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Abstract: Sodium/potassium-ion batteries have drawn intensive investigation interest from researchers
owing to their abundant element resources and significant cost advantages. Anode materials based on
alloy reaction mechanisms have the prominent merits of a suitable reaction potential and high theoretical
specific capacity and energy density. However, very large volumetric stresses and volume changes
during the charge/discharge process and the resulting electrode structural cracking, deactivation and
capacity fading seriously hinder their development. To date, a series of modification strategies have been
proposed to tackle these challenges and achieve good electrochemical performance. Herein, we review
the recent advances in the structural engineering of alloy-type anodes for sodium/potassium storage,
mainly including phosphorus, tin, antimony, bismuth and related alloy materials, from the perspective of
dimensional structure. Furthermore, some future research directions and unresolved issues are presented
for the investigation of alloy-based anode materials. It is hoped that this review can serve as a guide for
the future development and practical application of sodium/potassium-ion batteries.

Keywords: alloy-type anodes; sodium-ion batteries; potassium-ion batteries; structural engineering;
dimensional structure

1. Introduction

In recent decades, lithium-ion batteries have developed rapidly and changed people’s
lifestyles [1-5]. However, with the rapid rise in energy storage demand, problems such as scarce
lithium resource reserves in the Earth’s crust (0.0065 wt%), uneven global distribution (~40% in
South America) and soaring lithium salt prices have become increasingly prominent, prompting
researchers to explore the next generation of efficient and low-cost energy storage systems [6-8].
As elements in the same main group as lithium (Li), sodium (Na) and potassium (K) have
analogous chemical properties and similar redox potentials to lithium [9-12]. Typically, the
standard redox potentials of Li* /Li, Na*/Na and K* /K versus a standard hydrogen electrode
(SHE) are close to each other: —3.04 V, -2.71 V and -2.93 V, respectively [13-15]. In terms of
element reserves, the reserves of Na (2.36 wt%) and K (2.09 wt%) are much more abundant than
those of Li, and they are widely distributed around the world [16,17]. In addition, the operating
mechanism of sodium-ion batteries (SIBs) and potassium-ion batteries (PIBs) is the same as that
of lithium-ion batteries (LIBs), known as the “rock-chair” operating mechanism. Therefore, SIBs
and PIBs are considered as two of the most promising alternatives to LIBs [17-19].

From the perspective of battery structure and composition, SIBs and PIBs are similar to
LIBs, including the cathode, anode, current collector, separator, electrolyte and other parts. Due
to the inability of sodium and potassium to alloy with aluminum (Al), cheaper metallic Al
foil can be employed as the anodic current collector of SIBs and PIBs, which further reduces
the cost of energy storage systems. For both the separator and electrolyte systems of SIBs and
PIBs, LIBs can be referred to because of their similar operating mechanisms. It is worth noting
that Na*™ and K* have larger ionic radii than Li* (102, 138 and 76 pm, respectively), which
results in slower reaction kinetics and greater structural damage to the electrode material [20-22].
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Therefore, suitable electrodes are extremely important in the development of SIBs and PIBs.
After years of research, impressive achievements have been made in cathode materials for SIBs
and PIBs, including layered metal oxides [23-26], polyanionic compounds [27-29], Prussian
blue analogs [30-32] and organic compounds [33-35]. However, there are still many problems
in terms of anode materials, which have become a key factor limiting the progress of SIBs
and PIBs. Based on a review of recent research, negative electrode materials can be classified
into the following categories based on their reaction mechanisms: the intercalation type, the
conversion type and the alloy type [36-38]. Alloy-type anode materials, such as phosphorus
(P), tin (Sn), antimony (Sb) and bismuth (Bi), have drawn much attention owing to their high
specific capacity, low operating voltage and high energy density. Unfortunately, despite these
advantages, alloy-based anode materials still suffer from some intrinsic disadvantages that affect
their practical applications. On the one hand, the high Na/K storage capacity of alloy-based
anode materials is still accompanied by very large volumetric stresses and volume changes
during repeated cycling [39—41]. During the cycling process, the expansion and contraction
of electrode materials can cause the pulverization and loss of electrical contact of the active
materials, as well as the fragmentation and deactivation of the electrodes, which will seriously
affect the lifespan of the full cell. On the other hand, the diffusion kinetics of Na* /K" in alloy-
type materials during the reaction process is sluggish, which will limit the rate performance of
the electrode. For some specific elements, such as P, their low electrical conductivity is also a key
factor limiting their development. To address these issues, researchers made considerable efforts
such as controlling the particle size, incorporating carbon materials, constructing favorable
nanostructures and developing compatible electrolytes. A review of relevant research articles in
recent years shows that a large number of structural engineering studies have been carried out
to adjust the physicochemical properties of the electrode surface and interface and improve the
electrochemical performance.

In this progress report, we review the key advances of alloy-based anode materials for
SIBs and PIBs with a primary emphasis on nanosizing, low-dimensional structure and other
special nanostructure designs. According to the dimensionality, we classify the nanostructures
as zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D) or three-dimensional
(8D), as shown in Figure 1. We summarize various nanostructures as well as the structure—
property relationships of alloy-based anode materials. Finally, we also share our views on
some unsolved problems and development directions in the investigation of alloy-based
anodes for the industrial application of high-performance SIBs and PIBs.

Figure 1. The schematic diagram of alloy-type anode materials classified into 0D, 1D, 2D, 3D
for SIBs and PIBs. Reproduced with permission from Refs. [42-44], copyright 2018, 2020, 2021,
American Chemical Society; from Refs. [45-50], Copyright 2019, 2021, 2023, Wiley-VCH; from Ref. [51],
Copyright 2021, Elsevier; from Refs. [52,53], Copyright 2023, The Royal Society of Chemistry.
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2. Characteristics and Challenges

The choice of alloy-based anode materials for SIBs and PIBs is primarily in the IV A
and V A group, including P, Sn, Sb, Bi, etc. Figure 2 shows the crystal structure of various
alloy-based anode materials. Thereinto, P has many allotropes, which mainly include
white P (WP), red P (RP) and black P (BP). WP cannot be used as anode materials, due
to its highly toxic, unstable chemical properties. BP has the best thermodynamic stability
under ambient conditions. BP has a two-dimensional layered structure (Figure 2a) and
high electrical conductivity (300 S cm~!). Commercial red P is nontoxic and low-cost,
which is promising for application as anode materials for SIBs and PIBs. However, its low
electrical conductivity (10~ S cm™1) restricts it development. In addition to commercial
red phosphorus, there are other allotropes of red phosphorus, such as crystalline fiber
phosphorus (FP) (Figure 2b) and violet phosphorus (VP) (Figure 2c). Except for P-based
anodes, Sn, Sb and Bi are all metallic elements and have good electrical conductivity. Sn-
based anodes have also been widely investigated in SIBs and PIBs owing to their high
specific capacity, high abundance and nontoxicity (Figure 2d). As shown in Figure 2ef,
both Sb and Bi have layered crystal structures. When used as anode materials for SIBs and
PIBs, Sb and Bi show advantages of high specific capacities and low operation potential.
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Figure 2. Crystal structure of BP (a), FP (b), VP (c), Sn (d), Sb (e) and Bi (f).

