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Abstract

Potassium-ion batteries (PIBs) present great potential for large-scale energy

storage applications owing to their high energy density and the abundance of

potassium reserve. However, the large radius of K+ and super-reactive metallic

nature of potassium make it difficult to realize electrochemically reversible

storage with most conventional electrode materials. Currently, it remains a

great challenge to develop appropriate anode materials with high specific

capacities, long cycle life, and low cost for PIBs. Antimony-based materials are

recognized as a promising anode candidate because of their high theoretical

capacities, appropriate potassiation potential, and relatively low cost. Herein,

we review the recent progress of antimony-based anode materials for PIBs,

including metallic antimony, antimony-based alloys, antimony chalcogenides,

and composite combinations. Meanwhile, this review also focuses on the elec-

trochemical reaction mechanisms, strategies for design and synthesis of elec-

trode materials, and the advances of electrolyte modulation and electrode

formulation. Finally, we present the critical challenges to be addressed and

perspectives for ways forward to promote the development of PIBs.
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1 | INTRODUCTION

The fast-growing demands of electric vehicles (EVs)
and smart grids are stimulating the development of
energy storage systems with low cost and high energy
density. Although the state-of-the-art lithium-ion batte-
ries (LIBs) will probably continue to play an important
role in EVs, portable electronic, and large-scale energy
storage, it is imperative to explore alternative battery
systems due to the limited and regional lithium

resources.1-3 Potassium-ion batteries (PIBs) are reg-
arded as a potential alternative to LIBs, particularly in
large-scale energy storage applications because of the
abundance of potassium resources and its similar chem-
istry to lithium. Moreover, the standard reduction
potential of potassium (−2.93 V vs E0) endows PIBs a
high-voltage output, which is expected to advanta-
geously compensate for the heavier atomic mass com-
pared to Li. Besides, the lower charge density of K+

leads to smaller solvated ions and weaker desolvation
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energy of potassium, thereby offering higher ionic con-
ductivity in the bulk electrolyte.4-7

The large ionic radius of K+ (1.38 Å) results in sig-
nificant challenges to develop high-performance elec-
trode materials, which can tolerate the structural
changes during repeated intercalation/deintercalation
process and simultaneously achieve fast kinetics and
satisfactory cycling stability.8-11 Furthermore, metallic
potassium cannot be directly employed as an anode due
to the safety concerns stemming from its violent reac-
tivity.12,13 Although some researchers have demon-
strated that the commercial graphite anodes used in
LIBs can achieve an improved cycling performance
with optimized electrolytes in PIBs, the obtained capac-
ity is still limited, and graphite anode also suffer from
large volume expansion during K+ intercalation.14-16

Therefore, many research efforts have been devoted to
exploring suitable anode materials. These include car-
bonaceous materials,17-20 metal oxides,21,22 transition-
metal carbides and chalcogenides,23-26 metal alloys,,27-30

and their composites.31,32

Among these candidates, metallic antimony (Sb) and
Sb-based materials stand out owing to their high theoreti-
cal capacities and low working potential.33 As shown in
Figure 1A, metallic Sb can deliver a capacity of
660 mAh g−1 with the formation of K3Sb alloy upon fully
potassiation, which is much higher than those of gra-
phitic carbon and other alloy-based anodes except for
phosphorus (P). However, compared to the P, the Sb-
based anodes are advantageous in term of electronic con-
ductivity and easiness for fabricating nanostructured
electrodes, both of which are essential to facilitating the
sluggish electrochemical kinetics in PIBs. Meanwhile, the
puckered-layer structure of Sb with a low stacking den-
sity is beneficial for ionic diffusion and release of struc-
tural strain.34 Thus, the electrochemical reaction kinetics
of the PIBs could be boosted, leading to small polariza-
tion and good rate capability. The small polarization
between charge and discharge can lead to a high round
trip-efficiency of the battery. Consequently, the safety

risks of self-heating inside the cells can be mitigated.35

Furthermore, the relative low discharge plateau of the
Sb-based anodes would improve the energy density of
practical PIBs.

However, the huge volumetric expansion (~400%) of
Sb-based anodes deriving from the formation of K3Sb alloy
after fully potassiation creates gigantic inner stresses in the
electrode, which leads to the pulverization of the active
material and loss of electrical contact between electrode
material and current collector, resulting in the rapid
capacity decay. These issues are similar to the ones that Si-
based anodes and other alloy-type materials faced in
LIBs.36,37 Thus, the experience accumulated in those fields
can be potentially employed for the improvement of Sb-
based materials in PIBs. For example, improved perfor-
mances can be achieved by downsizing bulk Sb into
nanoparticles, combining nanosized Sb with different car-
bon matrices, and applying a multitude of strategies to del-
icately construct the Sb-containing porous architectures
and nanocomposites.38-40 Furthermore, transforming Sb
into Sb-based bimetallic alloys or antimony oxides/sul-
fides/selenides could be another approach to alleviate the
pulverization problem and stabilize the cycling perfor-
mance.41 These rationally designed strategies can effec-
tively retard volume expansion, accelerate ions and
electron transport, and eventually improve the cycling sta-
bility and rate capability of Sb-based electrodes.42-44 In
addition, the optimization of electrolytes and parameters
for electrode formulation can also improve potassium stor-
age capability of the Sb-base anode materials.

Herein, we summarize the recent advances of Sb-
based anode materials for PIBs, including pure Sb and
its composites, Sb-based alloys, and relevant antimony
oxides, sulfides or selenides (Figure 1B). To give a bal-
anced and detailed overview of this field, we have sys-
tematically reviewed the understanding of relevant
reaction mechanisms, rational electrode structural
engineering strategies, and impacts of the electrolyte
and electrode formulations on electrochemical perfor-
mances. Moreover, we also highlight the existing

FIGURE 1 A, The

theoretical capacity and

corresponding discharge

products of the mostly studied

alloy-based materials for

potassium storage (graphite is

presented as reference). B,

Schematic illustration of the

methodology for improving

electrochemical performance of

Sb-based anodes in potassium-

ion batteries
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challenges and opportunities for preparing high-
performance Sb-based anodes materials for PIBs. We
believe that this review is instructive and informative
for researchers working on the development of new
rechargeable battery systems.

