DEC can contribute
to a more stable SEI layer with an inner organic poly(VC) and external inorganic LixSiOy.

Scanning probe microscopy relies on a physical tip to collect high spatial-resolution images

(1131t includes a series of microscopic techniques, such as scanning electrochemical

of surfaces.
microscopy (SECM) and AFM, which have also been used to monitor the topography of the
SEI layer. In particular, SECM, an electroanalytical scanning probe technique, can scan
diversified interfaces (like liquid/liquid, liquid/gas and liquid/solid) and is capable of imaging
substrate topography and local reactivity with nanoscale resolution.!!!> 1'% SECM has been

utilized for in situ visualization analysis of SEI evolution on various electrodes. It can determine
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the interplay and interfacial kinetics between local structures/compositions and reactivity by
recording current responses during electrochemical processes.!'%! Wittstock ez al.['*"] visually
analyzed the spatiotemporal changes of SEI on graphite anode by utilizing SECM feedback
mode with a 2,5-di-tert-butyl-1,4-dimethoxy benzene mediator. SECM combined with other
advanced techniques, such as enhanced Raman spectroscopy, further effectively promoted the
analysis of SEI formation and properties on Si anodes under different conditions, facilitating
the design of SEI layer.!''®! In addition, AFM is also a powerful morphological analysis tool to
reveal the 2D/3D structural features and roughness of the surface, although this could be
interfered by the anode substrate in SEI characterization.[> 1> 120: 121] Generally, these scanning
probe microscopies are powerful in showing the overall morphology of SEI, such as
homogeneity and coverage. Yet, they are insufficient to provide detailed nanostructures at the
current stage.

(c) Mechanical properties and ionic conductivity

The mechanical test of SEI has been thoroughly reviewed in previous work.l'"?l As it is
challenging to prepare a freestanding SEI layer, AFM-based nanoindentation is the most test to
examine the mechanical properties of SEI layer.[* 1129 Ag illustrated in Figure 21, Gao et al.!"’
optimized and designed a two-step AFM-based nanoindentation test to separately analyze
elastic and plastic features of SEI layer. Yielding strain and Young’s Modulus of SEI layer
generated on the metal anodes or alloy anodes were measured from the AFM test. A maximum
elastic deformation energy was proposed to predict the stability of SEI layer on various
electrodes. Moreover, the AFM test can be conducted in liquid environments, which is
promising for analyzing real-time electrode/electrolyte interfacial changes in liquid electrolytes
via an in-situ AFM test.'®! Turning to ionic conductivity, electrochemical impedance
spectroscopy (EIS) is a simple and effective tool for analyzing kinetics. The ionic conductivity
across the SEI could be obtained by simulating the results with equivalent circuits. It is worth
mentioning that EIS provides the kinetics at the electrode level without reflecting the effect of
localized structural fluctuation. Scanning Probe microscopy may provide new opportunities to
reveal the kinetics at specific sites by applying a localized potential via the nanoscale tip, which
requires further investigation.

The complementary techniques discussed above could disclose insightful features of SEIs.
As the SEl layer is sensitive to humidity and oxygen, it is essential to preserve the SEI integrity
by either testing in protecting atmosphere, such as in glovebox, or transferring into the
equipment chamber under vacuum/inert gas via a special holder. The chemical/electrochemical

stability of the SEI layer could be probed through in-/ex-situ tests at different cycling or storing
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states. The studies of the SEI’s thermal stability are relatively less compared to the
structure/morphological characterization. Recently, optical fiber sensors have been employed
to detect the formation mechanism of SEI layer and thermal events associated with the SEL['?%
1231 For example, Huang et al.'’! showed tilted fiber Bragg grating optical fiber sensors can
operando monitor the chemistry and states of electrolytes, which helped the understanding SEI
formation mechanisms. Desai et al.['??! further utilized optical sensors to operando track the
thermal events of interfacial reactions and explored the role of electrolyte additives upon the
SEl/cathode electrolyte interphase formation in NIBs.

2.2.4 Factors influencing SEI and regulation strategies
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Figure 3. Factors affecting SEI layer and regulation strategies. (a) The roles and factors

influencing SEI layer. The formation and growth of SEI layer for microsized alloy anodes (b)
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without and (c) with rational design and stabilization strategies.

As illustrated in Figure 3, taking full advantage of SEI requires two stages: (1) designing a
high-quality SEI layer in initial alloying and (2) stabilizing SEI in subsequent repeated cycling
processes. In the initial reduction, the native SEI layer is spontaneously generated on the anode
surface by the electrolyte decomposition when the anode's redox potential is below the
electrolyte's reduction potential.l” 1 21-25] According to the interfacial chemistry and reduction
kinetics, the quality of native SEI generated on the anode surface strongly depends on
electrolytes, anodes, and external conditions such as current density and cut-off voltage. During
the repeated cycling process, the SEI layer undergoes a series of dynamic structural evolution.
The formation and stability of SEI are affected by complex factors, which can be briefly
summarized as follows:

(1) Electrolytes. The electrolyte is undoubtedly the most critical factor. The anions, cations,
solvents, additives, and concentration have complicated and extremely significant influences
on the microstructures, components, stability, and mechanical and ionic transport properties of
SEI layer.*?% 125 1261 Until now, numerous electrolyte-engineering strategies have been
proposed to design thin and stable high-quality SEI, such as altering solvents from carbonates

10.125] regulating concentration from normal (1 M)

to ethers,!!- 13- 6% 127] electing suitable salts,!
to high (>3 M) or localized high concentration,® 3 128 introducing SEI film forming additives,
utilizing novel ionic liquid electrolytes!!°? and solid-state electrolytes.[!2 1301

(2) Anodes. As illustrated in Figure 3a, SEI layer as the significant interface between anode
and electrolyte, the physical/chemistry property of the anode is also inevitably an important
factor affecting SEI formation. For different active materials, their components, storage
mechanism, redox potential, electronic properties, polymorphs, and microstructure could affect
the reduction kinetics, leading to different electrolyte decomposition and SEI formation

processes.['*1"13%] For example, Song et al.['**

revealed that monolayer, bilayer, and multilayer
graphene with distinct electronic structures exhibited different reduction capabilities, which
greatly affected the morphology, component and mechanical properties of SEI. Owing to the
decreased reduction kinetics, SEI on the surface of lithiated multilayer graphene was dense and
organic-rich species. Li et al.!*! clarified that regulating anodes can affect the catalytic effect
of electrolyte reduction, thus tuning SEI.

Binders and conductive additives as significant anode components are also important factors.
Multifunctional binders with unique functional groups could interact with active materials and
form an extended coating. It could constrain electrode deformation and promote the formation

of thin and stable SEI. Besides, multifunctional binders and well-designed electrode structures
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can effectively accommodate large mechanical deformation and maintain intact electrode
structure during the repeated cycling process. It abates the freshly exposed interface between
electrolyte and anode, and suppresses undesired side reactions, thus slowing down the damage
and regeneration of SEI.

(3) External operation conditions. Some external conditions, such as current density, cut-
off voltage, cell configuration, and operation temperature, have also been evidenced to be
critical to the quality of the formed SEI arising from the influence on reaction kinetics.[®* %8
Different current density brings about distinct diffusion rate of the charges.!””! Smaller current
density is prone to inducing thin SEL"") As aforementioned, operation temperature can affect
the initial formation and subsequent stability of SEI during cycling processes (Figure 2h).
Recently, Brett’s group revealed that the distance between electrodes could affect the
components and microstructure of SEL® As illustrated in Figure 2i, when increasing the
distance between the cathode and anodes to>2 mm, rich-LiF SEI with uniform LiF
nanoparticles (<500 nm) was generated. The coin cell also achieved improved electrochemical
performance. However, in a conventional coin cell with a narrow gap ~0.5 mm, SEI on the Si
anode surface was mainly composed of a mixture of Li;CO3 and LiF. The comparison
highlighted the influence of cell configuration on the SEI layer.

As for the stabilization of SEI layer for microsized alloy anodes, high-quality SEI is the
premise, and rationally designed anode structure and proper external operating conditions are
the basic guarantees. Designing electrode structures (like artificial SEI layer, 2D layered, 3D
porous, defective, or hierarchical structure), utilizing multifunctional binders (like self-healing,
highly elastic adhesive), and selecting proper cycle protocols are effective strategies.[®
Therefore, in the next section, we summarize current strategies for SEI of microsized alloy
anodes from electrolytes, cycle protocols, multifunctional binders, and electrode structural
design (Figure 4, Table 3).
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volume expansion

poor SEI

V alloying

Figure 4. Schematic illustration of strategies for stabilizing the SEI layer generated on the
surface of alloy anodes in various rechargeable batteries (The insets are reproduced from Ref.[?
6,11,13,18, 125, 130, 134-138] \yjth permission).
3. Regulation strategies of SEI layer for microsized alloy anodes
3.1 Electrolytes engineering

The mechanistic understanding regarding the effect of electrolytes on the structure,
composition, and properties of SEI layer is critical to developing ideal SEI for microsized alloy
anodes. Table 3 summarizes the electrochemical performance of microsized alloy anode via
electrolyte regulation strategies, including liquid organic, ionic liquid and solid-state
electrolytes.
3.1.1 Liquid organic electrolytes
3.1.1.1 Solvents and salts

Salts and solvents are indispensable and interacting components of liquid organic electrolytes.
The reduction of both salts and solvents contributes to the SEI layer for anodes. Hence, the

influences of salts and solvents on the SEI layer for microsized alloy anodes are discussed
together.
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Electrolyte salts consist of anions and cations. The types of rechargeable batteries determine
the cation, such as Li*, Na*, K*, Zn?*, Ca%", Mg?* and AI** (Table 1). Typical anions include
hexafluorophosphate (PFe), sulfonylimide (bis(fluorosulfonyl)imide (FSIN),
bis(trifluoromethanesulfonyl)imide  (TFSI")), borate (like tetrafluoroborate (BF4),
bis(oxalato)borate (BOB"), and oxalato difluoro borate (DFOB)), etc.[1% 139-142 For the SEI
layer generated on anodes, inorganic components (like fluorides, oxides) are primarily derived
from anions decomposition with partial contributions from organic molecules such as FEC.[%
139 Therefore, the anions could remarkably affect the reductive kinetics and features of the SEI
layer.['3% 1431 Ag jllustrated in Figure 5a, the FSI~ anion in the electrolyte has shown an
enhanced re-oxidation reconstruction process of the SEI layer and improved cycling stability
than PFe in KIBs.[***l Molecular orbital energy calculations were performed to predict the
reductive stability and the role of anions (PFs-, FSI-, TFSI~, BOB™, DFP") in building the SEI
layer.[**4 1t was discovered that PFe~ had a relatively high reductive stability but was
thermodynamically unstable for Li metal anodes. Fortunately, a stable SEI layer generated by
pre-reduced salts can effectively suppress salt decomposition. Among these anions, the lowest
LUMO energy and chemical hardness of BOB™ make it an excellent film-forming salt additive.
Compared with TFSI, FSI™ has similar chemical hardness but lower LUMO energy, further
benefiting the formation of SEI layer. The difference highlights the significance of salts in
optimizing SEI layer and overall battery performance.