In general, alloy-type materials, including P, Sn, Sb and Bi, can react with Na/K via al-
loy reaction, delivering high theoretical capacity. However, with the sodiation/potassiation
process, the alloy-type anode will undergo a very large volume expansion due to the
alloy-reaction-induced phase transformation. Table 1 summarizes the specific capacity and
volume expansion rate of different alloy-type materials during the sodiation and potassia-
tion process. For material particles, a very large volume expansion will cause pulverization
of the particles. Exposed fresh interfaces will continuously consume the electrolyte and
produce solid electrolyte interface (SEI) film. After some particles are wrapped by SEI film,
they will lose electrical contact and thus lose activity. For electrodes, the volume expansion
of the materials will cause stress inside the electrode. In some severe cases, the electrode
will crack or even detach from the current collector. Therefore, achieving a stable structure
and fast reaction kinetics through reasonable structural design is very important for the
development of alloy-based anodes.
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Table 1. The characteristics of various alloy-type anode materials for SIBs and PIBs.

- Sodiation/Potassiation Spec1f1c Volun.le

Elements Application Products Capacity Expansion

(mAh g™1) Ratio (%)
P SIBs NazP 2596 490
PIBs KP 865 232
K4P3 1154 293
KsP 2596 593
Sn SIBs Nai55ng 847 423
PIBs KSn 225 194
Sb SIBs NazSb 660 393
PIBs K3Sb 660 407
Bi SIBs NasBi 385 352
PIBs K3Bi 385 509

3. Nanostructural Design

In recent decades, nanomaterials have developed rapidly in alkali metal ion batteries,
benefited by significant size effects and surface effects compared to macroscopic bulk materi-
als. In order to achieve the structural stability of materials under actual working conditions,
a variety of creative nanostructure designs continue to emerge. Nanostructured materials
are a kind of low-dimensional material with nanoscale size at least in one direction [54].
According to their structural characteristics, nanomaterials can be roughly constituted
into 0D, 1D, 2D and 3D materials. In the structural design of alloy-type anode materials,
nanomaterials with different dimensional structures have respective unique advantages
and play a significant role in improving electrochemical performance. Thus, we review
the various nanostructure designs and the investigate the mechanisms of nanostructure
alloy-type anode materials for SIBs and PIBs.

In the development process of alloy-based anodes, various synthesis methods are
employed to achieve electrode materials with unique nanostructures, including hydrother-
mal/solvothermal methods, annealing, ball-milling, wet-chemistry routes, etc. There-
into, P has many different physiochemistry properties in comparison with other metallic
alloy-type anode materials, which leads to different synthesis processes. The vaporization—
condensation method is a typical synthesis process for P-C composites, which effectively
encapsulates P into the porous structure of carbon hosts, significantly improving the elec-
tronic conductivity of the composites [55]. For the synthesis of metallic alloy-type anodes,
such as Sn, Sb, Bi and some binary alloys, many synthesis methods have been developed.
Thereinto, annealing techniques are usually used for carbon-coated metallic nanoparticles.
A solution-based replacement reaction and dealloying method are usually used for unique
dimensional structures including 1D, 2D and 3D [47]. In addition, owing to the layered
crystal structure of BP, Sb and Bi, exfoliation techniques are often used to generate ultrathin
2D nanomaterials [56,57].

3.1. 0D Materials: Nanodots, Nanoparticles, Nanospheres

According to the dimensionality of nanostructure materials, the 0D materials are
defined as materials with nanoscale dimensions in all three directions, including nanodots,
nanoparticles, nanospheres, etc. Because of its extremely small size in all directions and
very large specific surface area, 0D materials exhibit significant advantages in the field
of electrochemistry. The small size of the 0D materials can facilitate mass transfer via a
shortened transmission path in the electrochemical reaction. The very large specific surface
area can provide abundant ionic adsorption sites. When used as anode materials with
alloy reaction mechanisms, the 0D materials have additional advantages for buffering very
large volume expansions. In the research process of alloy-based anodes for LIBs, it is found
that the fracture of silicon during lithiation is closely related to the size of Si particles [58].
When the diameter of Si particles is below ~150 nm, particle cracking and fracture do not
occur, which is due to the stored strain energy being insufficient to drive crack propagation
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during the lithiation process. Compared with LIBs, the alloy-type anode materials suffer
a much more severe volumetric stress and greater volume expansion. Therefore, a lot of
research has been devoted to downsizing the particle of the alloy-type anode materials,
developing a variety of 0D materials, including nanospheres, nanoparticles, nanodots, etc.

Due to low intrinsic conductivity of red P, researchers usually construct the structure of
carbon-modified RP nanoparticles. Graphene and carbon nanotubes (CNTs) are two kinds
of typical carbon nanomaterials with very large specific surface areas and high electric
conductivities. After dispersing RP nanoparticles (5-10 nm) on the surface of reduced
graphene oxide (rGO) via the phosphorus-amine-based method with durable loading ratio
and high yield, the RP-based anode offers a high specific capacity of 2057 mAh g~! at a
current density of 0.1 A g~! and long lifespan for 5000 cycles [59].

By anchoring the RP@BP nanoparticles on 3D N-doped graphene, the composites
(RP@BP/3DNG) exhibit high electronic conductivity. In addition, the heterointerfaces of
the RP@BP nanoparticles generate a built-in electric field and thus lower the Na* diffu-
sion barrier. When evaluated as anodes of SIBs, the RP@BP/3DNG delivers outstanding
electrochemical performance, including rate performance (with a capacity retention of
521.3 mAh g~ ! at current density of 10 A g~!) and a long lifespan (with a specific capac-
ity of 465.5 mAh g~ ! remaining after 1200 cycles at current density of 10 A g~1). Zhu
et al. developed a hierarchical WDC/CNTs@RP electrode, achieving unprecedented rate
performance [60]. The hierarchical nanostructure is based on a wood-derived carbon
(WDC) framework with both low tortuosity and a highly crosslinked conductive 3D carbon
nanotube (CNT) network, and the RP nanoparticles are incorporated with the WDC and
CNTs (Figure 3a,b). This unique structure gives superior conductivity for both electrons
and ions. When used as anode materials of the SIBs, the WDC/CNTs@RP shows a high
capacity retention of 1.63 mAh cm 2 even at a high areal current density of 106.6 mA cm 2
(Figure 3c). The low tortuosity of the structure causes the mass loading of RP to reach up to
14.1 mg cm 2. Figure 3d shows the working mechanism of the electrode. The WDC and
CNTs provide a fast electron transport path and the vertical channels filled with electrolyte
can shorten the pathways of Na*. Considering the ultrahigh electrical conductivity (about
10 times that of the RP), Ma et al. reported a new red@black phosphorus core-shell het-
erostructure (RP@BP) via a one-step solvothermal strategy [61]. In a sense, the coupling of
red phosphorus with graphene and CNTs is prone to failure during cycling, leading to the
deactivation of active materials and fading of capacity. Therefore, researchers developed
micro-mesoporous carbon materials to encapsulate the RP.

