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Abstract

Sodium-ion batteries (SIBs) are close to commercialization. Although alloying anodes have potential use in next-
generation SIB anodes, their limitations of low capacities and colossal volume expansions must be resolved.
Traditional approaches involving structural and compositional tunings have not been able to break these lofty
barriers. This review is devoted to recent progress in research on alloy-based SIB anodes comprising Sn, Sb, P, Ge,
and Si. The current level of understanding, challenges, modifications, optimizations employed up to date, and
shortfalls faced by alloying anodes are also described. A detailed future outlook is proposed, focusing on advanced
nanomaterial tailoring methods and component modifications in SIB fabrication. Utilizing the latest state-of-the-art
characterization techniques, including ex-situ and operando characterization tools, can help us better understand
the (de)sodiation mechanism and accompanying capacity fading pathways to pave the way for next-generation
SIBs with alloying anode materials.
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INTRODUCTION

Sodium-ion batteries (SIBs) have recently drawn attention as current lithium reservoirs are depleting which
poses severe supply issues. This situation is further complicated due to polarization of the world's primary
energy economies"”. Although energy density supplied by current generation lithium-ion batteries (LIBs) is
fascinating, many other competitors have joined this race and gained subtle success at lower costs and
higher safety, including SIBs", lithium-sulfur'®, Zinc-ion"”, alkaline metal', solid-state”, metal air'*, redox
flow batteries", and supercapacitors™’. Each of these systems offers some advantages in terms of capacity,
energy and power density, benignity, safety, and longevity. At the same time, each has certain limitations
I Although battery systems with metallic anodes and

11,12

that need to be fixed soon to delimit their potential'

13-15

sulfur cathodes offer ideal performances, they suffer from serious issues presently**?. SIBs share the same
components and design assembly as LIBs but with different materials and kinetics. However, the larger
ionic radius and molar mass of Na* than Li* pose more restrictions whereby the higher redox potential of
Na results in lower energy density and theoretical capacity (1,166 mA g" for Na and 3,861 mAh g’ for
Li)"*". From a cost perspective, lithium mineral ore price is highly fluctuating, with a 2023 price of around
7,000 Euro/Ton. Its price is expected to increase, although the energy per ton price is speculated to remain
stagnant. However, it remains difficult to predict its price due to highly fluctuating geopolitical situations in
the world"**”. Nevertheless, the high abundance of sodium with uniform distribution across the globe
presents much cheaper alternatives to LIBs. In addition, cell assembly for SIBs uses cheaper current
collectors, i.e., Al foil, which is not compatible with LIBs anode due to Li-Al alloy formation”**. The
compatibility of highly ionic conductive and safe electrolyte additives in SIBs has also opened future
gateways for high-rate and wide temperature-sustaining batteries, particularly for grid-scale applications.

SIB anodes have potential to be explored for high capacity with several advantages along with a diverse
selection of materials offering multiple mechanisms and optimization possibilities. Therefore, they have
opened a wide research window for optimized SIB performance. Notably, graphite, a recognized
commercial LIB anode, has a mismatched size for Na* shutting. The low capacity and unstable performance
behavior of current SIB anodes have impeded their commercialization*. SIB anodes can be categorized
into three basic types based on the prevailing Na' storage mechanism: intercalation, alloying, and
conversion-type**..

Although research on SIBs was initially started with LIBs in the 1990s, the much higher performance of LIBs
than SIBs has left little admiration for the advancement of SIBs*”. Recent improvements in SIB capacity
have been bestowed by nanoengineering and adopting advanced tools for material performance with in-situ
and postmortem analysis of SIB cells. These adaptabilities have let a paradigm focus on SIB advancements
for next-generation batteries. Appreciably, many emerging cathodes, such as NaCoO,, NaMnO,,
P2-Na,[Ni,,,Mn,]O,, NaV,O,, Na,V,(PO,), (NVP), and others, have shown promise for coupling with
SIB anodes to provide a working potential in the range of 3-4 V and a capacity of 100-200 mAh g'*°.
However, metallic sodium, as an anode in SIBs, is currently not plausible due to immense dendrite
formation, highly unstable solid electrolyte interphase (SEI), and other side reactions”””. Meanwhile,
alloying anodes promise higher capacity provision than conversion and intercalating anodes. Still,
significant volumetric changes can lead to pulverization, electrical contact loss, and huge capacity fading
while also parting to slow down the kinetics. Thus, one of the front-line challenges in commercializing next-
generation SIBs is finding a suitable alloying material as an SIB anode that can overcome these challenges
without compromising capacity or efficiency in the long run®. Targeting these limitations, many
approaches, including nano-structural modifications, carbon coating, and introducing binary/ternary alloys
and hybrids, have been adopted*°..
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There is no doubt that carbon materials have become the foremost choices as SIB anode materials. The
incompatibility of the interlayer spacing of graphite for intercalation of large-sized Na" has given room for
expanded graphitic carbon and hard carbon for opting as SIB anode materials. Interestingly, they are proven
to be viable as SIB anode materials. In fact, hard carbon from various sources, including biomass-derived
hard carbon, has been widely searched for an optimum capacity for delivering SIB anodes™*". The high
porosity of carbonaceous materials helps sustain a high capacity by introducing more Na* in pores®****.,

Although diverse efforts have been devoted to the incorporation of defects and functionalities in
carbonaceous materials for improved performances of SIB anodes as their effects on capacity and overall
performance enhancement are evident in many instances, their participation in capacity-fading pathways
hinders their benefits"*>*". For example, the trapping and reaction of Na* with defects in functionalities often
lead to capacity fading, particularly in initial cycles, contributing to trap effect and some irreversible
capacity loss over long cycling. Still, their role in capacity fading has not yet been unveiled***. Although
there are diverse approaches of doping in carbon to generate heterogenous surfaces and compositing these
carbonaceous materials to alloying anode materials that bear both intrinsic and extrinsic defects, their
participation in side reactions demands close monitoring to have an optimized performance. Also, in some
instances, these defects in-situ generated during (dis)charging cycles remain undetected due to non-
utilization of conclusive mechanistic approaches™”*!. Although many modifications have been made for
carbonaceous anodes, none has fully satisfied the standard of a commercial SIB anode”***. This has led to
a recent shift towards alloying and conversion/alloying anode materials that show more promise for high-
energy-density SIBs.

While conversion-type anodes, including transition metal compounds such as oxides™, sulfides”",
selenides"™, tellurides"™, phosphides®, and so on, have been widely focused, they have not achieved
performance targets. Amongst all, alloying-type materials that mainly include Sn, Sb, Si, Ge, and P are the
most explored SIB anode materials®***. Although these anode materials have high theoretical sodiation
capacity, the alloying reaction (xNa' + xe© + M = NaM) often results in high accompanying volume
expansions, leading to severe pulverization and low capacity. Fully alloyed compositions with theoretical
capacity, volume expansion, and average voltage are summarized in Table 1.

Although breakthrough has not been achieved yet, their extreme performance potentials have been
extensively focused on as they can deliver very high and stable capacities™”. Many developments have
recently been made to improve capacities of alloying SIBs, including electrode materials, morphologies,
electrolytes, and binder modulations"”******. Although hundreds of research papers have been added to the
literature on alloying SIB materials in the past few years, unfortunately, no recent review has solely covered
recent progress on alloying SIB anodes. Therefore, a comprehensive overview of research developments,
particularly during the last six years, which are uniquely devoted to alloying anodes, namely Sn, Sb, P, Ge,
and Si, is needed.

This review paper addresses alloy materials in five main sections: (1) Alloy-based Anodes for Sodium-Ion
Batteries; (2) Materials Design Strategies; (3) Challenges Associated with Sodium-Ion Batteries; (4)
Optimizations of Sodium-Ion Batteries; and (5) Summary and Future Prospects. In detail, the current
review focuses on recent trends in material design strategies employed to have efficient SIB alloying anodes
with details of unresolved challenges, such as initial huge capacity fading accompanied by multifold volume
variations. Lastly, various modifications adapted to cope with challenges faced by alloying SIB anodes are
briefly detailed, followed by concrete recommendations for future research. In this regard, using advanced
characterization tools to unveil the mechanism through spatial and temporal tracing of species evolved
during the de(alloying) process is highly encouraged to sustain alloying SIB materials.
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Table 1. Various parameters (volume expansion, average voltage, and theoretical capacity) for sodiation reactions of alloy-based
materials

Average voltage

Volume expansion (vs. Na/Na")

Metal Alloyed compositions Theoretical capacity

(%) W (mAhg™)
Si NaSi/Na ,5Si 114 -0.50 954,725
Sn Nay:Sn, 420 -0.20 847
Ge NaGe 205 ~0.30 576
Sb Na;Sb 390 ~0.60 660
Bi Na;Bi 250 ~0.55 385
P NasP >300 ~0.40 2,596

ALLOY-BASED ANODES FOR SIBS

Tin-based anodes for siBs

Tin (Sn) is an incredible choice as an anode material in SIBs because of its high theoretical capacity
(847 mAh g'), good electrochemical performance, high electric conductivity (9.17 x 10* Scm™),
environment friendliness, and relative abundance. In SIBs, varying alloying constitution ability of Sn has
been reported. The number of sodium ions participating in the alloying reaction can reach 3.75 to form
Na,,Sn, in a multistep sodiation process. Moreover, the high affinity of Sn-based materials with Na* ions has
motivated researchers to investigate other Sn-based materials such as their oxides, sulfides, selenides,
phosphides, and composites® . Despite their high theoretical capacity, Sn anodes face serious challenges.
The foremost problem is the pulverization of active material due to colossal volume expansion (420%)
during the alloying/dealloying process that, along with unstable SEI formation, can reduce the initial
Coulombic efficiency (ICE) and overall capacity'®*’. Spontaneous particle aggravation during (de)sodiation
can induce large Na" migration paths, further hindering Na’ transfer kinetics'®’. To address these
drawbacks, researchers have adopted various strategies to present Sn-based materials as alternative SIB
anodes, including nanosizing, mixing with conductive matrixes, heteroatom doping, and heterostructuring
with additional modifications in selecting suitable electrolytes and additives”***®. The most common
modification is formation of an Sn-C nanocomposite by introducing a C matrix, such as the recently
prepared freestanding Sn-based electrode comprising spherical Sn particles ingrained in carbon nanofibers
(CNFs). When electrochemical performances of carbonate and ether-based electrolytes were compared,
poor rate performance was observed when carbonate electrolytes were used. An outstanding cycling
performance of 30,000 cycles with a capacity of 662 mAh g* at 0.5 C has been achieved by utilizing dimethyl
ether (DME) electrolyte!. A u-Sn anode for SIBs has recently been evaluated using operando scanning
electron microscopy (SEM) and X-ray absorption spectroscopy (XAS) to reveal volume variations and
structural evolutions during initial and extended cycling. Although some voids and volume expansion were
formed, using ether-based electrolytes could overcome these drawbacks to achieve a high ICE of 91.3% with
a capacity above 400 mAh g" after 20 cycles””. Many other ways have been proposed to improve the
performance of Sn anodes for SIBs. For example, inclusion of K' in the electrolyte can highly improve the
performance of Sn alloying anodes, yielding an energy of 565 mAh g" over 3,000 cycles at 2 A g,
Similarly, the utilization of a cross-linked binder has been proposed in a u-Sn anode for SIB to ensure a high
ICE and an extra-long cycle life with an improved capacity””. Other approaches include presodiation and
intermetallic formulations with potential to uplift the capacity of Sn anodes in SIBs!*"7>7* .

[
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commonly exploited SIB anodes”. Effective surface tuning of this anode enabled it to deliver a good
capacity for 10 k cycles. When this anode was employed in full cell (taking NVP as the cathode), the cell
delivered an energy density of 215 Wh Kg" over a broad temperature range of -20 to 50 °C. The floret-like
3D morphology with improved Na* diffusion kinetics and high sodium affinity has dually been validated by
density functional theory (DFT) calculations. Moreover, their findings also support the formation of a stable
hybrid SEI of diethylene glycol dimethyl ether (DEGDME) with inorganic fluoride-rich ionic conductive
polyether electrolyte to achieve a capacity of 347 mAh g at 2 A g" retained for 10,000 cycles. Such
marvelous performance has left behind many other strategies and opened a new door for exploring new
electrolyte formulations. The flair of DEGDME for better compatibility with NaPF, has been proven by
DFT calculations that show a higher energy difference for electron promotion from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) than in commonly
employed carbonate-based electrolytes.

Tin-based oxides

Tin oxide is a promising class of anodic materials for SIBs owing to its intriguing features such as
abundance, low toxicity, and high theoretical capacity. Tetragonal tin dioxide (SnO,) and orthorhombic tin
monoxide (SnO) are two main types of tin-based oxides. SnO has a layered structure with a Sn-O-Sn
sequence. Its large spacing between layers allows easy insertion and extraction of Na". The reaction
mechanism of conversion and alloying is given as follows:

Conversion reactions:
SnO, + 2Na' + 2e" <> SnO + Na,O
SnO + 2Na* + 2¢” + SnO + Na,O
Alloying reaction:
Sn + 3.75Na’* + 3.75¢" < Na, ,.Sn
Sn + xNa* + xe <> Na,Sn (0 £x<3.75)

Due to their dual conversion and alloying reactions with Na*, high theoretical specific capacities of 1,375
and 1,150 mAh g are achieved for SnO, and SnO, respectively. However, the low reversibility of the
conversion reaction can lead to rapid capacity declination during initial cycles that additionally suffer from
large volume change and the low electrical conductivity of tin-based oxides hamper their practical
applications. One effective strategy is by forming a hybrid, often involving designing a structure with
nanosized tin oxides and combining it with nanostructures such as nanofibers (NFs), nanosheets, nan-
flowers, yolk shells, and so on™. Zhang et al. have prepared a flexible fibrous composite of CNFs decorated
with N-doped carbon nanotubes (CNTs) and SnO, nanoparticles as bare nanostructured SnQO, is prone to
fracture and detachment from the conductive matrix, which loses electronic contact during an
electrochemical reaction”. Processed anodes can deliver a highly stable cycling performance and
impressive rate capabilities for SIBs. The optimized composite showed a discharge capacity of 460 mAh g
after 200 cycles and 222.2 mAh g at a high current density of 3.2 A g". The continuous fibrous structure
gave additional stability to the anode, thus retaining its fibrous morphology during sodiation/desodiation.
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Oxygen vacancy creation in active nanostructures often can improve capacity and charge transfer kinetics.
It has been observed that in SnO,, these vacancies could enhance Na* storage capacity and increase electrical
conductivity. Oxygen vacancies can also cope well with volume changes in the process of (de)sodiation,
improve the cyclic stability of SnO, anodes, and extend the lifespan of batteries. Ma et al. have utilized these
oxygen vacancies effectively to present oxygen vacancy-bearing SnO,, and combine it with porous CNFs
(PCNF) to construct a homogeneously confined nanoparticles (SnO,,/C) composite””. The prepared
composite was directly used as an anode without a binder or other conductive additives for SIBs. It
displayed superb electrochemical properties including high reversible capacity, sustaining rate capability,
and ultra-long cyclic stability even after thousands of cycles. The discharge capacity of 565 mAh g over
2,000 cycles at 1A g was attained, whereas the bare SnO, showed a meager capacity retention of 57 mAh g
after 800 cycles. Heterostructure methodology along with C compositing is a promising approach to
enhancing the cyclic capacity of electrode materials in SIBs. One such approach has been adopted by
Fan et al. by preparing a SnO,/N-doped graphene (SnO,/NG) composite”™. Strong coupling between N-
doped graphene and Sn*" is developed because additional active sites are created due to doping. Optimal
nitrogen doping level also enhanced reversible capacities and rate capabilities over un-doped anodes. SnO,/
NG composite with a high level of pyridinic-N (1.97%) gave an outstanding reversible capacity of
409.6 mAh g” at 50 mA g over 100 cycles. It also presented superior rate capabilities of 416.5, 366.9, and
318.7 mAh g at 200, 400, and 800 mA g, respectively. Such outstanding electrochemical performance of
the obtained composite is due to low electrochemical effects, polarization effects, and entrusting high Na’
diffusion.

A unique composite structure of 1D ultrafine SnO, nanorods and 3D graphene aerogel (SnO,NRs/GA) has
been fabricated by a reduction-induced self-assembly method. Vitamin C was used to facilitate the
reduction of graphene oxide (GO). The combination of 3D aerogel and 1D SnO, nanorods resulted in a
synergistic effect that improved electrochemical performance of the material”™. As an SIB anode, the
material delivered an initial discharge capacity of 232 mAh g" at 0.02 A g" in 100 cycles. The composite
(SnO, NRs/GA) also demonstrated excellent cycling stability as an SIB anode, with a high reversible capacity
of 96 mAh g at a high current density of 1 A g” for 500 cycles. Demir et al. have demonstrated that an
in-situ formulated SnO,@ hard carbon obtained by hydrothermal carbonization methodology using bio-
waste of apricot shells can be utilized for high-performance anodic material in SIBs"*’. It was observed that
the SnO,@hard carbon anode derived at 1,000 °C could effectively uptake more Na* ions and sustain a
capacity of 184 mAh g over 250 cycles than the corresponding anode obtained by mechanically mixing
Sn0O, and hard carbon.

An amorphous tin oxide (a-SnO,) with a nano-helical structure containing extended defects has been
prepared via a solution and surfactant-free oblique angle deposition method (as shown in
Figure 1A and B)™. The challenging task is that such morphologies are not achievable by conventional
methods that require heating materials to remove any remaining solvent or other additives that cause subtle
structural damage to the amorphous phase. The low oxidation state of tin oxide in this amorphous structure
has been dually verified by the X-ray absorption near-edge structure (XANES) where the anisotropy of
a-SnO, structure points towards lower local symmetry. These microstructural arrangements in the a-SnO,
phase cannot be achieved in the crystalline phase. They render it to store more Na" with synergistic
influence of vertically aligned nano-helices, providing high porosity and surface areas. This uniquely crafted
material has delivered an excellent performance as an SIB anode [Figure 1C and D], with a reversible
capacity as high as 915 mAh g™ after 50 cycles and a retention capacity of 48.1% at 2 A g. These qualities
are clearly much better than electrodes made up of crystalline nanoparticles.
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Figure 1. (A) Schematic illustration of the uniquely designed amorphous tin oxide using oblique angle deposition methodology, (B) SEM
image, (C) cyclic performance, and (D) rate performance of the synthesized amorphous tin oxide nano-helices. Reproduced with
permission from™®”. Copyright © 2019 American Chemical Society.