Esters and ethers are the commonly used organic solvents. Until now, carbonate esters, ethers,
and phosphates have been widely developed for SEI design of microsized alloy anode. For the
convenience of comparison, Table 2 summarizes the abbreviations, 3D conformer, linear
formula, molecular weight and melting points of some esters and ethers solvents. According to
the chemical structure, carbonate esters can be classified into cyclic carbonate ester (ethylene
carbonate (EC) and PC) and linear carbonate ester (ethylmethylcarbonate (EMC), DEC),
dimethyl carbonate (DMC)).?”- 381 Ethers are organic compounds consisting of ether groups,
i.e., R-O-R’, where R/R’ represents the alkyl or aryl groups.l**!l The family of ether solvents
includes cyclic ethers (e.g., 1,3-dioxolane (DOL), tetrahydrofuran (THF), 4-methyl-1,3-
dioxolane (4-MeDOL), 2-methyltetrahydrofuran (2-MeTHF)), linear ethers (e.g.,
dimethoxyethane (DME or G1), diglyme (G2), tetraglyme (G4), ethylene glycol diethyl ether
(EGDEE),[12% 1431 crown ethers['*®1 and their derivatives.

(1) SEI layer in carbonate-based electrolytes
Carbonate-based electrolytes have been applied in commercial Li-ion batteries, because they

generally possess better oxidative stability and higher flash points than ether counterpart.[4%
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147 However, traditional carbonate-based electrolytes for microsized alloy anodes encounter
numerous obstacles due to the formation of a continuous-thickening, low-quality SEI layer and
inferior stability with electrodes. For example, Gao et al.” revealed that SEI formed in
carbonate-based electrolytes presented low “maximum elastic deformation energy”. Such SEI
layer could be caused by the mechanically fragile interfaces between polymer matrix and
inorganic particles (Figure 2i). Zhang et al.™>! demonstrated that SEI layer formed in NaPFe-
PC with 5wt% FEC was loose due to the high solubility of some SEI components (sodium
oxides and carbonates) in PC-based electrolytes.

Stable cycling of microsized alloy anode in carbonate-based electrolytes has been reported
in KIBs when using bis(fluorosulfonyl)imide(FSI-)-based salt.[®?! Zhang et al.[?! discovered
that KFSI salt in EC/DEC solvent helped form a more stable, uniform, thin, and mechanically
robust SEI layer on Bi/rGO anode than KPFe. Compared to KPFs, KFSI-EC/DEC electrolytes
can avoid hydrolysis, preventing the formation of strong Lewis acids (like HF, POF3, PFs), and
suppressing electrolyte decomposition. SEI layer generated in KFSI-based electrolyte was
dominated by salt reduction while KPF¢ derived SEI origin from solvent-induced reduction,
presenting different SEI formation mechanisms. The nanoindentation test suggested the higher
viscoelasticity of Bi/rGO electrodes in KFSI-based electrolytes. Moreover, other alloy anodes
(like microsized Sn (uSn)) in the KFSI-EC/DEC electrolyte also achieved significantly
improved electrochemical performance than that in KPFs-EC/DEC electrolyte, highlighting the
role of salts in regulating interfacial behaviors and electrochemical performance. The unique
function of FSI™ salt in forming a stable SEI layer was also substantiated by Xie’s research
work.18l Compared with 1 M KPFg-EC/PC, 1 M KFSI-EC/PC electrolyte for NiC025S4@rGO
anode effectively suppressed side reaction and formed a robust SEI layer.}*] Besides, in
carbonate electrolytes, LiBF4, LiBOB, and LiDFOB salts have also shown higher ion mobility
and better rate performance in LIBs at low temperatures than LiPFs salt.[*4%]

(2) SEI layer in ether-based electrolytes
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Figure 5. Electrolyte optimizations. (a) Illustration on reconstruction process of SEI layer in
1 M KPF6-EC/PC and KFSI-EC/PC. Reproduced from Ref.[**3 with permission. Copyright
2021 Elsevier. Charge/discharge curves of uBi in (b) DME-based and (c) EC/DEC-based
electrolytes. (d) Schematic illustration of structure and role of DME- and EC/DEC-derived SEI
layer. Reproduced from Ref.[% with permission. Copyright 2020 Wiley. SEM images of bulk
Bi anode in () NaPFe-PC and (f) NaPFe-diglyme electrolytes after cycling. (g) Illustration of
structural evolution of bulk Bi during the cycling process. Reproduced from Ref.[*% with
permission. Copyright 2017 Wiley. (h) TEM of uBi anode upon the potassiation in 1 M

KPFe/diglyme. (i) Illustration of the morphology changes and SEI formation of uBi anode in 1
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M KPFs-diglyme. Reproduced from Ref.[5% with permission. Copyright 2018 Wiley. The first
three discharge/charge curves of uSn anode in 1 M (j) NaBFs-diglyme and (k) NaBFs-
EC/DMC, insets are the corresponding cryo-TEM images of SEI layer. Reproduced from
Ref.[*% with permission. Copyright 2019 Royal Society of Chemistry. (1) Maximum elastic
deformation energy of SEI layer in 1 M NaPFs with solvents of PC-FEC, EGDEE, and THF,
respectively. Reproduced from Ref.*5Y with permission. Copyright 2022 American Chemical
Society.

Ether-based electrolytes have better reduction stability on the anode side and benefit the
formation thinner SE| layer, which is compatible with various anodes.[*® *52 As shown in Table
2, among ethers, glyme (Gn, CH3O(CH2CH-0),CHj3) solvent is a big family. With the increase
of chain length, the viscosity of glyme solvent increases accompanied by the decrease in ionic
conductivity.[*>® Zhang et al.**l pioneered the studies of glyme-based electrolytes for the
stabilizing of microsized alloy anodes without resorting to electrode microstructural design.
They demonstrated the stable cycling of microsized Sn in NIBs under 1 M NaPFs in G1-G4
electrolytes. The research on glyme-based electrolytes flourished in recent years and has been
extended to various anodes.

DME (also named G1), with relatively low viscosity, is among the most popular ether
solvents. In 2019, Yang et al.'> proved that DME-based electrolytes with NaPFs or KPF had
better wettability with Bi@N-C electrodes than EC/DEC-based electrolytes, which decreased
Na*/K* diffusion energy barriers. Moreover, the decomposition potential of EC/DEC-based
electrolyte (>1 V) was higher than Na-Bi or K-Bi alloying reaction, resulting in the formation
of detrimental SEI before the insertion of Na*/K*, thereby decreasing the initial specific charge
capacity.[%8 In 2020, Yuan et al.[% proved that the hierarchical Bi/C anode in 1 M NaPFs-DME
achieved higher reversibility (Figure 5b), smaller volume variation during the
sodiation/desodiation process, lower resistance after cycling than that in 1 M NaPFs-EC/DEC-
5% FEC (Figure 5c). The results indicated that the 1 M NaPFs-DME derived SEI layer for
hierarchical Bi/C anode was composed of an interior dense Bi-containing inorganic and external
highly ionic conductive polyether layer. Moreover, compared to the loosely distributed SEI in
1 M NaPFs-EC/DEC-5% FEC, the DME-derived SEI layer was thinner and denser. A strong
binding between the electrode and SEI layer was achieved, giving rise to superior ionic
conductivity and robust mechanical properties (Figure 5d).

The longer chain length of diglyme than DME balances the oxidation stability and viscosity,
making it a top choice for alloy anodes for compatibility in full cells. In 2016, Zhang et al.[*®]

revealed the influences of 1 M NaPFe in diglyme and PC+5%FEC on the SEI layer and cycling
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stability for uSn anode in NIBs. The uSn anode in 1 M NaPFg-diglyme electrolyte presented a
smoother surface and maintained better structural integrity after 100 cycles and achieved
remarkably improved performance. It was mainly attributed to the formation of a dense
protective film on pSn anode in 1 M NaPFs-diglyme electrolyte. In 2017, Wang et al.l**" also
demonstrated that 1 M NaPFs-diglyme for microsized Bi (uBi, 200 mesh) induced the formation
of sodium alkoxides and polyethers dominated SEI layer, showing better wettability with Bi
anode than that of NaPFe-PC electrolyte (Figure 5e-g). Meanwhile, the bulk Bi developed into
a porous integrated Bi anode during cycling. As a result, uBi in 1 M NaPFs-diglyme achieved
high initial Coulombic efficiency (94.8%), ~400 mAh g capacity, and remarkably enhanced
cycling stability. Besides, Huang et al.[® demonstrated the stable cycling of pBi anode in 1 M
KPFs-diglyme electrolyte in KIBs. The uBi anode delivered an enhanced initial Coulombic
efficiency (83%) and appealing capacity retention of 97% after 100 cycles. The analysis
indicated that more potassium oligomers [(CH2CH2-O-)nK, (CH2CH2-OCH2-O-):K] with better
mechanical flexibility were formed when using KPFe-diglyme, endowing SEI layer with better
elasticity (Figure 5h, i). The continuous and elastic SEI well confined the broken Bi
microparticles in SEI, mitigating the loss of active materials and preventing the generation of
fresh electrode-electrolyte interface.

Except in the PFg-diglyme system, Huang et all'” investigated the difference in
microstructure, chemical composition and mechanical properties of SEI layer in 1 M NaBFs-
diglyme and NaBF4-EC/DMC electrolytes on the puSn anodes via cryo-TEM, AFM, XPS and
DFT calculations. The cryo-TEM of uSn anodes after 3 cycles (inset of Figure 5j) demonstrated
that NaBF4-EC/DMC induced the formation of thick SEI with polycrystalline domains of
Na»COs (and possible NaF). By contrast, NaBFs-diglyme derived SEI (inset of Figure 5k) was
ultrathin, consisting of poorly crystallized NaxCOsz/NaF dispersed in a polymer-like matrix.
Such a feature promotes sodium diffusion, endows SEI with better mechanical properties, and
improves ionic conductivity. AFM tests demonstrated that NaBFs-diglyme-derived SEI
possessed better stiffness (~355 MPa) and elasticity (~79%), explaining the improved
electrochemical performance in diglyme electrolytes. This work unravels the structural and
mechanical origin of stable SEI layers in glyme-based electrolytes.

In addition to chain length, the end-group of linear ether also plays an essential role. By
modifying the end-group from methy- of DME to ethyl-, the new ether solvent, ethylene glycol
diethyl ether (EGDEE), offers particular benefits in KIBs. Du et al.!®¥ discovered the
superiority of 1 M KFSI/EGDEE in stabilizing uSb anodes. Such an electrolyte promotes the

formation of oligomer-like species in SEI layer and endows SEI layer with sufficient elasticity
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to accommodate the repeated swelling-contracting. Compared with in 1 M KFSI-EC/PC, uSb
anode for KIBs in 1 M KFSI-EGDEE presented a higher initial Coulombic efficiency (69.4% >
56.5%), higher reversible capacity (573 mAh g!), and stable long-term cycling performance.
The merits of EGDEE in constructing SEI layer could also be extended to pSnt*>!I for NIBs and
graphite*®® for KIBs. As illustrated in Figure 5, the maximum elastic deformation energy
value of SEI layer on uSn surface in 1 M NaPFs-EGDEE outperformed the one in PC-FEC-
based electrolytes,*>! further highlighting the advantages of ether-based electrolytes in

improving mechanical properties of SEI layer.
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Figure 6. Cyclic ethers. (a) The relationship between cycled pSi electrode and Li alloy-SEI
interface. (b) Electron localized function and high interfacial energy (Ein) for the Li alloy-LiF
interface. (c) AFM images of uSi electrode after 100 cycles and (d) cyclic performance in 2 M
LiPFg-mixTHF and 1 M LiPFs-EC-DMC. Reproduced from Ref.['!l with permission. Copyright
Springer Nature. (e) Cycling stability and (f) differential capacity plots of LiFePOu4||Si batteries
for isosorbide dimethyl ether/hydrofluoroether (IDE/HFE) electrolytes in comparison to 1.2 M
LiPFe-3% FEC-EC/EMC. (g) XPS spectra of pristine and cycled pSi anodes after 100 cycles.
Reproduced from Ref.l'2”! with permission. Copyright 2022 American Chemical Society.