2 | MONOMETALLIC Sb-BASED
ANODES

2.1 | Potassium storage mechanism of
metallic Sb anodes

Understanding the working mechanism and identifying
the exact discharge and charge products during each
potassiation/depotassiation step is crucial to guiding elec-
trode design and determining appropriate methods to
enhance the electrochemical performances of Sb-based
anode materials in PIBs. Although metallic Sb possesses
a high theoretical capacity of 660 mAh g−1 (same as the
capacities for lithium and sodium storage) upon full

alloying by the formation of K3Sb in PIBs, the mecha-
nism of potassium storage is different from those in LIBs
and sodium-ion batteries (SIBs).45-47

So far, several different characterization methods
have been employed for unraveling the potassium storage
mechanism in Sb-based anodes, including ex situ and in
situ X-ray diffraction (XRD), ex situ Raman spectroscopy,
and transmission electron microscopy (TEM). McCulloch
et al firstly reported a mechanically mixed Sb/C
nanocomposite for PIBs in 2015. This anode material
delivered an initial reversible capacity of ~650 mAh g−1

(98% of the theoretical capacity of Sb), indicating that the
Sb/C hybrid can alloy with potassium forming a K3Sb
alloy.38 The discharge product was further confirmed by
ex situ XRD, in which the diffraction peaks of the pristine
and fully discharged electrodes match those of pure crys-
talline antimony and cubic K3Sb phase, respectively.
Compared with the ex situ XRD techniques, in situ char-
acterization is more powerful for accurately monitoring
the phase changes during discharging and charging pro-
cesses. For example, Mai et al revealed the K-Sb alloying

FIGURE 2 A, In situ X-ray diffraction patterns of the three-dimensional SbNPs@C electrode during the galvanostaticde potassiation/

depotassiation process at 100 mA g−1, image plot of the diffraction patterns at 28� to 33� during the first two cycles. Reproduced with

permission from Reference 48, Copyright 2017, Royal Society of Chemistry. B, Ex situ Raman spectra of a Sb/C electrode collected at

different states at a current density of 0.5 A g−1. Reproduced with permission from Reference 49, Copyright 2019, Springer. C, Crystal

structure of K and stages of the structure evolution from Sb to K3Sb during the potassiation process. D, Density functional theory-calculated

equilibrium voltages (vs K/K+) for the potassiation process. E, Cyclic voltammetry curves for the Sb@CSN electrode at a scan rate of

0.05 mV s−1. F, Typical second charge/discharge profile Sb@CSN in the 4 M potassium trifluoromethane-sulfonimide (KTFSI) electrolyte at

50 mA g−1. Reproduced with permission from Reference 50, Copyright 2019, Royal Society of Chemistry
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reaction in a three-dimensional (3D) confined Sb
nanoparticles (SbNPs@C) anodes by in situ XRD mea-
surements.48 As shown in Figure 2A, the diffraction peak
of Sb at 28.6� was clearly detected in the pristine elec-
trode, and this peak gradually disappeared upon dis-
charging and a new peak of K3Sb located at 29.7 �

appeared when discharged to 0.19 V. No diffraction peaks
were detected between 28.6� and 29.7 �, indicating that
the intermediate discharge products are amorphous.51

Upon charging, the peak intensity of K3Sb gradually
decreases, and amorphous Sb was obtained as the final
product, which was further confirmed by ex situ TEM. In
addition, ex situ Raman spectroscopy has been employed
as another useful technique to verify the potassiation
mechanism of Sb anodes (Figure 2B).49

Beyond the aforementioned direct characterization
methods to investigate the structure of discharge prod-
ucts, theoretical calculations were also conducted to pre-
dict the potassiation behavior of Sb anodes. According to
the Sb-K binary phase diagram, there are four KxSb inter-
mediate phases ranging from KSb2 to KSb, K5Sb4, and
K3Sb along with the increase of K content (the crystalline
structures are shown in Figure 2C), corresponding to the-
oretical capacities of 108, 216, 270, and 660 mAh g−1 in
PIBs, respectively.52 On the basis of the phase diagram,
Wang et al computed the equilibrium potential for
alloying K with Sb via first principle calculations.50 As
exhibited in Figure 2D, the thermodynamic equilibrium
potentials of KSb2, KSb, K5Sb4, and K3Sb are 0.89, 0.849,
0.439, and 0.398 V, respectively. The calculated two
prominent potential plateaus at voltages of ~0.4 and
0.9 V are in accordance with two redox peaks observed in
the cyclic voltammetry (CV) curves (Figure 2E). The
broad overlapping peak located at ~0.78 V in the cathodic
scan could be attributed to the formation of intermediates
KSb2/KSb. Meanwhile, another overlap peak centered at
~0.23 V should be assigned to the stepwise alloying reac-
tions from KSb to K5Sb4 and then K3Sb. In the reverse
anodic curve, a prominent peak at 0.64 V and a minor
peak at 1.12 V, correspond to the stepwise K extraction
from K3Sb to Sb. It should be noted that the peaks are
shifted in the CV curves compared with the theoretical
value, which is primarily due to the overall system over-
potential. Figure 2F shows the second galvanostatic
charge/discharge curves of the as-prepared Sb-C compos-
ite in 4 M potassium trifluoromethane-sulfonimide
(KTFSI) electrolyte at 50 mA g−1. It is obvious that the
voltage plateaus and intensity of discharging/charging
curves are consistent with the CV results and calculated
voltage profile.

