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Abstract: To mitigate the use of fossil fuels and maintain a clean and sustainable environment,
electrochemical energy storage systems are receiving great deal of attention, especially rechargeable
batteries. This is also associated with the growing demand for electric vehicles, which urged the
automotive industries to explore the capacities of new materials for use in lithium—ion batteries
(LIBs). Graphite is still employed as an anode in large majority of currently available commercial LIBs
preserving their better cyclic stability despite enormous research efforts to identify viable alternatives
with improved power and energy density. From this point of view, antimony acts as a promising
material because it has good theoretical capacity, high volumetric capacity, good reactivity with
lithium and good electronic conductivities. Recently, there have been many works that focused on
the development of antimony as an alternative anode. This review tries to give a bird’s eye view
comprising the experimental and theoretical insights on the developments in the direction of using
antimony and antimony composites as anodes for rechargeable Li.
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1. Introduction

Lithium-ion batteries have become a part of our day-to-day life in the past few years,
and it is difficult to imagine a field where they are not used much. High energy and power
density, excellent cycling stability and high operating voltages are the properties of existing
lithium—ion batteries. The mechanisms behind these properties are mainly determined
by the cathodes and anodes as well as the transport of electrons and ions through the
electrolyte through separator. Hence, for further improvements in fields such as electric
vehicles, it is required to improve these properties [1-3]. Currently, graphite is the most
used anode material, with a theoretical capacity of 372 mAh g~!; it has been shown to
have excellent cycling stabilities and moderate specific capacitance [4]. However, the
current developments in the field of electric vehicles and other smart electronic gadgets
require better batteries. Because of this reason, the scientific community is in search of
a better material that can replace graphite with a higher-capacity anode. The alloying
mechanism usually favors higher capacities compared to the one involved in graphite, but
usually involves high volume changes during the reaction, which results in poor electrode
stability and cyclic life [5]. Silicon is one of the most promising alloying anodes with
very high theoretical capacity (4200 mAh g~1), but it lacks stability due to its associated
high volumetric changes (400%) [6] during the intercalation/deintercalation of lithium.
Another alloying anode of importance is Tin, which has a higher capacity of 990 mAh g~!
corresponding to the formation of Li»Sns phase. The associated 250+% change in the
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volume means it is difficult to stabilize the electrode [7]. Alloying anodes with lesser
structural changes would be an alternative to silicon from this point of view. Among these
alloying electrodes, antimony (Sb) has relatively lower volume expansion (135%), good
chemical properties, a thermal stability similar to Si and Sn, and Li* insertion capacity
of 660 mAh g~! (Li3Sb) [8]. An antimony electrode has a puckered layered structure
which enables it to exhibit high conductivity and reactivity, and reversibility at a moderate
current density. Sb also shows a very high volumetric capacity of 1890 Ah L=}, which is
equivalent to that of Si and 2.5 times higher than the commercially used graphite anodes [8].
These exciting properties of antimony have garnered great attention from the scientific
community in search of alternative anodes with enhanced performance. Figure 1 represents
a graphical representation of year-wise number of publications related to Sb anodes in
lithium—ion batteries.
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Figure 1. Graphical representation of year-wise number of scientific publications related to lithium-
ion storage antimony anodes (Web of Science statistics).

Safety is one of the major concerns in LIBs which has to be given highest priority
while designing batteries for specific applications. Applications such as electric vehicles
use battery packs containing a large number of individual cells put together, and any
faulty battery can cause large-scale explosions [2]. Sb is a better alternative in this regard
than the typically utilized graphite anodes. Dendrite creation is much more likely due to
graphite’s potential against Li/L+ and electrolyte breakdown, as well as the development
of SEI. As a result, kinetics are sluggish, and safety is an issue [9]. Another reason for
looking into other Sb anodes is the observed incompatibility of graphite with certain high-
performance electrolytes (such as propylene carbonate) and high-performance cathodes
(such as Mn-containing spinels) [10].

In view of the commercial applications, despite the higher capacity of antimony
compared to the traditionally used graphite anodes, the cyclic stabilities are not on par
and this bottleneck has to be resolved for the commercialization. There have been many
efforts to engineer the micro- and nanostructures of the antimony anodes and improve the
cyclic stabilities by accommodating volume change during cycling. Making composites
with materials of high porosity to accommodate the stress and strain is also a routinely
used method. This review focuses on antimony and antimony-based nanostructures
and heterostructures and explained their potential as anodes by nanoengineering and
composite formation.