Han et al. have reported an intriguing structure wherein ultrafine SnO, nanoparticles are encapsulated into
the inner space of holey CNTs by taking advantage of the melt infiltration method"”. Holey CNTs provided
a conductive network and ample void spaces for sodium-ion transportation useful for accommodating
volume variations during the charging/discharging process. As an SIB anode, the material delivered a
reversible discharge capacity of 184 mAh g at a discharge current density of 1,000 mAh g over 200 cycles.
Narsimulu et al. have used a one-step solvothermal method to prepare a freestanding, flexible, and
binderless 3D porous nanocomposite of SnO, onto a conductive carbon cloth®!, The distinctive
morphology [Figure 2A] of the 3D composite demonstrated good reversibility and excellent rate
performance when employed as an anode for SIBs [Figure 2B]. The 3D hollow fiber structure and spaces
between the SnO,-NPs can accommodate undesirable volume changes during the charging/discharging
process. The structural integrity is maintained due to bonding between SnO, and carbon cloth. Moreover,
the excellent conductivity and ultra-small nature of SnO, nanoparticles enable quick ion electron diffusion
passages. The composite displayed a high sodium storage capacity of 498 mAh g" at a current density of
0.2 A g'and 205 mAh g' at 0.2 A g over 100 cycles, while a rate capacity was also ensured by the flexible
unique morphology [Figure 2C]. Chen et al. have optimized and designed an in-situ hydrothermally
architecture nanosized SnO, anchored onto MXene sheets that entrust abundant active sites on the
conductive MXene substrate, resulting in an outstanding rate capability and superior cyclic stability®". The
composition could reversibly sustain 414.3 mAh g of capacity over 100 cycles at 400 mA g™

Tin-based sulfides

Many tin sulfides have been sorted as potential SIB anode materials due to their fascinating features,
including high capacity, good electrical conductivity, mechanical endurance, and cost-effectiveness. The
unique layered structure of tin sulfides, such as hexagonal SnS, and orthorhombic SnS, offers more Na*
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Figure 2. (A) Synthetic representation of solvothermal fabrication of SnO,-NPs on carbon cloth. (B) Cycling and rate performance for
SIBs. (C) Flexibility testing of the material at different angles (i-iv). Reproduced with permission from™®. Copyright © 2021 Elsevier.

intake by conversion-alloying reactions:

SnS, + 2Na' + 2¢” < Sn + Na,S

SnS + 2Na* + 2e” < Sn + Na,S

The alloying reaction follows this conversion reaction:
Sn + 3.75Na’ + 3.75¢" < Na,,.Sn

Although the weak M-S bond endorses better reaction reversibility with theoretical capacity values of SnS,
and SnS being 1,137 and 1,022 mAh g, respectively, the large volume alteration during (de)sodiation in
Sn-based sulfide anodes makes it difficult to attain high capacity and long-lasting stability. Many dedicated
efforts have been made to confront these challenges. Using SnS,/Co,S, hollow nanocubes anchored on
S-doped graphene prepared by the hydrothermal co-precipitation method as an SIB anode has shown a
promising capacity™®. The composite retained a capacity of 1,141.8 mAh g* over 50 cycles at 0.1 A g'. Even
at a higher current density of 0.2 A g, it sustained a capacity of 845.7 mAh g after 100 cycles. This anode
also exhibited an ultrafast charging behavior and delivered a capacity of 392.9 mAh g" in less than three
minutes at a current density of 10 A g

More economical electrode materials can be derived from various bio-waste utilizations that can positively
influence the environment and add structural benefits. In this regard, He ef al. have prepared an algal waste-
derived anode SnS,/EPC (enteromorpha prolifera derived carbon) that can deliver a high capacity of
443 mAh g* at a current of 0.1 A g and a reversible capacity of 340 mAh g"' over 450 cycles at a high
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current rate of 2 A g'*. Ding et al. have designed a 0D/2D heterostructure of SnS, quantum dots (QDs)
with N-doped Ti,C, T, MXene'*". Controlled nucleation and growth during the hydrothermal process were
achieved by using N-methyl pyrrolidone, leading to a uniform growth of SnS, QDs of around 3 nm onto the
Ti,C,T, MXene matrix. The NH, generated during decomposition of the sulfur precursor allowed for in situ
N-doping of Ti,C,T, MXene, which significantly improved the interfacial Na* transport. The composite
delivered impressive sodium storage features, including a high specific capacity of 763.2 mAh g* at
100 mA g and an extended cyclic stability (345.3 mAh g at 100 mA g over 600 cycles).

Controlled interlayer distances in a material can be constructed with another strategy that can ensure the
provision of suitable ion transfer pathways. In this regard, a uniquely designed material, SnS,/reduced GO
(rGO), with extended interlayer spacing has recently been presented by Jiang et al.™. They introduced
polyethylene glycol (PEG) as an intercalant. The PEG-SnS,/rGO composite had a conductive graphene
channel that ensured high conductivity and an efficient charge transfer process. C-S covalent bonds also
strongly cohered C-S covalent bonds between the graphitic skeleton and SnS,, which enabled their
structural integrity during (de)sodiation. After 100 cycles at 0.1 A g, a capacity of 770 mAh g was attained
with an equally competing rate performance capacity of 720 mAh g at 2 A g'. A 3D 1T-SnS, structure
wrapped with graphene (1T-SnS,/rGO) has been synthesized onto Ni foam by chemical vapor deposition
(CVD) and spray coating'™. The unique compositing with 1T phase and rGO coating was chosen as an SIB
anode. It showed initial charge and discharge capacities of 748.7 and 768.8 mAh g, respectively [coulombic
efficiency (CE) = 97.4%], along with a capacity retention of 84.6% after 100 cycles.

Similar to graphene, SnS and SnS, from n- and p-type semiconductors have a unique layered structure. The
interface between the two materials develops a p-n junction when they are joined to produce a
heterostructure, Sn-SnS,. This p-n junction generates an electric field that can facilitate the electron transfer
across the material. A monolithic composite SnS-SnS,@GO was constructed by a single-step solvothermal
method®™’. Multilayered SnS-SnS,@GO heterostructured nanosheets exhibited high capacity and stability as
an anode for SIBs. After 100 cycles, the capacity sustained by the anode was 450.6 mAh g* (CE = 69.8%).
The capacity sustainability in the composite was commended by the presence of GO, which could alleviate
volume expansion effects of the intrinsic SnS-SnS, material to a certain degree and give excellent cyclic
stability.

Yang et al. have recently proposed a ZnS/SnS, hybrid with N-doped C-fiber encapsulating the ZnS/SnS,-like
beads on the thread, as shown in Figure 3A”". The material showed excellent structural and capacity
retention, as shown in Figure 3B. In the SIB anode, the material retained a capacity of 174.5 mAh g" after
1,000 cycles (CE 62%). Its rate performance showed a capacity suspension of ~312 mAh g" at2 A g’, while a
capacity of 601.1 mAh g was restored after reducing the current to 0.1 A g’. Huang et al. have presented an
optimized SIB anode composed of SnO,@SnS, heterostructured QDs (HQDs) evenly embedded on
N-doped graphene (SnO,@SnS,@NG)*”. The uniform patterning of SnO,@SnS, on NG was assured by
electrostatic interaction between NG and Sn*. DFT calculations showed effectiveness of hetero-interfaces in
electron transport kinetics compared to SnO, and SnS, alone. The synergistic influence of low ion diffusion
pathways and high ion diffusion coefficient benefited from the quantum-sized morphology with the dual
benefit of added electrical conductivity by the graphitic network, which resulted in a superb SIB anode
capacity of 450 mAh g" at a current density of 0.05 A g " and a capacity of 75 mAh g at a current density of
5Ag.

A heterostructured SnS,/Mn,SnS,/C hybrid has been developed using a simple methodology [Figure 4A],
showing a high SIB anode capacity"™. A prominent capacity (841.2 mAh g*) with a high ICE of 90.8% was
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Figure 3. (A) (a) Crystal structure of individual ZnS and SnS,.(b) XRD pattern of ZnS/SnS,@NCNFs. (c-n) Electron microscopic details
with elemental mapping of ZnS/SnS,@NCNFs. (B) Electrochemical performance characteristics of ZnS/SnS,@NCNFs for SIBs.
Reproduced with permission from™". Copyright © 2023 American Chemical Society.

achieved. After an extended period of cycling 500 times, the composite presented a capacity of
522.5mAh g’ (at 5.0 A g"') with a value-added rate performance (488.7 at 10 A g’). The effective
heterostructured interfaces with C networks efficiently tuned Na‘/e” diffusion channels, which boosted the
performance of the hybrid. In-situ X-ray diffraction (XRD), complemented with cyclic voltammetry (CV)
during (de)sodiation, was chosen to track mechanistic details, as shown in Figure 4B. The conversion
reaction involved a sequential multistage conversion-alloying (de)sodiation mechanism with an initial
lattice expansion [open circuit voltage (OCV)-1.1V] and final disappearance of SnS, and Mn,SnS,, along
with the corresponding origin of intermediate Sn,S, (1.1-0.6 V, 20 = 12.5) and final transformation to Sn
(20 =23.8) and MnSn, (20 = 34.3). Afterward, gradual appearance of Na,.Sn, (20 = 21.4) and Na,Sn,
(20 = 37.2) at discharging from 0.6-0.1 V by the alloying of Sn and Na* was detected, representing the full
sedation state. Similarly, during desodiation, the formation of Sn (0.1-1.0 V) followed by the origination of
Na,MnS and Na,Sn,S, species (1.0-2.0 V) during conversion was traced at a fully charged state (2.0-3.0 V),
depicting the formation of Sn,S, and MnS. The corresponding (de)sodiation process, when traced with in-
situ transmission electron microscopy (TEM) and selected area electron diffraction (SAED) pattern,
confirmed in-situ XRD results and additionally provided information regarding volume expansions, which
were much less than the reported 420% expansion. Maximum expansions observed in dis(charging) cycles
were from 120 nm in the pristine particle to 129.3 nm in the fully sodiated state with 128.2 nm till the 5th
desodiation step, as presented in Figure 4C.

Tin-based selenides

SnSe and SnSe, are among 2D transition metal chalcogenides with orthorhombic and hexagonal layered
structures, respectively. Due to their wide interlayer spacing, tin selenides (SnSe,) have been considered as
promising materials for storing more Na'. They can also absorb significant volume changes. Theoretical
capacities of SnSe, and SnSe are about 756 and 778 mAh g', respectively. Although they show
electrochemical behavior similar to Sn-based sulfides and oxides, the bond between Sn and Se is relatively
weaker which supports faster Na* kinetics. However, these selenides alone have compromised Na* storage in
most cases due to their low tolerance of volume expansion/contraction. Thus, Tin selenides have mostly
been tested in a composite or hybrid form"”!. Zhang et al. have prepared a SnSe,@C nanocomposite, which
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shows high sodium storage when evaluated for SIB anode applications”. For the synthesis of this
nanocomposite, carbonization of Sn-based metal-organic framework (MOF) and subsequent selenylation
were carried out, which resulted in unique C-Sn bonds anchoring SnSe, nanoparticles encapsulated in
carbon nanoshells. The SnSe,@C nanocomposite delivered an admired stability and a superior rate
capability of 324 mAh g at a current density of 2 A g for SIB.

Recently, the tin selenide (SnSe) nanosheet array on carbon cloth has been explored for a binder and
current collector-free anode assembly that could pump high Na', showing an initial capacity of 713 mAh g
at 0.1 C, with capacity sustained at 410 mAh g" after 50 cycles and 161 mAh g after 250 cycles"”. Operando
XRD studies revealed that it improved phase reversibility compared to a SnSe bulky particle-derived anode.
The capacity fading issue was due to the unviable design architecture of carbon cloth that needed further
improvisation. Liu et al. have engineered a hierarchical nanobox-designed material using multistep
synthesis, as shown in Figure 5A(a-d). The unique structuring strategy comprised a polydopamine (PDA)
shell with a heterojunction bimetallic yolk of SnSe,/ZnSe". The SnSe,/ZnSe@PDA nanobox bearing
bimetallic heterojunctions created lattice distortions and long-range disorders that not only improved
thermodynamic stability of the material, but also affected electronic distributions at heterojunctions that
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Copyright © 2021 Elsevier.

could support Na" mobility at heterojunctions. Hollow structures can suppress volume changes and increase
the contact area between the electrode and electrolyte. The conductive and elastic PDA shell functioned as a
buffer layer to guard against aggregation and disintegration of the SnSe,/ZnSe yolk during cycling. The
heterostructure nanobox SnSe,/ZnSe@PDA displayed a capacity of mAh g"' at a current density of
1,000 mA g after 1,000 cycles without much capacity degradation, as shown in Figure 5B. Ex-situ XRD and
postmortem TEM analysis revealed structural variations during (de)intercalation of Na’, whereby the
structural resilience successfully mitigated volume changes and alleviated structural aggregation and
pulverization.

The combined layering effect of SnSe, and Ti,C,T, (MXene) has been explored in layered composite
(SnSe,/Ti,C,T,) by exploiting electrostatic interaction with a reduction and selenylation strategy"”. The low
conductivity and volume buffering dilemmas were tackled by MXenes that, in return, could get relief from
self-stacking of multilayers. The optimized morphology enabled it to sustain a high SIB anode capacity of
245 mAh g'at 1 A g, which was 5.4 and 4.1 times greater than SnSe, and Ti,C,T,, respectively. All these
improvements were ensured by robust combination of SnSe, and MXene that successfully relieved the
volume and capacity fading stresses by furnishing a high mesoporous surface area for effective electrolyte
penetration and favored Na' kinetics to achieve less capacity deterioration of just 0.06% per cycle after
445 cycles.

Wang et al. have designed a novel composite (MoSe,/SnSe,@C) showing promise as an SIB anode". The
composite had a 2D van der Waals heterostructure representing a loose connectivity of the two distinct
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layers in the material. At the phase interface, this structure enabled lattice deformation and electron
redistribution, accelerating ion migration and charge transfer while the porous carbon increased its
electronic conductivity. As a consequence, the MoSe,/SnSe,@C composite showed a good cycling
performance for SIBs with a reversible capacity of 591.4 mAh g over 110 cycles at 0.1 A g" and a capacity of
334 mAh g after 200 cycles at 0.5 A g"'. Ex-situ high-resolution TEM (HRTEM) elucidated the sequential
conversion of the material upon (de)intercalation with MoSe,, showing higher reversible transformation
than the SnSe, phase.

Tin-based phosphides

Sn can also form alloys with P that could reversibly intercalate Na* in the assembly of anode for SIBs.
Among various phosphides, the most common one is Sn,P, with a rhombohedral crystal structure that has
garnered more interest due to its superior electrical conductance, higher gravimetric capacity
(1,132 mAh g"), higher structural endurance, and ability to operate the derived anode at a lower
potential®. Although other tin phosphides such as SnP,,, and SnP, are also known, Sn,P, has been explored
the most widely as an SIB anode"™
nanoparticles using a low-temperature phosphatization methodology and constructed a 3D framework

|, Pan et al. have presented uniformly structured ultrasmall Sn,P,
afterward by implanting these Sn,P, nanoparticle assemblies onto graphene aerogel"*. As an anode, it
showed an impressive initial performance with an initial discharge capacity of 1,180 mAh g at 0.1 A g that
consequently reduced to about 657 mAh g over 100 cycles with a good rate capability (462 and 403 mAh g
at current densities of 1 and 2 A g*, respectively). The same research group also proposed a rational
synthetic design of Sn,P, microspheres fully protected by thick hollow C shell [Figure 6A]. The material has
impressive sustained capacity as an SIB anode, as depicted in Figure 6B"*. In the course of (dis)charging,
this hollow protective carbon spherical shell efficiently accommodated volume variations. The enhanced
electrochemical performance of Sn,P,@C was attributed to its distinctive morphological design. The
Sn,P,@Ccomposite has demonstrated good sodiation performance as an anode with a capacity of
420 mAh g over 300 cycles at a current density of 0.2 A g". Also, after extensive cycling 4,000 times, stable
capacities of 205 and 103 mAh g™ at large current densities of 2 and 5 A g, respectively, were attained.

Similarly, the p-sized Sn,P, delivered an extremely high reversible capacity of 960.3 mAh g at 100 mA g
with an ICE of 89.8% after 100 cycles in a diglyme (DGM)-based electrolyte. Also, a capacity retention of
75.1% was recorded after 100 cycles. Such excellent Na storage performance was due to the flexible,
compact, and uniform SEI layer in the ether-based electrolyte, which successfully inhibited the separation
and aggregation of active components and provided favorable kinetics"*!. A fascinating biomimetic
heterostructured Sn,P, grown on CNT (Sn,P,@CNT/C) has been developed by a hydrothermal reaction.
This biomimetic bottle brush was designed as a structure in which CNTs served as a “stem” to provide an
electron-transferring superhighway and mechanical stability. To enhance the contact area of the CNT
surface with the electrolyte along with shortened ion diffusion channels, Sn,P, nanoscale assemblies
functioned as a “fructus”. Furthermore, stresses generated during (de)sodiation were recurrently buffered.
The Sn,P,@CNT/C hybrid anode exhibited an outstanding electrochemical performance with a steadily high
capacity of 742 mAh g" after 150 cycles at 0.2 C, together with 449 mAh g" at 2 C after 500 cycles. The
following conversion-alloying reactions occurred:

Sn,P, + 24Na* + 24 e — Na,.Sn, + 3Na,P
Na,.Sn, <> 4Sn + 15Na' + 15¢

Na,P < P + 3Na* + 3¢
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Figure 6. (A) TEM imaging studies showing (a) SnO, microspheres, (b) SnO,/SiO, microspheres, (c) hollow microspheres of SnO,@C,
and (d) hollow microspheres of Sn,P;@C. (e-h) Elemental mapping images of Sn,P;@C, (i) HRTEM image of Sn,P; with (j) SAED
pattern of Sn,P;@C. (B) (a) Discharge/charge profiles of hollow Sn,P,@C electrodes at different current densities, (b) Comparison of
cyclic performance of hollow Sn,P,@C with pure Sn,P; electrodes at a current density of 0.2 A g, and (c) Extended cycling of Sn,P;@C
hollow microsphere anode at high ampere densities of 2 and 5 A g, respectively. Reproduced with permission from“oﬂ.Copyright ©
2019 American Chemical Society.

Initially sodiated states formed included the irreversible formation of Na Sn, and Na,P in the first cathodic
scan (at 0.03 V). The anodic scan showed two consistent peaks at 0.55 and 0.68 V that corroborated the
desodiation of Na,,Sn, and Na,P to form Sn and P, respectively. This evidence was further proved by ex-situ
XRD and TEM"*. An interesting multiphase Sn.P,/rGO nanohybrid with pronounced Na* storage
characteristics has been reported. The multiphasic structure with Sn in the form of Sn,P, and SnP,,, was
protected by graphene, which, together with the multiphase Sn structure, enabled high volume shuttering
along with an excellent structural reversibility as evidenced by ex-situ XRD, SEM, and HRTEM studies
where both Sn,P, and SnP,,, were detected in disassembled electrodes. The SnxPy/rGO electrode afforded
an improved capacitive-dominated Na' storage capacity of 421.8 mAh g over 100 (dis)charge cycles at a
current density of 500 mA g’ resulting in a capacity retention of 84.7%. Additionally, a capacity of about
200 mAh g was conserved over 200 cycles at 2.0 A g, which was superior to many other phosphide SIB
anodes with unimpressive capacity retention at high current rates""".

Fan et al. have recently fabricated template-assisted growth of Sn,P, hollow nanospheres (HS) dually
protected by multifunctional conductive MXene sheeted shells"*. The highly controlled methodology
ensured optimum morphological benefits for Na* transport assisted by MXene encapsulation, as shown in
Figure 7A. The role of conductive shell extends to maintaining the homogeneous ionic flux on the MXenes
surface, which upon interaction with the electrolyte ensures a highly thin and stable SEI. The SEI
composition in the cycled cells was traced using ex-situ X-ray photoelectron spectroscopy (XPS). In
addition to other electrolyte decomposition products, species contributing to SEI stabilization and structural
stability that ensured an ICE of about 84% along with a capacity of 390.5 mAh g* at 1 A g after 500 cycles
in the full cell taking the Sn,P, HS@MZXene anode coupled with the commonly used SIB cathode, NVP, were
traced, as demonstrated in Figure 7B.