In order to buffer the high volume expansion during potassiation to within 293% (K4P3)
or 593% (K3P) compared to the RP phase, Xu et al. encapsulated RP into a carbon-nanotube-
backboned mesoporous carbon and the composites with good cycling stability [62]. After
downsizing the RP nanoparticles to 10-20 nm and encapsulating on a 3D porous carbon
framework, the composite delivers an improved reversible capacity and superior rate
capability [55]. Compared with SIBs, potassium storage causes a greater volume expansion
and has stricter structural design requirements. The electrochemical performance, including
rate capability and long cycle performance, is unsatisfactory, which is mainly due to
sluggish K* diffusion kinetics and severe structure destruction. Therefore, in order to
achieve better electrochemical performance, RP needs to be further nanosized. In 2021,
the Sun group fabricated the RP nanoparticles embedded in a commercial porous carbon
via the evaporation—condensation strategy (Figure 3e) [51]. The porous carbon with rich
mesopores (mainly in range of 2.0-10 nm) and micropores not only facilitate electrolyte
permeation but address the very large volume expansion of RP via inner void spaces.
In addition, the nanosized RP embedded in the mesopores and micropores can further
shorten the K* diffusion path and accelerate the reaction kinetics. Benefitting from the
appropriate structural design, the P/C composites yield an improved electrochemical
performance. When cycling at a current density of 0.1 A g~ !, the initial charging capacity
can achieve 744 mAh g~!. The lifespan under 3.2 A g¢~! can maintain a capacity retention
of 287 mAh g’1 after 10,000 cycles at 11.2 A g’1 (Figure 3f).
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Figure 3. (a,b) Schematic illustration of the synthesis and the SEM of the WDC/CNTs@RP electrode,
respectively; (c) the rate performance comparison; (d) the schematic illustration of the electron/ion
transfer mechanism of the WDC/CNTs@RP. Reproduced with permission [60]. Copyright 2022,
Wiley-VCH. (e,f) The schematic illustration and the cycling performance of the P/C composite,
respectively. Reproduced with permission [42]. Copyright 2022, Elsevier.

The design methodology of the 0D structure is also applicable to the Sn-, Sb- and
Bi-based anode materials to relieve the very large volume change during the charge and
discharge process. As metallic elements, bulk Sn, Sb and Bi have benign electrical conduc-
tivity. However, the form of contact between the nanoparticles of Sn, Sb and Bi is point
contact, which cannot stably transfer electrons during electrochemical reactions. Especially,
an SEI film is generated on the nanoparticles, which is electronically insulated and causes
the nanoparticles to lose electrical contact. Therefore, the 0D structure of the Sn, Sb and Bi
usually cooperate with various kinds of conductive skeletons, such as graphene [63-66],
CNT [67,68], porous carbon [65,69] and MXene [70,71], or is directly coated with a car-
bon layer [45,72]. Based on these considerations, Chen et al. use the “pinning effect” of
NaCl to generate nanosized Sb particles in the carbon matrix. The well-designed nanos-
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tructure offers enhanced electron/ion transport kinetics during electrochemical reactions
(Figure 4a) [73]. When used for sodium storage, the Sb-based anode delivers a lifespan
of over 20,000 cycles at 10 A g~! with a capacity retention ratio of 98.9% (Figure 4b). It is
interesting to note that the carbon matrix undergoes graphitization by the ion shuttle effect
during the activation process (Figure 4c). Similarly, a composite of porous carbon matrix
and Bi-Sb alloy nanoparticles (BiSb@C) was prepared via freeze-drying and the pyrolysis
method with KCl as the template, which exhibited long cyclability at 0.2 and 0.5 A g~ ! for
600 cycles when used as an anode for KIBs [65]. In addition to organic electrolyte systems,
the Bi-based anode can be used for aqueous SIBs owing to its nonselective ion insertion
and high theoretical capacity. Recently, Zhu and coworkers anchored Bi nanoparticles on
graphene through chemical bonding via the laser-induced compounding method (Bi@LIG),
as shown in Figure 4d. The Bi@LIG with a Bi-G heterostructure can not only release the
volumetric stress, but also expose active materials and accelerate the reaction kinetics. In
order to cope with the very large volume expansion, a cavity design is also applied in many
works. A metal-organic framework (MOF)-derived yolk—shell Sb@C nanobox encapsu-
lated in carbon nanofibers was synthesized via the electrospinning method (Figure 4e) [74].
The structure evolution process during potassiation/depotassiation was observed via in
situ TEM, revealing that the void space effectively accommodates the expansion of Sb
(Figure 4f). In addition, Yang et al. developed an efficient and cheap synthesis method
for yolk—shell Sb/C composites via the reduction of polypyrrole-coated Sb,O3 [67]. The
as-prepared Sb-based anode shows outstanding rate performance and stability in deep
cycling.
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Figure 4. (a,b) The synthesis schematic illustration and cycling performance of the Sb@NS-3DPC;
(c) ion-shuttle-induced graphitization. Reproduced with permission [73]. Copyright 2022, Elsevier.
(d) The synthesis schematic illustration of the Bi@LIG. Reproduced with permission [63]. Copyright
2023, Wiley-VCH. (e) The synthesis schematic illustration of the Sb@CNFs; (f) schematic illustration
of the reaction processes of the Sb @CNFs. Reproduced with permission [74]. Copyright 2020,
Wiley-VCH.
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3.2. 1D Materials: Nanowires, Nanorods, Nanofibers

One-dimensional materials are defined as the materials whose size in one of the three
dimensions is above 100 nm. Reviewing articles published in recent years, we classify
nanowires, nanorods, nanotubes, nanofibers and some nanoarrays as one-dimensional
materials. One-dimensional materials have high specific surface area and short size in the
radial direction. In terms of alloy-type anode materials, 1D materials can provide short ion
diffusion paths and tolerate stress changes in the radial direction and fast electron transfer
routines along the axial direction, which significantly accelerate the reaction kinetics. In
addition, 1D materials like nanowires, nanotubes and nanofibers can improve the integrity
and stability of the electrode. In recent years, extensive works have been carried out to
develop 1D nanomaterials for alloy-type anodes of SIBs and PIBs. On the basis of these
1D nanostructures, the reaction mechanism of alloy-type materials and the dependency
between the structure and performances are investigated comprehensively.