2. Mechanism of Lithium-Ion Storage in Sb Anodes

These lithium—ions are stored inside Sb-based anodes through an alloying reaction.
The mechanism involved is well discussed by many authors. Chang et al. reported that the
lithium insertion and extraction follows different pathways. Three distinctive phases (Sb,
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LipSb and LizSb) are reported in a Li and Sb alloy [11,12]. The Sb exist in the rhombohedral
structure, Li,Sb is hexagonal and LizSb is cubic. The charge and discharge mechanism
involved is depicted in Figure 2. During the discharge process, the incoming Li-ions
interact with Sb and form LiySb. This phase transformation is well studied in the literature.

Sb — LiySb
This phase undergoes further transformation to form LisSb.
Li,Sb — Li3Sb

LisSb formed during this step is a high temperature polymorph usually observed only
at temperatures above 650 °C ((3-Li3Sb) [13].

During the charge process Li3Sb directly converts to Sb without undergoing a trans-
formation to the intermediated Li,Sb [8,14].

Similar systems such as sodium—ion batteries do not follow the same pathway, and
the importance of this difference is not well described in the literature. There has been
significant effort to use Sb as an anode for sodium and potassium ion batteries. Though it is
fundamentally interesting to study these systems, the very high-volume changes associated
with these systems (390% for Na, 407% for K) make it difficult to stabilize the electrodes
and must be addressed accordingly [15].

Disgharging

Li,Sh

Hexagonal

Sb »

Rhombohedral

Charging

Figure 2. Charge—discharge mechanism in an Sb battery.

3. Recent Developments

He et al. reviewed the developments in the field up to 2018 and this review primarily
focused on developments after this period [8]. Initially, the research focused on developing
Sb-based anodes by changing the micro- and nanostructuring to accommodate the volume
changes. The majority of these earlier work fall into the following categories:

1.  Hollow nanostructured materials: Materials with an interior space easily can accom-
modate the volume changes and these kinds of materials are synthesized to utilize
this aspect. Additionally, the nano sizing would usually give rise to the short paths
for electron mobilities which can improve performance of the material. The most-
reported hollow structures are synthesized using the templating method, but better
methods for synthesis of such structures are urgently needed.

2. Nanorods: Nanorods are a very common structure used in silicon anodes to accom-
modate the volume changes associated with them. These structures also allow the
electrolytes and electrons to be percolated easily. The hydrothermal method, electrode-
position or chemical vapor deposition techniques are the commonly used methods
for nanorod synthesis.

3. Two-dimensional (2D) structures: These structures are designed to provide high
electrical conductivity and to increase the energy density. The interlayer spacing
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present in the antimony anodes not only improves the lithium—ion storage but also
helps to achieve fast ion transport with a small ionic radius.

4. Nanoporous structures: Nanostructured porous materials are found to be effective
in reducing the strain which occurs due to volumetric changes. They aim to maintain
constant stability in the electrode and improve the kinetics of the material, thereby
accelerating the ion transport and improving the cyclic and rate capabilities. The
anode materials in this morphology are easy to construct using de-alloying low-cost
steps and the morphology is controlled with the Sb material. The nanostructuring of
the material had improved the performance of Sb anodes in several aspects, but failed
to meet the industry standards used in commercial devices. Keeping this in mind,
developments after 2018 focused on composites mainly using carbon additives.