Fan et al. have reported a method of transforming 2D MXene to the highly conductive 3D conductive
network by sandwiching Sn and Sn,P, nanoparticles between MXene sheets"””. Due to covalent interaction
with Sn,P, nanoparticles, the uniformly distributed ultra-small Sn nanoparticles (~ 4 nm) contributed to
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Figure 7. (A) (a) Schematic representation for synthesis of Sn,P; HS@MXene nanocomposite. SEM images of (b) Sn,P; HS and
(c) Sn,P; HS@MXene nanohybrids. (d) EDX mapping and elemental analysis of Sn,P; HS@MXene. (e) TEM images of Sn,P; HS, (f)
Sn,P; HS@MXene hybrid, and (g) HRTEM images of Sn,P; HS@MXene. (B) Electrochemical performance of the Sn,P; HS@MXene
hybrid in full SIB cell. (a) Charge/discharge capacity at various ampere densities, and (b) cyclic stability at 100 Ma g" and 1A g™
Reproduced with permission from”oe].Copyright © 2023 Elsevier.

conductive frameworks both horizontally and vertically to MXene planes. Additionally, metallic Sn
nanoparticles imparted further to the conductivity of the composite. This hybrid combination of conductive
matrices synchronously activated tin phosphide electrochemically, leading to enhanced specific capacity.
Volume changes of Sn and tin phosphides were coped by Sn/MXene during discharging/recharging cycles
to enable the anode to deliver an ultra-stable cycle life with a capacity of 143.1 mAh g* over 1,000 cycles at
2 Ag'. A capacity of 127.8 mAh g over 1,000 cycles at a current of 5 A g* was retained under the
capacitive-dominated mechanism. Another multiphasic graphene encapsulated Sn,P, and SnP,,, hybrid
showing high aptitude for SIB anodes has been reported to offer long cyclic stability and capacity”™. Volume
buffering offered by the encapsulated graphene shell, together with improved capacity, enabled the
fabricated anode to sustain suitable capacity. An ICE of 53.6% was achieved under a pseudocapacitive
storage process, whereas a capacity of 203.1 mAh g' at 1 A g over 300 cycles was retained. Finally,
electrochemical performances of representative tin-based anode materials explored for SIBs were compared.

Antimony-based anodes for SIBs

Antimony (Sb) has been ranked as one of the most promising SIB anodes with desirous properties,
including high conductive character (electrical conductivity about 2.56 x 10° Sm™), suitable theoretical
capacity (660 mAh g for Na,Sb alloy), and low operational potential (about 0.5 V). However, as with other
alloying anodes for SIBs, Sb also has many shortcomings that have plagued its utility on a commercial scale.
Primarily, complex amorphous structural evolutions having different alloying capabilities with Na" and
finally reaching full sodiation in the crystalline structure of Na,Sb are still not well understood yet as
intermediate states are difficult to be probed using XRD and other common techniques. CV charge/
discharge curves of Sb have revealed a two-step sodiation process.
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Sb + Na* + e — NaSb
NaSb + 2Na* + 2" — Na,Sb

However, detailed Mossbauer and solid-state nuclear magnetic resonance (NMR)-derived spectroscopic
evidence has proposed a multistep alloying with amorphous sodium depleted intermediates not in good
agreement with various studies”'**. Huge volume variations (390%) upon full sodiation have also impeded
the utility of Sb anodes. Among common routes of modifications, nanostructuring, intermetallic alloy
formations, and hybrid composite structural optimizations have been commonly chosen. Thin-walled,
heteroatom-doped 1D Sb nanotubes (NTs) reported by Liu et al. have shown formidable performance as an
SIB anode showing long cyclability with 342 mAh g capacity retaining ability at a current density of 1 A g

1099l Manifestation of

over 6,000 cycles and a rate performance of 286 mAh g* at a current density of 10 A g
a high operational voltage (2.7 V) and a good energy density (252 Wh kg™) has also been demonstrated in a

full cell configuration when coupled with Na,(VOPO,),F as a cathode.

Several Sb composites have been presented to improve Na* storage performances of SIB anodes with more
resilience for volume variations. In this regard, again, the favored choice was the utilization of C-based
heterogeneous matrices. Qian et al. have previously proposed Sb/C SIB anodes showing a capacity of
575 mAh g over 100 cycles at 0.1 A g'""". Xu ef al. have prepared Sb nanoparticles in a N-doped C matrix
by pyrolysis. These Sb nanoparticles showed superior cyclic and rate performances than bare Sb anodes and
sustained a capacity of about 328 mAh g' at 100 mA g"' (300 cycles)"'". The composite anode was also
tested at higher current densities, showing an optimum capacity storage of 237 mAh g at a current rate of
5 A g'. Moreover, in full cell assembly using NVP cathode, a capacity of 139 mAh g* was achieved.

It has been reported that 0D Sb nanodots interconnected with 2D C nanosheet composite (Sb-NDs/CN)
have an optimum 3D network structure that provides a high surface area, short ion and electronic diffusion
paths, and well-dispersed Sb nanodots that could prevent their agglomeration and afford volume
buffering'”. As an SIB anode, the composite showed competing rate performance (271 mAh g* at a current
of 2 A g") and good cyclic stability of about 380 mAh g* at a current density of 0.3 A g'. A thin filmed,
porous self-supported Sb-C framework has been proposed previously. It sustained a capacity of 306 mAh g’
over 5,000 cycles at 2.34 A g” and supplemented with a high rate performance of 200 mAh g at a high
current rate of 7 A g'!". The superb performance was due to thin patterning with well-dispersed Sb
nanodots (~3 nm size) ensured by a conductive C matrix for efficient Na' and e transfer kinetics that
ensured amorphous/crystalline phase reversibility.

Recently, we have tested an MOF-derived mesoporous carbon composite of Sb along with SiOC as an SIB
anode. It showed stable performance. Upon sodiation, it showed multiple plateaus corresponding to the
stepwise Sb transformation to Na,Sb that mainly contributed to the capacity"'*. After 200 cycles, a capacity
of 403.81 mAh g* was traced with 100% CE, while a rate performance of 366.83 mAh g* at 5 A g was
observed. Cycled electrodes were analyzed by SEM. They showed macro cracks after 200 cycles. SiOC layers
effectively buffered volume changes of Sb during sodiation-desodiation cycles. Liu et al. have recently
validated yolk-void-shell assembled antimony-graphdiyne (Sb@Void@GDY) nanocuboid structures for
classical performance of an SIB anode'"”. They bear definite voids to nullify the volumetric expansion/
contraction of Sb during charge/discharge processes [Figure 8]. The unique synthetic strategy illustrated in
Figure 8A was validated by XPS and TEM studies [Figure 8B]. Although the ICE was deliberately low
(45.6%), the electrode showed more committed performance afterward and offered a capacity of
593 mAh g" at 0.1 A g’ over 100 cycles, maintaining almost 100% of its capacity [Figure 8C]. The rate
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Sb@Void@GDY NBs. (C) Rate capability and extended cycling comparison of Sb@Void@GDY and Sb@C NB electrodes. (D) (a)
Schematic layout of in-situ TEM device. (b) Schematic of structural changes of hollow yolk-shell Sb@Void@GDY NBs during
(de)sodiation. (c-t) In-situ TEM images from a time-lapse video of the first four (de)sodiation cycles. Reproduced with permission
from[m.Copyright © 2023 American Chemical Society.

performance of the yolk-shell nanocuboid-based electrode was also impressive. At 10 A g, a capacity of as
high as 294 mAh g was sustained. Importantly, the electrode surpassed many reported anodes in the long
cycling marathon where a capacity of 325 mAh g over 8,000 cycles was retained at a current density of
1 A g'. In-situ TEM [Figure 8D] was conducted by making a special nanocell assembly and real-time
structural changes were recorded during electrochemical charge-discharge. An expansion of about 324%
was noticed in the inner Sb core during sodiation buffered by intermediate voids between the yolk and shell
structures. The full cell fabricated using the common cathode NVP and the fabricated yolk-void-shell Sb-
Void-GDY anode delivered a capacity of 354 mAh g over 500 cycles at 1 A g, furnishing a power of
4 kWh kg and an energy density of 235 Wh kg™

Various other modifications such as the use of binders and additives have been made for Sb anodes to
optimize their performances. For instance, the role of solution additives during the antimony
electrodeposition synthesis has been validated recently by Nieto et al."*. They utilized surfactants such as
SDS (bis(3-sulfopropyl) disulfide) and CTAB (cetyltrimethylammonium bromide) for forming
morphologically controlled Sb films. These synthesized materials have been tested as anodes for SIB. The
CTAB-assisted Sb anode cell showed better capacity and retention capability, while the SPS-synthesized
electrode showed a high capacity of 190 mAh g" at 5 C.

Among intermetallics of Sb, alloy heterostructures of Sb with an inactive metal, such as Cu, Ni, Fe, Zn, and
so on, are often suitable for SIB anode utility. A Sb/NiSb hybrid has been used as a binder-free SIB anode,
exhibiting a superior ICE of 86% along with stable cycling (with a capacity of 521 mAh g* at 200 mAh g
over 100 cycles), as depicted in Figure 9A""". The superior performance of Ni alloying was reflected in the
morphological postmortem whereby Sb/NiSb disassembled electrodes (after 100 cycles) presented a stable,
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Figure 9. (A) (a and b) Charge/discharge profiles of Sb/NiSb and Sb anodes. (c) Cyclic performances of Sb/NiSb and Sb anodes at
100 mA g™ for 100 cycles. (d) Rate performances at different ampere densities (0.1-2 A g™). (B) (a and b) SEM images of Sb/NiSb and
Sb-derived anodes after 100 cycles. (c and d) Digital photos of Sb/NiSb and Sb anodes after 100 cycles. (C) (a) Contour mapping (left)
of Operando XRD results and corresponding charge/discharge profile (right); (b) Three-dimensional (3D) view graphics between 24°
and 54° and (c) 54°-72° of the Sb/NiSb electrode. (D) (a) TEM, (b) SAED, (c) HR-TEM patterns of the fully sodiated Sb/NiSb anode
(0.02 V vs. Na/Na"). Reproduced with permission from™"””. Copyright © 2020 Elsevier.

intact structure with SEI surface coverage without cracks in contrast to the Sb anode with prominent cracks
and no SEI layer visible on the surface of the cycled electrode material. Digital photographs of the same
cycled electrode materials also showed that, unlike the Sb/NiSb electrode material that was intact to the Cu
collector without delamination, the Sb anode material got delaminated from the current collector almost
completely [Figure 9B]. Detailed in-situ XRD [Figure 9C] and ex-situ HRTEM [Figure 9D] analysis paved
the way for deep understanding of the mechanism of the (de)sodiation. It was concluded that the initial
disappearance of Sb and NiSb peaks during initial sodiation resulted in Na,Sb hexagonal phase formation in
multistep sodiation. Additionally, amorphous Ni and Na,CO, were formed (by decomposition to form SEI).
During desodiation, the amorphous Sb formation was traced along with amorphous Ni, which contributed
to the electrical conductivity.

A Mo,Sb, intermetallic SIB anode with extra high capacity has been presented previously by
Baggetto et al.""*. It retained a rated capacity of 280 mAh g at a very high current rate of 30 C. Recently,
SnSb hybrid with CNF/CNT with a good integration strategy has been reported"*. It showed a high sodium
storage capacity of 210 mAh g” at 0.5 A g" over 700 cycles and sustained a capacity of 161 mAh g'at1 A g"
over 1,000 cycles. The suitable interconnected 3D CNT/CNF framework could help sustain dispersion of
SnSb without aggregation. The framework structure ensured efficient electronic transport and multiple
ionic pathways for fast sodium ion transport.
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Current potentials of Sb alloys are inhibited by the formation of powdery material that is not compatible
with binders, thus hampering ion penetration and electron transport. Recent endeavors to overcome these
issues are much more focused. Shen et al. have fabricated a self-supported intermetallic Sb-Zn alloy anode
via pulse electrodeposition"*”. When this anode was employed as a binder-free anode for SIB, it achieved
an initial capacity of 377 mAh g at 300 m A g’. After cycling over 320 cycles, it still maintained a
capacity of 261 mAh g'. The rate performance of the electrode was found to be 308 mAh g* at
1,600 mA g'. In comparison, the fabricated anode using constant potential electrodeposition
methodology showed much lower performance. Operando XRD studies showed active participation of
Zn and Sb to originate NaZn, and Na,Sb phases that could transform during the charge/discharge

process. The optimum performance of the electrode was ascribed to alloying, structural, and cooperative
effects of Zn.

Antimony-based oxides

Oxides of antimony have good alloying potential with Na". In particular, Sb,0, and Sb,0O, have high
theoretical capacities of 1,103 and 1,120 mAh g7, respectively. The Sb,O, with a cubic structure subsequently
underwent a conversion-alloying process to yield Sb and Na,O reversibly. However, the low conductivity of
Na,O limited its capacity. Akin to tin oxides, low conductivity, huge volume variations, and pulverization
problems also persist in Sb,0, and Sb,0, anodes™**'*?. The conversion-alloying reaction is illustrated as
follows:

Sb,0, + 6Na* + 6e” — 2Sb + 3Na,O (Conversion, Sb,0,)
2Sb + 6Na* + 6e — 2Na,Sb (Alloying, Sb,0, )
Sb,0, + 8Na* + 8e” < 2Sb + 4Na,O (Conversion, Sb,0,)
2Sb + 6Na’ + 6e” + 2Na,Sb (Alloying, Sb,0,)

Octahedral Sb,0, has been prepared by a low-cost and facile alkaline aqueous synthesis method"*!. As an
SIB anode, the material exhibited superior performance (435.6 mAh g”,0.1 A g* current density, and
50 cycles) to commercial Sb,0, powder. Its electrochemical performance was attributed to the unique
structure that provided active surfaces for effective electrolyte wetting and fast kinetics that provided many
active sites and improved interactions on interfaces between electrodes and electrolytes. A nickel-supported
Sb,O, SIB anode with a good performance (445 mAh g") and a CE of 89% over 200 cycles has been
previously reported"**. The template-assisted synthesized 3D scaffold excellently buffered volume variation
in this electrode. Volume deformation during (de)sodiation cycles was also minimized with the designed
nano-scaffold structure.

A porous Sb,0,@Sb hybrid reported previously by Ma et al. showed a low ICE of 67.9%"**. However, this
hybrid delivered highly regaining capacity in subsequent (de)sodiation cycles with a refined capacity of
658 mAh g over 200 cycles (CE 99.8%) and an outstanding rate performance (200 mAh g*) at a very high
ampere density of 29.7 A g". Furthermore, a full cell demonstration (using NVP cathode) showed a
competing cyclability with 473 mAh g over 100 cycles (CE 92.7), along with a rate performance of
432 mAh g at 5 A g'. Operando XRD and in-situ Raman excellently traced intermediate phases that
provided a mechanistic understanding of capacity retention in the Sb,0, conversion-alloying anode. An
electrospun Sb,0,@NC freestanding membrane fabricated for SIB anode utilization retained good
reversibility in capacity (527.3 mAh g" over 100 cycles at 0.1 A g")"*.. The sodium storage behavior
involved a capacitive mechanism that demonstrated a high potential. The anode showed a high sustaining
capacity of 400 mAh g at 1 A g over extended cycling of 700 times.
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Sb,0,@Sb has also been reported by Ye et al. using etching synthetic protocols"*”. The ginger-like Sb having
decorated nanosized porous Sb,O, on its surface efficiently participated in the volume buffering process.
The anode showed a capacitive-dominated mechanism of Na* storage with an optimum storage capacity of
526.2 mAh g* over 150 cycles at 1 A g. A uniquely presented Sb,O,, with a thin C coating over it has been
recently demonstrated as an SIB anode"*. It showed a cyclic stability of 89.64% (delivering 239 mAh g™ at
1 A g') over 170 cycles. An alloying-conversion type SIB anode comprising exfoliated GO encapsulating
Sb,O, has proven its viability for mitigating volume expansion and other issues that impede the
performance!”. The proposed anode delivered a capacity of 345 mAh g at 25 m A g over 100 cycles while
a capacity of about 100 mAh g' at 1 A g" with good stability in full cell configuration was achieved,
corresponding to an energy density of 100 Wh Kg™. The high surface area and 2D structure of the graphene
ensured high electrolyte penetration. A hydrothermally treated nanocomposite Sb,O,-CNT-graphene with
high surface area exposed offered adequate electrolyte wetting in an SIB assembly, demonstrating a
capacitive output of 360 mAh g over 100 cycles at 0.1 A g* with a good rate performance (140 mAh g" at

130]

ampere density of 2 A g")"*,

A recent endeavor to improve SIB anode performance of Sb,0, has been proposed with exfoliated graphene
Sb,0, in different compositions'™*”. The optimum performing SIB electrode showed interesting features
unveiled by in-situ impedance spectroscopy whereby varying charge transfer capabilities were detected in
the alloying phase, unlike those in the conversion phase. The material showed a respectable potential of
2.95 V in full cell configuration with layered (Na,.,Ni,,,Mn,,O,) NNMO cathode. The cell delivered an
energy density of around 100 Wh kg™ with 100 mAh g capacityat1 A g".

Antimony-based sulfides

The promise of a high theoretical capacity (up to 946 mAh g") of antimony sulfide (Sb,S,) has been plagued
by a very low electronic conduction (< 1 x 10° Scm™), impractical Na* diffusion, and huge volume variations
in the (de)sodiation process as an SIB anode material. The sodium diffusion process involves the following
reactions:

Sb,S, + 6Na" + 6e” <> 2Sb + 3Na,S
2Sb + 6Na* + 6e” <> 2Na,Sb

The conversion/alloying reaction involves an overall transfer of 12 mol of Na'. However, a full capacity
impact cannot be utilized due to above-mentioned shortcomings. Various nanostructuring, C-matrix
addition, and other bimetallic and multimetallic alloys and hybrids have been extensively searched for
improved performances of Sb,S,-based materials as SIB anodes'**..

Deng et al. have adopted a “green approach” utilizing natural stibnite ore and sulfur-doped carbon sheets
(SCSs)""*". Sb,S,/SCS composites were developed for SIBs through a quick and effective wet chemical
process. The composite Sb,S,/SCS delivered an ICE of 68.82% in comparison with an ICE of 61.27% for
stibnite. However, a wide difference in the capacity storage was observed after 100 cycles, where capacities
of 455.8 and 190.1 mAh g were retained by Sb,S./SCS and stibnite, respectively. Xie et al. have proposed a
novel material approach by compositing carbon-silicon oxide with Sb.,S, to attain 1D NFs (denoted as
Sb,S,/CS)"™". The superior material’s junction resulted in a competitive capacity (321 mAh g* over 200
cycles at 0.2 A g”). Homogeneously sized electrospun fibers fully encapsulated Sb,S, with a high void to
effectively buffer volume expansions, which entrusted a highly stable performance.
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To improve the cycle stability and rate performance of Sb,S,, bimetallic sulfide heterostructure has been
developed by adding In,S, and Sb,S.. To further mitigate the low conductivity, CNTs have been
incorporated to attain resultant microspheres"*’. The creation of voids with high surface-active properties
led to shorter pathways for rapid Na* transfer pathways that entrusted a high reversible capacity of
400 mAh g and a long cycle life of around 1,000 cycles with a stable rate capacity (355 mAh g" at 3.2 A g).
The performance of the composite alloying anode was traced to operate under a pseudocapacitive
dominated process whereby the incorporation of redox inactive in-aided Sb,S, achieved its structural
stability during redox. Ex-situ HRTEM and Raman mapping of the disassembled cell anode material
distinctly revealed metallic Sb, InSb, and Na,Sb with reversible transformations.