Overall, advanced in situ and ex situ characterizations
play crucial roles in investigating the detailed working
mechanisms of PIBs. A better understanding of the

electrochemical behaviors provides us a deep insight for
developing Sb-based anodes, or even other alloying-type
electrode materials for PIBs.

2.2 | Modification strategies for Sb-based
anodes

Similar to most other alloying-type anode materials, Sb
suffers from significant volume changes during repeated
potassiation/depotassiation processes, which leads to pul-
verization of the electrode material and fracture of the
active material from the current collector, manifesting as
abrupt capacity fading. To overcome these challenges,
several strategies have been reported. These include engi-
neering nanostructures to shorten K+ diffusion pathways
and accommodate the volume extension, incorporating a
complementary matrix to buffer the structural changes,
and optimizing electrolytes composition to mitigate the
side reactions and stabilize the solid electrolyte inter-
face (SEI).

2.2.1 | Nanostructured Sb

Nanostructuring is becoming a key technique for improv-
ing electrochemical performances of electrode materials
since it can enhance the reaction kinetics by shortening
the pathways for electron transport and ion diffusion.
Meanwhile, the voids between nanomaterials or within
nanoarchitectures can alleviate the mechanical stress
caused by the volume changes of active materials com-
pared with the bulk counterparts (Figure 3A). Qian et al
synthesized Sb nanoparticles with an average size of 55 nm
by a low-temperature molten salt reduction of SbCl3
(Figure 3B).53 As shown in Figure 3C, the Sb nanoparticles
exhibit a better rate performance compared with the bulk
one, indicating the enhanced electrochemical reaction kinet-
ics of nanosized Sb electrodes due to the shorter diffusion
distance and reduced mechanical stress. Although some
improvements in performance has been achieved from bulk
to nanosized material, the capacity of Sb nanoparticles sud-
denly drops to less than 100 mAh g−1 after 20 cycles. The
reason for this failure is that the electrode has no ample
space to accommodate the volume expansion of the Sb dur-
ing potassiation. Therefore, design and construction of
nanoarchitectures with void space and pores could further
improve electrochemical performance.55,56

As an example, Feng et al prepared a micronsized
nanoporous Sb with tunable porosity by a vacuum distil-
lation strategy for high-performance PIBs.54 The
nanoporous Sb was obtained through evaporating low-
boiling-point Zn from a commercial Zn-Sb alloy

4 of 19 GAO ET AL.



(Figure 3D). Meanwhile, the pore volume of 3D
nanoporous Sb can be controlled by adjusting the evapo-
ration temperature and the proportion of Zn-Sb. The pure
nanoporous Sb electrode delivered an initial charge
capacity of 517 mAh g−1 with a capacity retention of
62.35% after 50 cycles at 50 mA g−1 and rate capacity of
265 at 500 mA g−1. By contrast, the bulk Sb only retained
3.92% of the original capacity after 50 cycles. The poor
cycling performance of the bulk-Sb could be attributed to
the crumbling of the conductive network between Sb par-
ticles and current collector due to the large volume
expansion upon potassiation (Figure 3E). In contrast, the
micron-sized Sb with interconnected nanopores is benefi-
cial to accommodate the volume change and promote
electron and ion transport during the alloying-dealloying
processes (Figure 3F). Even with these advantages, the
cycling stability of pure 3D porous Sb is still not as good

as that of carbon materials since the whole Sb skeleton is
vulnerable to the mechanical stress caused by the
repeated insertion and extraction of K+ ions.57

2.2.2 | Hybridization of nanostructured
Sb and conductive matrixes

Combining Sb nanoparticles and conductive matrixes can
further stabilize the electrode structures and improve the
cycling performance of PIBs. Mechanical blending
methods, such as hand grinding, ball milling, and ultra-
sonic treatment, are one of the most simple and efficient
approach to achieve the hybridization of Sb nanoparticle
and carbonaceous materials.58 High-energy ball milling
and high-power ultrasonication can also downsize multi-
ple composite particles simultaneously.59 The carbon

FIGURE 3 A, Schematic of the reducing grain size of bulk Sb material to the nanoscale. B, Scanning electron microscopy image of Sb

nanoparticles. C, A comparison of rate performances of the bulk Sb and Sb nanoparticles. Reproduced with permission from Reference 53,

Copyright 2018, Royal Society of Chemistry. D, Schematic of the preparation of nanoporous Sb by the vacuum-distillation approach.

Schematic of potassiation process for the, E, bulk Sb and, F, nanoporous Sb anodes. Reproduced with permission from Reference 54,

Copyright 2018, American Chemical Society
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ratio in the Sb/C composite is crucial to electrochemical
performance as well. Sultana et al demonstrated that a
higher carbon proportion in the composite could post-
pone battery failure in a later cycle, but the capacity of
the composite electrode would become lower when more
carbon was incorporated.60 In addition, extended milling
and ultrasonic treatment time lead to a smaller Sb parti-
cle size and more uniform distribution of particles on a
supporting substrate, thereby improving electrochemical
performance. For example, Lu et al prepared Sb-graphite
composites via 24 hours high energy ball-milling along
with an ultrasonic method, in which Sb nanoclusters of
less than 5 nm size uniformly distributed in the graphite
layers.61 The Sb-graphite hybrid anode delivered a

reversible capacity of 449.7 mAh g−1 after 100 cycles with
a capacity retention of 96.8%, which is much higher than
that of Sb-graphite prepared by hand grinding. Neverthe-
less, the battery life of most mechanically mixed Sb/C
composites is under 100 cycles and an abrupt drop in
capacity occurs in the later cycles. This is because the
mechanical mixing method inevitably leads to an uneven
distribution of the Sb and carbon, and still no ample
reserved space for accommodating the volume expansion
of Sb and releasing the accompanying mechanical stress
of the whole structure.