To accommodate the volume changes, research on hollow nanospheres of Sb, which
shows better stability and good capacities, was searched for in the literature [17]. However,
synthesis methods for such nanostructures are tedious, time-consuming and less efficient.
Boebinger et al. tackled this issue by utilizing the in situ formation of hollow space during
charge—discharge cycling. They discussed hollow structure formation and the stabilization
of antimony anodes during cycling in detail. They found that the nanocrystals should have
a particular size (~15 nm) and a protective layer of oxides to unleash the complete potential
of antimony. In situ studies show the formation of voids during the initial cycling and
subsequent filling of lithium in the cycles followed [18]. The void spaces created during this
process was permanent and acted like any other ex situ-prepared hollow nanostructures.
By doing this, they could show that Sb batteries can be cycled up to 100 cycles with high sta-
bility. The formation of such structures during cycling is not well discussed in the literature
and could have the potential to be developed as a method for improving the performance
of antimony anodes. Apart from in situ methods, special synthesis protocols also could
produce nanostructures that can effectively handle the volume changes. Three-dimensional
antimony nano chains are reported to have good performance in absorbing the stress
and strain induced due to lithiation and delithiation. Rodriguez et al. used a two-stage
process involving the reduction of Sb salt for the formation of Sb nanoparticles followed
by a capping process to obtain Sb nano chains. This synthesis resulted in well-ordered
nanoparticles with a size ~30 nm (see Figure 3a—c). Through electrochemical studies, they
have shown that (see Figure 3d—e) the material can perform well up to 100 cycles with
limited capacity fading. This is attributed to the nanochain structure which could effectively
hold the electrode material during cycling. Electrode fabrication also plays a key role in
stabilizing the anode performance. Wang et al. approached the problem by modifying the
electrode fabrication using polyimide additives. The interaction between polyimide and
the binder carboxymethyl cellulose could hold the electrode material (Sb microparticles)
intact with the current collector. This strategy also helped in obtaining stability for up
to 100 cycles and performed well even at high rates of charge and discharge [19]. These
methods could be clubbed together to obtain synergetic enhancement in the performance
of Sb anodes in the future.

To handle the volumetric changes, Sb nanoparticles can also be inserted inside porous
conducting materials which could minimize the stress and strain during cycling. Yi et al.
reported a strategy for synthesizing Sb incorporated carbon Sb/C systematically starting
from ZIF-67. Carbonization reaction converts ZIF-67 to Co/C composites, as shown in the
TEM images in Figure 4a,b. A replacement reaction is followed to obtain Sb/C composites.
These kinds of reactions could be a reliable route to synthesize nanoparticles inside porous
matrices. It is reported that (in Figure 4c) the large initial capacity loss is due to the SEI
formation during the first discharge but maintains high capacity for up to 500 cycles (see
Figure 4e). This high stability, along with good rate capabilities up to 5 C (see Figure 4d),
could be useful for commercial applications [20]. Apart from ease of synthesis, economic
viability should also be the focal point of research. From this point of view, Wang et al.
reported a method wherein a chemical route is used to obtain the Sb nanoparticles inside
porous carbon structures [21]. However, the cyclic life reported was inferior compared to
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the earlier result. This tradeoff between viable synthesis and anode performance has to be
addressed to progress the antimony anode technology to the next level. Table 1 summarizes
recent developments in the antimony anodes and it can be clearly seen that there should be
efforts to improve the cyclic life as well as the rate capabilities.
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Figure 3. (a—c) TEM images (d) galvanostatic charge—discharge characteristics along with CV (inset)
and (e) cyclic stability studies of Sb nano chains. Reprinted (adapted) with permission from [16].
Copyright 2019, American Chemical Society.
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Figure 4. (a,b) ZIF converted Co/C composite (c) initial charge—discharge, (d) rate capabilities and
(e) cycling of Sb/C anodes. Reprinted with permission from Ref. [20]. Copyright 2020, Elsevier.
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Table 1. The table summarizes the recent developments in the antimony anodes for lithium-ion