Ternary structured hollow nanorods have been prepared by a solvothermal methodology**. They
encompassed Sb,S, at the innermost with intermediate FeS, sandwiched by N-doped C from outside. The
intact structural design could present an outstanding behavior as an SIB anode. It delivered very promising
ICE (82.4%), rate capacity (537.9 mAh g* at 10 A g"), and excellent stability (534.8 mAh g, CE = 85.7%)
after extensive 1,000 cycling at 5 A g". Heterogeneous interphases in the superstructure furnished high
conductivity and excellent SEI stabilization and accommodated volume variations. In-situ XRD traced the
reaction mechanism, with peaks of major active species Sb,S,, Sb°, and Na,Sb detected along with other
peaks of Na,FeS, and Na,S. These were also verified by ex-situ HRTEM. The origin of Na,S was related to
accelerated reaction kinetics.

To address pulverization and slow kinetics issues, a Sb,S,@SnS@C nanocomposite has been prepared by
Lin et al."). The formulated hollow-tube-heterostructured Sb,S,@SnS@C was fabricated by a multistep
process. First, Sb,S, NTs were prepared, followed by solvothermal compositing to form Sb,S,@SnS. Finally,
the hybrid was added to C source for coating nanotubular structures. As an SIB anode, the composite
sustained a high capacity (442 mAh g over 200 cycles at 1 A g) and an excellent rate capacity (448 mAh g’
at 5.0 A g) that outperformed pure Sb,S, and SnS@C composites. It also showed an extended cyclability
with a capacity of 200 mAh g over 1,300 cycles at 5.0 A g". The outstanding cycling stability under the
capacitive-dominated mechanism (above 92%) was credited to the synchronous influence of effective
heterojunctions with an inner hollow tube-like structure and a protective outer carbon layer, which
maintained structural firmness along with mitigation of other issues.

Zhang et al. have proposed a blending wet chemical synthetic strategy for Sb,S, with the 2D MXenes for
optimum SIB anode configuration"*”. The MXene surface-supported Sb,S, nanoparticles were able to
shutter volumetric stresses along with conductive MXene sheets for steadily fast ion/ electron pathways at
favored kinetics. The optimized composite (50% Sb,S,@ m-Ti,C,T,) showed a superior capacity retention
(156 mAh g’ at 0.1 A g ampere density for 100 cycles) and steady performance with a capability of
72 mAh g over 1,000 cycles at 2 A g”. Very recently, another MXene hybrid with N-C ribbons (bio-derived
from Aspergillus niger) blended with Sb,S, has been presented as an SIB anode'””. The 1D ribbon and Sb,S,
with 2D MXene sheet combination resulted in a flexible composite. A schematic illustration with
corresponding morphological characterization affirmed successful formation of the hybrid along with
superior SIB anode performance [Figure 10A]. The freestanding SIB anode overcame many conventional
limitations along with efficient control over polysulfide shuttling. This anode showed a capacity of
394 mAh g after 1,000 cycles at 1 A g, along with a rate performance of 148 mAh g” at 10 A g”. In full cell
configuration using the prepared anode and NVP@CNF cathode with a quasi-solid-state electrolyte
[poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HEFP)], the anode showed a superior

performance (364.1 mAh g at 0.1 A g over 100 cycles), an excellent rate performance, delivering a capacity
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Figure 10. (A) (a) Stepwise schematic illustration of synthesis of N-C Sb,S;@NCR/MXene, (b) SEM image of N-C ribbons (NCR), (c)
Cross-section SEM images of Ti,C,T, film, and (d) Cross-section SEM images of Sb,S;@NCR/MXene, (e) Rate performances at various
current densities, (f) Extended cycling at 1.0 A g”.(B) (a) Galvanostatic charge-discharge profiles at 0.1 A g" and contour maps of in
situ XRD pattern for the initial cycle, (b) (Dis)charge profiles with rate behavior at different ampere densities in full cell configuration,
(c) Long-term cycling stability at a high current density of 1 A g”.Inset shows lighting a red LED light when the fabricated full cell
battery is bent from 0° to 180°. Reproduced with permission fromm”.Copyright © 2023 Elsevier.

of 263 mAh g* at 2 A g'. A highly remarkable extended cycle capacity (173.2 mAh g' CE 99.6%) was
observed after 1,000 cycles. In-situ XRD showed the material’s evolution with a highly reversible
intermediate phase, ensuring stable SIB anode performance [Figure 10B]. Such highly selective material
selection with flexible electrode design is highly desired for the commercialization of Sb,S,-derived SIB
anodes.

Zhu et al. have reported MoS,@Sb.S, heterostructure composites enveloped by rGO"*. The MoS,@Sb,S,
hybrid material with high porosity and a 3D interconnectivity could effectively wet the electrolyte and
enhance the kinetics with accelerated ion/electron diffusion at short diffusion pathways. When employed as
a negative electrode for SIBs, the composite anode showed fascinating performance (162.1 mAh g*) after
1,100 cycles. A dual capacitive and diffusion-controlled operated SIB hybrid anode has been fabricated with
a simple hydrothermal assisted method by adding Sb salt, rGO, and thioacetamide into a teflon-lined
autoclave"”. The spherical nano-flowered Sb,S,@rGO composite sustained 75.4% (about 544.8 mAh g
sustained) of its initial capacity (ICE 72.6%) after 200 cycles at 0.1 A g”. The 3D assembly assured volume
buffering and overall improved kinetics with structural endurance to sustain a rate performance of
4344mAhglat2 A g’

Antimony-based selenides
Sb,Se,, a small band gap semiconductor with natural abundance and benignity, has shown a fascinating
theoretical capacity of about 670 mAh g as an SIB anode with 12 mol of Na* per mol of Sb,Se,"*>'*, Simple
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conversion and alloying reactions for Sb,Se, can be written as follows:

Sb.Se, + 6Na* 6e” «» 3Na,Se + 2Sb (Conversion)

Sb + 3Na' + 3¢+ Na,Sb (Alloying)

The persistence of volume changes and sluggish diffusion kinetics in these Sb-based materials are real
bottlenecks to achieving high reversible capacities. Recently, many modifications have been reported. They
are dominated by those adapting heterostructuring approaches that often utilize carbonaceous compounds.
A 2D Sb,Se, layered anode has been investigated with a focus on mechanistic understandings*!. Compared
to a bare Sb,Se, electrode with a huge capacity loss, an amorphous carbon composited Sb,Se, anode retained
high gravimetric and volumetric capacities of 378 mAh g and 688 mAh cm?, respectively, after 50 cycles.
The electrode also offered superior rate performance behavior with gravimetric and volumetric rates of
about 270 mAh g’ and 492 mAh cm?, respectively, at 2C. The capacity drop of the bare Sb,Se, electrode was
related to the formation of Na,Sb accompanied by huge volume expansion, causing large capacity losses
after ten cycles. An encapsulated structured Sb,Se, by rGO has been proposed to achieve high reversibility
for the de(sodiation) process"*. This Sb,Se,/rGO was able to preserve promising capacities (448 and
386 mAh g") at high ampere rates (1.0 and 2.0 A g, respectively). Besides their long-term stability for 500
cycles, composited nanorods of Sb,Se, in the rGO matrix showed high structural endurance. The detailed
reaction mechanism was investigated using in-situ XRD, ex-situ TEM, and SAED studies. It was verified
that the multistage process involved initial intercalation of Sb,Se, with Na’, followed by conversion and
(de)alloying with good reversibility [Figure 11].

Sluggish sodium diffusion has been one of the limiting factors for the low capacity of Sb,Se,-based SIB
anodes. Wang et al. have enhanced the capacity by achieving higher Na'-diffusion in their N-doped
C-coated ZnSe/Sb,Se, with superior pseudocapacitive dominated Na* storage"*”. The micro-spherical
porous ZnSe/Sb,Se,@NC anode exhibited a higher capacity than corresponding Zn or Sb selenide even with
C compositing. Over 120 cycles, the multimetallic ZnSe/Sb,Se,@NC anode could sustain a capacity of
438 mAh g at 0.2 A g with a rate storage capacity of 316 mAh g' at 10 A g of ampere density. Multiple
factors, including superior robust hollow morphology offering fast diffusion kinetics ensured by the
synergistic influence of ZnSe and Sb,Se,, N-doped C (for volume buffering and conductivity enhancement),
and ether-based electrolyte with superior wettability, all coherently enhanced the stability to enable the
electrode for an extended cyclic performance over 250 cycles (with a capacity of 205 mAh g*at2 A g*).

A detailed and conceptual representation of the improved performance of the Sb,Se,@CNT hybrid has been
reported recently by IThsan-ul-Haq et al."*. The as-synthesized composite could attain a stable rate
capability of 454 mAh g at 12.8 A g with 62% capacity retention over 200 cycles at 10 A g*. Moreover, a
power density of 175 Wh kg™ (at 0.5 C) and an energy density of 5,784 W kg™ have been achieved in full-cell
configuration. Detailed theoretical (ab initio) and experimental investigations were performed along with
ex-situ cryo-TEM, CV, and XPS. The CV of the prepared electrode showed highly preserved peaks at
potentials of 0.78, 1.36, 1.58, and 1.88 V, proving it reversible desodiation and favorable kinetics. In contrast,
the CV of commercial Sb,Se, signaled highly thick SEI with more electrolyte degradations. Subsequent
cycling CV curves showed erratic behavior, signaling unstable SEI and poor reversibility. The cryo-TEM
utilization of frozen (-175 °C) electrodes showed a highly thin SEI of about 35.7 nm with a high uniformity
in the synthesized Sb,Se,@CNT electrode. Interestingly, the commercially used anode showed a highly
irregular and thicker SEI with a thickness of 71.8 nm, which was about double the thickness of the as-
prepared electrode.
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Hu et al. have also reported a composite derived from Sb,Se,@rGO with a highly commendable
performance as an SIB anode"*. The composite delivered a stable capacity of 260 mAh g at a high ampere
density of 20 A g". The rGO alleviated volume stresses with reduced particle agglomeration during repeated
(de) sodiation cycles. Similarly, Chong et al. have presented an N-doped C-rGO composite of Sb,Se,
(Sb,Se,@rGO@NC) that bears Sp>-N"*!, This composite can sustain the Sb,Se, volume stresses. The C-N-Sb
bond formation has been proposed to be developed in-situ after initial discharging. These bonding
interactions of Sp>-N have a high affinity for Na', ensuring a high reversible capacity. Besides suitable
capacity retention (288.5 mAh g over 100 cycles at 0.02 A g*), the composite SIB anode has an extended
life of over 1,000 cycles with a small capacity drop of 0.18 mAh g™ per cycle.

A novel combination of Ti,C,T, sheets and Sb,S, nanowires has been recently reported"*!. The composite
successfully aggravated most of the shortcomings of individual materials symbiotically. On the other hand,
the low conductivity, volume stresses, polyselenide shuttling, and slow sodiation kinetics of Sb,Se, have been
bothered by MXenes. As a result, the sheet agglomeration issue of MXenes is delimited by the Sb,Se,. The
anode can deliver a capacity of 568.9 mAh g” at 0.1 A g after 100 cycles. Even after an extended life span of
500 cycles, a superior capacity (304.1 mAh g”) at a high current of 1 A g" was attained.
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Recently, Wu et al. have successfully recognized asymmetric phase transformational characteristics during
(de)sodiation of Sb,Se, nanowires"”. The multistep mechanism involved in sodiation includes Na*
intercalation, conversion, and sequential alloying involving Na,Sb intermediate phases. An incomplete
desodiation process has been tracked. It originated from an irreversible capacity fading. The authors were
able to trace lateral and surface Na* diffusion, whereby a fast Na* surface diffusion was found with radial
volume expansions. Moreover, the use of in-situ HRTEM and corresponding fast Fourier transformation
(FFT) patterns reflected the tracing of Na,Sb,Se,, Na,Se, Sb, NaSb, Na,Sb, and Na,Sb phases showing
conversion/alloying transformations.

Phosphorous-based anodes for SIBs

Phosphorous (P) is deemed to be a potential candidate due to its unique properties such as low potential
(0.5 V) and ultrahigh theoretical capacity (2,596 mAh g"). In addition, it is cheap and benign similar to red
Phosphorous (RP). Among various allotropes of P, RP has the most optimistic performance characters. In
the amorphous phase, it can store high Na*. However, it has a low conductivity (10-14 Scm™). It also suffers
from huge volume changes (490%). The optimum alloying phase in P is Na,P. Although white and layered
black P have also been reported to have alloying potential with Na', unfortunately, white P is toxic and the
black P is synthesized under harsh conditions. However, black P has a high conductivity of 300 Scm™'""**"*!,

A promising composite with nanoporous RP has been constructed by adding the rGO sheeted matrix to
yield the composite (NPRP@rGO). Such addition not only enhanced conductive features of the SIB anode,
but also ensured high capacity storage parameters (capacity retainability of 1,249.7 mAh g" at 173.26 mA g’
@ 150 cycles and rate performance of about 656.9 mAh g" at 3.462 A g")"*. The improved performance
was due to more interfacial contacts and effective electrolyte penetrability along with confinement of NPRP
nanoparticles on rGO sheets through P-C chemical bonding. Furthermore, electrochemical impedance
spectroscopy (EIS) highlighted the peculiar role of a highly conductive rGO network, which guaranteed
effective and quick Na'/e transportation.

A durable phosphorus anode for SIBs with an extended cycle life span has been developed through coupling
of sulfurized Polyacrylonitrile (SPAN), RP, and C black"*". The hybrid has plenty of P-S bonds that could
help withstand large volume variations. It offers a high capacity of about 1,300 mAh g at a current density
of 520 mA g*, with high CE (> 99%) and good cycling performance (i.e., CE = 91% for 100 cycles).

Capone et al. have utilized synergy of particle size of RP, its retainability in the C matrix, and its correlation
with the capacity"*”. Through a two-step milling process using wet and dry ball milling to first reduce the
particle size and later composite it with the C (graphite), this methodology has impacted the performance of
the anode for SIBs application to achieve 1,354 mAh g™ as initial charging capacity along with an overall CE
of 88% over 100 cycles. Xiao et al. have established a correlation between stability of the RP composite
electrode in ambient conditions and its performance*”. The composited electrode (derived from RP and C
black) showed a good initial performance (1,070 mAh g" of capacity retention over 200 cycles at
400 mAh g'). When exposed to air, the electrode showed a decrement in capacity retainability, while
synchrotron-based XAS showed a concurrent appearance of phosphate species that passivated capacitive
reactions.

To optimize the SIB anode performance in the C compositing of RP, various modest synthetic
modifications have been adapted. For instance, Liu et al. have reported a controlled synthesis of RP-rGO
composite using ethylenediamine additive to get ultra-small and well-dispersed RP particles on the surface
of rGO"*. The composite showed highly admiring performance with a storage capacity of 2,057 mAh g* at
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100 mA g while sustaining 65.6% of the capacity over 5,000 cycles at an ampere density of 2 A g”. During
(dis)charging, the strong interaction between rGO and NRP/Na,P inhibited volume variations.

To better protect the RP-C composites from air exposure and the resultant capacity engulfing process, a
protective coating of polypyrrole (PPy) has been proposed, which could enhance the conductivity and
impart electrolyte and air stabilization"*. This strategy resulted in stable electrode material at ambient
conditions having a high RP content with a stable reversible capacity of 800 mAh g* at a current density of
50 mA g'. Jin et al. have adopted an assisted double annealing strategy to ensure highly porous conductive
networks interconnected inside the P host"*. The extra-short Na/e" diffusion pathways in the conductive
matrix supported the structure from volume variations and exhibited an astonishing longevity over 2,000
cycles with 1,027 mAh g of steady capacity at 4 A g* and an equally competitive rate behavior.

An SIB anode with a distinguished performance and real-time performance-mechanistic evaluation has
been reported by Liu et al."”. In-situ TEM and simulations detected “liquid-like” properties, metallic
character, and structural endurance in the RP CNF composite. The highly encapsulated RP inside the C
matrix, akin to a core-shell structure, mitigated side reactions. This observation of liquidity of RP on
sodiation was dually verified using time-lapse scanning TEM (STEM) images. The optimized capacity of
1,019 mAh g over 5,000 cycles at 1 A g was a benchmark. Details are shown in Figure 12.

MZXene-supported uniform-sized RP nanoparticles were additionally integrated with multi-walled CNTs
(MWCNTs), leading to outstanding stability and improved mobility of Na‘/e” transportation"**. The hybrid
showed a capacity of 371.6 mAh g’ at 0.2 A g’ over 100 cycles. A facile methodology for high-capacity SIB
anodes with high mass loadings has been reported by Zhu et al."*. A composite of wood-derived carbon
and CNTs was coupled to RP. Multi-channeled ion and electronic pathways with a compact but porous
framework synchronously improved the capacity retention ability at high mass loadings. Although optimal
redox kinetics at a lower mass loading (8.2 mg cm™) was achieved even at a high mass loading of
~14 mg cm”, capacity preservation of 53.9% was attained. A superior gravimetric capability of 468.8 mAh g
and real rate capacity of 1.63 mAh g at 106.6 mAcm™ were captured. A liquid exfoliation strategy for
amorphous RP nanoplates synthesis and their composite with CNTs has been proposed recently by
Kaur et al.'. A superior air stability was achieved with low oxidative degradation that enabled the
composite to attain higher capacities above 2,000 mAh g over 1,000 cycles. Other composite hybrids and
phosphorous alloys have been extensively explored as SIB alloying anodes with many recent detailed
reviews'"*. Zhang et al. have reported a composite SIB anode (Sb/P@C) that could deliver a capacity of
350 mAh g at 500 mA g'. At 50 mA g, a capacity of above 400 mAh g was sustained over 100 cycles"*.

Germanium-based anodes for SIBs

Germanium (Ge) has been highlighted for its strong alloying potential with Na* and less volume expansion
than Sn and Sb conversion-alloying anodes. However, its theoretical capacity (369 mAh g") is limited for
SIBs because 1 mol of Na' in the resulting NaGe formulation showed unfavored kinetics in the crystalline
Ge, which rendered it below the limelight of energy storage community. Although it has 1,000 times
superior electrical conduction than Si, the crystalline Ge has a very minor affinity for Na' that can only
provide a capacity of 20 mAh g’. Thus, many derivatives, especially those with amorphous Ge, have been
proposed both theoretically and experimentally, whereby a theoretical capacity of 576 mAh g
(corresponding to Na,,Ge) has been achieved in the amorphous phase*'****”), Lu et al. have presented
detailed in-situ TEM-supported evidence of (de)sodiation changes in amorphous Ge nanowires*. The
unique appearance of pores in the desodiated state and their reappearance upon sodiation in the Ge
nanowires were due to sodiation-induced defects during in-situ HRTEM. The large volume expansion of
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Figure 12. (A) (a) A schematic illustration of in-situ TEM setup. (b) STEM image series captured in real-time showing P, volume
expansion during sodiation (scale bar: 200 nm). (c) Simulated SOS according to the P, , morphological evolution of the region labeled
with a blue rectangle in image (b). (d) EDS maps of phosphorus (green), sodium (yellow), and carbon (red) elements of the region
labeled with a red rectangle in image (b) (scale bar: 200 nm). (e) Length changes of four P, segments marked in image (b) as a
function of time during the sodiation process. (B) Extended cycling of the P ,,@CNF anodes with variable current densities. Reproduced
with permission from™™”). Copyright © 2020 Springer Nature Limited.

300% corresponded to a higher sodiated state than NaGe and closely resembled Na, , Ge. These findings
highlight the structural robustness with higher potential of Ge as an SIB anode.