Carbon nanofibers (CNFs) and CNTs are two kinds of typical 1D nanomaterials with
nanoscale radial dimensions and micron-scale axial dimensions. Compared with carbon
nanoparticles, CNFs and CNTs can realize rapid electron conduction through mutual
cross-linking and stable electrodes by virtue of their high aspect ratios and mechanical
strength. As early as 2013, Dou’s group already mixed microsized RP and CNTs, which
shows a specific capacity of 1675 mAh g~! for SIBs [75]. In this case, CN'Ts mainly play
the role of conductive agent to deal with the problem of poor electrical conductivity
of RP. Relevant studies have found that CNTs have a significant effect on improving
the electrochemical properties of RP-based anode materials [76-78]. In 2019, Li et al.
successfully encapsulated the phosphorus rings and chains into the multi-walled CNTs
based on the facile conversion of RP into soluble polyphosphide anions in organic solvents
by activating reactions with nucleophilic reagents [79]. The composite was applied to
the anode of the LIBs and delivered outstanding electrochemical performance. Based
on similar structural design ideas, RP was encapsulated into CNFs via the vaporization—
condensation method [80]. In terms of nanostructure design, CNFs serve as a conductive
shell and offer a fast electron transferring routine. Meanwhile, the reserved void can
accommodate the volume expansion of the RP during the sodiation process. Compared
with RP nanoparticles that have no regular shape, the 1D structure makes it easier to
observe the sodiation behavior of RP. The sodiation process of the RP encapsulated in
CNFs was observed via in situ TEM, which demonstrates a “liquid-like” mechanical
property (Figure 5a). During sodiation, RP segments in the CNFs deformed and merged,
confirming the sodiation-induced softening effect of RP. Figure 5b,c show the modeling
results of the stress distribution of the CNF-constrained RP and a freestanding particle,
which reveals that the CNFs exert the mechanical constraint effect on the stress mitigation
of RP. As a comparison, the freestanding RP particles suffer higher stresses on the surface,
which is mainly due to the pushing-out effect of RP particles during sodiation and the
lack of mechanical constraint. When used as anode materials of SIBs, the 1D RP-based
composites deliver outstanding long cycle performance (~1850 mAh g~! at 0.1 A g~! and
over 1000 mAh g1 at 1 A g~ ! after over 5000 cycles). As an allotrope of red phosphorus,
the FP with a regular crystal structure has a significantly increased electronic conductivity
(approximately 10® times), which shows great prospects for improving the Na/K storage
performance of the P-based anode materials. Recently, Zhu et al. found that trace amounts
of selenium (Se) could induce the conversion of commercial RP into crystalline FP and
developed a 1D FP nanostructure via a typical annealing procedure (Figure 5d) [50]. As
shown in Figure 5e, the as-prepared FP exhibits a typical morphology of nanofibers with a
diameter of ~100 nm and length of 2-3 pm. In addition, the Se-dopant can also improve
the Na* ionic conductivity and enhance the structural stability via regulating the chemical
state of P. When used as an anode for SIBs, the optimal FP delivers an outstanding rate
capability with a specific capacity of 1190 mAh g~ at 25 C and competitive cyclability with
a capacity retention ratio of 90.1% at 1 C after 2800 cycles (Figure 5f,g).
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Figure 5. (a) STEM image series of the P,.4@CNF during sodiation (scale bar is 100 nm); (b,c) stress
distribution of the P,,q@CNF and RP particle according to finite element modeling. Reproduced
with permission [80]. Copyright 2020, Nature Publishing Group. (d) Schematic illustration of
synthesis (scale bar is 20 um), (e-g) SEM image and rate performance of the v{-P. Reproduced with
permission [50]. Copyright 2023, Wiley-VCH.

In terms of metallic anode materials, such as Sn, Sb, Bi and corresponding binary alloy
phases, 1D structures with a long axial dimension and short radial dimension can exert their
conductivity and shorten the ion diffusion path. In recent years, a lot of investigations have
been devoted to downsizing the dimension of alloy-type anode materials, and developing
various 1D nanomaterials, such as carbon-coated nanowires, nanotubes, nanorods and
nanoarrays. As shown in Figure 6a, Bi nanorods encapsulated in carbon nanotubes were
fabricated via the reduction of Bi,S3 nanorods and the durable annealing condition [81].
When used for potassium storage, the carbon shell provides a fast electronic transfer
pathway and the void can shorten the ionic diffusion distance and accommodate the
volume expansion of the Bi nanorods.
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In fact, for metallic anodes such as Bi, Sn and Sb, the carbon modification is sometimes
not indispensable. Imtiaz et al. directly deposited Sb on the Cu;55i4 nanowires, which
have a strong anchoring effect for Sb (Figure 6b) [82]. The nanowires with an average
diameter of 99 nm and length of several micrometers are arranged regularly on the Cu
mesh (Figure 6c¢). The spaces between nanowires can act as a buffer zone for Sb expansion
during potassiation. With iodine ion assistance, Bi nanotubes were fabricated via galvanic
replacement (Figure 6d) [83]. Due to the metallicity of Bi, the cross-arranged Bi nanotubes
can construct electron transport networks and the 1D nanostructure and void of nanotubes
can effectively release the volumetric stress during sodiation. As shown in Figure 6e, the in
situ TEM observation reveals that the Bi nanotubes expand along the inside and outside of
the tube wall, demonstrating the structural robustness during sodiation and desodiation.

Apart from the typical 1D structures mentioned above, some structural designs on
nanoarrays are also classified as 1D materials. In 2020, inspired by durian, triangular
pyramid arrays of Big 755bg 25 were fabricated on Cu substrates with appreciable electro-
chemical robustness when used as anode for SIBs. (Figure 7a,b) [43]. Finite-element analysis
was employed to reveal the electric field distribution and Na* ion concentration during
electrochemical reactions. As shown in Figure 7c, the electric field is concentrated at the
tip, which would attract Na* around the electrode and lead to ion enrichment. Based
on this nanostructure, the electrode reaction kinetics are promoted and a Na* supply at
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high current density is guaranteed. Based on similar design ideas, SbSn alloy nanoar-
rays were fabricated on Cu substrates, which possess a triangular pyramid-like structure
(Figure 7d,e) [84]. Finite-element modeling reveals that the top end is conducive to the effi-
cient usage of the active material and the relief of the inner stress during sodiation. Based
on the aforementioned work, 1D materials can effectively buffer the volume expansion and
provide a fast electric and ionic pathway, leading to enhanced electrochemical performance.
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Figure 7. (a,b) Schematic illustration and TEM images of the Big75Sb 25 array; (c) finite-element
analysis of the Big 75Sbg 25 anode. Reproduced with permission [43]. Copyright 2020, American
Chemical Society. (d,e) Schematic illustration and SEM images of the SbSn array; (f) finite-element
simulation of the SbSn anode. Reproduced with permission [84]. Copyright 2021, Wiley-VCH.