batteries.
. . . - . o Residual
No. Material/Details Capacity Rate Capability Cyclic Stability Capacity Refs.
250 cycles ata
-1 -1 y
1 Sb-carbon nanocomposite 550 mA}Ag ,1@ 230 40? 11nSAAh g,l @ current rate of 230 400 mAh g1 [22]
mA g . g mA g—l
Electrophoretic deposited 731mAhg~l@0.1 498.1mAhg~'@ 100cycles@0.5 A 4
2 antimony /reduced graphite oxide Ag! 0.5 Ag™! g! 3701 mAh g (23]
. . 437.1 and 315.4
Sb nanoparticles encapsulated into 582.7 mAhg~! @0.2 1 70 cycles@0.2 A 1
3 porous carbon matrix Agl mAhg @: 2and g ! 400.6mAh g 201
5Ag!
Metallic Sb nanoparticles embedded in ~ 597.8 mAh g~! @ 200 418 mAhg ' @ 100 cycles @ 200 1
4 carbon nanosheets mA gt 50Ag! mA gt 230mAh g [24]
Nanostructured antimony/carbon 451.2mAhg ' @100 1498mAhg'@ 50 cycles @ 1600 1
> composite mAg! 1600 mA g~ mA hg! 131.6mAh g (2]
Sb nanoparticles encapsulated in 3D ) g Apo1@100  3872mAhg '@  55cycles@05A »
6 porous carbon for lithium—ion and mA ol 2 A g 1 90mAhg [21]
potassium—ion batteries & - & &
Nanostructured carbon/antimony 3544mAhg~! @1000 4704mAhg~'@ 200 cycles @ 100 1
7 composites mAh g1 100 mA g~ ! mAg~! 3234mAhg 261
-1 -1
8 Sb@C /expanded graphite 486 mAh &, @104 287;312}1 &, @ 6o cyclefl@ LoA 274 mAh g~! [27]
& Vg &
) 329mAhg' @0325  329mAhg™'@  20cycles@0.325 -
9 Sb-coated mesophase graphite powder m Agcm*Z 0325 m Agcm*Z r}; A cm-2 101.23 mAh g~! [28]
The nanocomposites of carbon 822 mAh g~ @50 200 mAh g '@50 50 cycles @ 50 mA 1
10 nanotube with Sb and SnSb0.5 mAg~! mA g~ g1 147mAh g (291
Yy . ' . 7522mAh g 1 @100 4502mAhg ! @ 100 cycles @ 100 1
11 One-dimensional Sb@TiO, composites mAg1(30) 100 mA g1 mAg ! 3402mAhg [30]
Polyimide—cellulose interaction with 580 mAh g~ is 380 mAh g @ 100 cycles @ 13.2 1
12 Sb particle and binder obtained at 1 A g~ 20C(132A¢g™h), Agl 270mAhg (191
Strongly binding natural stibnite on 1 1
13 carbon fiber as anode for lithium-ion 6696 mﬁ;h §1 @10 264'15H1;Ah,% @ 100 Cydfic’ @5A 230 mAh g~! [31]
batteries & & &
Scalable synthesis of Sb/MoS,/C 763mAhg~ ! @02 A 459mAhgl@ 250 cycles@5.0 A 1
14 composite g7} 50Ag! g ! 161 mAh g (321
Three-dimensional cross-linked
MnO/Sb hybrid nanowires 592mAhgl@1A 217mAh g™ @ 1100 cycles @ 10 1
15 co-embedded nitrogen-doped carbon g ! 10Ag! Ag! 124mAhg (331
nano tubes
Microsized antimony as a stable anode 1 1
16 in fluoroethylene carbonate containing 689 mAl:Ag _1@ 5000 6428031A2g 1 @ 300 Xges,? 200 540 mAh g~! [34]
electrolytes mag masg &
Y . . -1
17 Three d“;;ﬁgg;?isnhmony 956 mAhg ! @005C 2 r%‘zhcg ®  100cycles@05C 430 mAhg ! [16]
Aerosol assisted synthesis of spherical 726 mAh g~! @50 416 mAh g @ 150 cycles @ 100 1
18 Sb/C composites mAg! 600 mA g~1. mA gL 413 mAh g (351
Controllable synthesis of Sb/reduced
graphene oxide nanocomposite by 3909 mAhg ' @200 2053mAhg—'@ 1000 cycles @ 1
19 oxygen-containing groups for mA g1 2000 mA g~! 2000 mA g~ ! 100mAh g (361
ultra-stable lithium /sodium storage
. . . . _1 _1
20 Sodium/lithium storage behavior of 627.3 mAh g~ @100 4356 mAh g™ @ 50 cycles @ 1600 435.6 mAh g,] [17]

antimony hollow nanospheres

mAh g1

1600 mA g1

mA g’l
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Table 1. Cont.