Avery cheap and benign combination of amorphous Ge loaded onto the graphite network has achieved an
augmented performance (526 mAh g over 120 cycles along with 160 mAh g at 10 C of ampere density)
that highlights possibilities for more superior capacity Ge-based SIB anodes particularly having 2D and 3D
structures"”. A highly functionalized C source derived from dopamine has been added to mitigate the
conductivity and sluggish kinetics and stabilize the Zn,GeO,-derived SIB anode"*". In comparison with the
isolated Zn,GeO, (capacity = 113 mAh g' at 0.1 A g over 50 cycles), the C-coated Zn,GeO, micro-rods
delivered a suitable capacity of 317 mAh g* (CE 88%) at 0.1 A g* over 50 cycles with a rate capability of
150 mAh g* at 2 A g'. The dopamine-derived amorphous carbon offered a large electrode-electrolyte
interface to facilitate ion/electron transportation at shorter distances apart from volume buffering.

A highly reversible capacity-delivering SIB anode synthesized by a template-free solvothermal approach
with controlled nanosized (10 nm) germanium phosphide (GeP,) organized into micro-spherical
architecture has been presented by Tseng et al."*. The superior patterning without an additional C matrix
could cope with volume stresses and lead to an excellent performance, which is a testament to the advantage
of the structural design approach. A high ICE of 65.28% along with a capacity of 704 mAh g’ was acquired
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at 0.2 C after 100 cycles. An excellent mechanistic approach for capacity origination and fading has been
adopted by Shen et al. The material demonstrated promising capacity retention and stability, as shown in
Figure 13A. The capacity fading issue was traced using in-situ HRTEM with allied techniques to detect
species causing capacity degradation during (de)sodiation cycles, as shown in Figure 13B and C". An ICE
of 88.61% and a capacity of 330 mAh g over 100 cycles were offered by the electrode in half cell. Expansion
during sodiation was captured by TEM in a time-lapse experimental setup, which showed GeP nanoflake
expansion from 0.93 to 1.25 pm without any cracking in the nanoflake. The SAED pattern also recorded
anisotropic expansions along different planes, leading to intermediate orthorhombic NaGe,P, that
ultimately resulted in amorphous phase NaGe and Na,P. The in-situ TEM also revealed that after
completing the first cycle of sodiation, the amorphous phase could not revert back to the crystalline GeP
upon desodiation.

Li et al. have trailed the path of sodiation in the GeP@C anode for SIBs"”". The self-healing anode has the
capability of structural reformation under a multistep sodiation process involving intercalation followed by
the conversion and, finally, the alloying step. This self-healing property was attained due to a low formation
energy (-0.19 eV) of the layered material, which further stabilized the graphitic incorporation, creating P-C
bonds that synchronously sustained more Na* at improved kinetics and conduction. The GeP anode has the
potential to achieve a high ICE (93%) and a high sodiation rate capacity (360 mAh g* at 2 A g*). Although
inspiring, such performance was lower than that of the GeP@C that sustained a high ICE (above 90%), a
long cycling life with a capacity of 850 mAh g” at 0.1 A g over 300 cycles and a sodiation rate capacity of
533 mAh g at 2 A g. The high metallic conductivity of the intermediate Na,GeP with metallic conductive
behavior and interlayer bonding compatibility of graphite and GeP created stronger P-C interactions that
alleviated capacity performance and stability.

Besides GeP, GeTe has also been demonstrated by many researchers for SIBs anode capabilities. A GeTe/C
composite proposed by Sung et al. can yield good gravimetric capacity (98.5% after 100 cycles) and rate
performances (704 mAh g* at 1 C and 630 mAh g at 3 C)"””.. The conversion/alloying mechanism in the
composite anode of GeTe/C material has been investigated using ex-situ XRD and extended X-ray
absorption fine structure (EXAFS) during different (dis)charging states. In the first sodiation state,
amorphization led to metallic Ge, followed by Na-Ge bond formation. In contrast, the desodiated state
showed reappearance of the Ge-Ge bond proceeded by the reappearance of GeTe, which was evident as
presented by the following reactions:

GeTe — Ge + Na,Te — NaGe + Na,Te  (sodiation)
NaGe + Na,Te — Ge + Na,Te — GeTe (desodiation)

A mechanism-directed approach has revealed the significance of amorphous structures in nullifying the
influence of stress-induced limitations and interfacial inhomogeneities that plague the SIB anode
capacity"”. For this purpose, 2D porous GeS, nanosheets with amorphous structures have been
constructed. They demonstrated highly stable capacity and rate performance, as shown in Figure 14A(a-d).
The electrode maintained a highly uniform electrode/electrolyte interface, ensuring fast and isotropic Na*
diffusion channels to assist in the complete conversion reaction for optimum capacity without particle
aggregation [Figure 14B(a-c)]. The amorphous GeS, also tolerated a capacity of 512.8 mAh g’ at 10 A g*
after an extended 1,000 cycling period. The mechanism of stress forbearance was illustrated based on
Raman and TEM results [Figure 14B(d-h)], whereby the sheet-like morphology managed stresses incurred
during cycling.
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A Ge-based C NF with N, S doping has been fabricated by centrifugal spinning and subsequent thermal
treatment methodology to yield N, S-Ge@PCNF""*. N, S doping, in addition to the porous CF, improved
electronic conduction and ionic mobility in a way to sustain a capacity of 443 mAh g over 200 cycles as an
SIB anode. The composite also delivered a rate capacity of 300 mAh g* at 1 A g” in contrast to a capacity of
236 mAh g' delivered by the composite with no N or S functionalities (Ge@PCNF). Detailed
characterization of the N, S-Ge@PCNFs composite showed uniformly dispersed Ge nano-assemblies on
tubular PCNFs. Overall, N, S-doping imparted conductivity enhancement that, together with
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interconnected PCNFs framework, facilitated Na* transfer kinetics and buffered volume changes to
maximize Na storage.

Silicon-based anodes for SIBs

Silicon (Si), a cheap, abundant, and environmentally friendly material, is an ideal choice for alloying SIBs
whereby a single mol of Na* in the NaSi can result in a theoretical capacity of 960 mAh g*. However, a very
low practically obtained capacity (less than 40 mAh g*) has been shown by the crystalline Si. Hence, Si was
declared electrochemically inactive previously (with +0.6 eV binding energy of Na)"””. However, many
theoretical studies have verified the potential of Si for SIB anodes, although this needs to be experimentally
verified"”*"””. Compared to crystalline Si with limited Si uptake, the performance of amorphous Si as an SIB
anode is practically more optimistic. The conversion of crystalline Si to amorphous Si after initial cycles also
reincarnates the capacity of Si anodes. Various other prepositions for improved anode characters in Si have
been proposed, such as C coating!”, porous structuring!”, and other composite modifications"*".

Regarding composite modifications, Kempf et al. have studied the temperature-dependent performance of
ion carbon-rich Sn-SiOC composites for SIB anodes"*". The best performance was shown by the composite
(SnO,) pyrolyzed at 900 C, which could deliver a steady capacity of 234 mAh g" at 37.2 mA g’. At a current
density of 2,380 mAh g7, it could sustain a capacity of 131 mAh g". Their findings have opened a door for
temperature-dependent material synthesis as temperature-performance correlations have been widely
addressed to control the morphology and thereby the corresponding capacity, although the alloying
mechanism in Si is unclear and somewhat controversial. Very recently, an electrochemical derivatized
varyingly ordered Si has been proposed by Li et al."”. The combination of short, medium, and long-range
ordering induced strong Na-Si interactions well matched for fast ion/-transfer phenomena. The anode in
bare form delivered a capacity of 352.7 mAh g' at 50 mA g’ (95.2% CE), while its C composite Si/C
supplied a capacity of 449.5 mAh g’ [Figure 15]. Interestingly, they proved an adsorption-interaction
mechanism instead of the commonly evidenced alloying mechanism.

Amorphous Si comprising nanocubes or boxes with hollow structures has been composited with rGO to
exploit the SIB anode potential of this novel architecture material’®. The composite imparted stable
performance over 2,000 cycles with rate capacities of 261.2 and 73.3 mAh g' at 0.1 A and 3 A g7,

respectively. An ordered mesoporous C with Si/SiO, hybrid constituting 2D mesochannels was found to be
highly effective in enhancing Na* and e transfer kinetics, suppressing volume variation effects, and
providing highly conductive Na* diffusion pathways. It showed a daring storage capacity of 423 mAh g at
0.02 A g™ after 100 cycles with an extended longevity (capacity of 190 mAh g at 1 A g after 500 cycles)"*..

The mechanistic-driven phase conversions have been presented in C-composited SiP, SIB anodes using
in-situ/ex-situ XRD and TEM"*. The proposed anode showed an ICE of 76% with a 100-cycle capability of
410 mAh g together with a rate performance of 198 mAh g'at 1 A g". In-situ XRD and ex-situ XRD with
2D contour plots have outlined their real-time performance and conversion behavior. Sodiation resulted in
diminished peak intensities of SiP, resulting from amorphization, while partial recovery of the SiP, peak
(along with features of P and S peaks) was observed in charging. During discharge, new peaks related to
Na,P and NaSi, appeared, with some peaks from some unreacted SiP,. Furthermore, these observations were
counter-verified by fabricating a nano-battery for in-situ TEM and SAED patterns. In the charging process,
the clear amorphous behavior with dual crystalline/amorphous SiP, phase was well confronted in the initial
cycle, with complete amorphization in the third cycle as observed in the in-situ TEM/SAED.

SiP, — Na,P + NaSi,  (Discharging)
Na,P + NaSi, — (SiP,) +P (Charging)

crystalline/amorphous
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when discharged and charged. Reproduced with permission from"”*’. Copyright © 2023 John Wiley & Sons, Inc.

A biomass-derived C-sheathed Si composite has been fabricated by Gong et al."*. It showed a good affinity
for Na* (de) insertion as an anode and sustained 99.7% of capacity retention after 1,000 cycles. Recently, a
ternary composite formed by hybridizing CoSi,P,, FeSi,P,, and CNTs was first pre-deliathiated to create a
LiF-rich SEI film that later sustained during (de)sodiation"*. This novel strategy showed a superior CE of
80% with high initial discharging and charging capacities of 581 and 464 mAh g". It sustained a capacity of
417 mAh g over 150 cycles.
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Bismuth-based anodes for SIBs

Bismuth (Bi) has been regarded as a “green” choice for energy storage materials because of its non-toxicity,
good electronic properties, and layered structure with a larger interlayer distance of 0.395 nm to
accommodate Na* that can reversibly give Na,Bi an optimal gravimetric capacity of 385 mAh g'">"*.
Although Bi suffers low volume expansion (250%) (lower than 290% and 430% in Sb and Sn, respectively)
compared to other alloying anodes, it still has commercial real-time performance potential"*'*. Many
modifications of Bi have been proposed for stabilized performance, mostly through C compositing.
However, C compositing mostly limits the capacity (less than 200 mAh g") by imposing an additional
barrier layer for ion diffusion"**"****l. Although other derivatives, including intermetallics””, oxides"*”,
sulfides", selenides™", tellurides"*”, and others, have also been reported for high Na* affinity as SIB

anodes!*1%¢],

Both bulk and nanosized Bi anodes employing various synthetic and structural modifications have been
explored widely in recent years to delimit their capacity. However, they have posed considerable
bottlenecks. Mechanistic pathways during sodiation in bulk and nanoscale have not been well understood
yet!"”*!. Previously, Sottmann ef al. have excellently addressed the impact of crystallite size in Bi SIB anodes
using synchrotron XRD and XAS"™!. Ball-milled C composited Bi samples for 20 min (Bi/C-20 min) and
24 h (Bi/C-24 h) having crystallite sizes of 129.6 and 34 nm, respectively, showed different capacity
retainability. At the same time, the nanocrystalline- Bi/C-24 h sample sustained much higher capacity
(about 80% of the theoretical capacity) than the Bi/C-20 min sample (20% of theoretical capacity retention).
The metastable Na,Bi cubic and hexagonal polymorphs generated during sodiation in Bi/C-24 h and Bi/C-
20 min samples, respectively, had varying degrees of volume expansions responsible for the difference in
sodiation capacity. Ex-situ XRD revealed high pulverization in the sample (Bi/C-20 min), whereby the
original particle size reduced to about one-third (with inactive role). However, the particle size in the Bi/C-
24 h sample did not effectively change.

Bi nanosphere-based SB anode has been recently updated by Zhang et al.*". It showed an ultrahigh and
stable capacity with an impressive longevity (10,000 cycles) at a high current density (i.e., 2 A g). Although
it delivered an unimpressive ICE (53.4%, 422.4/790.3 mAh g, C/D), the electrode’s high CEs of above 99%
and a good capacity retention of 333.4 mAh g* were sustained at an exceedingly high ampere density of
100 A g"'. An ultrafast (dis)charging SIB anode consisting of MOF-derived nanospherical Bi@C with hard C
has been reported recently by Liang ef al.”. After an initial cycle capacity of 347.8 mAh g (CE 52.4%), the
composite showed a high CE of about 99% in subsequent cycles. Even at an ampere density of 80 A g7, it
can provide a capacity of 308.8 mAh g, leading to full (dis)charging in 15 s.

A potential Bi nanosheet array on CNTs for an SIB anode has been recently reported by Liu et al.”!. It
delivered a stable capacity of 311.68 mAh g over 1,000 cycles at 1 A g'. Importantly, the material showed
an equally admired performance when it was applied in full cell configuration with Na,(VOPO,)F@rGO
cathodic material, where an operating voltage of above 4 V was achieved with an overall energy density of
221.99 Wh kg™

To minimize volume expansion and subsequent pulverization effects in Bi-contained SIB anodes, a novel
galvanic replacement (with iodine ion assisted) synthesis of Bi NTs for anodes has been presented
[Figure 16A]™. It surpassed the currently reported performance of Bi alloying anodes in SIBs
[Figure 16B]. The anode lived for 65,000 cycles (capacity of 241 mAh g*,74% CE) at 50 A g'. It also
furnished 355 mAh g' over 15,000 cycles at 20 A g'. In-situ TEM [Figure 16C] and in-situ XRD
[Figure 16D] provided conclusive evidence of Bi NT stability during sodiation along with species evolution
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powder patterns of Cu-NWs and Bi-NTs. (e and f) TEM images, (g) SEM image, and (h) HRTEM image of Bi-NTs. (i) Elemental
mapping and EDS spectrum of Bi-NTs. (B) (a) Rate performance of Bi-NTs, Bi-NPs, and commercial bulk Bi. (b) Comparison of rate
performance of Bi-NTs with many previously reported Bi-based anodes for SIBs. Long-term cycling performance of Bi-NTs at (c)
20 Ag" and (d) 50 A g”. (C) In-situ TEM analysis of a single Bi-NT. (a) Schematic representation of the in-situ nano-battery used and
(b) morphological evolution of Bi-NT during cycling. Time-lapse TEM imaging of a single Bi-NT during the first (c) sodiation and (d)
desodiation steps. (D) In-situ XRD study of the Bi-NT electrode during (dis)charge. (a) In-situ XRD contour plot, (b) In-situ XRD
patterns and (c) Charge/discharge profiles of the Bi-NT electrode during initial and second (dis)charge steps. Reproduced with
permission from™**!. Copyright © 2022 American Chemical Society.

at different (de)sodiation stages. Initially, the sodiation induced a high volume-change in the tubular
structure, expanding the diameter from 85 to 124 nm. However, hollow structured NTs successfully
accommodated stress strains during (de)sodiation without any visible cracks together. The in-situ XRD
showed the formation of a NaBi (tetragonal) sodiated state that further moved to Na,Bi (hexagonal) with a
reverse conversion pattern during desodiation.

The compromised conductivity and volume enlargements during sodiation/desodiation of Bi anodes
necessitates modification at an atomic level to leverage the conductivity along with the addition of some
volume buffering media. A Bi-C-based composite has been fabricated in a multistep process that could serve
as an ultrafast SIB anode with superb high-temperature utility along with optimum performance at high
current densities"*). The multi-layered design helped mitigate volumetric stresses and particle aggregation
during sodiation/desodiation. It also improved ionic mobility, electrolyte wetting, and conductivity
[Figure 17A]. The material was tested both in half-cell and full-cell with excellent stability and capacity
retention [Figure 17B]. The initial cycle capacity was 301 mAh g at high temperatures. It was diminished to
245 mAh g at high temperatures and a current density of 200 A g with a good reversibility (capacity
retention of 78%). The full cell with NVP sustained a capacity of 93 mAh g* at 1 A g over 700 cycles and a
capacity of 66 mAh g* at a current density of 2 A g, manifesting an ultrafast charging/discharging in just
75 S. The stability of the anode was reflected in a post cycling morphological study whereby the modified
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Figure 17. (A) Cross-sectional SEM images of (a) CMT, (b) CMT@Bi,05,and (c) CMT@Bi-C. (d) Image showing surface morphology
and (e-g) elemental mapping of CMT@Bi-C. (B) Cycle performance of CMT@Bi-C at 10 A g at high temperature. (C) Post cycling
analysis of CMT@Bi-C. Cross-section SEM images before and after battery cycling test for (a and d) CMT, (b and e) CMT@Bi-C, and
(c and ) CMT@Bi(MP)-C anodes are shown. Reproduced with permission from"™®”’. Copyright © 2023 Elsevier.

electrode showed good integrity with diminished SEI and minimal structural changes [Figure 17C].
Similarly, Sb,Bi, alloy anodes in SIBs delivered a high ICE of 87.1% at 0.1 A g". The electrode exhibited low
polarization effects. It could furnish a high capacity of 625 mAh g* after 100 cycles at 1 A g,
Electrochemical performances of representative alloy-based anode materials explored for SIBs were
compared. Results are provided in Table 2.