The structural stability of Sb-anodes can be further
enhanced by anchoring Sb nanoparticles on a variety of
conductive nanomaterial matrixes, such as one-

FIGURE 4 Schematic illustrations of the Sb nanoparticles anchored on the, A, one-dimensional (1D) nanofibers, B, two-dimensional

(2D) nanosheets, and, C, three-dimensional (3D) porous network. D, Scanning electron microscopy (SEM) and, E, transmission electron

microscopy (TEM) images of the u-Sb@CNFs. Reproduced with permission from Reference 64, Copyright 2019, Wiley-VCH. F, SEM

image, G, TEM image and (inset of G) particle size distribution of the Sb/CNS. Reproduced with permission from Reference 66, Copyright

2019, Elsevier. H, Low-magnification and, I, high-magnification SEM images of 3D SbNPs@C. Reproduced with permission from Reference

48, Copyright 2018, Royal Society of Chemistry
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dimensional (1D) nanotubes or nanofibers,62-64 two-
dimensional (2D) nanosheets,65 and 3D networks
(Figure 4A-C).67 1D materials not only act as highly con-
ductive continuous networks but also provide high
mechanical strength. Meanwhile, 1D structures are read-
ily interwoven into flexible free-standing electrodes,
which is attractive for wearable devices. More impor-
tantly, the empty spaces between the 1D structures facili-
tate electrolyte penetration and accommodate volume
changes of Sb particles, enabling better cycling stability.68

For instance, Zhou et al fabricated the ultrasmall Sb
nanoparticles within carbon nanofibers containing an
array of hollow nanochannels (u-Sb@CNFs) via a hard-
template assisted electrospinning technique (Figure 4D-
E).64 When employed as free-standing anodes for PIBs,
they achieved an excellent rate capability and superior
cycling stability (retaining a capacity of 225 mAh g−1

after 2000 cycles at 1 A g−1).
Owing to the advantages of shorter ion diffusion path-

ways, larger surface-to-volume ratio and higher utiliza-
tion of active sites, 2D materials have attracted intensive
attention for energy storage.69-71 However, the severe
restacking tendency of 2D nanosheets hinders the access
of electrolyte and ionic transport.72 Combining Sb
nanoparticles with conductive 2D materials, such as
graphene and MXenes, can utilize the advantages of both
individual components and eliminate their shortcom-
ings.73 The 2D materials not only provide fast electronic
and ionic pathways for electrochemical reactions, but
also protect Sb from the pulverization. Meanwhile, Sb
nanoparticles act as pillars to prevent the restacking of
the 2D materials. As shown in Figure 4F,G, Sb nano-
crystals with a size of ~14.0 nm embedded into ultrathin
carbon nanosheets (Sb/CNS) were prepared by a
solvothermal “metathesis” reaction.66 Owing to the syn-
ergistic effects between carbon nanosheets and Sb
nanoparticles, the Sb/CNS electrode delivered a specific
capacity of 288 mAh g−1 at 50 mA g−1 after 50 cycles and
maintained 90% of the initial capacity after 600 cycles at
200 mA g−1.

Similar to 1D structures, another advantage of 2D
materials is the possibility of forming flexible electrodes
without binders and additives. Recently, 2D transition
metal carbides and/or nitrides, denoted as MXenes, have
been widely applied as electrode materials or comple-
mentary additives in energy storage due to their high
electronic conductivity and low ion diffusion barriers.74-76

Based on these merits of 2D MXenes, Tian et al con-
structed a robust, flexible and free-standing MXene@Sb
anode via a one-step electrodeposition approach.77 Hier-
archically porous Sb was robustly grown on the MXene
paper, which provided high efficient pathways for the
migration of electrons and ions. The MXene@Sb anode

showed a reversible capacity of 517 mAh g−1 at
500 mA g−1 with ~79.1% capacity retention after
500 cycles in PIBs. After 100 cycles, the MXene@Sb elec-
trode maintained integrity and flexibility. In particular,
the porous Sb particles were well preserved, demonstrat-
ing the good structural stability of the composite. In addi-
tion, the free-standing electrode without using Al or Cu
current collectors could decrease the weight of batteries
and thus increase the energy density of full cells.

Owning to the high surface area, continuously inter-
connected networks and superior conductivity, 3D porous
carbonaceous architectures are generally considered as
ideal buffer frameworks to relieve structural fracture of Sb,
enhance ionic and electronic transport, and maintain elec-
trode integrity.78,79 As shown in Figure 4H,I, Han et al
constructed Sb nanoparticles (~100 nm) confined in a
honeycomb-like carbon network (SbNPs@C) by a NaCl
template method for potassium storage.48 The as-prepared
SbNPs@C anodes possessed the advantages of the 3D car-
bon framework and the high capacity of the Sb, and
exhibited a good rate performance with a capacity of
288 mAh g−1 at a high current density of 1 A g−1. Simi-
larly, Chen et al prepared a 3D macroporous Sb-carbon
composite (Sb@C-3DP) through a facile KCl template
strategy coupled with a bi-functional potassium antimony
tartrate as precursor.67 The Sb@C-3DP electrodes
maintained an outstanding capacity of 342 mAh g−1 with
a retention of 97% at 0.5 A g−1 after a long life span of
260 cycles. Moreover, the full cells consisting of Sb@C-
3DP anodes and the Prussian blue cathodes exhibited a
high energy density (197.6 Wh kg−1) and power density
(2067.9 W kg−1) in potassium bis(fluorosulfonyl)imide-
dimethoxyethane (KFSI-DME) electrolyte.