. . . -, . . Residual
No. Material/Details Capacity Rate Capability Cyclic Stability Capacity Refs.
Sb nanoparticles encapsulated in 3D
porous carbon as anode material for 758.3 mAh g_l @0.1 387.2 mAh g_1 @ 500 cycles @ 2 1
21 lithium—ion and potassium—ion Ag! 2Ag7! Ag! 200mAh g (21]
batteries
In situ synthesis of
microsphericalSb@C composite anode 6264 mAhg~ ! @100 3368mAhg™'@ 500 cycles @ 500 1
22 with high tap density for mA g1 500 mA g1 mA g1 280mAh g (371
lithium /sodium—ion batteries
Highly efficient and stable Biand Sb  y393 ) 1 Apem=3 41483 mAhem= 50 cycles @ 621 »
23 anodes using lithium borohydride as (657.7 mAh g-1) @621 mAh o1 mAh o1 150 mAh g [38]
solid electrolyte in Li-ion batteries </ mAhg mAanhg &
Electrodeposition of Sb/CNT 750 mAhg~! @ 0.1 450 mAhg~' @ 100 cycles @ 0.1 1
24 composite films mA gt 0.1mAg! mA g~ 200mAh g (3]
Spontaneous and reversible hollowing 1 1
25 of alloy anode nanocrystals for stable 800 mA}gg 1 @660 2060 631A}[;g 1 @ 100 ZCAIQS,(? 660 200 mAh g1 [18]
battery cycling mag mAag &
Electrophoretic deposition of 3701 mAhg 1 @05 1287mAhg 1@ 100 cycles @4 A
26 antimony /reduced graphite oxide m A ,gl ’ ’ 412 ,“1; y 1 ~23.8 mAhg! [23]
hybrid nanostructure 8 & - & -
Sb nanoparticles anchored on reduced ~ 797.5mAh g~! @ 80 5629 mAh g~ @ 200 cycles @ 80 1
z graphene oxides mA g1 430 mA g~ mA g~! 83.2mAhg 401
Reversible formation of networked
porous Sb nanoparticles during 1 1
28  cycling: Sb nanoparticles encapsulated 654 mA}gg 1 @100 44;4 O%(r]n Az g,l @ 500 g];}es_@l 100 ~300.3 mAh g~! [41]
in a nitrogen-doped carbon matrix mas masg &
with nanorod structures
Facile citrate gel synthesis of 6344mAhg 1 @0.1 40597 mAhg™' @ 1 )
29 antimony—carbon nanosponge C 10C 100 cycles @10 C 153.1mAhg (421
30 Tailoring natural layered -phase 488 mAhe-1@5C 410 mAhg*] @10 40 cvcles @ 10 C 148 mAh o1 [43]
antimony into few layer antimonene & C Y J i
Ultrafine antimony (Sb) nanoparticles 1 1
31 encapsulated into a carbon microfiber 622mAh & 1 @05A 507 mﬁhﬁgl @2 5000 ;‘yc,l?s @2 350 mAh g~ [44]
framework & & &
Porous Sb with three-dimensional 651.6mAh g~ ' @0.05 557.8mAhg '@ 110 cycles @ 0.1 1
32 Sb-nanodendrites Ag! 01Ag™! Ag! 532mAh g (4]
Ion-assisted construction of 615mAhg~! @0.1 300mAhg -l @2 200 cycles @ 2 1 )
33 Sb/N-doped graphene Ag! Ag! Ag! 240mAhg 46l
Binder-free electrophoretic deposition 1 ~170mAh g @ 1 )
34 of Sb,/1GO on Cu foil 370mAhg— @1C 4C 100 cycles @ 4 C ~170mAh g [47]
Synthesis and electrochemical 463 mAh ol @
35  properties of Pb/Sb@C composite for 600 mAhg™' @0.2C ml 0 Cg 100 cycles @10 C 380 mAh g~ [12]