MATERIAL DESIGN STRATEGIES

Nanostructuring and controlling morphology

Alloying SIB anodes face multiple issues, including high volume expansions, particle aggregation with
pulverization, high drop in ICE, low Na* and electronic mobilities, and unfavored kinetics, all leading to low
reversible capacities. From the material’s perspective, many of these limitations can be fixed by opting for
rational material design such as nanostructuring and controlled morphological architectures to have a real-
world benefit of improved performance. The high and active surface area of nanostructured alloys not only
enhances interfacial interactions between electrolyte and electrode, but also offers high Na* diffusion at
shortened paths, particularly over carefully designed nano-morphologies, thereby enhancing the kinetics of
ion transfer. Although nanosizing offers the above-mentioned benefits of adding mechanical strength and
mitigating pulverization of other detrimental effects, they entail different degrees of drawbacks, including
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Table 2. Comparison of electrochemical performances of representative alloy-based anode materials for SIBs

Charge/

. . ICE discharge Currgnt
Anode materials Synthetic method [%] capacity Cycles densﬂfy Electrolyte Ref.
[mAhg] [mAg’]
Tin-based anode materials
Tin-based oxides
SnO,@CNFs/CNTs Electrospinning 543 460.3 200 100 NaClO,/EC/PC/FEC [76]
SnO,./C Electrospinning 55.2 565 2,000 1,000  NaClO,/EC/DEC [77]
SnO,/NG Hydrothermal 27.8 409.6 100 50 NaClO,/ PC/EC/FEC  [78]
SnO,/NiO@C Electrospinning/deposition/carbonization  69.0 320 200 100 NaClO,/EC/DEC/FEC  [205]
SnO, NRs/GA Hydrothermal 58.4 232 100 50 NaClO,/EC/DEC [79]
SnO,-hard carbon  Hydrothermal carbonization 36.6 184 250 0.a1cC NaClO,/EC/PC [80]
a-Sn0O, NH Oblique angle deposition 53.1 915 50 2,000 NaPF,/EC/DMC/FEC  [81]
SnO,@hCNT Hydrothermal 50.0 223 100 100 NaClO,/EC/DEC [82]
SnO,@CC Solvothermal 85 498 100 200 NaClO,/EC/DMC [83]
SnO,/MXene Hydrothermal 36.54 208.6 100 400 NaClO,/EC/DEC [84]
BTO@SnO2@P-C  Template assisted solvothermal synthesis - 144.4 10,000 10,000 NaClO,/EC/DEC/FEC [206]
Tin-based sulfides
SnS,/CosS, Co-precipitation and hydrothermal 5016 11418 50 100 NaClO,/DEC/ EC/FEC [85]
SnO,@SnS,@NG  Hydrothermal 54.6 100 200 3,000 NaClO,/EC/DEC [92]
SMS/C NBs Wet chemical method 90.8 5225 500 5000 NaCF;SO,/ DEGDME  [93]
SnS,/EPC Nanocasting 68 340 450 2,000 NaPF,/DME [86]
SnS, QDs/TisC, Hydrothermal 55.1 3453 600 100 NaClO,/EC/DEC/DMC [87]
SnS,/FeS,/rGO Hydrothermal 65 768.3 100 100 NaClO,/EC/DEC/FEC  [207]
PEG-SnS,/rGO Hydrothermal 74.2 770 100 100 NaPF./EC/DEC [88]
1T-SnS,/RGO CVD/spray coating 97.4 648.1 100 500 NaClO,/EC/ DMC [89]
SnS-SnS,@GO Solvothermal 69.7 450.6 100 100 NaClO,/EC/DMC/ [90]
MEC/FEC
ZnS/SnS,@NCNFs  Electrostatic spinning - 174.5 1,000 5000 NaClO,/PC/EC/FEC [o1]
Tin-based selenides
SnSe,@C Solvothermal 83.1 182.7 1,000 5000 NaCF;SO,/DIGLYME  [94]
SnSe,/ZnSe@PDA  Mechanical mixing 71.6 616 1,000 1,000  NaPF,/DME [96]
SnSe, /Ti3C,T, Liquid phase reduction and selenylation - 245 445 1,000  NaPF,/DOL/DIGLYME [97]
MoSe,/SnSe,@C  hydrothermal reaction 63.7 591.4 110 100 NaClO,/EC/PC/FEC [98]
Tin-based phosphide
Sn,Ps-GA Hydrothermal-phosphidation 67.3 657 100 100 NaClO,/ EC/DMC [102]
Sn,P;@C Solvothermal-phosphidation 64 420 300 200 NaClO,/ EC/DMC/FEC [103]
Micron-sized Sn,P; High energy mechanical milling 89.8 719.7 100 100 M NaPFy in diglyme [104]
(DGM)
Sn,P;@CNT/C Hydrothermal reaction 85.2 742 150 200 NaPF./DME [105]
SnxPy/RGO Reduction/phosphorization 5457 4218 100 500 - [101]
Sn,P; HS@MXene  Phosphorization 823 373.2 150 100 NaPF./ DEC/ EC/ FEC [106]
Sn/Sn,P;@MXene  Solvothermal 65.7 127.8 1,000 2,000 NaPF./DEC/EC/FEC [107]

SnxPy/NG Carbonization-phosphorization 52.6 2031 300 1,000 NaClO,/ EC/DEC/FEC [99]



Page 36 of 64

Rehman et al. Energy Mater 2024;4:400068 | https://dx.doi.org/10.20517/energymater.2024.06

Antimony-based anode materials

Antimony-based oxides

Octahedral Sb,0,
Sb,0;@Sb

Sb/Sb,0,@NCNFs

Sb,0,@Sb
Sb,OsNPs@C

Sb,05-CNT-
Graphene aerogel

Sb,0,-EGO

Hydrothermal
single-step dealloying

electrospinning and carbon thermal
reduction

Dealloying/oxidation
Hydrothermal
Hydrothermal

Wet chemical

Antimony-based sulfides

I-S@MCNTs
Sb,S,/5CS
Sb,S,/CS
0-5b,5,-CuSbs,

Sb,S,@FeS,
Sb/CNTs

Sb,S,@SnS@C
Sb,S,@m-Ti,C,T,
Sb,S,@NCR

MoS,@5b,S,/rGO
NF-Sb,S,@rGO

Sb,S,/S@S-doped
carbon

Solvothermal
Solvothermal
Electrospinning/hydrothermal

Closed-space sublimation

Solvothermal method

Electrochemical desulfurization

Hydrothermal/calcination
Wet Chemical

Carrboniazation/gas-phase sulfuration

Hydrothermal/sulfidation
Hydrothermal

Template assisted/coupling reaction

Antimony-based selenides

a-Sb,Se;/C
ZnS/Sb,S;@NC
Sb,Se;/CNT
Sb,Se,/rGO

Sb,Se,@rGO@NC
Sb,Sey/Ti,C,T,

Ball milling
Solvothermal
Ball milling

Solvothermal

Solvothermal

Electrostatic Self-assembly method

Phosphorous-based anode materials

NPRP@RGO

P-SPAN
RP/Graphite
NRP-rGO
RP-Porous C
P@AC@PPy
RP/CS

P og@CNF
RP@CNC

be"RP<7o-x)/C3o
WDC/CNTs@RP

RP-
MWCNT/MXene

Typical redox reaction

Ball milling

Wet milling/dry milling
Phosphorus-amine-based method
Ball milling

VDC/interfacial polymerization
vaporization-condensation

Vaporization-condensation

Phosphorus-amine method/evacuation-

filling process

Ball milling
Vaporization-condensation
Blending/grinding

53.3
67.9

69.9

79.8
40.2
46.9

61.27
61
82.19

82.4
71

80.6
72.6
635

65.7
67.9
78.9
673

56.0
87.1

71.7
~70.0
61.2
87.3

493

67.5

81.21
65

435.6
659

5273

526.2
239
360

345

400
455.8
321
506.7

534.8
510

442
156
208

162.1.
544.8
310

378
51.4
428
51

2885
568.9

1,249.7

1,355
1,354
662

1,070
484

1,027
1,850
1,363

1,650
636.3
371.6

50
200

100

150
170
100

100

1,000
100
200
50

1,000
200

200
100
100

1,100
200
500

50
450
200
50

100
100

150

100
100
1,400
200
200
2,000
500
150

70
700
100

100 NaClO,/PC/FEC

29.7 A NaClO,/PC/FEC

g

100 NaClO,/EC/DMC

1,000  NaPF,/EC/DEC/FEC

1,000  NaClO,/EC/DEC/FEC

100 NaClO,/PC/FEC

100 NaClO,/PC/DMC/FEC

400 NaClO,/ EC/ DEC/FEC

100 NaClO4/PC/FEC

200 NaClO4/PC/EC /FEC

50 NaCF;S0; in diglyme

5,000 NaCF;SO;in DEGDME

100 NaClO,/PC/FEC

1,000  NaClO,/EC/DMC/FEC

100 NaClO,/EC/PC/FEC

200 NaClO,/EC/DMC/FEC

5,000 NaClO,/EC/DEC

100 NaClO,/ PC/EC/FEC

1Ag"  NaClo,
EC/DEC/DMC/FEC

50 NaClO,/EC/PC/FEC
1,000  NaPF./diEGME

50 NaClO,/EC/PC/FEC
500 NaClO,/EC/DMC/FEC

50 NaClO,/DEC/EC/FEC
100 NaClO,/ PC

173.261 NaClO,/PC/FEC

520 NaClO,/EC/DEC/FEC
- NaPF./EC/DEC/FEC

2,000 NaClO,/EC/DEC/FEC
400 NaClO,/EC/DEC/FEC
200 NaClO,/EC/DEC/FEC
4,000 HCIO4/EC/DMC/FEC
100 NaPF,/EC/DEC/FEC

100 NaClO,/EC/DEC/FEC

0.333 C NaPF,/PC/FEC
1C NaClO,/EC/DMC/FEC
500 NaPF./EC/DEC/FEC

[123]
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[128]
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[131]
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RP@BP/3DNG Solvothermal 65.3 706.5 200 500 NaClO,/ EC/DMC/ [216]
FEC
2D-Nanoplatelets  Liquid phase exfoliation 81 451 1,000 2,500 NaPF./EC/DMC/FEC [160]
RP/SWCNTs
S-doped P/C Chemical presodiation strategy 98.7 853.6 100 200 NaClO,/ EC/PC/ FEC  [217]
Germanium-based anode materials
Zn,Ge0,@C Hydrothermal/pyrolysis 67.6 317 50 100 NaOTf/diglyme [168]
MGePx Solvothermal 6528 704 100 240 NaPF,/ FEC/DEC [169]
GeP High temperature - pressure solid state 78 330 100 100 CF;NaO,S/TEGDME [94]
synthesis
GeP/C Ball milling 93 850 300 100 NaCF;SO,/Diglyme (1711
GeTe/C Ball milling 73 315 100 50 NaPF./EC/DMC/FEC  [172]
GeSe-NWs Rapid box thermal deposition 74.5 433.4 50 200 NaClO,/EC/PC [105]
GeS, sulfidation- cooling and calcination 95.1 512.8 1,000 10,000 NaClO,/PC/FEC [173]
N,S-Ge@PCNFs Centrifugal spinning/heat treatment - 443 200 1,000 NaClO,/ EC/PC/ FEC  [174]
Silicon-based anode materials
Si/Si0,-OMC Hydrothermal-reduction - 423 100 50 NaClO, [183]
SipP,/C Ball milling 76 410 100 50 NaClO,/EC/DEC/FEC  [218]
Sip075b0.03 Co-sputtering - 663 140 100 NaClO,/EC/DEC/FEC  [184]
Si@C Thermal treatment - 174 1,000 100 - [185]
MGO-Si - - 178.1 4,000 500 NaPF./DEGDME [175]
Bismuth-based anode materials
Bi@N-C Carbonization 57.08 307 400 1,000  NaPF,/DEGDME [219]
Bi,Se;@C Spin coating-thermal treatment - 3753 100 100 NaClO, [220]
/EC/DMC/EMC/FEC
N-C@Bi/G Hydrothermal/thermal 78.87 260 1,000 2,000 - [221]
Sn-Bi@C Hydrothermal/thermal 83.6 461 100 100 NaPF./EGDME [222]
Bi@NC Solvothermal/carbonization 85.1 324.2 5,000 10,000 NaPF./1,2- [223]
dimethoxyethane
Bi,S;@C@Cos, Solvothermal/calcination 93.6 417.7 1,600 2,000 NaCF;SO,/DEGDME [224]
LC-Bi Solvothermal 96 264 10,000 5000 NaPF,/DME [201]
Bi-NS Molten thermal reduction 75.6 409.7 3,000 500 NaPF./DIGLYME [225]

highly reactive nanodomains that participate in parasitic side reactions involving Na* that can add to
unstable SEI, causing more irreversible capacity loss.

The most important challenge in designing alloying materials for SIBs is enhancing their electrochemical
performance. In both LIBs and SIBs, the energy storage mechanisms of alloying materials are not
significantly different. So, tracking the path of material design strategies for LIB applications has eased the
selection of suitable methodologies for uniform and controlled assembling of electrode materials for
optimum performances in SIBs. However, it is also important to recognize the differences in the physical
properties of Na and Li ions. Many studies have explored the effectiveness of precisely designed
morphologies with 0D, 1D, 2D, and 3D patterning ranging from nanowires, NTs, and yolk-shell structures
to various porous nano-assembles and many other morphological displays previously proven successful in
the LIBs”****. These improved structures have been proven to be effective in volume buffering, improved
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interfacial contacts, and ionic and electronic conductivities. In many cases, a porous composite structure
has dual benefit of involvement of multiple active species at different stages of the sodiation/desodiation,
which helps in overall improved kinetics along with shuttering effects of volumetric stresses, which ensures

stable capacities over extended cycling""*.

Heterostructure and composites design

Recently, compositing methodologies have been much in the limelight for their adaptable surface and bulk
properties, matching with desired SIB anode characteristics. In this regard, fabrication of metallic,
polymeric, and other hybrid composites often involving a carbonaceous material comes as the foremost
choice primarily due to enhanced conductivity and multiple short diffusion pathways with intermittent
pores in 3D materials that can afford volume expansions with other added advantages. Often, binary or
ternary phase composites have some surface functionalities and defects that garner their effectiveness.
Nonetheless, these hybrid phases contribute to side reactions that, in many instances, have been directly
linked to initial high-capacity losses"™.

Ahead of others, carbon-based materials always positively contribute to overall performance and long-cyclic
capacity retention. It is worth mentioning that capacity boosting, conductivity enhancement, and volume
shuttling effect of graphitic carbons in the form of graphene, CNTs, CF, and others often afford 3D
interconnected channels that cascade ion shuttling kinetics with improved stability, particularly buffering
volumetric expansion and particle aggregation drawbacks"***”. Delocalized electrons in the defect/vacancies
of graphitic frameworks are grave concerns and entailed as Na* ion binding sites. Thus, defect/vacancy
creation using single and dual heteroatom doping at a certain level is vitally benign in improving SIB anode
performance!”'#225221,

Tailoring intermetallic alloy composition

Many recent studies have determined the potential of definite intermetallic alloy compositing for SIBs
anode. In these advanced heterostructure cum compositing-alloying methodologies, binary, ternary, and
even quaternary phases can synergistically and coherently support sodiation/desodiation
processes'?'**>2* These synthetic strategies have allowed notable improvisations in the material’s
performance as SIB anodes. They have been discussed in detail in optimization strategies.

CHALLENGES ASSOCIATED WITH SIBS

SIBs are on the way to improved performance, particularly aimed at grid-level applications. However, there
are still several challenges that need immense attention to dominate in the lithium era. Despite the
aforementioned material design strategies in Section “MATERIAL DESIGN STRATEGIES”, there are still
main bottlenecks in the vast applicability of alloying SIB anodes. The challenges facing the SIB system
include Volume Variations, Voltage Hysteresis, Inadequate Mechanistic Understanding, and Unstable Solid
Electrolyte Interphase, as presented in Figure 18. In the case of carbon-composited SIB alloying anodes,
scanning the role of defects/functionalities in high initial capacity fading needs to be fixed before presenting
SIBs commercially. In the case of intermetallic and conversion-alloying anodes, evolution of intermediate
phases and the volume variations need to be probed to deliver sustaining capacities as SIB anodes.

Volume variations

Large-sized Na* insertion with subsequent alloying during the sodiation causes drastic volume variations
that can lead to irreparable structural damage to the alloying host. Accompanying issues include
pulverization of the uniquely designed active material to the point of losing electrical contact with current
collectors and rendering the SEI unstable, thereby imparting huge initial capacitive losses. Typical volume
expansions for alloying anodes vary. They are often reported to range from 200% to 400%, with the highest
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Figure 18. Major challenges faced by alloying SIB anodes.

expansions in the most promising anodes such as Sn, Sb, Bi, and P. Besides universal methodologies of C
compositing, various structural engineering methodologies to introduce a volume buffering medium have
been vastly reported"”*”.

Voltage hysteresis

Voltage hysteresis is another challenge that both LIBs and SIBs alloying anodes suffer. Despite various
prepositions made for the origin of voltage hysteresis, the root cause is not very well understood yet.
Voltage hysteresis reflects capacity loss. It has both kinetic and thermodynamic origins. Unstable SEI, low
ionic motilities, structural transformations, and other barriers in ionic/electronic transportation have been
mostly nominated as causes of voltage hysteresis.

Voltage hysteresis represents a potential gap between discharge and charge cycles. It highlights an unsteady
performance of the selected electrode material in SIBs. Electrodes showing large voltage hysteresis have
impractical cyclic efficiency. Large voltage hysteresis is associated with other capacity deprivation problems.
Reaction overpotential, ohmic polarization, and component inhomogeneity between charged and
discharged stages are labeled as culprits for overpotential. They can be determined using galvanostatic and
potentiostatic intermittent titrimetric analysis. Among these three factors, composition inhomogeneity
arises from diffusion of Na* in the solid state with different Na* rich and Na* deficient layers being formed at
the material's surface during sodiation and desodiation, respectively!”*.

Unstable solid electrolyte interphase

The most addressed and key issue in LIBs and SIBs is unstable SEI formation that is always formed at an
electrode-electrolyte interface. Anode materials having high fermi levels can induce reduction of
electrolytes, whose LUMO lies below that of anode material. The SEI layer is ion-conducting in nature. It is
an electron insulator. However, it does offer much resistance to Na' diffusion in a thick form. While a
stable, suitably thin SEI is vital for suppressing electrolyte side reactions although, in most cases, it is highly
difficult to have a stable and non-degrading thin SEI. One of the major capacity-fading roles is displayed by
this SEI, which often constantly forms and degrades, causing a substantial loss of Na'. Particularly for alloy
anodes, stabilizing SEI is quite difficult. When stress generated at the interface during sodiation/desodiation
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exceeds the stability limit of SEI, it causes its degradation and makes a fresh surface prone to generation of
new SEI that eventually gets peeled off after a certain thickness, making a portion of Na* unavailable. Many
studies have detailed the origin, morphology, and mechanism of SEI formation, along with its detection and
evidence during electrochemical charging/discharging. SEI formation and its stabilization have been
extensively presented in the literature and various modulating methods such as the use of electrolytes and
additives have been proposed"”*****7/ A detailed account is presented in the optimization section of
electrolyte.

Inadequate mechanistic understanding

Multicomponent battery systems need detailed mechanistic understandings that vary with the type and
morphologies of materials used as anodes, cathodes, electrolyte systems, and many other factors involved in
the charging and discharging processes. Unfortunately, for alloying SIB anodes, there is little consensus on
the mechanism of charge storage as the compact and sealed battery environment presents challenges in
ex-situ characterization. There is a need for applications of operando characterization techniques for the
detailed origin of species in different states of (de)sodation™!. Although there is a slow but increasing trend
in utilizing operando advanced characterization tools, they pose many difficulties in terms of specific
assemblies to truly track the origin of species, capacity failure, the role of materials and intermediates
evolved in capacity degradation. Due to the complex nature of species that evolve with different chemical
states, such as the presence of variant oxidation states and crystalline/amorphous phases in different levels
of (de)sodiated states, a single in-situ characterization tool often proves less useful for a concrete
understanding of the mechanism. Similarly, the first sodiation cycle often shows different characteristics
than subsequent cycles due to diverse mechanisms/species involved in SEI formation and other side
reactions. For binary and ternary alloy composites, further complications can occur due to multiple phases
that arise during cycling

[26,31]

OPTIMIZATIONS OF SIBS

The development of SIBs started alongside LIBs. However, their low energy density, coupled with other
effects partly due to large Na' size, has not ascended at a commercial scale to replace costly LIBs. Although
many commercial-scale SIBs have been presented by companies such as Novasis, Faradion, Natron Energy,
AGM, TIAMAT, Altris, and others, they have proven renaissance for improvisations in SIBs
performance®™®. Recently, many companies (including China’s BYD and Swedish NORTHVOLT) have
claimed breakthroughs in SIBs, nominating them as “Rising stars” for commercial-scale applications®”.
Despite that, it seems realistic that the current decade will be dominated by high-performing LIBs because
most research studies on SIBs put forth hitherto suffer from major capacity degradation processes that need
to be addressed immediately. In this regard, many optimizations in electrolyte, binder, structural, and
surface engineering are necessary to cope with challenges alloying SIB anodes face.