3.3. 2D Materials: Nanosheets, Nanoslices

Two-dimensional materials refer to materials with small sizes in one dimension and
relatively large scales in the other two dimensions. Since the discovery of graphene in
2004, 2D materials have entered a period of rapid development owing to their unique
physicochemical properties. In addition, owing to their high intrinsic charge carrier mobili-
ties, mechanical robustness and superior flexibility, 2D materials and 2D structure design
methodologies are widely used in the development of alloy-type anodes for SIBs and
PIBs. During the alloy and dealloy reaction process, 2D materials can also provide short
ion diffusion paths and release the stress changes in the normal direction. Based on the
metallicity of alloy-type elements or incorporating with carbon materials, fast electron
transfer is guaranteed, leading to enhanced electrochemical performance. Reviewing recent
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investigations on the alloy-type anode materials for SIBs and PIBs, extensive effort has
been devoted to robust structures and fast reaction kinetics [85].

As mentioned before, among the many allotropes of phosphorus, BP has a layered
crystal structure and high electrical conductivity. In the BP crystal structure, atoms are
strongly bonded in the plane, forming layers, and the layers are stacked through van der
Waals forces [86]. It is worth noting that the monolayer of BP, also called phosphorene,
has unique physical and chemical properties. In 2014, phosphorene was fabricated via
the sticky tape technique, which is the same as that found for graphene [87,88]. Therefore,
the 2D structural designs of the P-based anode mainly focus on BP and the corresponding
phosphorene. In 2015, Sun et al. fabricated the composite with few phosphorene layers
sandwiched between graphene layers [89]. Figure 8a shows a schematic illustration of
the crystal structure and the sodiation process of the BP. The sandwich structure was
confirmed by high-resolution TEM imaging (Figure 8b). Combining the in situ TEM and
ex situ XRD techniques, the sodiation mechanism of the BP was revealed as a two-step
reaction process, including the intercalation of Na* and the following alloy reaction to
Na3P. The 2D sandwich structure shows a high specific capacity of 2440 mAh g~ after
cycling at 0.05 A g~ for 100 cycles. In the robust structure, graphene layers play a vital
role in the mechanical strength and electrical transfer and the layer-by-layer structure can
accommodate the anisotropic expansion of phosphorene. Furthermore, this design idea
is inherited and improved, and achieves better performance. Shuai et al. developed a
sandwich-structured phosphorene-graphene hybrid via electrochemical exfoliation and
the solvothermal process, which delivered excellent cycling performance (1582.6 and
1120.6 mAh g~ after 200 cycles at 1 and 5 A g~, respectively) [90].
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Figure 8. (a) Schematic illustration of the BP and the sodiation process; (b) HRTEM image of the cross-
section of the phosphorene-graphene hybrid. Reproduced with permission [89]. Copyright 2015,
Nature Publishing Group. (c) Schematic illustration of the BP/rGO. Reproduced with permission [42].
Copyright 2018, American Chemical Society. (d) Schematic illustration of the synthetic processes
for phosphorene/MXene hybrid structure; (e) the cycling performance of the phosphorene/MXene.
Reproduced with permission [91]. Copyright 2020, American Chemical Society.
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Liu et al. applied a pressure of 8 GPa on the RP/rGO, inducing the transformation of
RP to BP at room temperature, as shown in Figure 8c [42]. The freestanding P-based anode
delivers a capacity of 1250 and 640 mAh/g after 500 cycles at 1 and 40 A /g, respectively.
Similar to graphene, MXene is a new family of 2D transition-metal carbides and/or nitrides
with high electronic conductivity and good elastic properties. Guo et al. fabricated the phos-
phorene/MXene hybrid anode, as shown in Figure 8d [91]. The in-depth XPS revealed the
fluorine-rich SEI formed by the fluorine terminations of the MXene, which can effectively
improve the Coulombic efficiencies and cycling performance of the phosphorene/MXene
anodes. Based on the well-designed nanostructure, the composites delivered enhanced
electrochemical performance with 535 mAh g=! at 0.1 A g~! (Figure 8e). In addition to
BP, blue phosphorus also has a layered crystal structure and similar physical and chem-
ical properties [92]. Based on the first-principles calculations, Fan et al. investigated the
graphene/blue-phosphorus heterostructure and its application for SIBs, which shows that
the graphene can dramatically enhance the Na adsorption process [93]. As mentioned
above, conductive 2D materials can maximize the advantages of the high capacity of the
P-based anode.

Since the report of phosphorene, a considerable amount of research interest has been
devoted to the 2D materials of elements in the VA group. As mentioned above, the crystal
structures of Sb and Bi exhibit a typical layered feature, which is promising in developing
ultrathin 2D nanomaterials. In recent years, many kinds of 2D structure of Sb and Bi have
been constructed to improve the electrochemical performance in SIBs and PIBs, including
ultrathin nanosheets, hierarchical nanosheets, nanoflower, etc. The 2D antimonene can
be fabricated via liquid-phase exfoliation [94], mechanical exfoliation [95] and van der
Waals epitaxy [96,97]. Tian et al. acquired few-layer antimonene (FLA) via the liquid-phase
exfoliation of 3-antimony without any surfactant, as shown in Figure 9a [56]. The atomic
force microscopy (AFM) results show that the thickness of the as-synthesized FLA is about
7 nm. The in situ XRD characterization demonstrates that the 2D Sb nanosheets undergo
anisotropic volume expansion and the phase evolution mechanism during cycling. The
theoretical calculation reveals that the 2D FLA has a very low diffusion barrier for Na*.
After evaluation in SIBs, the FLA delivered a high rate capability (with capacity retention
of 4229 mAh g~! at 5 C) and long cycle stability (620 mAh g~! after 150th cycles at 0.5 C
with capacity retention ratio of 99.7%) (Figure 9b,c). To achieve an excellent K-storage
performance of bismuth-based anode materials in PIBs, Shen et al. developed bismuthine
nanosheets (FBNs) via the insertion of tetraheptylammonium cations into the bulk bismuth
followed by ultrasonication assisted by an external forcefield (Figure 9d) [57]. The AFM
image shows that the thickness of the ultrathin bismuthene nanosheets is about 1.3 nm,
suggesting that the FBNs are dominantly constructed by two bismuthine layers. When
used as the anode for PIBs, the FBNs remained above 200 mAh g~! even after cycling
over 2500 cycles at a high current density of 20 A g~!, suggesting a stable nanostructure
and highly reversible potassiation process. Except for ultrathin bismuthene, hierarchical
bismuth nanosheets (2D-Bi) can also provide superior potassium storage performance with
an even better rate capability. Through the simple reduction reaction with zinc powder, the
2D-Bi was obtained, as shown in Figure 9f. Compared with other types of bismuth-based
materials, including 0D-Bi, 1D-Bi and 3D-Bi, the 2D-Bi delivered the best rate performance
(with a capacity retention of 345 mAh g~! at 30 A g~ !) and cycle stability (Figure 9g). To
investigate the reason, Cheng et al. tested its morphology after cycling and found that the
2D-Bi evolved into a stable two-dimensional network structure after cycling. This report
reveals similar patterns to previous reports on phosphorene. In 2019, Liu et al. prepared
holey phosphorene via an electrochemical assistance method [98]. Typically, the BP was
used to assemble a sodium-ion battery. After discharging, the coin cell was disassembled
and holey phosphorene was obtained after washing and sonication. Therefore, the reaction
mechanism of two-dimensional materials in batteries remains to be further determined.
Owing to the unique physical and chemical properties, the 2D Bi and Sb nanostructures
were used in other electrochemical applications [99-103]. Therefore, the study of two-
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Figure 9. (a) Crystal structure, AFM image and corresponding profile terraces of the FLA; (b,c) electro-
chemical performance of the FLA and Sb powder. Reproduced with permission [56]. Copyright 2018,
American Chemical Society. (d) Schematic illustration of the fabrication of FBN via electrochemical
exfoliation; (e) AFM image of the FBNs. Reproduced with permission [57]. Copyright 2020, The
Royal Society of Chemistry. (f,g) Morphology and the rate capability of 2D-Bi. Reproduced with
permission [47]. Copyright 2021, Wiley-VCH.