lithium—ion battery application

Most of the works on Sb anodes focused on studying the performance in half cell
assemblies. To evaluate the actual usability in real-life applications, it is also essential to
check them in full-cell configurations. Zhan et al. explored the possibilities of using the
electrodes in full cell assembly using metallic Sb nanoparticle embedded carbon nanosheets.
The battery was fabricated in a configuration of Sb@C nanosheets | | LiFePO4/C and tested
in between a potential window of 1.0 and 3.2 V. The first three charge cycles are shown in
Figure 5a, which shows two plateaus around 2.6 and 2.4 V. In full cell configuration, the
material shows excellent cycling stabilities indicating the practical usage in lithium—ion
batteries [24]. Similarly, Wang et al. reported Sb@TiO;-x full cells against LiCoO; cathodes
with good cycling stabilities [48]. In another report, Yu et al. described the fabrication of
full cell using tiny pieces of Sb encapsulated in MOFs-derived carbon and TiO, hollow
nanotubes [49]. The good performance and stabilities offered by Sb-based materials in full
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cell configuration suggest that there is enough room to exploit the use of Sb for commercial
applications.
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Figure 5. The electrochemical properties of the constructed Sb@C nanosheets | | LiFePO,/C full
cell showing (A) cycling time at 500 mA g~! and (B) the first three charge/discharge curves at
500 mA g~!. (Reproduced with permission from Ref. [24]. Copyright 2018, Elsevier.).

Safety is another important parameter to be considered while anodes are used in
full cells. The electrode reactions and thermal runaways are the primary cause for fire in
batteries. Manthiram group has carried out extensive studies on this aspect on Sb and Sb
alloy-based anodes. Graphite, which is used in most of the commercial batteries, tends
to have more SEI formed on the surface along with chances for dendrite formation. They
found that, at 150° Celsius, the heat generation per unit capacity for both Sb and Cu,Sb is
37% lower than graphite, which is a key region for preventing thermal runaway [50]. This
study also suggests that the safety concerns of lithium—ion batteries can be greatly solved
by using Sb in its anodes. Irrespective of its exciting properties, Sb is not an earth-abundant
material. An antimony circular economy must be developed for successful use in battery
technology. For this, the recovery of used antimony from batteries is going to be critical
and there is no literature available on this.

4. Theoretical Studies on Sb and Sb-Based Nanostructures

In addition to experimental efforts to synthesize Sb-based anodes for LIBs, theoretical
studies have also been carried out to understand the Li adsorption and storage properties
of nanomaterials composed of Sb. Due to the widespread enthusiasm for and interest in
2D materials, different groups have reported the potential LIB applications of monolayer
antimony (antimonene). In 2017, with the help of dispersion-corrected density functional
theory calculations, Sengupta et al. compared the performance of free-standing monolayer
Sb for Li and Na ion battery anode applications [43]. From their studies, they reported
that although Na adsorption is superior compared to Li adsorption, the fully lithiated
configuration (LiSb) possess a capacity of 208 mAh g~! with an average open-circuit
voltage of 2 V. They also reported a low energy barrier of 0.38 eV for the diffusion of Li
atoms on monolayer Sb.

Later, in 2018, Su et al. carried out density functional theory (DFT) studies using the
Vienna ab-Initio Simulation Package (VASP) and exclusively investigated the potential of
monolayer Sb [44] for LIB anodes in rechargeable batteries (see Figure 6a). They noticed
that the Li adsorption energies on monolayer Sb vary from 1.70 to 1.91 eV with a charge
transfer of ~0.85| e |, indicating the adsorption is relatively strong, as shown in Figure 6b,c.
It is interesting to note that the semi-metallic monolayer Sb exhibits a semiconductor to
metal transition (see Figure 6d) upon Li intercalation, accompanied by significant electron
transfer from Li to Sb, consistent with earlier reports on different 2D materials [51]. The
study also investigated the diffusion barrier of Li atoms on the surface of monolayer Sb
and observed fast diffusion with a low energy barrier of 0.20 eV. This observed diffusion
barrier is much lower compared to the bulk antimony electrode, which has a diffusion
barrier of 1.73 eV. Since the volume expansion upon intercalation is one of the important
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parameters to analyze the performance of electrode material, they also studied the volume
expansion of monolayer Sb upon Li interaction and observed a structural deformation of
~15%. Although this volume expansion is much less compared to the Sb metal, which is
135%, the possible alternatives for Sb-based anodes are highly demanding.