Beyond the above three kinds of typical
nanocomposites, there have several other Sb-based
hybrid structures been reported. For example, Kim et al
and Lu et al both reported a multicomposite electrode
(Sb-C-rGO) comprising Sb nanoparticles, amorphous car-
bon and graphene sheets, in which Sb was confined in
the carbon matrix, and the reduced graphene oxide acted
as extra reinforcement for conductive and mechanical
properties.80,81 Because of these advantages, the pulveri-
zation of active material was circumvented, and the
robust Sb-C-rGO composite electrodes achieved a signifi-
cantly improved rate performance and excellent cycling
stability (Figure 5A). Besides these features, the capacity
of the Sb-C-rGO anode recovered to the original value
after 100 cycles after replacing the K metal and electro-
lyte, demonstrating that the degradation of the batteries
was mainly due to the side reactions between the carbon-
ate electrolyte and K metal (Figure 5B). The result also
suggests the necessity of developing alternative anodes
instead of using metallic K as anodes.
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Qu et al introduced a hierarchical chrysanthemum-
like MoS2/Sb heterostructure (MS) encapsulated into an
N-doped graphene framework (MS@C) for PIBs.82

Firstly, the MS with Sb nanoparticles uniformly distrib-
uted on the MoS2 nanosheets provided more active sites
for potassium storage since the open chrysanthemum-like
structure provide enormous contact areas between the elec-
trolyte and active material (Figure 5C). Moreover, MoS2 also
contributed a significant capacity based on the conversion
reaction. Secondly, the heterointerfaces formed between
MoS2 nanosheets and Sb nanoparticles confined the coars-
ening of Sb nanocrystals and mitigated structural collapse
during potassiation and depotassiation. Thirdly, the N-
doped graphene framework further facilitated electron
transport and enhanced structural stability by preventing
the agglomeration and pulverization of MoS2 and Sb. Thus,
the MS@C electrode delivered better cycling stability than
that of MS (Figure 5D).

3 | Sb-BASED ALLOYS FOR PIBs

Combining Sb with another metal to form intermetallic
alloys is considered as an effective approach to alleviate
the volume expansion of Sb anode and improve its elec-
trochemical performance.83 Based on the chemical

reactivity of the introduced metal, the Sb-based alloys
can be divided into the active-inactive and active-active
types. Both types can reduce the aggregation of Sb
nanoparticles and buffer the volume changes of Sb or Sb
and the other active metal during potassiation and
depotassiation. It should be noted that the alloys alone,
especially for the active-active type, mostly still suffer
from the electrochemical pulverization and limited cycle
life, and the aforementioned strategies for modification of
metallic Sb are suitable for further improving their per-
formances. For active-inactive alloys, such as Sb-Co and
Sb-Fe alloys, the introduction of the inactive conductive
metal could enhance the rate capability and cycling sta-
bility of Sb, but at the cost of specific capacity of the
whole electrode.84,85

On the other hand, the active-active type alloys are
more promising since both components contribute to the
capacity of potassium storage, leading to a higher specific
capacity. Recently, Xu et al constructed a bismuth-anti-
mony/carbon composite (BiSb@C) by a freeze-drying
and pyrolysis method (Figure 6A).86 Bi was chosen
because it could form solid solutions with Sb at any
molar ratios, and it also has a reasonable theoretical
capacity of 385 mAh g−1 for potassium storage. The XRD,
scanning electron microscopy (SEM), and TEM charac-
terization results revealed BiSb alloy nanoparticles

FIGURE 5 A, Schematic of the structural evolution of the Sb-C-rGO during potassiation and depotassiation. B, Cycling performance of

the Sb-C and Sb-C-rGO composites at 0.5 A g−1. Reproduced with permission from Reference 81, Copyright 2019, American Chemical

Society. C, Schematic illustration of the MS@C and MoS2/Sb heterostructure (MS) composites during long-term cycling. D, Cycling

performance of the MS@C and MS at 0.5 A g−1. Reproduced with permission from Reference 82, Copyright 2019, Elsevier
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uniformly embedded in porous carbon nanosheets
(Figure 6B-E). Due to the synergistic effects between the
Bi, Sb, and carbon, the BiSb@C anodes delivered a higher
capacity and better cycling stability compared with the
monometallic counterparts (Figure 6F). The excellent
performance could be attributed to the highly reversible
electrochemical alloying and dealloying reaction, which
was revealed by the operando XRD characterization
(Figure 6G). Generally, the potassiation and depotassiation
processes are similar to metallic Sb, except that a crystalline
BiSb phase was observed instead of the amorphous Sb
when batteries were fully charged.

Tin-antimony (SnSb) is another extensively investi-
gated bimetallic alloy for PIBs. Sn has a very limited spe-
cific capacity (226 mAh g−1) based on the formation of
KSn after potassiation. However, Sn has a much lower
discharge plateau which is favorable for anodes. When
Sn alloying with Sb, the attainable capacity can be

increased compared with the bare Sn anode. More impor-
tantly, the SnSb alloy possesses different alloying/
dealloying potentials of the Sn and Sb, and the synergistic
effects between Sb and Sn can alleviate the dramatic vol-
ume variation during discharge and charge.87 As a dem-
onstration, Stievano et al prepared SnSb powder via a
high energy ball milling method.41 The alloy anode
achieved a specific capacity of 370 mAh g−1 with a 75%
capacity retention after 40 cycles based on the formation
of KSn and K3Sb after potassiation, and the cycling stabil-
ity is better than that of pure Sn and Sb electrodes.
Undoubtedly, pure SnSb with delicately designed nano-
structure and carbon modification can further facilitate K
diffusion kinetics and prevent the aggregation of
nanoalloy particles. Zhao et al fabricated SnSb
nanoparticles confined in N-doped 3D carbon composite
(SnSb@NC) through a NaCl template-assisted in situ
pyrolysis method for PIBs.88 The porous N-doped carbon

FIGURE 6 A, Schematic illustration of the preparation of the BiSb@C composite. B, X-ray diffraction (XRD) pattern with Reitveld-

refined results, C, Scanning electron microscopy, D, transmission electron microscopy (TEM), and, E, High-resolution TEM (HRTEM)

images of the BiSb@C. F, Cycling performance of Bi@C, Sb@C and BiSb@C electrodes. G, Operando XRD results of BiSb@C anode during

the first and second cycles and the proposed potassium storage mechanism. Reproduced with permission from Reference 86, Copyright 2020,

American Chemical Society
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matrix not only prevented the aggregation of SnSb parti-
cles but also acted as a 3D conductive network to facili-
tate electron and ions transfer. In addition, the defective
carbon could provide extra active sites for potassium stor-
age. Thus, the SnSb@NC composite anodes delivered an
improved electrochemical performance in PIBs.