3.4. 3D Materials: Nanoframeworks, Porous Structure

Three-dimensional materials are defined as materials with large scale in all three
dimensions. In terms of the nanomaterial structure, 3D materials usually have unique
substructures. Reviewing the structural design of anode materials, the transport process of
electrons and ions is a key step in the electrochemical reaction. In other words, a suitable
electrode structure should enable the rapid transport of electrons and ions. For alloy-type
materials, sufficient pores need to be reserved to alleviate volume expansion. Therefore,
a suitable electrode material needs to possess some unique structural characterizations,
including a high specific surface area, continuous pore structure for ionic transport, high
conductivity and robust mechanical strength for electron transfer and stable cycling. There-
fore, compared with 0D/1D/2D materials, 3D materials can achieve a 3D conductive
skeleton and structural mechanical stability through unique structural design, thereby
eliminating the need for the introduction of carbon modifications.

As mentioned above, the storage performance of the RP was restricted by the large
volume expansion and the consequent electrode pulverization. To address these issues,
a micron-sized red phosphorus with an abundant pore structure (HPRP) was fabricated
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via the hydrothermal method for high-performance lithium storage (Figure 10a—c) [44].
In this work, the porous nanostructure of the HPRP can effectively accommodate the
expansion and offer fast ion transport and good structural robustness, leading to superior
electrochemical performance in LIBs. Such a creative structure can provide guidance
for the design of anode electrode materials for SIBs and PIBs. It is worth noting that
the P-based anode still suffers from low electrical conductivity in addition to the high
volume expansion. Therefore, appropriate conductive skeleton should be introduced
into the nanostructure. In 2021, Liu et al. developed a Sb-doped RP/carbon anode with
Ketjenblack and a multiwalled CNT forming the conductive framework (Figure 10d) [104].
The micrometer-sized particles were made up of nanometer-sized secondary-like particles.
The unique 3D structure effectively accommodates the mechanical stress and restrains the
decomposition of the electrolyte, leading to an initial Coulombic efficiency up to about
90% (Figure 10e). In addition, in situ SEM and XPS confirmed the high reversibility
of the structure during sodiation and desodiation. Likewise, out of consideration of
improving electronic conductance and buffering the volume expansion, Liu et al. proposed
encapsulating RP into networked carbon nanocages (RP@CNCs) based on the phosphorus-
amine-based method (Figure 10f,g) [105]. The carbon nanocages play the role of conductive
frameworks and buffer the volume expansion of RP. When used as an anode for SIBs, the
RP@CNCs delivers a high-rate capability and excellent long-cycling performance with a
capacity retention ratio of over 80% after 1300 cycles at 5 A g~! (Figure 10h,i). To sum up,
3D materials with a conductive framework and appropriate pore structure can generate a
high electrochemical performance of P-based materials for Na/K storage.

Recently, much creative investigation has been carried out about the 3D nanostructure
of the Sn/Sb/Bi-based anode. In 2017, Wang et al. investigated bulk Bi as the anode
material of SIBs (Figure 11a) [106]. Unlike previous reports operating in ester electrolytes,
bulk bismuth gradually evolved into 3D porous nanostructures during the cycling process
in ether electrolytes, as shown in Figure 11b. The bulk Bi delivers a good rate capability
with 356 mAh g1 at 2 A g~! and stable cycling performance with only 5.6% of attenuation
after 2000 cycles (Figure 11c). Afterwards, Cheng and coworkers directly synthesized
3D continuous bulk porous bismuth via a facile reduction reaction in an aqueous system
(Figure 11d) [46]. The 3DPBi-based anode for SIBs showed an unprecedented rate capability
with only 4.4% of attenuation at 60 A g~!. The in situ TEM characterization revealed
that the 3D continuous porous structure can effectively buffer the volume expansion
during sodiation. Owing to the stable nanostructure, the 3DPBi maintains a bicontinuous
structure of electrons and ions during repeated cycling, ensuring the rapid progress of
electrochemical reactions (Figure 11e). Even though porous bismuth nanomaterials can
meet the high electronic conductivity through the structural design, carbon modification can
further improve the lifespan of Bi-based anode materials. Afterwards, porous bulk bismuth
with carbon modification (P-Bi/C) was fabricated via the magnesiothermic reduction of
(BiO),COs3 (Figure 11f). The stable nanostructure can deliver an ultralong cycling life
for over 20,000 cycles (Figure 11g). Except for the unique advantages of the 3D porous
structure, the carbon layer modification induces a more appropriate SEI structure with
the organic species in the outer layer and the inorganic species in the inner layer, as
shown in Figure 11h. Therefore, the 3D structure with an abundant porous reservation can
provide robust nanoligaments and electric conductive frameworks, which result in fast
electrochemical kinetics and excellent structural stability.
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Figure 10. (a—c) Schematic illustration of synthesis, morphology and cycling performance of the HPRP.
Reproduced with permission [44]. Copyright 2021, American Chemical Society. (d,e) Schematic
illustration and electrochemical performance of the Sbx-RP7y_/C3p composite. Reproduced with
permission [104]. Copyright 2021, American Chemical Society. (f-i) Schematic illustration, morphol-
ogy and electrochemical performance of the RP@CNC composite. Reproduced with permission [105].
Copyright 2021, American Chemical Society.
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As for Sb, Sn and some binary alloy materials, the 3D structure design can also dramat-
ically improve the electrochemical performance for SIBs and PIBs. As an effective method,
dealloying has been used to fabricate nanomaterials with unique 3D structures. In 2018,
nanoporous Sb (NP-Sb) was synthesized by evaporating the Zn in the ZnSb alloy under
vacuum conditions [108]. The porous structure of NP-Sb can be adjusted by the proportion
of pristine ZnSb alloy, as shown in Figure 12a. The nanostructure of NP-Sb prepared by
the Zn-Sb alloy with a Zn-to-Sb ratio of 4:1 is shown in Figure 12b. Through adjusting the
ingredient ratio in the ZnSb alloy, the porous structure can be easily changed. When the
antimony content in the alloy is reduced to 20%, the NP-Sb-20 delivers an outstanding rate
performance for potassium storage, as shown in Figure 12c. Also based on the dealloying
reaction, nanoporous Bi-Sb alloys were also fabricated [109]. The structure of the Bi-Sb alloy is
also durable by adjusting the element ratio of the ternary Mg-based precursors. As shown
in Figure 12d,e, the Bi-Sb alloy is composed by nanoligaments with a diameter of about
30 nm and abundant nanopores. Owing to the unique 3D framework and short diffusion
path of Na™, the BiSb alloy shows outstanding rate performance (Figure 12f). Except for
dealloying methods, Wang et al. proposed the triggering of the electrostatic displacement
reaction between Cu and Sn?* by introducing thiourea as a ligand and fabricated 3D porous
5n on Cu foil via the electrostatic displacement reaction (Figure 12g,h), which also delivers
good electrochemical performance for sodium storage. As mentioned above, there are various
synthesis methods for developing 3D nanostructures of the alloy-type anode materials. The
3D structure has various shape details, and its void structure can be regulated via various
methods to achieve demanding requirements under working conditions. In addition, 3D
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nanostructures of the alloy-based anode are conducive to improving the energy density and
area-specific volume, due to the high proportion of active substances.
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Figure 12. (a) Schematic illustration of the NP-Sb synthesis process via dealloying process of Zn20Sb80
and Zn80Sb20; (b,c) TEM image and the rate performance of the NP-Sb-20. Reproduced with
permission [108]. Copyright 2018, American Chemical Society. (d—f) Schematic illustration, TEM
image and rate performance of the np-Bi-Sb alloys. Reproduced with permission [109]. Copyright
2018, American Chemical Society. (g,h) Synthesis process and morphology of the Sn/Cu. Reproduced
with permission [110]. Copyright 2018, Wiley-VCH.