The benefits of ether electrolytes could also be applied to the alloy anodes in LIBs. The SEI
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layer with high interfacial energy (Ein;) to uSi anode surface shows a low adhesion the anode
surface (Figure 6a, b), helping the anode relocation at the interface to better accommodate the
volume change.!'!! Therefore, the high E; of LiF makes it an attractive component in SEI layer.
Ethers possess low thermodynamic reduction potentials of ~0.0-0.3 V, which facilitates
preferential fluorinated salt decomposition.!'" 133 The poor solubility of LiPF¢ in linear ethers,
such as DME and diglyme, restricts the wide utilization of glyme-based electrolytes in LIBs.
Compared to linear ethers, cyclic ethers are seldom used except DOL due to their high chemical
reactivity.[!>3 151 DOL also leads to violent reactions related to the ring-opening and subsequent
polymerization reactions. Among the cyclic ethers, THF and 2-MeTHF can shield such
reactions owing to the reduced number of ether oxygens (Figure 6).[15% 6]

Chen et al."! screened salts and solvents for microsized alloy anodes in LIBs by determining
salt reduction potential and solvation ability of solvent. They designed a 2 M LiPFs in the
mixture of THF and 2-MeTHF (mixTHF) for pSi, pAl and pBi (>10 um) anodes. It
demonstrated that a thin, homogeneous and LiF-rich SEI layer was formed in the 2 M LiPF¢-
THF/2-MeTHF electrolyte (Figure 6¢). The LiF-rich SEI layer possessed high E;,; with the alloy
anode to buffer the plastic deformation of lithiated alloy (Li.Si) during alloying/dealloying
processes. As a result, uSi, pAl and pBi anodes achieved a stable capacity of 2800, 970 and
380 mAh g!, respectively, with initial CEs of higher of over 90% (Figure 6d). Besides, Zhang
et al® adopted 2 M LiPF¢ 2-MeTHF or 2 M LiPFs THF/2-MeTHF as electrolytes to
successfully stabilize the SEI layer on puSn anode for LIBs. 2-MeTHF-based electrolytes
derived SEI on puSn anode presented a thin and compact structural feature with abundant LiF,
greatly enhancing the cyclic lifespan.

Johnson et al."?’! employed another cyclic ether solvent, isosorbide dimethyl ether (IDE), to
stabilize the surface of microsized Si (uSi) anode for LIBs. The nonflammable, nontoxic and
commercially available IDE solvent presented low reactivity with uSi anode owing to the
presence of a bicyclic ring. Moreover, 1,1,1-trifluoroethyl-1,1,2,2-tetrafluoropropyl ether (TTE)
was introduced into IDE-based electrolytes to decrease the viscosity. Compared with 1.2 M
LiPFs-EC/EMC-3% FEC (GenF), the 1 M LiFSI-IDE with TTE diluent showed less reactivity
with the electrode surface and achieved higher cycling stability of uSi anode (Figure 6e,f). The
negligible organic fluorides and strong LiF peak on the cycled Si surface (Figure 6g) proved
the inhibited decomposition of organic species in IDE solvent.

(3) SEI layer in phosphate-based electrolytes
Phosphorus-based solvents (like phosphates, phosphonates, and phosphazenes) are popular

owing to their promising prospects in avoiding flammability and enhancing anodic stability
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against high-voltage cathodes. The pioneering efforts using phosphorus-based solvents have
been summarized in some previous reviews.*4% 7 Trimethyl phosphate (TMP) is a typical
linear phosphate solvent, which possesses wide liquid-phase temperature ranges from -46 to
197 °C, high dielectric constant (21.6), and low viscosity (2.3 mPa s).[*%-26% Other phosphate
solvents, such as triethyl phosphate (TEP) and dimethyl methylphosphonate (DMMP), also
show wide operating temperature, low viscosity, good solubility of salts, and wide
electrochemical stability window. Despite numerous advantages, phosphates have poor
compatibility with most electrode materials.[*4% 157161 The reason may lie in the poor reductive
stability of phosphates, making it difficult to form a stable SEI on the anode surface.[*58: 161-163]
However, when phosphates are used as co-solvents or additives, reductive decomposition can
be effectively suppressed, and the nonflammability of electrolytes can be enhanced. Therefore,
organic phosphorus-based solvents are inclined to be utilized as non-flammable co-solvents or
flame-retardant additives in various rechargeable batteries.l*>8l Furthermore, resorting to the
high concentration and localized high concentration concepts, phosphates-based electrolytes
with proper concentration realized stable and compact SEI layer on microsized alloy anodes. %%
128, 141] The advances in concentrated phosphate-based electrolytes will be discussed in the
following section. Besides, some fluorinated phosphates (e.g., tri(2,2,2-trifluoroethyl)
phosphite (FTEP)) also exhibited enhanced oxidative stability and SEI formation capability.!'*!"

162]

3.1.1.2 Concentrations
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Figure 7. Electrolyte Concentrations. (a) The illustration of normal, high and localized
concentration electrolytes. (b) Raman spectra of FSI” anions and interaction illustration between
ions (K*, FSI') and solvent in different electrolyte formulations. (c) Cycling performance of
microsized Sb anode. Reproduced from Ref.['>> with permission. Copyright 2020 Wiley. (d)
The comparison of cycling performances of Porck/G anode, (¢) TEM of SEI layer after 300
cycles, (f) the maximum elastic deformation energy of SEI in normal, high, and localized high
concentration electrolytes. Reproduced from Ref.®?! with permission. Copyright 2021
American Chemical Society.

The concentrated electrolyte concept can retrospect to as early as 1985. Dahn et al.1%%
discovered that concentrated LiAsF¢ can suppress the co-intercalation of PC into layered ZrS»
material. In the past decades, high concentration electrolyte has rapidly flourished. Compared
with conventional electrolytes (e.g., 1 M), free solvent molecules in highly concentrated
electrolytes are greatly decreased, forming a peculiar 3D solution structure (Figure 7a).l'*! It

reduces the chance of interaction between free solvent molecules and anode materials,
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indicating improved stability.[® 125 128 1651 When increasing salt concentration, the anodic
stability of ether-based electrolytes will be greatly enhanced, which will promote the
implementation in high-voltage battery systems. Moreover, the high salt concentration
promotes the formation of a salt-derived SEI layer, which could positively affect the interfacial
chemistry on anode surfaces.!'*! For example, electrolyte stability, interaction strength of FSI-
and K*(Figure 7b), and compatibility with uSb anode in 4 M KFSI-DME were higher than these
in 4 M KFSI-EC/EMC, 2 M KFSI-DME, and 1 M KFSI-EC/EMC.['?*) Owing to the better
stability of K'-DME-FSI" in 4 M KFSI-DME, electrolyte decomposition was well suppressed,
and improved cycling stability was achieved (Figure 7c).['*’ Besides, in 2021, Wang et al.[*%%]
developed a 5 M concentrated KFSI-diglyme electrolyte for a hierarchical (BiO).COz anode
for KIBs. The increasing concentration from 1 M, 3 M to 5 M decreased the amounts of free
diglyme, and promoted the participation of FSI'@anion, leading to thin and KF-rich SEI for
improved electrochemical performance.

Despite the remarkable advantages, high viscosity, poor wettability and high cost of highly
concentrated electrolytes make them arduous for practical applications.”?l Fortunately,
localized high-concentration electrolyte provides an alternative that can bolster the advantages
and mitigate the drawbacks of high-concentration electrolytes. Generally, some diluents with
proper amounts will be introduced into the high-concentration electrolytes, which can not only
decrease viscosity and improve ionic conductivity but also maintain the advantages of
concentrated electrolytes like high oxidative stability and the solvation structure.??! For
example, in 2019, Jia et al.l'* introduced fluorinated bis(2,2,2-trifluoroethyl) ether (BTFE) as
a diluent into 1.2 M LiFSI-TEP/FEC (TEP/FEC/BTFE: 1.2/0.13/4), forming a localized high
concentration electrolyte for porous uSi. This electrolyte promoted the formation of locally
highly coordinated Li*-TEP solvates and FSI'derived LiF-rich SEI layer. As a result,
Si/graphite|[NMC333 full cell in 1.2 M LiFSI-TEP/FEC/BTFE presented remarkably improved
electrochemical performance than 1 M LiPF¢-EC/EMC-FEC. In 2021, Du et al.l®? utilized
1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether (HFE) as the diluent in 5 M KFSI-TMP,
forming a localized high-concentration electrolyte (KFSI/TMP/HFE: 1/1.7/2, Figure 7d).
Compared with 1 M and 5 M KFSI-TMP, SEI layer on Pyack/graphite anode after 300 cycles
was still thin and stable in the 5 M KFSI-TMP/HFE (Figure 7¢). HFE diluent in 5 M KFSI-
TMP enhanced the interaction between cations and anions and promoted the participation of
FSTI in the K" solvation sheath, resulting in the KF-rich SEI layer. Moreover, the SEI formed in
localized high-concentration electrolytes presented larger elastic deformation energy (Figure 7f)

to tolerate the volume change during potassiation/depotassiation processes.
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3.1.1.3 Additives

To avoid stress-induced fracture and continuous growth of SEI layer on microsized alloy
anode, the rational selection and usage of electrolyte additives have been deemed as one of the
most cost-effective ways to optimize SEI layer and boost performance.® 127 166-168] Therefore,
we briefly summarize the progress of additives for microsized alloy anodes and analyze the
mechanism of different additives in stabilizing SEI layer. The commonly used additives include
fluorine (F)-containing species, unsaturated carbonate derivatives, salt type additives,™67 169
etc.

F-containing species are popular because they are conducive to the formation of fluorinated
species/polymers (e.g., LiF, NaF, KF and analogues).l'?” !7%172] These components are
important for constructing a robust SEI layer to suppress possible side reactions.[!?7- 170. 171]
Besides, F-containing species could intrinsically impede oxidation owing to the high electron-
withdrawing tendency of the F groups, potentially benefiting the oxidation stability of the
electrolytes at high voltages.* 1671 Among these F-rich additives, the best-known are the
fluorinated solvents, such as FEC (a fluorinated form of EC),!1%6173:1741 3 3 3_flyoroethylmethyl
carbonate,[*” and difluoroethylene carbonate.[*® 1761 |n particular, FEC has been utilized as a
commercial electrolyte additive. It presents a positive role for microsized alloy anode in
mitigating the side reaction of electrolyte with electrode and inducing the formation of a stable
F-rich SEI layer.[1 173 174 1771 Eor example, in 2012, Darwiche et al.'”! optimized the
electrochemical performance of uSb anode for NIBs by using FEC additive in 1 M NaClO4-PC.
Moreover, compared with FEC-free electrolytes, uSb anode in FEC-containing electrolyte
achieved higher initial Coulombic efficiency and reversible capacity because of the formation
of a stable SEI layer. In 2019, Bian et al.!'”!) further revealed that the optimum amount of FEC
can generate a stable LiF/NaF-rich SEI layer on uSb anode for LIBs and NIBs, inhibiting the
continuous electrolyte decomposition. Nevertheless, excessive inorganic LiF, NaF, and KF
components also made the SEI layer mechanically brittle; thus, the performance improvement
for some microsized alloy anodes was still limited, as demonstrated by Eom et al.l'”®!