Efficient electrolyte system

A major concern in SIB alloy anodes is their low ICE with a major contributor being the electrolyte, which
participates in formation of SEI, which, in turn, determines capacity retention, cyclic stability, and
performance. Particularly, the stability of an SEI and the overall capacity and efficiency highly depend on
the electrolyte system. Few electrolyte systems have proven their compatibility when coupled with alloying
anode materials in SIBs. A relatively thin and sustaining SEI formed from a well-matched electrolyte and
additive combination consumes electrolyte molecules and Na' into the active passivation layer. The
electrolyte in SIBs should have the following characteristics: (i) a low difference between its LUMO and the
electrode's Fermi level; (ii) a good ionic conductivity along with lower viscosity; (iii) anode and cathode
material’s compatibility with the electrolyte; (vi) thermal stability; and (v) cost effectiveness™.
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Commonly employed electrolytes in SIBs include NaClO,, NaPF,, sodium bis(trifluoromethane)
sulfonamide (NaTFSI) in conjunction with organic solvents such as ethylene carbonate (EC), propylene
carbonate (PC), dimethyl carbonate, and so on'*****. However, each electrolyte system inherently involves
some capacity fading phenomena to a different degree. NaClO, is less moisture adsorbing than NaPF,.
However, when they are combined with carbonate-based solvents, both could not minimize ICE loss in a
wide variety of SIBs, although ICE losses are much diminished in ether-based solvent systems (diglyme,
triglyme, DME, tetrahydrofuran (THF), and so on)”**. Other than ether-based additives, the most
concerned and effective electrolyte additive in SIBs is fluoroethylene carbonate (FEC), which, in
combination with other additives, has a pivotal ICE-sustaining role”. Electrolyte additives not only play a
vital role in stabilizing the SEI and electrochemical capacity retention, but also have diverse effects on the
electrolyte itself. Electrolyte additives are believed to participate in SEI formation and stabilization. They can
also inhibit side reactions that deteriorate the SEI'**..

The recent shift toward the utilization of ionic liquid®*** and solid®”** electrolytes has ample success
stories. A wide potential window, low flammability, and high temperature workability are some of the
features that have received much interest. However, both ionic liquid®***" and solid””*** electrolytes need
optimizations in terms of electrochemical and techno-economic limitations for their commercialization.
Although various models for SEI have been proposed, there is very little knowledge of SEI formation
mechanism and its in-situ analysis in alloy-based anodes”*?*". The composition of the SEI film can give
some clues about the species’ involvement along with possible underlying reaction mechanisms. Recently,
Zhang et al. have designed 3D carbon-coated Bi nanospheres as SIB anodes””". These anodes showed a
stable performance of up to 10,000 cycles at 2 A g* with a rate capability performance of 94% under
100 A g'. They compared SEI compositions using linear and cyclic ether-based and ester electrolytes to
confirm the presence of an inorganic-rich composition of the SEI along with organic species. In both ether
and ester-based solvents, the formation of Na,CO,, NaF, and other organic species was detected.
Particularly, the presence of NaF facilitated Na* diffusion. Whereas in an ester-based solvent, the increased
F-content at depth rendered more organic species at the electrode surface, contributing to low ion
conduction with thick and unstable SEI formation. Meanwhile, in ether-based solvents, a homogeneous
distribution of NaF resulted in stable SEI that improved the performance of the Bi nanosphere-based anode.
However, such studies are not very common to elucidate the exact mechanism or involvement of different
species in the charge/discharge reaction.

Lately, Yang et al. have also given details about the origin of SEI components by performing in-depth XPS
studies”. They also validated the presence of organic and inorganic species evolving from electrolyte
decomposition in different electrolyte systems with their effects on SEI stabilization. In the DEGDME
solvent, a stable fluorinated SEI evolved by decomposition of the NaPF, electrolyte optimized the SIB
performance. Also, the DEGDME and its complex [NaPF,-DEGDME]" presented a higher HOMO energy
and helped form sustaining cathode electrolyte interphase, as shown in Figure 19A. In fact, electrolyte has
various interactive roles, among which solvation of Na* is very critical as it can affect SEI growth and its
stability. The DEGDME solvent has recently been shown to be able to create a hybrid organic-inorganic SEI
that synergistically involves carbonaceous materials to impart stability to SEI without much ionic hindrance.
The DEGDME solvent also interacts with the C in heterostructured composites to maintain structural
variations upon cycling. The cyclic performance in DEGDME and EC/PC solvent [Figure 19B] highlighted
improved capacity and cyclability. The flair of DEGDME solvent for better compatibility with NaPF, than
the commonly used EC/PC solvent was proved by DFT calculations that showed a higher energy difference
for electron promotion from HOMO to LUMO than in commonly employed carbonate-based
electrolytes™.
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Effective binders

The biggest dilemma of high-volume expansions in alloying anode materials in SIB may have multifactorial
origination. However, the role of the binder is very crucial in this regard. The binder not only holds the
active material onto the current collector, but also plays a role in managing the stress for volume variations,
particularly in alloying anodes. In addition, it safeguards the integrity of isolated electrode particles. Huge
volume variations also have detrimental effects on the electrical conductivity of the active material, which is
ensured by an efficient network established by the binder. The commonly employed polyvinylidene fluoride
(PVDF) binder has been proven to be inefficient in SIBs. Its decomposition products have been found to be
responsible for low ICE with a negative impact on long-term cycling performance®**>**.. Moreover, the
binder has a typical role in minimizing the pulverization issue. It also mitigates regrowth of fresh SEI and
sustains SEI to ensure a high ICE. Other than PVDF, many binders have shown to have suitable
performances in SIBs, including Chitosan, sodium carboxymethyl cellulose, sodium alginate, and so
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.. These binders have very little volume swelling effects in organic electrolytes, which is beneficial
for inducing solvent-binder interactive effects that can marginalize the capacity. The 3D cross-linkage
connectivity between the binder and the alloying anode material can highly ameliorate adhesion in
electrode components, involving greater interaction with the metallic current collector to ensure high
electrical conductivity and integrity. Feng et al. have reported that their Sb@C anode shows capacities of 553

[257]

and 435 mAh g over 50 cycles at 50 mA g using sodium alginate and PVDF binders, respectively

Performance influence of binder modifications has very recently been detailed for alloy-type SIB anodes by
Yao et al. in a comprehensive study focusing on the cross-linking effect of glycerin (GLY) on
poly(acrylic acid) (PAA) binders. They also optimized cross-linking conditions, particularly the cross-
linking temperature. They tested the cross-linking influence on microsized Sn, Bi, and Sb electrodes. The
cross-linking not only enhanced mechanical properties, but also promoted electrolyte diffusion and
wettability and lessened the electrode presodiation step. The cross-linked binder in p-Sn anodes furnished a
high capacity of 668.5 mAh g' at 2 A g" after cycling 500 times. Afterward, the capacity dropped to
457.8 mAh g with extended cycling of 2,000 times. Rendering to the electrolyte’s effective percolation, an
initial CE of just above 90% was obtained with a final capacity retention of 68.5%. In comparison, electrodes
fabricated with the same p-Sn but with different binders, such as PVDF or PAA, showed inferior
performances. Thick electrodes with high mass loading have also been fabricated to further broaden the
scope of the cross-linking effect. It has been successfully demonstrated that electrodes with mass loading
from 1.6 to 8.3 mgcm™ all show linear increase in areal capacity from 1.3 to 6.8 mAh cm™ Another
conclusive evidence of an optimized multifunctional binder has been presented by Patra et al.”*.
SnO,@CMK (C mesostructured by KAIST) conversion-alloying SIB anodes fabricated using different
binders such as PVDF, sodium carboxymethylcellulose (NaCMC), sodium polyacrylate (NaPAA), and
NaCMC/NaPAA have shown capacities of 460, 530, 560, and 650 mAh g, respectively, under a current of
100 mA g’ over 300 cycles. The uplifted performance of NaCMC/NaPAA mixed binder effectively
increased the strength, binding characteristics, and volumetric forbearance during expansion/contraction
with excellent wettability, all coherently stabilized the SEI and capacity. These results highlight the
imperative role of binders in screening and optimizing performances of next-generation SIBs.

Some recent studies have focused on binder-free electrodes where C-fiber often hosts the active material
assembly either in the form of a support on which the active material is grown or embedded inside the C
matrix. Another approach is to use C foam as a binder-free support"*>**.. A binder-free SIB alloying anode
constructed from MOF-derived C and Bi nanodots has shown a higher performance than the bare
electrode™. The electrode sustained a high ICE and maintained a capacity of 550 mAh g* at 100 mA g,
coupled with a specific rate capacity of 110 mAh g at 2.4 A g'. The excellent volume buffering with
efficient diffusion kinetics of Na' ensured resilience with SIB potential. Another binder-free Sb/NiSb
alloying anode has been tested. It achieved a capacity of 521 mAh g over 100 cycles at 200 mA g, with an
excellent rate performance and a high ICE"".

Reducing voltage hysteresis

Many recent efforts in reducing voltage hysteresis have shown improved cyclic performance. A recent
attempt has been made to identify the role of phase transformations and hysteresis using Na-Sb and Na-P
systems with electrode materials having stable phases to minimize polarization effects and have better
cyclability®". Similarly, the Sb,Bi, alloy anode in SIBs has been recently selected for delivering a high ICE of
87.1% at 0.1 A g". The electrode exhibited low polarization effects. It could furnish a high capacity of
625 mAh g after 100 cycles at 1 A g'*”. Selecting suitable interfaces can mitigate the voltage hysteresis
issue, as recently reported in Co-Sn alloy, where dually functioning active/inactive phases can reduce
dendrite growth in sodium metal batteries®?. Although roles of structural modifications, electrolyte
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additives, and counter electrodes have been highlighted in recent studies to diminish voltage hysteresis, the
detailed significant role contributing to hysteresis needs to be mechanistically probed for each material in a
specific set of cell assembly and operating conditions!*"******),

Structural defects and surface engineering

One of the essential and perhaps overemphasized strategies of tuning the performance of the battery
materials is by performing structural modifications that often can achieve suitably sustaining performances.
Various methodologies have been reported, including nanosizing, designing functional surfaces by
introducing functionalities, coatings, elemental doping, multicomponent design, and compositing to
construct 1D, 2D, and 3D structures to introduce interconnected channels, pores, and other short pathways
to achieve high conductivity with efficient ion/electron transfer and manage volume expansions. Although
many of these optimizations for high-capacity SIB electrodes are difficult to achieve without compromising
on one or more performance aspects, they always show some negative traits. For example, nanosized alloy
particles have a high surface area that can effectively shuttle more Na* along with high electrode/electrolyte
interfacial contacts. However, when the surface area is beyond a certain size, it can enhance mechanical
cracking of electrode materials similar to in alloying nanostructures, which bear high volume expansions
during charge/discharge. An exceptionally high surface area also offers highly reactive surfaces for
undesired reaction pathways. Alongside smaller nanoparticles, incomplete alloying can occur because
smaller equilibrium ion concentrations can lessen the overall capacity. Many nano morphological
optimizations, including porous architectures, nanorods, nanowires, nanosheets, hollow structures, and
yolk-shell morphologies, have effectively yielded high capacity and managed other shortcomings in alloying
SIBgl2282202¢%),

Structural resilience of nanostructured alloying anodes during the charge process is critically important as it
is directly linked to the performance. However, in some instances, it has been reported that structural
evolutions also have a cohesive impact on capacity retention, as crystalline to amorphous phase conversions
are often detected during in-situ characterization*"'””. Similarly, dual active/inactive phases have also been
shown to take part alternatively during charge/discharge phenomena. Versatile and multi-modal stability is
often ensured by introducing some carbonaceous material such as CNTs, graphene, N-doped C, C NF, hard
C, and others in bulk or using some coating methodology. Besides improving conductivity and Na*
transport kinetics, it offers functional surfaces for sustaining the capacity. Nanosizing effects have also been
imparted in C-derived alloy anodes. Volume buffering effects are primarily of interest when carbonaceous
hybrid alloying anodes with low ICE are targeted'**>>*>/,

Various intermetallic alloys have been tuned with carbonaceous materials for stable SIB anode performance.
For example, when ultrasmall 3D-SnSb/NPC (nanoporous carbon) was utilized as an SIB anode, it
furnished an optimal capacity of 266.6 mAh g* over 15,000 cycles at 2 A g with rate performance of
566.1 mAh g at 10 A g". Thus, it is highly appreciated among various SnSb C-coated materials reported”””..

Other than the superior ultrasmall-coated nanoparticle assembly, multiple optimizations were applied,
including electrolyte and binder modifications, all of which improved the ICE and long-term performance

of the derived SIB anode.

A recent exciting electrode design has been presented by Kang et al®®. They compared anode
performances of synthesized AlSb, AISb@C, and oxide terminated Al/AlSb/Sb,O, multicomponent anode
with N-doped C. The superb oxide terminated array (Al/AISb/Sb,O,) enabled the anode to deliver a stable
258 mAh g capacity at 10 C, much higher than previously reported micro-sized Sb SIB anodes. The specific
nanoparticle structural assembly helps buffering volumetric strains and stable SEI creation, ensuring
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longevity of the anode in half and full-cell operations.

An intermetallic Sn-Bi SIB anode has been recently proposed, showing stable and sustaining capacity as an
SIB anode. The optimized SnBi composition showed a capacity of 508 mAh g" in the first cycle and a
capacity of 420 mAh g at 1 C after cycling 200 times”*. The synchrotron operando XRD showed the origin
of different Sn and Bi intermetallic alloyed compositions during (dis)charging phases. At different
electrochemical potentials, Sn and Bi particles in the intermetallic get sodiated to various levels. When one
phase is active (sodiated), the other is dormant. In this way, the system is buffered to manage volumetric
stresses. An anode-less configuration has recently been opted to utilize the Bi array deposited onto a copper
foil to form Cu@Bi alloy™. The fabricated material was tested in both half-cell and full-cell configurations
after initial activation. The full cell comprising the Cu@Bi anode and NVP as cathode delivered a capacity of
95.6 mAh g over 80 cycles. A binary melt-spun alloy Fe-As has recently been tested as an SIB anode by
Patel et al.””"). This anode delivered an ultrahigh and stable capacity of 965 mAh g" at 50 mA g over 400
cycles Additionally, it demonstrated an excellent sodiation rate performance of 668 mAh g" at 2 A g7,
surpassing most of the common SIB anodes. Beyond that, melt-spun fibers showed 770 mAh g of sodiation
capacity after 200 cycles at 50 mA g* (with over 97% CE). Detailed ex-situ XRD highlighted the
compositional and phase transformations, confirming the formation of Na,As during sodiation and the
appearance of an iron-rich phase. This study highlighted the excellent potential of intermetallic alloy
materials for being opted as commercial anodes for SIBs. Similarly, Sb-Zn electrodeposited intermetallic
alloy showed superior Na* storage capacity as a binder-free anode in SIBs, whereby different Sb and Zn

[120]

alloying with sodium was traced during the charge/discharge process"*.

Recently, a hybrid SIB anode composed of FeSb,S,/Sb/rGO that offers a highly stable capacity of
366.1 mAh g' over 100 cycles at 0.1 A g’ has been reported"'. The material showed quite durable
performance at higher current densities and offered a capacity of 252.7 mAh g* at 10 A g"' over 100 cycles.
The reaction mechanism involved dual alloying/dealloying followed by a conversion reaction with good
reversibility, which could mitigate challenges faced by SIB anodes. Shen et al. have newly proposed a
Sb-Co-P alloying anode showing superior SIB anode performance*. Among those with the best
compositions, Sb,, ,Co,,,P.,, delivered a capacity of 586.3 mAh g after 100 cycles at a current density of 100
mA g (CE: 77.6%). In-situ XRD demonstrated changes in peak intensities and the formation of Na,P and
Na,Sb with Co nanoparticles. A nanoalloy of Sn-Ni doped with N-doped C presented an efficient 3D
structure with a pomegranate-like morphology. It has been tested for an SIB anode both in half-cell and
full-cell configuration”. The SIB had a half-cell capacity of 332.1 mAh g over 100 cycles at 0.2 A g" and a
full-cell capacity of 112.5 mAh g' at 0.1 A g’ over 60 cycles. The intact morphology with N-doped C
improved the electronic conductivity with multiple ion transport pathways for effective ion shuttling.

In fact, a unique strategy has recently been employed by Li et al. to fabricate a modified anode material®”.
They incorporated Sn into copper sulfide and then partially substituted Sn with Zn, which garnered a
sodium uptake capability of the electrode with stable performance and fast charging behavior. The Sn-Zn-
based copper sulfide maintained a capacity of 560 mAh g at 0.2 A g with a retention capacity of 100% for
80 K cycles. The material furnished a highly fast charging of 4 s per charge with an input of 190 mAh g". A
freshly developed mesoporous Sn/SnO,-Ni@C composited alloy has shown marked performance as an SIB
anode. The composite furnished a stable capacity of 342.6 mAh g* at 0.2 A g" after 200 cycles while the
anode delivered a capacity of 219.3 mAh g” at 1.0 A g" when cycled 1,000 times"*. The excellent interplay
between the Sn/Sn0O, and Ni has mitigated effects of volume expansion and capacity degradation. Another
fascinating study has highlighted a 3D core-shell heterostructured SnO, coated with barium titanate (acting
as core) and covered with phosphorous-doped C (BTO@SnO,@P-C) [Figure 20A]**". The unique selection
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Figure 20. (A) (a) XRD pattern of BTO@SnO,@P-C and SnO,@P-C, (b) SEM image, (c) TEM with SAED pattern image (inset), and (d)
HR-TEM image. (B) Long cycle performance of BTO@SnO,@P-C at (a) 2 A g"and (b) 10 A g".(C) In-situ XRD analysis of
BTO@SnO,@P-C at the initial cycle: (a) Voltage-time curves at 0.1 A g (left) and BTO (11 0) plane contour pattern (right), (b) XRD
profile of BTO (11 0) when discharged from 1.5 to 0.1V, and (c) Corresponding voltage-26 curves, (d) XRD profile of BTO (11 0)
charged from 0.1t0 1.5 V, and (e) Corresponding voltage-20 curves. Reproduced with permission from?°®. Copyright © 2022 Elsevier.

provided the built-in electric field effect generated by the BTO layer due to ferroelectric polarization, further
augmented by the piezoelectric effect that could increase due to volume expansion during alloying of SnO,
in the core-shell structure. These synchronous effects highly improved the performance as an SIB anode
with an awe-inspiring reversible capacity of 144.4 mAh g’ over 10,000 cycles at 10 A g* with extra fast
charging (99% charged in 1 min), as shown in Figure 20B. Detailed in-situ XRD studies [Figure 20C] proved
that the BTO (110) plane showed evident peak shifts during (dis)charging and participated in the stability of
the anode.

A rGO composite of Sn/Sb as an SIB anode delivered a capacity of 320 mAh g over 300 cycles at
500 mAh g'. However, upon continued cycling 600 times, the capacity continuously faded to
175 mAh g Multiple reports have realized that the potential of Sb,SnO, (SSO) can be at par with other
commercial anodes because of its high theoretical capacity of 1,195 mAh g*. Main issues that need to be
addressed are its slow ion transfer kinetics and poor electronic conductivity. Chen et al. have recently
developed an electrospun PCNF matrix embedding SSO nanoparticles along with a Sn/Sb array””. The
hybrid can cope with the above issues. In addition, it can inhibit side reactions, offer volume buffering, and
expand grain boundaries with more active sites for Na* storage. The material showed a capacity retention of
440 mAh g over 450 cycles at 0.5 C while sustaining a rate capability of 281.8 mAh g* at 500 mA g*. In
another recent report, Sn and Sb oxides composited within porous carbon wires showed decent Na' storage
capacity as an anode. The SSO-based composite delivered a sustaining capacity of 448 mAh g* at 50 mA g
after 150 cycles™”. At a high current density of 3 A g, the composited SSO anode showed a capacity of
427 mAh g after 200 cycles. The performance was attributed to the hybrid structural design in which the
porous C wires encompassed the metallic Sn, Sb, and the oxide SSO state that could excellently bear the
volumetric stress. The unique morphology provides abundant diffusion pathways in the form of channel-
like arrays that make ionic diffusion faster. It also bears a high number of active sites that, along with well-
distributed metallic and oxide domains, can enhance the conductivity and improve the kinetics of the
charge transfer process.
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Bhar et al. have recently reported a freestanding carbon fiber-based composite electrode composed of
Sn-rich Ni-Sn/CF with leaf-like morphology”’. The electrode was tested as an SIB anode without a metallic
current collector. It delivered a capacity of 220 mAh g" after 300 cycles at 150 mAh g'. The unique
framework was able to buffer volume expansion/contraction changes accompanying the charge/discharge
process. This is appealing as it can avoid the use of a current collector that can lower the cost. A CuS/Sn,Sb,
hybrid alloying-based anode that furnishes an initial discharge capacity of 659 mAh g in the initial cycle at
0.1 A g' while the composite sustains almost total (266 mAh g") capacity in 100 cycles has been
proposed ™.