4. Summary and Outlook

In this review, we comprehensively summarized recent advances in alloy-type anodes
for SIBs and PIBs. The nanostructure design of alloy-type anode materials, especially the
nanosized, low-dimensional structures and some special nanostructure designs, were em-
phasized. Based on the unique structures, the dependency of structure and electrochemical
performance was focused on. According to the dimensionality, the nanostructures of the
alloy-type anodes were classified into 0D, 1D, 2D and 3D. Although based on different
structural design ideas, in response to the inherent defects of alloy-type anode materials
such as the high volume expansion and low electronic conductivity of certain elements,
researchers have continuously achieved high electrochemical performance for sodium and
potassium storage through improving electronic and ionic conductivity, enhancing the
mechanical properties and tuning the stress distribution. For a more intuitive comparison,
we summarize the synthesis methods and electrochemical performance of the various
alloy-type anodes for SIBs and PIBs in Tables 2-5. However, although the performance of
alloy-based anodes has made tremendous progress under laboratory conditions, there is
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still a long way to go for industrial applications. To meet the requirements for industry
application, some key issues should be addressed in future investigations.

Table 2. Synthesis methods and electrochemical performance of P-based anode with different

dimensional structures for SIBs and PIBs.

Dimensional . . o Cycling Rate
Structure Materials Synthesis Methods Electrolytes ICE (%) Performance @ Capability ® Refs.
vaporization— 1 M NaClOy in
0D P@TBMC condensation- EC/DEC with 5% 69.8 580/800th/2.5 430/8 [62]
conversion FEC
vaporization— .
HHPCNSs /P condensation ! MEE?S:% m 75.1 861.8/1000th/5 831.1/10 [111]
process
vaporization— 1M NaClOy in
red P@N-PCT condensation EC/DMC with 5% - 1157/100th/2 572/10 [112]
method FEC
mechanical milling 1 M NaClO, in
P/TiN/Gnps EC/DEC with 5% 86.8 91.3%/300th /0.2 339/20 [113]
method FEC
phosphorus-amine- 1M NaClOy in
NRP—-rGO based EC/DEC with 10% 61.2 390/5000th/5 718/5 [59]
method FEC
solvothermal 1 M NaClO, in
RP@BP/3DNG EC/DMC with 5% 65.3 465.5/1200th/10 521.3/10 [61]
treatment FEC
evaporation— .
P/C condensation 1 évél/ﬁg%lcm 58.8 212/10,000th/3.2 287/11.2 [51]
method
vaporization— .
P@TBMC condensation- 0.6 E/Iclgga m 63.5 244/200th/0.5 136/2 [62]
conversion
vaporization— .
red P@CN condensation O'SEI\C/I /Igg & m 59 427.4/40th/0.1 323.7/2 [55]
strategy
vaporization— .
1D P,.q@CNF condensation 1 “ﬁgﬁﬁé in ; 1850,/500th /0.1 : [80]
method
selenium-induced 1 M NaClO, in
vf2-P EC/PC with 5% 89.7 1785/2800th/1 C 1190/25 C [50]
method FEC
hosphorene- 1 M NaPF in
2D p gr;;hene self-assembly EC/DEC with 10% ~80 2440/100th/0.05 - [89]
FEC
1M NaClOy in
BP/rGO pressure synthesis DMC with 10% 89.5 1250/500th/1 720.8/40 [42]
FEC
hosphorene— electrochemically 1M NaClOy in PC
phosp exfoliated and - 80.6 1582.6,/200th/1 1499/5 [90]
graphene . with 5% FEC
solution method
phosphorene/MXene self-assembly 1 MEI\éa/CPléh n 63.1 340/1000th /1 193/5 [91]
. 1 M NaClOy in PC
3D NPRP@RGO boiling with 5% FEC 78.5 1250/150th/0.17 657/3.47 [114]
evacuation-filling 1 M NaClO, in
RP@CNCs EC/DEC with 10% - 1363/150th /0.1 750/5 [105]
process FEC
} high-energy ball 1 M NaPFg in PC
Sb7-RPg3/Cso milling process with 2% FEC 88 2356/70th/C/3 1779/2C [104]
HPRP@Bi hydrothermaland = \/ ypgy iy pME 439 283/200th/0.05 106.4/3 [115]

self-limited growth

(@ The data were registered by specific capacity (mAh g~')/cycle number (n)/current density (A g~1); ® the data
were registered by specific capacity (mAh g~!)/current density (A g~1).
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Table 3. Synthesis methods and electrochemical performance of Sn-based anode with different

dimensional structures for SIBs and PIBs.