Unsaturated carbonate derivatives with unsaturated C-C bonds are also attractive
additives. Among these candidates, vinyl ethylene carbonate (VC) has been utilized as an
indispensable additive in the battery electrolyte industry over the past two decades. VC additive
performs the polymerization reaction on the electrode surface, promoting the formation of
protective poly(VC) layers.[**! In 2016, Dahbi et al.® indicated that both VC and FEC
additives in 1 M NaPFe-EC/DEC can form stable SEI and protect electrolytes against

decomposition but through a distinct passivation process. The comparison demonstrated that
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VC-derived SEI was formed based on a polymerization reaction and mainly consisted of
inorganic and organic compounds. In contrast, SEI generated in 1 M NaPFe-EC/DEC with FEC
additive was based on a decomposition reaction, which was mainly composed of inorganic
compounds (NaF, Na,COs, polyenes, etc.).5¥ This striking contrast demonstrated the influence
of different additives on the SEI formation mechanism, components, structure and properties.

Besides, some salts have also been developed as electrolyte additives.!'37 167191 A commonly
used LiNOs salt was frequently utilized as an electrolyte additive to protect the Li metal anode
by generating a dense inorganic Li,NO, passivation layer,'** 157) and may be extended to alloy
anodes. In 2020, Younesi’s group®> employed readily soluble SEI species, Na,CO3 and NaF
salts, as additives to saturate the electrolytes. The introduction of NaF salt additive in 1 M
NaPFs-PC effectively suppressed SEI dissolution and increased NaF content in the SEI layer,
promoting the formation of a more inorganic and stable SEI layer. Recently, lithium
difluoro(oxalato)borate (LIiDFOB) salt as an additive was introduced into 1.5 M LiFSI-
DME/HFE (v/v: 4/6) for bulk Sb anode in LIBs. It was found that the LiDFOB salt additive
affected the Li*/FSI" interactions and changed the Li* solvation structure.l*”® The LiDFOB salt
additive and HFE diluent synergistically stabilized bulk Sb anode and electrolyte, promoting
the formation of a robust SEI and ion transfer. Similarly, NaDFOB has also been adopted to
promote the NIBs stability, especially at high temperatures.®] The objective of such salt
additives is typically to alter the inorganic components in the SEI to boost the Kkinetics and
chemical/thermal stabilities.
3.1.2 Ionic liquid electrolytes

Ionic liquids can be deemed as special salts that are molten below 100 °C or even at room
temperature. lonic liquids present outstanding merits, such as inherent nonvolatility, high
oxidative stability, high temperature and chemical stability.['*!! Replacing the flammable organic
electrolytes with one based on ionic liquids could potentially improve safety, widen the voltage
window, enhance thermal stability, erc.[1%% 181182 Recently, a non-flammable ionic liquid-based
electrolyte, lithium bis(fluorosulfonyl)amide (LiFSI) in N-butyl-N-methyl pyrrolidinium
bis(fluorosulfonyl)imide (2 M LiFSI/Pyr14FSI), was utilized to improve the performance of
uSi anode.l'! As illustrated in Figure 8a, compared with conventional 1 M LiPF-
EC/DMC/DEC, the SEI generated in 2 M LiFSI/Pyr14FSI was dominated by high-temperature-
resistant inorganic components (e.g., LiF, LiNy, and LiCOs3). As a result, LiFSI/Pyr14FSI
derived SEI layer presented sufficient mechanical strength to tolerate the volume expansion of
uSi particles even at high temperatures, leading to the high cycle reversibility and thermal

stability of puSi anode. The relatively high and stable initial Coulombic efficiencies at elevated
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temperatures in 2 M LiFSI ionic liquid electrolyte provided sufficient proof (Figure 8b).
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Figure 8. Ionic liquid and solid state electrolyte. (a) Illustration of influencing SEI layer and
(b) initial Coulombic efficiency of uSi in ionic liquid-based and carbonate-based electrolytes at
different temperatures. Reproduced from Ref.['% with permission. Copyright 2022 Wiley. (c)
[lustration for the lithiation process of full cell with carbon-free uSi anode in solid-state
electrolyte. (d) The comparative voltage-capacity profiles, (e) Li-Si and SEI amounts relative
to cell capacity. (f) The 1% cycle voltage profile of pSi||SSE|NCMS811 at different operation
temperatures. Reproduced from Ref.[!*”) with permission. Copyright the authors and American
Association for the Advancement of Science.
3.1.3 Solid state electrolytes

Solid-state electrolytes are arising increasing attention owing to their high safety and the
capability to induce a stable and passivating SEI layer.*® 12 1301831 Tn 2021, Meng’s group
utilized the interface passivating properties of sulfide solid-state electrolyte to stabilize carbon-
free high-loading (99.9 wt%) uSi anode.['*" As illustrated in Figure 8c, compared with liquid

electrolytes, the interfacial contact area between sulfide solid-state electrolytes and porous uSi
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anode can be decreased to a 2D plane. The 2D plane can be well preserved and avoid the
generation of new interfaces even after uSi undergoes large volume expansion. Meanwhile,
unlike the carbon-containing Si anode, eliminating carbon in the uSi anode further suppresses
the massive decomposition of solid-state electrolyte, achieving remarkably enhanced
Coulombic efficiency (Figure 8d). Moreover, Li-Si alloy phase formed upon the lithiation
process can propagate throughout the uSi anode owing to the direct ionic and electronic contact
between Li-Si and pSi. As presented in Figure 8e, the quantitative analysis of the SEI layer,
active Li" and capacity loss from 1° cycle to 5™ cycle exhibited minor changes. It demonstrated
that sulfide solid-state electrolytes eliminated continuous interfacial growth and irreversible
lithium loss, suggesting that the SEI layer was stable upon cycling. Consequently, the carbon-
free pSi||SSE|INCMS8I11 full cell presented high reversibility even at extreme operation
temperatures of -20°C and 80°C (Figure 8f).
3.2 Artificial protective layers

The artificial protective layer works as an electrolyte barrier, mechanical buffer layer, and
ions transport promoter, which allows targeted tailoring SEI feature on the microsized alloy

(24.18%] Designing a proper artificial protective layer has been deemed an effective

anode surface.
approach to regulating and stabilizing the SEI layer through tuning electrolyte reduction
kinetics.’8! For example, mechanical buffer layers have been employed to solve the structural

185. 1861 The satisfying mechanical properties of

stability challenges of microsized alloy anodes.!
the protective layer are conducive to accommodating the volume change of high-capacity alloy
anodes and stabilizing native SEL.1'® 871901 Similar to the requirements of native SEI, the design
of an artificial protective layer needs to guarantee fast ions transport capability, superior
mechanical stability, and chemical/electrochemical and thermal stability. Albeit artificial
protective layers have countless advantages, improper design may bring negative effects. For
example, introducing an excessive and electrochemically active artificial protective layer could
trigger aggravated electrolyte reduction, resulting in a thicker SEI layer and low initial
Coulombic efficiency. Therefore, the following aspects mainly discuss design principles and
influences of type, distribution, thickness, defects, combination modes (direct mixing or
chemical bonding), pore features of the protective layer on electrolyte reduction kinetics and

SEI layer.

3.2.1 Inorganic coatings
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Figure 9. Carbon-based materials as artificial protective layers. (a) Illustration for the
changes of Si@C pomegranate during the cycling process. (b) The relationship of particle sizes
and SEI Reproduced from Ref.[%! with permission. Copyright 2014 Macmillan Publishers. (c)
Multiscale buffering mechanism and (d) TEM of microsized wool-ball-like C@1D Si.
Reproduced from Ref.'”! with permission. Copyright 2019 American Chemical Society. (e)
TEM and illustration of layered 2D uSi@C. Reproduced from!!°? with permission. Copyright
2020 American Chemical Society. (f) The merged TEM mapping. (g) The initial
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charge/discharge curves of N-doped carbon nanosheets (NCNFs)@3DuSi with different pores
and coating thickness. Reproduced from Ref.[*’! with permission. Copyright 2022 American
Chemical Society. (h) TEM and (i) N 1s spectrum of mesoporous puSi@PBI-carbon anode.

Reproduced from Ref 1%

with permission. Copyright 2017 American Chemical Society. (j)
[lustrations of SEI layer for uSi and puSi@graphene after cycling. (k) Electrical behaviors, the
comparison of (1) cycling performance and (m) EIS profiles of bulk puSi with different protective
layers. Reproduced from Ref.['®! with permission. Copyright 2016 Macmillan.

Inorganic conductive carbon-based materials are popular candidates for protective layers on

[187) developed a nanoscale carbon

microsized alloy anodes. As early as 2013, Wang’s group
layer as building blocks for interconnected Si and constructed a micro-sized Si-C composite
anode for LIBs, where the carbon blocks effectively stabilized the formation of SEI layer. Until

now, various conductive carbon allotropes, such as carbon (shell or sheet)[** 47: 129, 187, 193, 194]

[50, 188, 189, 195-197 e [18, 71, 190, 198, 199
>

1D carbon nanotube, 'and 2D graphen I have been introduced
into volume-sensitive microsized alloy anodes and successfully utilized as the protective layer.
To promote the positive regulation effect of a carbon-based protective layer on SEI, the
configurations, distribution, graphitization degree, defects, and pore features should be
rationally tailored.

Carbon-based materials as an external shell to encapsulate inner active materials is the most
common protective approach. For instance, in 2014, Cui’s group designed a pomegranate-like
hierarchical structured Si anode.!”) As illustrated in Figure 9a, Si nanoparticle was encapsulated
into a self-supporting conductive carbon framework, and numerous carbon encapsulated Si
hybrids were assembled into pomegranate-like microsized Si-C particles. The external
conductive carbon shell served as an electrolyte barrier, blocking electrolytes and avoiding SEI
formation in the inner Si nanoparticles. Moreover, the pomegranate-like structure further
greatly decreased the SEI formation area due to efficient packing (Figure 9b). Meanwhile, the
proper void space between the conformal carbon shell and inner nano-Si provided adequate
space to buffer volume changes without damaging the overall pomegranate Si-C anode. As a
result, the SEI layer on the overall pomegranate Si-C surface can maintain a thin and integral
structure during repeated cycles. Besides, the conjoint carbon shell formed a 3D conductive
framework, facilitating rapid ions transport. Therefore, such hierarchical microsized
pomegranate-like Si-C anode achieved up to 99.87% average Coulombic efficiency and 97%
capacity retention after 1000 cycles.

Similarly, some microsized hierarchical structures composed of conductive carbon shells

encapsulated 1D or 2D or 3D active materials also presented a similarly positive role in forming
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thin SEI and stabilizing SEI during repeated cycling. As illustrated in Figure 9c, Hou et al.['!]

utilized a conductive carbon shell to encapsulate 1D Si nanowires and devised a microsized
wool-ball-like Si-C framework. Figure 9d exhibited a typical morphology of single Si-C
nanowires. The wool-ball-like Si-C anode maintained structural integrity with a ~19.5%
volume variation during the lithiation process and induced the formation of thin SEI layer,
finally enabling a stable cycling performance upon 1000 cycles. Recently, An et al.l'? devised
a layer-by-layer-assembled Si/C (L-Si/C) anode for LIBs. The TEM image of L-Si/C fabricated
at 650°C (Figure 9e) demonstrated that 2D layered Si was modified by an external carbon layer
with an optimal thickness of ~15.3 nm and graphitization degree. The optimal microsized L-
Si/C anode achieved capacity retention of 82.85% at 5 A g! upon 3200 cycles. For these
microsized hierarchical structures, external conductive carbon shell mainly serves as electrolyte
barriers, elastic buffer, and electrons/ions transport promoter. On the one hand, the external
carbon layer blocks direct contact between active materials and electrolytes, alleviates
electrolyte consumption, and induces the formation of thin SEI. On the other hand, a carbon
shell with proper space can allow for volume variation of high-capacity alloy anodes without
deforming carbon shell or disrupting SEI layer on the outside surface, and thus avoiding
continuous SEI growth during repeated cycles. Moreover, the overall hierarchical structure
provides sufficient space to further alleviate inherent volume changes and inner stresses, thus
maintaining an integrated electrode framework and thin SEI while maintaining a high tap
density.