@ Li adsorption sites

. Sb at upper position

. Sb at lower position

22 R
(b) 40 Total
20F ' Li
e o o ©
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Figure 6. (a) Schematic illustration of the top and side geometries of 2D antimonene along with the
possible Li adsorption sites. (b) Li adsorption energies and (c) amount of Bader charge transfer as a
function of Li concentration in LixSb. (d) The density of states pristine antimonene (top panel), with
single Li adsorption (middle panel), and T1—location (bottom panel). The black and red solid lines
represent the total density of states (DOS) of Li adsorbed Sb and partial DOS of Li alone, respectively.
The vertical black dashed vertical line indicates the Fermi level and is set as 0 eV. (Reproduced with
permission from Ref. [51]. Copyright 2018, Elsevier.).

The relatively high volume expansion of the monolayer Sb motivated the study of
monolayer Sb-based heterostructures. In 2019, Wang et al. theoretically investigated the
possibilities of constructing graphene/antimonene (G/Sb) heterostructures and reported
their promising applications in high-cycle-capability anodes for fast-charging LIBs [46].
Their study revealed that G/Sb heterostructures possess a lower diffusion barrier, as shown
in Figure 7a. Additionally, the charge/discharge performance of G/Sb is superior and
has a volume expansion of 1%, which is much less compared to the Sb monolayer (15%)
and bilayer (—6%). Although the G/Sb heterostructure has a minute bandgap of 0.06 eV,
the partial density of states analysis revealed its metallic character with the presence of Li
adatom and that the contributions at the Fermi level are mainly aroused due to the presence
of p orbitals of Sb atoms, as shown in Figure 7b.

In addition to these studies, Wu et al. also reported the LIB applications of G/Sb
heterostructures and reported a high mechanical strength, suitable for minimizing the
volume expansion [52]. In addition to this, an improved electrical conductivity of G/Sb
heterostructures when compared to antimonene has also been reported. Their simulation
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pointed out that Li adatoms tried to occupy the interlayer region of G/Sb rather than the
outer surfaces. Their study observed an improved theoretical capacity of G/Sb heterostruc-
tures (369 mAh g~1), higher than that of monolayer Sb, but much less compared to many
2D materials. However, one can anticipate that the doping of carbon atoms, as well as
the creation of heterostructures using carbon-based nanostructures, can help to improve
the theoretical capacity as well as minimize the volume expansion of monolayer and bulk
Sb-based electrodes, which is vital for the rational design of high-performance electrode
materials for rechargeable LIBs.
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Figure 7. Top and side view of diffusion paths and corresponding energy profile of Li during the
intercalation in G/Sb heterostructure. (b) Partial density of states analysis during the Li intercalation
in G/Sb heterostructure with Li at different locations, consistent with (a), Li/G/Sb (top panel),
G/Li/Sb (middle panel), and G/Sb/Li (bottom panel). The vertical dashed line denotes the Fermi
level and states at the Fermi level is mainly aroused from the p orbitals of Sb atoms. (Reproduced
with permission from Ref. [52]. Copyright 2019, Elsevier).

5. Conclusions and Future Outlooks

To improve the lithium—ion battery performance, the conversion type of anodes is
believed to be the right candidate. Among these candidates, Sb has one of the least
volumetric changes during the lithium storage and possesses high volumetric properties
comparable to the highly unstable silicon anodes. In addition, Sb-based batteries offer
better safety features owing to their lower thermal runaway properties. This makes Sb a
suitable candidate to replace graphite anodes. To meet the requirements of the market,
the cyclic life of Sb has to be improved further. Hence, current research focuses on the
problems existing on antimony anodes from single directional approaches such as micro-
/nanostructuring or making composites. There should be more focus on multidimensional
approaches to solve the existing problems in Sb anodes. Additionally, more studies should
be reported on the underlying mechanism of charge and discharge mechanism which could
be important in systematically manipulating the Sb anode properties. Research which
focused on DFT studies also showed the potential of monolayer Sb for LIB anodes in
rechargeable batteries, which could provide relatively strong Li adsorption. In conclusion,
antimony is a rare element on the planet, but it offers intriguing features when it comes to
the needs of energy storage systems. It possesses great volumetric capacities and, more
crucially, good characteristics that make it suitable for use in considerably safer batteries.
To take advantage of its qualities, more focus must be placed on recovering antimony
from used anodes in order to make the most efficient use of available resources. The
lack of literature on the recovery of Sb from used anodes is concerning and should be
investigated further.
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