Dimensional . . o Cycling Rate
Structure Materials Synthesis Methods Electrolytes ICE (%) Performance @ Capability ® Refs.
g aerosol spray 1 M NaClOy in
0D 8-Sn@C pyrolysis method EC/DEC 67 415/500th/1 349/4 [116]
template-assisted .
PCNCs-Sn CVDandinsitu | MNacClOs in EC/PC 73 202/550th/1.28 188/2.56 [117]
. with 5% FEC
reduction
electrospinning 1M NaClOy in
Sn@CFC method EC/DMC with 5% FEC 42.3 255/200th/0.05 100/1 [118]
1D Sn@NC annealing 1 M NaPFg in DME 78.4 347/10,000th/5 437/5 [119]
Snnanofibers  electrodeposition | ™ Na%%g‘cpc with 68 776/100th/0.1C ~260/5C [120]
3D porous Sn replacement reaction 1 M NaPFg in DME - 660/400th/2.5 667.6/6.5 [110]
«-Sn Commercial 1 M NaPFg in DGM 80 451/3500th/2 464/4 [121]
@ The data were registered by specific capacity (mAh g’l)/ cycle number (n)/current density (A gfl) ; ®) the data
were registered by specific capacity (mAh g~!)/current density (A g~1).
Table 4. Synthesis methods and electrochemical performance of Sb-based anode with different
dimensional structures for SIBs and PIBs.
Dimensional . . o Cycling Rate
Structure Materials Synthesis Methods Electrolytes ICE (%) Performance @ Capability ® Refs.
. 1 M NaClOy in PC
0D Sb@NS-3DPC pyrolysis with 10% FEC 61.1 259/20000th /10 283.8/10 [73]
carbon-coated s .
Sb/MXene calcination 5 M KFSI in DME 76.7 216/1200th/0.5 212/2 [48]
electrospray-assisted 4 M KTFSI in
Sb@CSN strategy EC/DEC 61 504/220th/0.2 530/0.2 [72]
Sb@CNFs carbon-thermal 2 M KFSI in DME 47 338/200th/0.2 121/2 [74]
reduction
1D Bio.75Sbo.2s electrodepositionand /N pp i DME 86 284/2000th/0.5 335/2.5 [43]
pyramid arrays annealing
SbSn nanoarrays S ectrodepositionand -\ \popE iy pME 83 511/800th/2C 521/5C [84]
annealing
Sb@c;rlf:y“* NW' thermal deposition 4 M KFSI in DME ; 250/1250¢h/0.2 228.4/2 182]
few-layer liquid-phase 1 M NaClO, in
2D WAy AuieP? EC/DEC with 5% 64.7 620/150th/0.5C 429/5C [56]
antimonene exfoliation FEC
liquid-phase 1 M NaPF in
antimonene/C quiep? EC/DMC with 5% 71.2 451.3/150th/0.2 3345/5 [100]
exfoliation FEC
. . 1 M NaPFg in PC
3D np-BiySbe dealloying with 5% FEC 69.8 258/2000th /0.2 304.2/15 [109]
. 0.8 M KPFg in
NP-Sb dealloying EC/DEC - 318/50th/0.1 265/0.5 [108]
Microsized Sb commercial 4 M KFSI in DME 74.2 553/200th/0.2 305/3 [122]

@ The data were registered by specific capacity (mAh g~1)/cycle number (n)/current density (A g~ 1); ® the data
were registered by specific capacity (mAh g~!)/current density (A g~1).
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Table 5. Synthesis methods and electrochemical performance of Bi-based anode with different
dimensional structures for SIBs and PIBs.

Dimensional . . o Cycling Rate

Structure Materials Synthesis Methods Electrolytes ICE (%) Performance @ Capability ® Refs.
0D Bi@C composite annealing 1 M NaPFy in DME 50.3 265/30,000th/8 232/60 [45]
Bi@N-C annealing 1 M NaPFg in DME 36.5 235/2000th /10 152/100 [123]

Cfﬁ;iicte annealing 5 M KFSI in DME 702 ~330/600th/0.5 152/2 [65]

BiND/G in situ reduction 1 M KPFg in DME 78 213/500th/5 215/10 [64]

1D Bi NTs g;‘ig:r‘s;f:pla:;ﬁit 1 M NaPF, in DME 69.2 355/15,000th /20 319/150 [83]
BNW@G film vacuum filtration 4 \popE - in DME 82.7 276/1000th /1 295/5 53]

assembly
2D Bi@NC solvothermaland 4\ \po bR in DME 85.1 ~325/5000th/10 341.5/10 [103]
carbonization
2D-Bi solution synthesis 1 M KPFg in DME 89.2 344/750th/10 345/30 [47]
method
FBNs electrochemical 1 M KPFg in DME - 200/1500th /20 182/20 [57]
exfoliation

3D Bulk Bi commercial 1 M NaPFg in G2 94.8 389/2000th /0.4 356/2 [106]
3DPBi solution reduction 1 M NaPFg in DME 65.9 374/3000th/10 354/60 [46]

LC-Bi composite calcination 1 M NaPFy in DME 53.4 225.6/2600th/1 236.1/100 [49]

P-Bi/C annealing 1 M NaPF, in DME 95.2 178,/20,000th /50 101/72 [107]

Bulk Bi commercial 1 M KPFg4 in DME 87.2 322.7/300th/0.8 - [124]

(@ The data were registered by specific capacity (mAh g~')/cycle number (n)/current density (A g~1); ® the data
were registered by specific capacity (mAh g~!)/current density (A g~1).

(1) Most of the reported improved electrochemical performance was evaluated based
on the specific capacity under laboratory conditions with low mass loading and tap density.
One of the main competitive points of alloy-type anode materials is the high volumetric
energy density. In a large number of studies, the introduction of porous carbon materials
and some inactive materials inevitably reduces the energy density of materials. Therefore,
in order to obtain higher energy density, the content of active substances in composite
materials needs to be increased and the porous structure of the material needs to be
designed more precisely. In addition, the electrochemical performance of high-loading
electrodes is often overlooked in laboratory investigation. In order to meet the requirements
of industrial applications, it is necessary to optimize the high loading performance of the
anode materials and solve related technical issues.

(2) The coulombic efficiency, especially the initial coulombic efficiency (ICE), is quite
important in the industrial application of SIBs and PIBs. For alloy-type anodes, the low
ICEs limit their practical application. Every coin has two sides. Although low-dimensional
nanostructures and porous carbon modification with large specific areas can accelerate the
reaction kinetics and enhance the electrochemical performance, it will also cause many
more side reactions and generate more SEI films, leading to lower ICEs. To tackle this issue,
such strategies could be taken into consideration as interfacial engineering and appropriate
electrolyte additives, balancing the nanostructure and electrochemical performance.

(3) The morphology evolution mechanisms of the alloy-type anode materials still have
to be uncovered. As mentioned above, porous phosphorus nanosheets can be obtained
by treating the sodiated BP. The hierarchical bismuth nanosheets can evolve into a two-
dimensional network structure after cycling. Bulk Bi can evolve into porous Bi. All
these phenomena are not well explained and require further exploration. By studying the
structure of alloy materials after recycling, and then using it as a guide for structural design,
stable nanostructures can be designed.
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