Recently, Sb porous hollow microspheres presented by Hou et al. have shown a good SIB alloying anode
potential, delivering an ICE of 64.6% (a charging capacity of 634.6 mAh g* at 100 mA g") with a reasonable
rate performance of about 313 mAh g-a over 100 cycles at 3,200 mA g'”*. Sn nanorods modified by
N-doped C proposed by Yang et al. have been presented as SIB anodes that could deliver stable extra-long
cycle performance with a wide temperature window (-20-50 C)". Performances of the anode in various
electrolytes and full-cell configurations have been presented along with optimized morphology. In
DEGDME-based electrolytes, an ICE of 78.4% has been achieved with a rate performance as high as
437 mAh g" at 5.0 A g'. Element doping is essential for attenuating the crystal structure, band gap, and
oxidation states and creating vacancies. Thus, an overall increase of conductive properties can enhance the
SIB alloy behavior for higher Na* uptake.

Another common strategy is to create defects and oxygen vacancies with potential to enhance the intrinsic
electronic conductivity and sodiation potential of a material'*"*****"**). Amorphous-crystalline defect-bearing
hetero-conjunctions formed between the amorphous SeP and crystalline graphene conductive framework
have been proposed to facilitate the SIB performance of SeP@HCG (high conductive crystalline
graphene)””®!. The material effectively sodiated into an amorphous Na SeP phase, leading to nanocrystalline
Na,Se and Na,P to attain a high capacity of 855 mAh g at 0.2 A g"' with an extended cyclability. After 500
cycles, it maintained a capacity of 732 mAh g

Recently, Liu et al. have reported a high-capacity 3D Bi-derived electrode that undergoes a dual alloying-
stripping mechanism, unlike conventional alloying anodes™*. The bulk Bi material was converted to a 3D
framework after activation and alloying, followed by subsequent plating, resulting in a sodiophilic Na@3D
Na,Bi framework that dually exploited SIBs and sodium-metal batteries (SMBs)’s characteristic ion
exchange process. Above all, the ultimate capacity delivered by the anode was about 7.7 times higher than
that of the alloying Bi anode, retaining a capacity of 2,000 mAh g for 800 h at a current density of 1 A g”.
The hybrid 3D-designed anode could shuttle Na* for alloying in combination with Na* plating in the inner
space of the Na,Bi network, which suppressed dendrite formation, unlike in SNBs. Similarly, MoS,/SnS
showed a superior capacity retention behavior to store 634 mA g after 100 cycles at 2 A g”. It also sustained
a capacity of 745 mAh g at 10 A g during rate capacity cycling”®.

Suitable cathode materials

There are a variety of cathode materials in SIBs, including layered sodium transition metal oxide-based
materials, polyanionic compounds (sulfate, oxalate, phosphates, etc.), Prussian blue analogs, and
others”***¥_ Although many of these cathodes have demonstrated their commercial viability, such as
oxides, Prussian blue, Prussian white analogs, and Na,V,(PO,),F, (NVPF), unfortunately, all of them are
coupled with hard carbon anode materials without any major research breakthrough using alloying-based

[238,287

anodes ). Noteworthy, each category poses specific shortfalls that need to be overcome. For example,

oxide-based materials always have stability issues despite their high capacity. Polyanionic cathodes have a
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poor capacity and low electronic conductivity known to hamper their utilization. Prussian blue analogs
(PBAs) suffer from lower tap density and the presence of water of crystallization in their structures known
to pose safety threats and thermal runaway issues. The most critical challenge for cell SIBs is the choice of
suitable anodes with a matching high capacity and stability cathode material that could offer a high voltage.
The potential of composited cathodes can also improve the overall performance of SIBs. This must be
considered for alloying-based anode counterparts***. Vast material, structural, and compositional options
for alloying anodes need immense experimental and theoretical screening using the latest machine-learning
tools to determine their compatibility with commercially successful cathodes to achieve high-performing
SIB cells ultimately.

Other optimization parameters

Alloying SIB anodes have been modified to entrap more (de)sodiation capacity using various strategies
including presodiation, dealloying, and so on. The presodiation strategy offers an excellent solution to
complement the Na* concentration consumed and depleted in the SEI formation and side reactions.
Presodiation at a certain level in both anode and cathodes is known to augment the SIB performance. Some
recent studies have highlighted its importance”*!. Presodiation must be optimized to maximize benefits,
as in the Sn-C composite anode presented previously. The effectiveness of presodiation has been evident.
An optimized presodiated anode can deliver a steady capacity of 130 mAh g without capacity losses for
60 cycles™. In fact, a presodiated Sb anode presented by Liu ef al. can improve ICE from 75% to 100%.
After 300 cycles, this presodiated anode maintained 85% of its capacity”™”. Presodiation can be done by
adding sodiating agents with many standard methodologies. It has the potential to get the optimal design
architecture. Recently, the presodiation strategy has been employed by Shen et al. for Sn-based anodes'”.
They took a commercially available Sn powder and sodiating agents, such as sodium biphenyl, and so on,
and achieved a marvelous capacity of 602 mAh g* after 7,500 cycles. This Sn-based anode kept 71% of its
capacity in the full cell configuration. They extended their presodiation methodology for synthesizing other
porous alloying anodes such as Sb and Bi.

Various researchers have also adopted dealloying to achieve the optimized morphology for SIB alloying
electrode materials, although dealloying has not been explored extensively. In this strategy, some element
(sacrificial element) is often selectively removed to achieve the desired 3D porous/hollow/network structure.
Some reports have claimed to attain superior and stable capacities using a dealloying methodology. For
example, Sb,0,@Sb proposed by Ma et al. could sustain 200 mAh g* at a high current rate of 29.7 A g" in
rate capacity*. It showed 99.8% cyclic capacity retention. Recently, a novel approach to improve the
performance of alloying SIB anode has been highlighted. In this approach, K" incorporated into the
electrolyte can highly improve the performance of Sn alloying anode, yielding an energy of 565 mAh g over
3,000 cycles at 2 A g Dimensional structure and electrode formulations can also be used for achieving
the optimized SIB performance using (a) tin; (b) antimony; (c) phosphorus; (d) germanium,; (e) silicon; and
(f) bismuth-based anode materials. These are provided in Table 3.

SUMMARY AND FUTURE PROSPECTIVE

Recent trends in synthetic methodologies for robust structural design, material selection, and analysis tools
focusing on intermediate evolutions during (de)sodiation were highlighted in detail from a capacity-stability
aspect for SIB alloying anode materials. Moreover, challenges faced by the current generation of alloying
materials in terms of mechano-electrochemical changes incurred during cycling and strategies diversely
employed to overcome those challenges were summarized. Detailed remediation strategies diversely
employed to overcome the limitations were also highlighted. Conclusively, more focus on the latest
mechanistic-driven characterization tools is obligatory for the upcoming high energy-density SIBs based on
alloying anodes.
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Table 3. Effects of dimensional structure and electrode formulations on optimized SIB performance using alloy-based anodes

. . . Specific Current Rate Current
Dimensional M ial Svnthesi hod Electrolyte Electrode composition ICE . densi Cycle Perf densi Ref
structure aterials ynthesis methods system (%) (%) capaclt_¥ ens_:ty number er ornlance ens_zty ef.
(mAhg) (Ag) (mAhg™) (Ag)
Tin-based anode materials
oD Sn@CFC Electrospinning MM NaClO, in Freestanding 423 255 0.05 200 100 1 [293]
method EC/DMC with
5% FEC
Porous carbon Template-assisted MM NaClO, in AM:carbon black:PVDF 73 202 1.28 550 188 2.56 [294]
nanocages@Sn CVD and in-situ EC/PC with5%  (80:10:10)
reduction FEC
Sn naniparticles@C Aerosol spray MM NaClO, in AM:super P carbon:CMC 67 415 1 500 349 4 [295]
pyrolysis method EC/DEC (70:15:15)
1D Sn nanofibers Electrodeposition MM NaClO, inPC - 68 776 0.1C 100 ~260 5C [296]
with 2% FEC
Sn@N-doped carbon Annealing TM NaPF, in AM:acetylene black:sodium 78.4 347 5 10,000 437 5 [75]
DME carboxymethylcellulose
(80:10:10)
3D Microsized gray-Sn Commercial TM NaPF, in Am:acetylene black:CMC 80 451 2 3,500 464 4 [297]
DGM (70:20:10)
Porous Sn Replacement reaction 1M NaPF in AM:super P carbon:PVDF - 660 2.5 400 667.6 6.5 [298]
DME (70:20:10)
Antimony-based anode materials
oD Sb@NS-3DPC Pyrolysis MM NaClO, in PC AM:conductive carbon:CMC 611 259 10 20,000 283.8 10 [299]
with 10% FEC (70:15:15)
1D SbSn nanoarrays Electro deposition and annealing 1M NaPF; in AM: carbon black:PVDF 83 5M 2C 800 521 5C [300]
DME (80:10:10)
Biy;5Sbg 55 Pyramid Electro deposition and annealing 1M NaPF; in AM:carbon black:PVDF 86 284 0.5 2,000 335 2.5 [301]
arrays DME (80:10:10)
2D antimonene/C Liquid-phase exfoliation TM NaPF in - 712 4513 0.2 150 334.5 /5 [302
EC/DMC with
5% FEC
few-layer antimonene Liquid-phase exfoliation MM NaClO, in AM: carbon black:CMC 64.7 620 05C 150 429 5C [303
EC/DEC with 5% (65:20:15)
FEC
3D Nanoporous Bi,Sby Dealloying TM NaPFin PC AM:acetylene black -super 69.8 258 0.2 2,000 304.2/15 [304]
with 5% FEC P:CMC (60:25:15)
Phosphorous-based anode materials
oD P/TiN Mechanical milling method M NaClO, in AM:super-P carbon:CMC 86.8 913 0.2 300 339 20 [305]

EC/DEC with 5%

(80:10:10)
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2D

3D

Red P@ nitrogen-doped
porous carbon tubes

Hierarchical porous

carbon nanospheres/P

red@black P/N-graphene

P@CNTs backboned
mesoporous carbon

Nanoscale red P/rGO

Se-induced fibrous nano
red P

Red P@carbon nanofiber
Phosphorene/Ti;C,T,
MXene

phosphorene graphene

phosphorene graphene

Black P/graphene

Sb7-RP63/C30

Red P@Carbon
nanocages

Nanoporous red P@rGO

Bismuth-based anode materials

oD

Bi@N-doped carbon
nanospheres

Bismuth
Nanoparticle@Carbon

Vaporization condensation
method

Vaporization condensation

process

Solvothermal treatment

Vaporization condensation
conversion

Phosphorus-amine-based
method

Selenium-induced method

Vaporization condensation
method
Self-assembly

Self-assembly

Electrochemically exfoliated and
solution method

Pressure synthesis

High-energy ball milling process

Evacuation-filling process

Boiling

Annealing

Annealing

FEC

M NaClO, in
EC/DMC with
5% FEC

M NaClo, in
EC/DEC

TM NaClO, in
EC/DMC with
5% FEC

M NaClO, in
EC/DEC with 5%
FEC

TM NaClO, in
EC/DEC with
10% FEC

TM NaClO, in
EC/PC with 5%
FEC

TM NaPF, in
EC/DEC

MM NaClO, in
EC/PC

M NaPF, in
EC/DEC with
10% FEC

MM NaClO, in PC
with 5% FEC

MM NaClO, in
DMC with 10%
FEC

TM NaPF, in PC
with 2% FEC

M NaClo, in
EC/DEC with
10% FEC

1M NaClO, in PC
with 5% FEC

M NaPF, in
DME

M NaPF, in
DME
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Freestanding electrode

AM:acetylene black:PVDF
(80:10:10)

AM:Carbon black:PVDF
(80:10:10)

AM:C-black:Na-CMC,
(75:10:15)

AM:super P acetylene
black:PVDF (70:20:10)

Freestanding films

AM:carbon black:CMC
(70:20:10)

AM:super P:CMC (70:15:15)

Freestanding films

AM:super-P:sodium alginate
(70:15:15)

AM:carbon black:PVDF
(70:20:10)

AM:super P:CMC (70:15:15)

AM:super P:PVDF (70:20:10)

AM:Super P:PVDF (80:10:10)

751

65.3

69.8

61.2

89.7

80.6

89.5

88

78.5

36.5

50.3

1157

861.8

465.5

580

390

1,785

1,850

340

2,440

1,582.6

1,250

2,356

1363

1,250

235

265

2

10

2.5

1C

0.1

0.05

1

1

C/3

0.1

0.7

100

1,000

1,200

800

5,000

2,800

500

1,000

100

200

500

70

150

150

2,000

30,000

572

8311

5213

430

718

1,190

193

1,499

720.8

1,779

750

657

152

232

10

25C

40

2C

3.47

100

60

[306]

[307]

[216]

[308]

[154]

[309]

[157]

[310]

(311

[312]

[313]

[215]

[214]

[150]

[314]

[315]



Rehman et al. Energy Mater 2024;4:400068 | https://dx.doi.org/10.20517/energymater.2024.06 Page 51 of 64

Composite
1D Bi nanowires@graphene  Vacuum filtration assembly TM NaPF, in - 82.7 276 1 1,000 295 5 [316]
film DME
Bi nanotubes lodine-ion-assisted galvanic TM NaPF, in AM:carbon black:CMC 69.2 355 20 15,000 319 150 [204]
replacement DME (90:5:5)
2D Bi@N-doped carbon Solvothermal and carbonization 1M NaPF, in AM:carbon black:PVDF 851 -~325 10 5,000 3415 10 [223]
DME (80:10:10)
3D Porous Bi/C Annealing TM NaPF, in AM:carbon black: sodium 952 178 50 20,000 101 72 [317]
DME alginate (70:15:15)
LC-bi composite Calcination TM NaPF in AM:super P:PVDF (80:10:10)  53.4 2256 1 2,600 236.1 100 [201]
DME
3D porous Bi Solution reduction TM NaPF, in AM:acetylene black:PVDF 659 374 10 3,000 354 60 [318]
DME (70:20:10)
Bulk Bi Commercial TM NaPF, in AM:super P:PVDF (80:10:10) 94.8 389 0.4 2,000 356 2 [319]
diglyme

To ascertain capabilities of alloying anodes for next-generation SIBs, many modifications are necessary. Optimized alloying anode’s structure, composition,
matching cathodes, binders, and electrolyte systems need extensive sorting. Structural modification is a prerequisite to accommodate some alloying anodes'
volume changes, voltage hysteresis, and low electronic conductivity. However, effective modulation from the commercial perspective may take years to see
SIBs on the energy horizon. Without deep tunneling into mechanistic paths and limitations, it seems unlikely.

Nanosized composite/alloy hybrid design with porous 3D electronically conductive materials must focus on alloy compositions for highly stable electrode
configurations. Similarly, many recent studies have extensively validated the superiority of ether-based solvent systems as they offer stable and low energy
solvation structuring with Na*, superior wettability, electrolyte penetration, and fast and reversible (de)sedation kinetics, ensuring thin and stable SEIL. These
ether-based electrolyte systems should be widely explored for various SIB alloying anodes along with recent approaches using binder-free and anodeless
configurations and shifting towards solid electrolytes with potential to direct the future of alloying anodes.

Diverse formulations and materials choices in alloying SIB anodes have further been diversified with nanostructuring, doping, vacancy creation, alloying, and
compositing with multicomponents, enhancing possibilities and prospects for high-stability electrode materials. In this regard, hard carbon materials with
already proven promise as SIB anodes need more attention when compositing with alloying materials. A straightforward approach to optimize and validate an
alloying-based electrode's performance from the bulk of theoretical and experimental literature reports is to use machine learning tools and theoretical models
to obtain more efficient methodologies and material combinations, thereby reducing weary efforts in random material/methodology selection.
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Other than morphology, material selection, and electrolyte systems, many other recently introduced
strategies such as ion incorporation including (K*), sacrificial cathode additives, and presodiation of anodes
have a good impact on capacity enhancement. However, current SIBs have much less energy density than
prevailing LIBs. Most of the capacity destructive processes arise in the initial cycle, causing a low ICE,
particularly in the case with alloying SIB anodes. For alloying anodes to ensure high ICE and stable long-
term performance, remodeling of different constituents, especially the electrolyte system and its
compatibility with the nanostructured alloying material, needs more focus. In this regard, the formation
process of SEI needs to be closely observed to ensure thin, stable, non-destructive SEI that can further assist
in fast kinetics.

Although promising results of alloying SIB anodes have been reported, giving some glimpse into
commercial-scale achievement, they are usually limited to lab-scale breakthroughs. To sort the right
combination of alloying materials and other constituents, the fundamental aspect of capacity fading must
first be sorted. Notably, a complete mechanistic understanding of phases evolved during (de)sodiation
needs operando characterization tools that can trace the formation and reconversion of species during
continuous cycling. Unfortunately, most reports lack this vital information. The multistep alloying and
alloying-conversion mechanism must be fully tracked using different operando tools. Mainly, in-situ TEM
analysis is capable of giving atomistic details using HAADF-STEM (with corresponding SAED and FFT
patterns) and EDS mapping that can ensure intermediate species while the charging-discharging proceeds.
However, the current level of in-situ TEM has certain limitations, such as using the Na,O electrolyte in a
nano-battery setup, which could not match or withstand the same as real-world batteries. Moreover, in-situ
TEM of the nano-battery could not offer evidence of SEI formation. Nonetheless, coupling these in-situ
findings with other in-situ and theoretical studies can decipher the mechanism involved in (de)sodiation,
capacity fading, and these anode materials to a greater extent. In this regard, the continually varying
interphase behavior can be tracked using in-situ XRD under (dis)charging conditions. Ex-situ XRD, in-situ
Raman, impedance, and the less employed Mossbauer, solid-state NMR spectroscopic evidence can
sometimes validate the detailed mechanism for the capacity failure. However, these methods are not
frequently adapted in most of the ongoing research. Operando synchrotron XPS studies are also capable of
tracking solid-liquid interphases and the exact mechanism of SEI constitution in different alloying-based
SIB cells that can help mitigate randomized search going on for efficient alloying anodes in SIB. Various
other non-destructive synchrotron operando imaging techniques that use X-ray photons instead of " beam
for elemental, spatial, and local electronic structures probing with the most excellent sensitivity have been
reported. Remarkably, the power of tomographic techniques has allowed scanning and 3D real imaging with
many highly selective techniques such as scanning transmission X-ray microscopy, scanning transmission
X-ray microscopy, micro X-ray fluorescence, and transmission X-ray tomography. When coupled with X-
ray absorption, they can enable detailed structural evolutions, particularly for performing morpho-chemical
analysis of SEI in unique and temporal domains®**'. It is worth mentioning that the ultimate alloying
anodes must provide wide temperature and voltage operative windows with simple and scalable synthetic
procedures at a marginal cost with the least toxicity.
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