The thickness of the protective layer is also an important parameter. An et al.*” devised
uniform 2D N-doped carbon nanosheet frameworks (NCNFs) as a protective layer for
nanoporous uSi anode (NPuSi@NCNFs, Figure 9f) by the pyrolysis of g-C3N4. The thickness
of NCNFs fabricated at 600, 700, and 800°C was 27.7, 30.3 and 21.5 nm, respectively. As
shown in Figure 9g, NPuSi@NCNFs anodes with thinner NCNFs achieved higher initial
Coulombic efficiency, indicating fewer electrolytes and Li ions consumption. The investigation
demonstrated that the proper thickness of the artificial layer was essential for the formation of
thin SEL

Tailoring defects and surface functional groups is also an effective approach to control the

catalytic degree of active materials on electrolyte reduction, electrochemical active sites,

[131 185]

conductivity, and mechanical properties of materials.['*!) For instance, in 2017, Nie et al.!
fabricated a conductive pyrrolic N-enriched carbon from polybenzimidazole (PBI) to
encapsulate pSi spheres (Figure 9h). Unlike ordinary carbon, in addition to working as

electrolyte barriers to suppress side reaction, pyrrolic N-enriched carbon (Figure 91) provided
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massive extrinsic defects and active sites for extra Li storage, and endowed puSi with enhanced
electronic conductivity and structural robustness. However, massive defects also could trigger
severe electrolyte reduction due to large amounts of active sites, resulting in large irreversible
capacity, low initial Coulombic efficiency, the formation of thick SEI, and poor cycling
performance.!!3!- 2% Therefore, rational defect design is necessary for tailoring SEI layer.

Besides, the combination mode between the protective layer and active material also has an
important impact on the stability of SEL Yu et al.l*%! demonstrated that Pr.q confined within
microporous carbon (P.a@YP) can better accommodate volume change and stabilize SEI,
achieving 99% average Coulombic efficiency upon 1000 cycles. However, unconfined Preq on
the surface of CNT formed unstable SEI during sodiation/desodiation processes. The distinct
comparison demonstrated the roles of combination modes. Moreover, the activity, stability and
reversibility of electrode materials could be simultaneously boosted when a chemical
interaction (strongly coupled) between active species and the protective layer occurs. Song et
al.?%U devised a carboxyl group-functionalized CNTs chemically coupled Preq anode via P-O-
C bonds (P-CNT/c-NaCMC-CA). Compared with directly mixed P-CNT anode, P-O-C bonds
in P-CNT hybrids help intensify the close electrical contact between Preg and CNTS, enabling a
stronger tolerance for repeated volume changes. As a result, P-CNT/c-NaCMC-CA with robust
chemical bonding realized lower interfacial resistance and more stable SEI after long-term
cycling.

Compared with ordinary carbon, 2D graphene possesses superior mechanical flexibility,
electrical conductivity and thermal properties, presenting the promising potential to address

37,2021 A5 early as

both particle fracture of high-capacity alloy anode and unstable SEI layer.!
2015, Sun et al.?® reported a sandwiched phosphorene-graphene composite anode for NIBs,
delivering average Coulombic efficiencies of 97.6% (8 A g™!) and 99.3% (26 A g'!) in the initial
hundred cycles. High Coulombic efficiency indicates high reversibility and superior stability of
the electrode and SEI layer. Except for microsized 2D materials, graphene also presents
extraordinary improvement for bulk microsized alloy anode in stabilizing SEI and optimizing
electrochemical performance. For instance, Li et al.l'®! adopted the conformal multilayered
graphene cages to encapsulate bulk Si microparticles (Figure 9j-m). Compared with bare or
amorphous carbon-modified bulk pSi, the mechanically robust, flexible and conductive
graphene cage provided enough space to buffer the anisotropic expansion of bulk puSi particles,
protected cracked uSi against electrolyte decomposition, avoided the repeated damage and

generation of SEI, and maintained superior electrical contact. As a result, the graphene-

encapsulated Si microsized anode for LIBs achieved high initial- and later-cycle Coulombic
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efficiencies (Figure 91) as well as fast charge-transfer kinetics (Figure 9m).!'®]
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Figure 10. Inorganic coatings (oxides, MOF, rich-F MXene) as artificial protective layers.
(a) Initial charge/discharge curve of bulk pSi with SiO. coating of different thicknesses.
Reproduced from Ref.?*! with permission. Copyright 2013 Wiley. (b) Influence mechanism of
amorphous TiO2 coating on SEI formation on Pre surface. Reproduced from Ref.[!®! with
permission. Copyright 2019 American Chemical Society. (¢) HRTEM, (d) illustration of
phosphorene/MXene promoting stable SEI and fast reaction kinetics, and (e) F 1s XPS in-depth
analysis of SEI layer formed on a phosphorene/MXene. Reproduced from Ref.*" with
permission. Copyright 2020 American Chemical Society. (f) Macroporous bulk Sb/MgF».
Reproduced from Ref.[?% with permission. Copyright 2018 Wiley. (g) Schematic illustration
and (h) cross-sectional SEM of ZIF-8 modified uSi anode. Reproduced from Ref.!*%] with
permission. Copyright 2015 American Chemical Society.

In addition to inorganic carbon-based materials, other coatings with unique functions, such
as oxides and F-rich species, have also been utilized as efficient protective layers. Oxides (e.g.,
SiO,, 122294 7r0,, Al,0s, and TiO2?°7l) as a protective layer can work as a ceramic stabilizer
for microsized alloy anodes to constrain large volume variation and stabilize the
electrode/electrolyte interfaces. However, similar to carbon-based materials, most oxides can

be used as active materials for Li, Na, K, Mg, and Al storage. In the initial alloying process,
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some oxide-based protective layers will participate in SEI formation due to the reactions
between oxides and cations (Li*, Na“, etc.). Therefore, it is necessary to rationally regulate the
features (e.g., thickness, species) of such a protective layer to achieve optimal improvement for
SEI in the balance of positive and negative effects. For example, in 2013, Sim et al.**¥
investigated the influence of Si0; coating with different thicknesses (0, 2, 7, 10, and 15 nm) on
the initial Coulombic efficiency and electrochemical performance of micro-nano hierarchical
Si. As shown in Figure 10a, compared with free and thicker SiOx coating, uSi anode with proper
coating thickness (2 nm) exhibited a higher initial Coulombic efficiency. It highlighted the
critical role of oxide coating with proper thickness in forming thinner and more stable SEI.

Besides, chemical bonding between the oxides layer and active materials also plays a vital
role in regulating SEI. As illustrated in Figure 10b, Zhang et al.l'’® demonstrated that
amorphous TiO2 coating on the surface of Preq anode can interact with the reduction product
(e.g., NaF, organic components) of FEC additive, suppress further electrolyte decomposition,
and form strong adhesion between Preq With SEI. Hence, for Preg anode with amorphous TiO>
coating, the mechanical damage of SEI during repeated sodiation/desodiation processes was
effectively suppressed to achieve enhanced electrochemical performance.

Oxides can also serve as a sacrifice layer to regulate SEL Luo et al.**"! developed an ultrathin
TiO2 nanocoating for microsized Ppiack anode. The TiO2 nanocoating induced the formation of
a stable Li,Ti,O: passivation layer and regulated SEI microstructure. The Li,Ti,O: passivation
layer facilitated fast ions/electrons transfer and promoted the formation of a thin SEI layer.

F-rich species are also promising candidates for constructing a protective layer of alloy
anodes. Guo et al.l'*! introduced fluorine terminated 2D TisC2Tx MXene into Ppiack anode
(Figure 10c,d). As shown in Figure 10e, the in-depth XPS analysis proved that TisCoTx with
abundant F groups could benefit the formation of stable NaF-rich SEI even in a F-free carbonate
electrolyte. DFT calculations clarified the improved diffusion kinetics and sodium affinities in
the phosphorene/TisCzF2. As a result, Poiac/MXene hybrid anode achieved 535 mAh g
reversible capacity at 100 mA g* and stable cycling performance (343 mAh g after 1000
cycles at 1000 mA g1) in 1 M NaClO4-EC/PC. The investigation provided a novel and effective
way to regulate SEI composition and stabilize the structure. Ruiz et al.!**! adopted the
electrochemically inactive dense MgF» phase to modify macroporous Sb anode for NIBs. The
mgF> phase serves as a mechanical buffer to alleviate part of phase transformation-induced
stresses (Figure 10f). Besides, metal-organic framework (MOF)%! with large pore volume and
high surface area has also been utilized to modify pSi anode (Figure 10g,h), where MOF can

effectively decrease the direct exposure of puSi with electrolyte and promote the formation of
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stable SEI layer.

3.2.2 Organic coatings

Si

© ©
(=] o
Coulombic efficiency (%)

Si/C

S
o

100 200 300 400
Cycle number

o
o

LiF-dominated thin
and effective SEI

LiF-dominated thick
and ineffective SEI

: Organics-dominated
thick SEI

6

Figure 11. Organic coating. (a) Schematic illustration and SEM image after 2000 cycles of 3D
porous Si/PANI polymer hydrogel anode. Reproduced from Ref.['¥ with permission. Copyright
2013 Macmillan Publishers Limited. (b) Schematic illustration and TEM image of uSi cage.
Reproduced from Ref.?%®! with permission. Copyright 2019 American Chemical Society. (c)
Cycling performance, (d) schematic illustration for structural and SEI characteristics, and (e)
TEM images of Si, Si/C, and PCSi-2 anodes after 50 cycles. Reproduced from Ref.['3* with
permission. Copyright 2022 Wiley.

Polymer materials with superior processability, high flexibility and good ionic conductivity
are deemed ideal artificial protective layer materials.*® Organic polymers, such as
polyacrylonitrile,?!” polyaniline (PANI),!3] polypyrrole (PPy)?*! are also promising for
solving the large volume change and inducing the formation of high-quality SEI. As shown in

Figure 11a, Wu et al.["*!

adopted an in-situ polymerization approach to incorporate a conductive
bi-functional conformal PANI polymer coating onto the uSi anode surface. The 3D polymer

created a continuous electronic transport pathway and provided a free space for the volume
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expansion of Si particles. Moreover, the positively charged PANI hydrogel layer and puSi were
tightly bonded together by hydrogen bonding or electrostatic adsorption. These features
promoted close electrical contact, avoided pulverization of Si particles, and protected thin SEI

2081 introduced an ultrathin (<5 nm) mesoporous PPy

layers from damage. In 2019, Lv et al.l
layer for uSi anode via in-situ polymerization. As shown in Figure 11b, the mesoporous
conductive PPy layer encapsulated the entire hollow pSi skeleton. The external PPy layer
promoted fast ions/electrons transport, served as a protective layer to stabilize uSi anode and
suppressed undesired side reactions. Moreover, the hollow uSi skeleton provided abundant
space to buffer drastic volume variation during cycling processes. Inheriting from the structural
advantages of hollow Si skeleton and the conductive polymer layer, uSi anode realized ~1660
mAh g and Coulombic efficiency of ~99.8% and 99.4% after 500 cycles with a mass loading
of 3 and 4.4 mg cm, respectively.