4 | ANTIMONY CHALCOGENIDES

Apart from the metallic Sb anodes, antimony chalcogen-
ides such as antimony oxides, antimony sulfides, and
antimony selenides have also attracted intense interests
owing to several advantages. First, a large proportion of
Sb element exists in the earth's crust in the form of anti-
mony sulfides, and the metallic Sb is mostly obtained by
the reduction of the antimony chalcogenides in industry.
So, using antimony chalcogenides as anodes is more cost-
effective compared to metallic Sb. Secondly, based on the
conversion-alloying mechanism, the theoretical capaci-
ties of antimony chalcogenides are higher than that of
metallic Sb.89 Thirdly, it is easy to prepare antimony sul-
fides and selenides with different nanoarchitectures such
as 1D nanorods and 2D nanosheets.90 By contrast, metal-
lic Sb has been mainly explored as 0D nanoparticles in
the recent literatures. However, similar to the metallic
Sb-based anodes, the conversion-alloying type electrode
materials also suffer from inherent large volume varia-
tions during potassiation and depotassiation. Besides, the
less-conductive discharge products from the conversion
reaction stagnate the reaction kinetics, and some of the
discharge products like potassium oxides are irreversible
in the charging process.91

Among the antimony chalcogenides, antimony trisul-
fide (Sb2S3) stands out because of its high theoretical capac-
ity (946 mAh g−1) and better reversibility compared to
antimony oxides.92 The electrochemical mechanism of
Sb2S3 in PIBs was also investigated by Guo's group via
operando synchrotron X-ray diffraction and ex situ selected
area electron diffraction patterns, and its potassiation pro-
cess could be divided into the K+ intercalation reaction,
and then conversion and alloying reactions.93 The total
reaction equation can be summarized as follows:

Sb2S3 + 8K+ + 8e – ! 2K3Sb+K2S3: ð1Þ

Based on the electrochemical reaction, the total vol-
ume change is estimated to be around ~300%. To over-
come this problem and improve limited ion/charge
transfer, they constructed a 2D Sb2S3/carbon (SBS/C)
hybrid via a solution-triggered high-shear exfoliation pro-
cess. The SBS/C with a few-layered structure was of great
benefit for mitigating the volume expansion as well as

accelerating the ion and electron transport during the
repeated insertion and extraction of K+ (Figure 7A,B). In
addition, the carbon nanosheets protect the active mate-
rial from loss by trapping the elemental S that is inevita-
bly formed owing to the irreversible reaction between
Sb2S3 and K2S3. Thus, the as-prepared Sb2S3/C anode
delivered a specific capacity of 404 mAh g−1 after
200 cycles at 500 mA g−1 and retained 76% of the initial
capacity when current densities were increased from
50 to 500 mA g−1 (Figure 7C).

Antimony selenide (Sb2Se3) with a specific capacity of
670 mAh g−1 has also been investigated as anodes for
PIBs. Qian et al developed a hollow Sb2Se3@C microtube
via a self-templated process for potassium storage.95 The
hollow Sb2Se3 core offers ample free space for accommo-
dating the volume expansion, and the outer carbon layer
not only provides extra mechanical protection to release
the stress generated by the Sb2Se3 core but also prevents
the aggregation of the Sb2Se3. Besides, 1D structures with
carbon outer layer facilitates charge transfer and ion dif-
fusion kinetics. As a result, the Sb2Se3@C electrode deliv-
ered a capacity of 313 mAh g−1 at 100 mA g−1 over
40 cycles, and a rate capability of 223 mAh g−1 at
1 A g−1. In situ Raman spectra and ex situ XRD results
revealed that K2Se and Sb were first formed from the con-
version during K+ insertion, followed by an alloying pro-
cess with the formation of K3Sb. The depotassiation
process was exactly opposite to the potassiation route. So
the overall electrochemical reaction of Sb2Se3 was pro-
posed to be as follows:

Sb2Se3 + 12K+ + 12e – $ 2K3Sb+ 3K2Se: ð2Þ

Apart from the aforementioned antimony chalcogen-
ides, Sb-based bimetallic oxides and sulfides inherit the
merits of the alloy materials and enable a better electro-
chemical performance than the monometallic counter-
parts. Lu's group conducted some pioneering works in
this direction. They prepared (Bi, Sb)2S3 nanotubes via a
simple coprecipitation method, in which the ratio of Bi-
Sb could be facilely regulated.94 Interestingly, an in situ
alloying strategy to form uniform (Bi, Sb) alloy
nanoparticles was discovered, which can deliver excep-
tional performances in PIBs. The K+ intercalation pro-
ceeds first, and then Sb3+ and Bi3+ are reduced in situ to
form BiSb alloy during discharging. It is an atomic-level
alloying process, generating a more homogenous distri-
bution of Bi and Sb compared with that synthesized by
the conventional routes. This conversion reaction from
(Bi, Sb)2S3 to (Bi, Sb) alloy is irreversible, and the subse-
quent potassiation process is the same as in the BiSb alloy
anodes mentioned in the previous section. As shown in
Figure 7D, the phase transformation during the insertion
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and extraction of K+ was concluded to be:
(Bi,Sb)2S3 ! (Bi,Sb) $ K(Bi,Sb) $ K3(Bi,Sb). These elec-
trodes delivered a capacity of 353 mAh g−1 at 0.5 A g−1

after 1000 cycles, and a rate capacity of 300 mAh g−1 at
1 A g−1. More recently, the same group reported 2D
Sb2MoO6/rGO nanosheets for PIBs, which exhibited a
much better rate and cycling performance than those of
the Sb- and Mo-based oxides/rGO.96 However, the spe-
cific capacity is inferior in comparison with the (Bi,
Sb)2S3 due to the incorporation of inactive Mo.