The electrochemically active polymer layer could regulate and stabilize SEI by affecting the

(134 introduced poly(hexaazatrinaphthalene)

formation pathway of SEI. For example, Wang et al.
(PHATN) polymer layer onto uSi/C anode surface (denoted as PCSi). Compared with bare Si
and Si/C anodes, the PCSi anode for LIBs achieved remarkably improved cycling stability
(Figure 11c). The detailed analysis demonstrated that the introduction of the PHATN layer
changed the formation path of SEI owing to the fact that PHATN with -C=N- groups possessed
a strong lithium affinity than solvent. As illustrated in Figure 11d, during the lithiation of the
PCSi anode, Li ions were easily intercalated into PHATN owing to the -C=N- groups, forming
a stable Li-rich PHATN layer. Li-rich PHATN interface can promote rapid ions transport,
optimize the growth path of SEI, and induce the LiF-rich SEI. Besides, PHATN created a self-
healing hydrogen bond framework, which offered controllable space to accommodate the
volume change of puSi particles. By contrast, the formation of SEI on the uSi with ordinary
carbon was induced by successive decomposition of LiPF¢ salt and carbonate solvent, which
was totally different from PCSi. The comparison of TEM images (Figure 11e) of Si, Si/C, and
PCSi-2 anodes after 50 cycles obviously demonstrated that PCSi could form thin and stable
SEI The remarkably improved cycling stability of the PCSi anode for LIBs confirmed the
effectiveness of the PHATN polymer protective layer in stabilizing nuSi and SEI.
3.3 Cycle protocols

The formation processes and resultant properties of SEI are sensitive to external conditions,
such as temperature,®®! current parameters,!”” 2! 2121 cut-off voltage,!'*] distance between
electrodes,® and pressure. For example, Stetson et al.®3 unveiled that SEI dissolution was

more severe at higher operation temperatures (Figure 2h), demonstrating the temperature-
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dependent solubility of SEI Zhu et al.'*® investigated the influence of desodiation cut-off
voltage on the stress level and electrochemical performance of uSn anode for NIBs. They
revealed that the crucial Sn/NaSn; phase transition was highly responsible for causing
mechanical damage, as revealed by the DFT and finite element analysis. As a result, they
precisely regulated the cutoff voltages to tune the phase transition and avoid the formation of
NaSnj3 phase during electrochemical cycling processes. This investigation provided a novel way
to suppress particle pulverization of microsized alloy anode and avoid the repeated generation
of SEI layer. Liu et al.l””) adopted a small pre-cycling current in the first several cycles to induce
the formation of stable SEI at the initial stage, which was deemed a direct and effective strategy.
These cases highlight the effectiveness of setting appropriate cycle protocols in regulating and

stabilizing the SEI layer on the surface of microsized alloy anodes.

3.4 Electrode design
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American Chemical Society. (¢) SEM and (d) schematic illustration of 2D layered uSi. (e) The
comparison of cycling performance. Reproduced from Ref.*¢! with permission. Copyright 2020
American Chemical Society. (f) SEM and TEM of mesoporous Si sponge. Reproduced from
Ref.[213] with permission. Copyright 2014 Macmillan. (g) Schematic of potassiation process for
nanoporous uSb anodes. Reproduced from Ref.['®) with permission. Copyright 2018 American
Chemical Society.

Rational structural design can induce a preferred salt-driven decomposition while selectively
suppressing the electrolytes solvents decomposition, thereby inducing thin and robust SEI in
ordinary electrolytes.[*% 1311 Multiscale electrode structure is a good choice. As aforementioned
in the inorganic coating, a multiscale structure composed of primary and secondary particles
has remarkable advantages to accommodate mechanical stress caused by large volume variation
of high-capacity alloy anodes during repeated cycles. For example, in 2021, Liu et al.’"
constructed a hierarchical micro/nanostructured Sb-doped Pr.s/KB-MWCNTs anode for NIBs
(Figure 12a). Both experimental and theoretical results consistently demonstrated that the
hierarchical Sb-doped Pr.o/KB-MWCNTs could greatly accommodate mechanical stress and
suppress undesirable electrolyte decomposition regardless of electrolytes. As shown in Figure
12b, Sb-doped Pr.s/KB-MWCNTs anodes in conventional carbonate (1 M NaPFs-PC with 2%
FEC) and localized high concentration (1.2 M NaFSI-DME/BTFE) electrolytes delivered
similar initial Coulombic efficiency and cycling stability, highlighting the vital role of structural
design. Compared with Prd/C30, the XPS results demonstrated that Sb-doped Pr.s/KB-
MWCNTs in two electrolytes could induce F-rich, thin and robust SEI layer through regulating
the electrolyte decomposition.

Furthermore, microsized 2D layered and 3D porous structural electrodes, such as 3D
macroporous Si,[*'Y mesoporous Si,[?!3] nanoporous Si,*?) Sbl1% 215) and SiGe,?!®! and layered
porous Si@CNT,®"! have also been extensively reported. Such structures with adequate
void/pore space are more capable of accommodating volume variation, restricting
damage/growth of the SEI layer, and enhancing electrochemical reaction kinetics during
alloying/dealloying processes while maintaining high tap density and decreasing contact area
with electrolytes.['*”- 293217 Figure 12¢ and f showed typical microsized 2D layered*®! and 3D

mesoporous!?!?!

structural Si anodes, respectively. As illustrated in Figure 12d,g, these
structures presented smaller structure changes during lithiation/delithiation processes. As
revealed by Li et al.,[*' large mesoporous Si (>20 pm) sponge (Figure 12f) can restrict the
volume expansion to ~30% at full lithiation and suppress particle pulverization in bulk Si

particles by in-situ TEM analysis and continuum media mechanical calculations. The
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irreversible capacity loss in the initial cycle of pre-lithiated Si was less than 5%, indicating the
thin SEI formation. Notably, albeit the positive improvement effects of these microsized
multiscale structures, appropriate structural parameters are still necessary. As shown in Figure
12e, the microsized 2D Si fabricated at 1000°C (2DSi-1000°C) achieved worse cycling stability
than that of 2DSi-900°C, ¢! owing to the intact 2D layered structure and sufficient layer
space.[*! Note that the high surface area electrode promotes copious SEI formation, which will
decrease the initial Coulombic efficiency. The collapse of the electrode structure during cycling
also leads to the over-growth of SEI, deteriorating the charge transfer. Therefore, it is essential
to maintain a low surface area when designing the active material and the structural integrity to
prevent new surface exposure during cycling.

Besides the hierarchical structural design, electrode surface chemistry also plays a key role
in electrolyte reduction. A Al/Na-doped and defect-abundant microsized nanostructured Si
anode for LIBs achieved positive SEI regulation and improved electrochemical
performance.?®! The surface Al and Si can be oxidized into Al,O3 and SiOx, which serve as the
artificial protective layer for uSi anode.°” The in-situ formed artificial SEI layer effectively
alleviated the mechanical stress/strain of the uSi anode and prevented continuous
broken/growth of SEI layer.!>%!

3.4.2 Binders optimization

Binder is a significant electrode component that combines active materials with conductive
materials and current collectors. It plays a critical role in ensuring close electrical contact,
accommodating volume expansion, maintaining the integrity of alloy anode materials, and
stabilizing SEI during cycling processes./?'®1 Han et al. categorized the binders into three types
based on the interaction between them and the active anode materials, including inert adhesion,
hydrogen binding and covalent crosslinking.[?**! There is an absence of any chemical reactions
between the inert binder and anode; they hold the particles together through van der Waals force.
The widely used poly(tetrafluoroethylene) (PTFE) and poly(vinylidene difluoride) (PVDF)
belong to this type. Several studies have proved microparticles are more susceptible to
pulverization during volume change than their nanoparticle counterparts. Thus, these binders
may not be desired for microsized alloy anodes due to poor affinity to the particles. 229 In
comparison, hydrogen bonding improves the connection between the binder and alloy anode.
Carboxymethyl cellulose (CMC), poly(acrylic acid) (PAA), and sodium alginate (SA), which
have abundant carboxylic acid groups, fall into this category. These binders can naturally
induce hydrogen bonding on the surface of alloy anodes, effectively keeping the connection

between binder and active materials. The strongest adhesion occurs in the third type, i.e.,
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covalent crosslinking, resulting from the interaction between the functional groups of the binder
and the surface of alloy anodes. The sturdy binding can effectively maintain the electrode
integrity and alleviate the electrical network destruction during cycling, achieving high
Coulombic efficiencies and stable cycling performance. Typical candidates include poly(vinyl
alcohol) (PVA)- and PAA-derivatives through functionalization and grafting of a second
phase.[? 221-2231 The |atter two types of binders do not only affect the integrity of the electrode
but also the SEI components. This is exemplified by Nguyen et al., who adopted citric acid as
the binder and surface-modifying agent in the Si anode. >4 The reduction of citric acid led to
the formation of lithium citrate coated on the Si surface, benefiting the SEI stability. Therefore,
based on the roles of the binders, it would be more appropriate to divide them into two types,
i.e., structural and functional binders. Both significantly affect the SEI, which is why we discuss
the binder in the current review. The functional binder, such as citric acid, has a direct impact
on the SEI by either contributing to the SEI species or altering the electrolyte decomposition
pathway. 2241 The role of the structural binder is to keep the electrode integrity by preventing
pulverization. Although it does not directly affect the SEI, the pulverization of particles will
expose new surfaces and triggers continuous SEI growth. Rapid progress has been made in this

direction by improving the mechanical properties of the binder.
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Figure 13. Binder optimization. (a) Schematic illustration for the structural change of puSi
anode with self-healing binders. (b) The comparison of cycling performance of puSi anode with
proposed self-sealing binder and traditional PVDF, CMC and alginate polymer binders.
Reproduced from Ref.*# with permission. Copyright Nature group. (c) Schematic illustration
of structural formulae of PAA-P(HEA-co-DMA) binder and their interaction with Si. (d) SEM
images of Si anode after 100 cycles using traditional PAA and designed PAA-P(HEA-co-DMA)
binder. Reproduced from Ref.??*! with permission. Copyright 2018 Elsevier. (e) Schematic
illustration of the stress dissipation mechanism of highly elastic PR-PAA and traditional PAA
binder for uSi anode. (f) cross-sectional SEM of uSi anode after 10" delithiation. Reproduced
from Ref.”] with permission. Copyright 2017. (g) EIS curves of uSb electrodes with cross-
linked chitosan or chitosan before and after the cycling test, respectively. Reproduced from
Ref.[??%] with permission. Copyright 2016 Wiley.

Multifunctional binders with features of self-healing, high elasticity, superior ionic/electronic
conductivity, and strong adhesive are popular with alloy anodes. For example, Wang et al.*¥
employed the hydrogen-bond-directed self-healing polymer as the binder to stabilize the pSi
(~3-8 um) anode in 2013. Benefiting from the self-healing property, mechanical damage and
cracks during charge/discharge processes could be spontaneously recovered after the uSi anode
was encapsulated by such a binder (Figure 13a). The 99.2% average Coulombic efficiencies at
2000 mA g of self-healing polymer modified Si anode suggested minimal side reaction and
superior stability of SEI layer (Figure 13b). Besides, in 2018, Xu et al.!*?’! designed a self-
healing multiple network binder, poly(acrylic acid)-poly(2-hydroxyethyl acrylate-co-dopamine
methacrylate) (PAA-P(HEA-co-DMA)), for uSi anode. As shown in Figure 13c, the covalently
cross-linking structure created the network architecture, where abundant hydrogen bonds
existed in every local area. Compared with traditional PAA binder, the puSi anode with self-
healing PAA-P(HEA-co-DMA) binder maintained a smooth and intact structure after 100
cycles (Figure 13d). The significant performance enhancement could be attributed to the self-
healing binder providing enough mechanical support, effectively accommodating the strain of
uSi particles, and avoiding repeated SEI formation and electrolyte consumption during cycling
processes.

In 2017, Choi et al.!” designed a highly elastic binder by adding 5 wt% polyrotaxane to
conventional PAA binder (PR-PAA) and employed it for uSi anode in LIBs. The designed
elastic PR-PAA binder prevented pulverized Si particles from disintegration (Figure 13e),
which stabilized SEI layer and suppressed repeated SEI growth, thereby enhancing the

Coulombic efficiency and realizing stable cycling performance at commercial-level areal
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capacities. Compared with conventional PAA binder, the uSi anode with a thickness of 9.8 um
using the highly elastic PR-PAA binder presented a thickness change of only 12.1 um after 10
cycles compared to 22.8 pm for the one using unmodified PAA binder (Figure 13f), highlighting
the positive role of high elastic binder in stabilizing electrode and SEI layer.

The binder-derived stabilizing approach has also been adopted in other microsized alloy
anodes. In 2020, Wang et al.*>* optimized SEI and electrochemical performance of microsized
SnSb anode for KIBs by combining the mechanically robust cross-linked CMC and PAA binder
and 3 M KFSI-DME electrolyte. Benefiting from the synergistic effect of high-strength binder
and electrolyte, the microsized SnSb anode achieved a ~419 mAh g capacity at 50 mA g
upon 600 cycles, suggesting stable electrode structure and SEI layer during cycling processes.

Besides, Goodenough’s group!??®! developed a polymer network consisting of cross-linked
chitosan as a binder for uSb anode in NIBs. As shown in Figure 13g, the electrode using cross-
linked chitosan binder showed a smaller change of charge-transfer and interface resistance than
that of liner chitosan binder. It demonstrated that SEI could be stabilized and electrode structure
could be well maintained using the optimized binder. XPS signal further implied that cross-
linked chitosan induced the formation of a thin SEI layer. As a result, uSb anode for NIBs

achieved enhanced Coulombic efficiency and improved cycling stability.
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4. Summary and perspectives

Microsized alloy anodes have been deemed attractive candidates for high-energy-density
energy storage systems due to their high tap density, high volumetric energy density and low
cost. A high-quality SEI layer is crucial in determining the electrochemical performance and
cyclic lifespan of microsized alloy anodes with large-volume expansion. In this review, we
summarized the regulation and stabilization strategies of SEI for microsized alloy anodes in
various rechargeable batteries from the perspectives of engineering electrolytes, designing
artificial coating, regulation cycle protocols, and optimizing the electrode structures (Figure
14). It is worth mentioning that the preferred SEI structure in different electrodes and battery

types may differ. Therefore, there is an absence of general SEI design strategies that could be
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applied to all the systems. Overall, the SEI should be uniform, dense, thin, mechanically stable
and ionic conductive. Although significant progress has been achieved, building such SEIs for
general systems and under practical conditions is still a grand challenge. Herein, we propose
some perspectives toward future development.

(1) Unravelling the electrical-mechanical coupling effects of the SEI layer. Both the electrical
and mechanical properties are closely related to the microstructure of SEI layer. However, the
structural requirements for high ionic conductivity and improved mechanical properties may
contradict each other. For instance, high content of inorganic components, such as LiF, has been
reported to benefit fast charge transfer. Nevertheless, these inorganic components would
generally decrease the elasticity of the SEI layer to accommodate the volume change. A
compromise may need when designing the SEI layer to balance the electrical and mechanical
properties. Furthermore, the mechanical properties determine the SEI’s deformation, affecting
the diffusion of charges. Such a coupling effect has rarely been explored and could be clarified
through in-situ techniques in future studies.

(2) Disclosing precise formation processes and dynamic features of the SEI layer through
advanced characterization and simulation methods. The recent progress in advanced
characterization has offered new opportunities to unveil SEI characteristics. For instance, cryo-
TEM allows one to build accurate SEI models in different systems. This will facilitate the
understanding of the electrochemical and mechanical properties of SEI through complementary
theoretical simulations. The operando techniques make monitoring SEI dynamics on time under
commercial cells possible, which is well exemplified in the recent work of sensing the 18650
Li(Na) cells by an optical fiber.¥) The enhanced understanding will surely benefit the rational
SEI design for stabilizing microsized alloy anodes toward practical applications. It is
noteworthy that the SEIs formed in different systems, such as Li, Na, and K batteries, could
differ a lot even for the same electrode under similar electrolytes, as demonstrated in the metal
anodes.['?") However, a direct comparison of SEIs in alloy anodes is still lacking. The
straightforward extrapolation of successful electrolyte formulations from one system to another
does typically not work well. The reason may lie in 1) the distinct solvation structure of the
cation. The K ions have the weakest desolvation energy among the three alkali-metal ions,
which would affect the decomposition pathway of the electrolyte and the resulting SEI; and ii)
the solubility discrepancy of the SEI components because of the different Lewis acidity of alkali
metal ions. For instance, it is found that the dissolution of SEI has caused a more severe self-
discharge issue in NIBs than in LIBs.*! It calls for systematical studies to compare the SEI

microstructure and their dynamic features in different batteries, which would benefit the
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electrolyte and SEI design.

(3) Exploring the stability of the SEI layer in practical conditions. The performance of
microsized alloy electrodes operating in extreme cases (e.g., high areal mass loading, lean
electrolyte addition, high/low temperature) and full cells should be examined. Currently, most
studies are conducted in half-cells with excess electrolytes, which differ from real conditions.
For instance, lean electrolytes may limit SEI regeneration on the fracture surface. How it will
affect SEI dynamics remains a question. Another critical factor in determining the stability of
the SEI layer is the temperature. Generally, the high temperature would trigger the parasite
reactions, and the low temperature deteriorates the kinetics, including the charge transfer across
the SEI layer. It necessitates deep exploration to unravel the temperature effect and associated
mechanisms. Last, the strategies for building stable SEI must be compatible with the cathode,
particularly for the electrolytes-derived approaches, which may not match well with the high-
voltage cathodes due to the oxidation stability of novel salts/solvents/additives. A holistic

evaluation should be adopted in assessing the SEI layer on microsized anodes.

Table 1. A summary of fundamental information of metallic Li, Na, K, Zn, Mg, Ca and Al.

lonic Potential Theoretical Theoretical
. Density (g Earth Gravimetric Volumetric
Element Radius versus SHE 3 bund : . h
(pm) V) cm) Abundance Capacity Capacity (mA

(mAh g?1) cm3)
Li 76 -3.04 0.53 0.0017 wt% 3860 2061
Na 102 -2.71 0.97 2.3 wt% 1166 1129
K 138 -2.93 0.86 2.09 wt% 687 610
Zn 75 -0.76 7.13 0.0067 wt% 820 5855
Mg 72 -2.36 1.74 2.3 wt% 2206 3831
Ca 100 -2.84 1.55 4.1 wt% 1337 2072
Al 53 -1.68 2.70 8.2 wt% 2980 8046
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Table 2. The abbreviation (Abbr.), synonyms, linear formula, molecular weight (M), boiling

point (Ty), viscosity () and dielectric constant (&) of ester and ether solvents. The  and ¢ values
are obtained from the Ref.[3% 153.227]

Solvent Abbr. Full name and 3D conformer Linear formula b (§ ;l“ b n(mka €
mol') | (°C) s)
nGlyme,
Gn n(ethylene glycol) dimethyl ether. CH3O(CH2CH20),CH; ) ) )
DME, monoglyme
Gl 3 QW CH30CH2CH,OCH3 90.12 85 0.455 7.3
Diglyme, diethylene glycol dimethyl
ether
G2 (CH30CH:CH>).0 134.17 | 162 | 1.06 7.4
Linear Triethylene glycol dimethyl ether
ether G3 - - CH;0(CH>CH,0);CH; 17823 | 216 é‘?g' 7.53
TEGDME, tetraglyme
G4 . N CH;0(CH2CH»0)4CH3 22228 | 275 |3.3-3.7 7.9
Ether Ethylene glycol diethyl ether
EGDE CH;3;CH>0OCH>CH>OCH, 118.17 123. 0.65 i
E CH; ’ 5 ’
1,3-Dioxolane
DOL _q:ﬁ C3HeO: 7408 | 75.6 | 0.6 7.1
7. 2—Methyi— 1,3-dioxolane
MeDO \ < C4HgO, 88.11 82 = =
L 4 ~
Cyclic
ether Tetrahydrofuran
THF ’ (g;}? C4H30 72.11 66 0.46 7.58
2-Methyltetrahydrofuran
MeTHE é{};{;\ CsH100 86.13 |78 |0497 |-
Diethyl carbonate
DEC (C2H50),CO 118.13 | 126 | 0.75 2.82
Linear Dimethyl carbonates,
carbona | DMC ‘ el (CH30),CO 90.08 90 0.58 3.1
te
Ester Ethyl methyl carbonate,
EMC w C4H303 104.10 | 101 | 0.65 2.4
Cyclic Ethylene carbonates
carbona | EC : C3H403 88.06 243 | 1.9 89.6
te
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Propylene carbonates
PC "2 I C4HeO3 102.09 | 240 | 2.5 66.1
?’/
Fluoroethylene carbonate
FEC N C3H:FO; 1065 |212 | 4.1 96
s
Vinylene carbonate
VC o C3;H,03 86.05 168 | 2.2 -
Trimethyl phosphate
}5
TMP . ;1"“‘ (CH3);PO4 140.07 é97' 1.98 20.7
Linear T
phosph Triethyl phosphate
ate =4
TEP ' (C,Hs0);PO 182.15 | 219. | 1.54 13
Table 3. Summary of SEI features and cycling stability of microsized alloy anodes via various
regulation strategies
Regulation Cycling SEI
. Electrolyte Electrode
strategies Y performance Component | Thickness Properties
1M Si 950.27 mAh g (100 | LiF, LLPOJF, | o abie
LIDFOB+TMP | (=50 um)™ | cycles, 200 mA g) | LixBO,F; SEI layer y
Negligible Mechanically stable
1M gjtn ) ROLi and i SEI layer with high
LiFSI+IDE/TTE abundant LiF Li* transport
species capability
1.2 M Silgraphite (1- 982 mAh g1 LiF-rich SEI layer
LiFSI+TEP/FEC/ | %1)['?28] (300 cyles, 0.75 mA | LiF - with improved
BTFE K cm?) mechanical stability
) LiF, Li>CO3 Thin, uniform, and
2800 mAh gt i I ' <
o 2M . 11 LiOH, Li20, high-modulus LiF-
= Liquid LiPFe+mixTHE | S C10mm) | (200 cycles, 7158 | o) ) iisio,, | 287 | rganic bilayer
o . mA g*) . :
5| organic LixPFy interphase
[<3] A "
- 21 o o
LiPFe+THF/2- Sn (45 pm)**® | - ROLI, LiPFy, 5.3nm pact.
mechanically robust
MeTHF SnF,
SEI layer
Y : 406 MA h g™t Na,COs, NaOR, . :
NaPFs+EC/PCH5 E'O-ZTZS)E%HST% (100 cycles, 200 mA | NaCO:R, NaF, | - ;h'e”r il ey B 5
%FEC W g?) Na,0, NaPO,F, Y
Amorphous Bilayer with the
1M TiO @pp c 972 mAh g Na,COs. NaF interior being elastic
NaPFs+EC/DEC | \ 7 E~3 red (100 cycles, 100 mA NazPF 8 r - rich-NaF and exterior
+5% FEC m) g?h) Y being a thin organic