As an overview in Table 1 we have summarized the
initial coulombic efficiencies (ICEs), rate capabilities
and cycling performances of PIBs with the reported
metallic Sb and Sb-based composite anodes. The
corresponding compositions, structural properties, syn-
thetic methods, and electrolyte formulation are

presented as well. In general, a hierarchical structure
that can combine the fast reaction kinetics and good
electrode structural stability are of top priority for real-
izing superior potassium storage performance. This can
be achieved by a multistep electrode material engineer-
ing approach. For example, we fabricated a high per-
formance antimony selenide (Sb2Se3) composite anode
for PIBs through a combined strategy of conductive
encapsulation and 2D confinement.97 The Sb2Se3
nanorods are uniformly coated with a conductive N-
doped carbon layer and then confined between
graphene nanosheets. The synergistic effects between
conductive coating and confinement effectively facili-
tate the electron transport and ion diffusion, buffer the
large volumetric variation, and maintain the structural
stability for superior cyclability.

FIGURE 7 A, Schematic illustration of the structural change of bulk Sb2S3 and few-layered Sb2S3/carbon (SBS/C) electrodes. (B) TEM

image of the SBS/C composite and corresponding energy disperse spectroscopy spectrum of the indicated area. Scale bars: 200 nm. C, Rate

capabilities of SBS/C electrodes exfoliated with different solvents obtained at the various charge and discharge current densities and their

cycling performance after rate testing at 500 mA g−1. Reproduced with permission from Reference 93, Copyright 2018, Nature Publication

Group. D, Schematic illustration of the potassiation/depotassiation process in (Bi,Sb)2S3. Reproduced with permission from Reference 94,

Copyright 2019, American Chemical Society
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5 | OPTIMIZATION OF THE
ELECTROLYTES AND ELECTRODE
FORMULATION

The electrolyte plays a more important role in PIBs than
in LIBs and SIBs because of the violent side reactions
between electrolytes and highly reactive metallic potas-
sium. An optimized electrolyte, including types and spe-
cific concentrations of potassium salts, solvents and
additives, has a great influence on the formation of SEI
layer and the prevention of side reactions, which are cru-
cial to Coulombic efficiency and cycle life of the
PIBs.98-100 For example, Guo et al demonstrated that
KFSI in carbonate electrolyte could induce a more
mechanically robust, uniform and conductive SEI layer
than potassium hexafluorophosphate (KPF6) in alloy-based
anodes (Figure 8A-C), which suppressed the decomposition
of the electrolytes, reduced side reactions and maintained
electrode integrity.101 The worst aspect of using KPF6
might be ascribed to the formation of strong Lewis acid by
decomposition or hydrolysis of the salt (KPF6 ! KF + PF5,
KPF6 + H2O ! KF + HF + POF3), which induces the
polymerization of ethylene carbonate (EC) and side reac-
tions with the discharge product.102 As shown in
Figure 8D, the Sb/C electrodes delivered a significantly
improved cycling capacity (470 mAh g−1 after 50 cycles) in
KFSI carbonate electrolyte compared with the KPF6 elec-
trolyte (80 mAh g−1 after 15 cycles).

Madec et al systematically investigated the electrolyte
reactivity in K metal/Sb half cells and its influences on the
formation of the electrode/electrolyte interphase.103 It has
been proved that the Coulombic efficiency increased by
the addition of fluoroethylene carbonate (FEC) and vin-
ylene carbonate (VC) to propylene carbonate (PC), the
replacement of PC by EC/diethylene carbonate (DEC),
and the replacement of KPF6 by KFSI. Furthermore, opti-
cal observations of deassembled postcycled electrodes
coupled with gas chromatography-mass spectrometry and
X-ray photoelectron spectroscopy (XPS) results reveal that
the species from the reaction between K metal and electro-
lyte can migrate to the anode side and affect the
Sb/electrolyte interphase via a cross-talk mechanism. This
work indicated the necessity of employing full cells to eval-
uate the electrochemical performance for excluding the
influences of K metal when we search for new electrolytes.

To achieve better electrochemical performances of
Sb-based anodes, it is necessary to combine the investiga-
tion of nanoarchitectural design and electrolyte regula-
tion.104 Wang et al prepared an Sb@CSN composite
electrode with Sb nanoparticles uniformly encapsulated
in carbon spheres via a scalable electrospray technique.50

Furthermore, they also regulated the components of
ester-based electrolytes to facilitate the formation of a

stable KF-rich SEI layer (an inorganic-dominated SEI
layer) on the anodes. The well-defined Sb@CSN electrode
in the optimized 4 M KTFSI electrolyte delivered a dis-
charge capacity of 626 mAh g−1 at the second cycle with
a low capacity decay from the 10th to 100th cycle, stabi-
lizing at 504 mAh g−1 at 200 mA g−1 after 220 cycles
(Figure 8E). The improvement of the electrochemical
performance ascribed to not only the delicate nanostruc-
ture design but also the optimized electrolyte (4 M
KTFSI/EC + DEC).