shell
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1M
1458 mAh g (23 | NaF, NaxCOs, _
NaPFs+EC/DEC cycles, 125 mA g%) | polyenes Thin, homogeneous
+5% FEC Pojac™ and durable SEI layer
acl - - o o o
1N2I/|3F6+EC/DEC 1484 mAh g™ (23 | NaF, NaxCOs, - Zﬂﬁ%ﬁl%@i'&mc
1% V/C cycles, 125 mA g1) | OCOzNa
1M 2356.3 mAh g1 (70 | NasP,
NaPFs+PC+FEC cycles, C/3) NaxPF,O,, NaF Thin, mechanically
1.2 M Sh7Preds3/Cao™ <5nm robust and high ionic
NaFSI+DME+B NaxP, NaF conductive SEI layer
TFE
Thin and
1M S (053 605 mAh g! mechanically robust
NaClO4+PC+10 m)[ﬂll] (150 cycles, 200 mA | NaF ~2nm NaF-rich SEI layer
% FEC g with high ionic
conductivity
576 mAh gt Stable SEI layer,
éy NaClO#+PC | gy, (45 pm)*™ | (160 cycles, 330 mA | - - verifying by
b FEC g . .
gl improved efficiency
“:I;(,)NazCOg, Ultrathin SEI layer
N dictyme | Sn (10| - Na.BO,F, and | ~25nm | WiLnoh elasticity
araigly Sn-containing it
species conductivity
M 768 mAh g1 “:F(’)NISIZFC?O Continuous, dense
N . Sn (45 um)™ | (100 cycles, 250 mA 2 YIS ] and ionic conductive
aPF4+diglyme 1 phosphates, SEI |
g RCH,ONa ayer
1M Bi (15-18 389 mAh g* Na2COs, R- Mechanically robust
NaPE«+dialvme m) (2000 cycles, 400 COO-Na, ~3nm and high ionic
saIgly mA g%) RCH,ONa, NaF conductive SEI layer
Inner dense
Na,COs, NaF
1M 310 mAh gt iggtzlr;in and High ionic-
N Bi/C* (100 cycles, 200 mA | . ng ~8 nm conducting and robust
aPFs+DME 1 inorganic layer. .
gl Outer ion- multi-layered SEI
conductive
polyether layer
; CH,CH,-O- Stable SEI layer with
392 mA h gt I( _
1M ~ (69 K, (CH2CH2- | excellent mechanical
KPFEs+diglyme | Bt (74 1m) (}go cycles, 400 MA | e, 090KE | 728 | flexibility and
g (RCO:2K), K20« elasticity
1 Thin SEI layer with
1M Sh (~5.9 ?fsor?’ﬁ‘eg 500 ma | [CHCHOL, | oo - | small Young's
KFSI+EGDEE | pm)®™ 1) ycles, KF modulus and large
g elastic strain
High proportion
553 mAh g! of F-based Chemically/electroch
4 M KFSI+DME | Sb (18 um)™*® | (200 cycles, 200 mA | inorganic - emically stable SEI
g species (e.g., layer
KF).
Submicron- 514.1 mAh g* KF, K2S20s3, El?gtsﬁghcggﬁz(:te?nd
4 M KFSI+DME | sized BiSb (2 | (100 cycles, 250 mA | K,SOs, KzSO4, | - i fact Kt
m) o) KHSO. with fast K* transport

capability
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Organic-rich

. 450 mAh gt Thin and
> M : (B'O)ZC[% (100 cycles, 25 mA T Iayer _and - mechanically robust
KFSI+diglyme (~1 um) ) inorganic-rich
g : SEI layer
inner layer
Rich (S=0)-N
5M 342 mAh g er):gﬁtsbg} less Stable SEI layer with
KFSI+TMP+HF | Pyiack/graphite! g ; : low Young’s modulus
. 52 (300 cycles, 300 mA | inorganic 12.2 nm . - .
E (molar ratio of 9 and high elastic strain
1:17:2) gl components limit
T such as KF,
KzS, and K,S0O3
Robust SEI layer with
- LiF, LixN thermally stable
2 TFrerf 2M Si 1497 mAh g C o X X '
lonic liquid ; . [100] "~ 1y | LikSOy, Li2COs, | - high-modulus, and
LiFSI+PyrisFSI | (~4.5 pm) (200 cycles, 2 A g?) ROCOsLi inorganic-rich
features
sosio.oLe [ wemang: [ o, g
PEO@LATP Org[(l:zg](ﬂ (?1(;0 cycles, 200 mA RO-C=0 ~15nm stability and high
Solid state g ionic conductivity
80% capacity Mechanically robust
LisPSsCl Si (~2 pm)™” | retention (500 LizS, LisP, LiCl | - and stable 2D SEI
cycles, 5 mA cm) layer
LM NPSi@C 1093.1 mAh g* g/llzelcrai/r:alrc 3&35?55“
Carbon layer | LiPFs+EC/DEC+ 50 44 (2000 cycles,5A g | - - Li*
506 EEC (~50 pm) 1) i* transport
capability
N-doped i Mechanically robust
1M . 822.2 mAh g .
carbon . NPSI@NCNF Sl i SEI layer with fast
nanosheet IS‘(:/E 'IZ:‘E(I:E C/DEC+ | gun g‘ 000 cycles, 5 A g Li* transport
frameworks capability
1M . .
Nanoscale . si@C 1459 mAh gt (200 | i Uniform and crack-
carbon layer IISII\F;IFCGIJI_E(()%’;ODFEECC/ (20 pm)™*" cycles, 1 A g?) free SEI layer
Soft 1M .
| multiwall | LiPFe+EC/DEC/ | . ~ ey | ~ 610 mAh g4(1200 SlElbe I e vl
3| carbon FEC (volume SIHCINIT cycles, 500mA g?) |~ i 11 farte
> . o ' conductivity
< | nanotube ratio of 1: 1: 0.2)
S 1M . . .
B Graphene LiPFs+EC/DEC/ P-SI[/{]GO (-8 125|8 mAh g (30(_)1 i i Meclhanlcally stable
g VC um) cycles, 210 mA g1) SEI layer
o
= 1M .
T . . ~1400 mAh g1(300 Thin and
‘S| Graphene LiPFe+EC/DEC+ | uSi@graphen ) X
= a 0 i ng | cycles, 1000mA g | - - mechanically stable
g cages %/Oc/o FEC+1% e (~1-3 um) 1) SEI layer
1M uSi@overlapp
. ed 1697 mAh g1(200 Deformable and
Graphene IS_‘:/E: 'szgg C/DEC+ graphene@rG | mA g%) i i stable SEI layer
O (1-5 pm)™*
Thin SEI layer Mechanically stable
. . Pblack@T10; 1049 mAh g(100 and a LixTiyO, ) SEI layer with high
L (5 um)®” cycles, 519 mA g1) | passivation charge transfer
layer capability
Single- 1M 80% capacity Mechanically robust
walled NaClOs+DMC/F | Preg-SWCNT | retention (2000 i i SEI layer with high
carbon EC (volume ratio | (~5 um)"™ cycles, 2000 mA g Na* transport
nanotube of 1: 1) D) capability
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1M
Microporous | NaClIO4+EC/DE | P@YP (50 1064 mAh g*(100 i i Mechanically stable
carbon layer | C/FEC (volume m)"* cycles, 520 mA g?) SEI layer
ratio of 1: 1: 0.2)
NaF-rich SEI layer
. 343 mAh g1(1000 NaF, with good Na*
TizCoTx 1M Phosphorene/ ) -
MXene NaCIOA+EC/PC | MXene™ i:ycles, 1000 mA g phos_phorus <15 nm conductivity ar_ld
) species robust mechanical
property
1M Thin, mechanically
i -1
Conductive LiPFe+EC/DEC/ | 3D microsized 1600 mAh g (100(_) deformable _and stable
polymer VC (volume ratio | Si-PANI™ cycles, 1000 mA g - - SEI layer with fast
hydrogel A ) Li* transport
of 1: 1: 0.02) -
capability
1M : 1
PPy LiPFs+EC/DEC/ | *S1G] 1660 mAN g (500 | _ : Thin SEI layer
VC m) cycles, 0.2 C)
1M s 1129.6 mAh (500 | 1 O Thin, uniform and
PHATN LiPFs+EC/DEC/ s cycles, 1000 mA g- 2225 26.6 nm mechanically robust
FEC (=) 1) L1zS10s, SEI layer
LixPOyF,
Thin and
. 2240 mAh g1(250 mechanically robust
1.2 M PCSi (1- .
cPAN LiFSI+PYRFSI | 5 um)*™ cyc_lzes, 0.286 mA LiF, SO. - SEI layer _
cm) accommodating
volume change of uSi
~1700 mAh g(150 (Lc'éﬁog LO'fF o5 |sgnm | Thick SEI layer with
cycles, 715 mA g?) mm) gap ot o. some cracks
Electrochem | 1 M Thin, chemically
ical pre- LiPFe+EC/EMC | Si*” LiF-rich stable, and
treatment +5% FEC ~2400 mAh g}(150 | nanoparticles 2.3 1m mechanically rigid
cycles, 715 mA g1) | (cell gap of 2 SEI layer with
o mm) uniform distributed
3 Li* flux
g 1M LiF-rich SEI layer
& | Current . on | ~1850 mAh g(500 . i with good
2| Parameters LIPF+EC/DEC+ | Pra@CNF cycles, 100 mA g?) LiF electrochemical and
o 10% FEC : P
& mechanical stability
-1
Voltage 1M Sn (~10 333;2’2“080%?3_1 Thin, NaF-rich, and
A [138] ) ’ - - 3
regulation NaPFs+DME m) 0.01-0.62 V) elastic SEI layer
Chemically stable
1M 500 mAh g%(300 ; ;
Presodiation | NaPFs+EC/DEC | Sb**” cycles, 2000 mA g II;I?)FC(')\I EECO& ~20 nm meijchanflcallysré):aust
+5% FEC 1) 2Na and uniform
layer
1M 835 mAh g(3000 .
2D layered | LiPFe+EC/DEC+ | Si (~50 um)"“® | cycles, 5000mA g | - - mcgﬁg'gaémosﬁ“
< 596 FEC 1 Y
e 1M s 1 Li2COs, LiF, Thin and
S Lg?’gsgd LiPFs+EC/DEC/ | ) ()[%7]20 iGS,iszthogm(Alog) ROL, 23.1nm | mechanically stable
2P DMC+6% FEC | ™ yCles, 97 | ROCO,LI SEI layer
S 1M Mechanically stable
= 1 A
& | Porous NaClO#+PC+5% | Sb (~5 yum)™” 414I mAh g (12(-)1 i i SEl layer with high
FEC cycles, 50 mA g?) Na* transport

capability
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