The composition of SEI films was characterized by in-
depth XPS as shown in Figure 8F. The merits of concen-
trated KTFSI electrolyte are summarized as follows:
(a) the concentrated KTFSI electrolyte with abundant F
element can reach and participate in SEI formation more
easily compared with the dilute counterpart. Accompa-
nied with concentrated K+, a KF-rich SEI layer was gen-
erated; (b) A robust KF-rich SEI layer could guard
against further reaction between the active materials and
the electrolyte, at same time accommodating the volume
change of active materials, thereby an excellent K-storage
performance can be reached; and (c) concentrated KTFSI
could prevent the KF from dissolving the electrolyte as
well, further stabilizing the SEI layer for good cycling
performance (Figure 8G).

Apart from the ester-based electrolytes, ether-based
electrolytes were found to be more stable in some cases.
For example, a thinner SEI film was formed on
SnSb@NC electrode in DME-based electrolyte rather
than EC/DEC electrolyte.88 By contrast, the decomposi-
tion of the ester electrolyte was more serious, leading to
the formation of a thicker SEI film and larger charge
transfer resistance. Thus, the SnSb@NC electrode based
on KPF6 in DME electrolyte delivered an improved rate
capability and cycling performance compared to the
EC/DEC electrolyte.

In addition, binders and carbon additives are two
other factors which need to be considered for the
improvement of the electrochemical performance of Sb
electrodes in PIBs. Glushenkov et al also demonstrated
that biodegradable polymer gum arabic (composed of a
polysaccharide and glycoproteins) is much better than
the conventional carboxymethyl cellulose and could
enhance the mechanical properties and tolerate volume
expansion stress of the electrodes during cycling.60

Monconduit et al investigated the effects of carbon addi-
tives on electrode formulation of bulk Sb in PIBs.105 They
found that double-walled carbon nanotubes (DWCNT)
were a better conductive additive compared with conven-
tional carbon black, graphite, vapor ground carbon fibers,
and super P. This is because DWCNT also acted as a
mechanical reinforcement for the whole electrode that
could withstand the volume change of Sb.
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6 | SUMMARY AND OUTLOOK

In this review, we systematically reviewed and summa-
rized recent progress on Sb and Sb-based alloys as anodes
for PIBs. Antimony, with its high theoretical capacity and
appropriate potassiation potential, is regarded as a prom-
ising alloying-type anode material for PIBs. However, the
large volume change of Sb electrode during potassiation/
depotassiation processes leads to inferior cycling perfor-
mance and impedes their practical application. To
address these issues, enormous efforts have been devoted
to nanoengineering Sb structure, combining Sb with
complementary conductive matrixes, alloying and fabri-
cation of hierarchically porous nanocomposites. Those
strategies have demonstrated capability for effectively
buffering the volume changes of Sb, facilitating the elec-
tronic and ionic conductivity, and boosting the electro-
chemical kinetics during charge and discharge, thereby

resulting in enhanced rate capability and cycling perfor-
mance. Besides the metallic Sb, antimony chalcogenides
have also been considered as promising anode materials
for PIBs owing to their high theoretical capacities and
low cost. Furthermore, the morphology of those metal
sulfides/selenides can be easier controlled by either a
bottom-up or top-down approach compared to metallic
Sb, which is advantageous for electrode fabrication.

Apart from the optimization of Sb-based materials,
electrolyte composition is another significant factor that
determines the formation of SEI layer and has a great
influence on the cycling performance of potassium stor-
age as well. Particularly, an appropriate electrolyte can
reduce side reactions between super-reactive K and the
electrolyte and improve the Coulombic efficiencies of the
PIBs. In addition, the battery performance can also be
enhanced by modulating other elements in the electrode
formulation, such as binders and carbon additives.

FIGURE 8 A, Nanoindentation force of the alloy anode at a given indentation depth after cycling in potassium hexafluorophosphate

(KPF6) and potassium bis(fluorosulfonyl)imide (KFSI) electrolyte, respectively. Surface potential maps of the electrode for, B, KPF6
electrolyte and, C, KFSI electrolyte, respectively. D, The cycling performance of Sb/C electrodes in KPF6 and KFSI electrolytes at 50 mA g−1.

Reproduced with permission from Reference 101, Copyright 2019, Wiley-VCH. E, Cycling performance of the Sb@CSN electrode at

100 mA g−1 in different electrolytes. F, In-depth X-ray photoelectron spectroscopy (XPS) spectra in the F1s region for the Sb@CSN electrode

in 1 M and 4 M potassium trifluoromethane-sulfonimide (KTFSI) electrolyte. G, Illustration of the influence of dilute and concentrated

electrolytes on the formation of the solid electrolyte interface (SEI) layer. Reproduced with permission from Reference 50, Copyright 2019,

Royal Society of Chemistry
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Although great advances of Sb-based anodes has been
reported for potassium storage in the past few years, fur-
ther investigations are still needed to accelerate the prac-
tical application of PIBs. These include:

1 Despite the fact that the potassium storage mechanisms
have been widely reported in many publications, few
studies investigated battery failure mechanism in detail.
In-depth studies are essential to comprehensively
understand the failure mechanism of Sb-based elec-
trodes, which can guide effective future electrode
design. It is worth noting that the degradation of metal-
lic potassium may be even more severe than that of Sb-
based anodes in half cells.81 Thus, more attention
should be paid to the influence of metallic potassium as
counter electrodes on the capacity decay. To circumvent
this issue, full cells should be assembled for evaluating
electrochemical performance.103

2 The study of alloying methods to improve performance
should not be limited to those elements which can
form alloys with Sb. Previous work showed that simple
mixed Sb with black phosphorous could largely
enhance the cycling performance even though the two
components do not alloy with each other.60 Besides, in
situ alloying during the electrochemical reaction is
another route which should be considered to buffer
the volume change of Sb during charge and dis-
charge.94 Particularly, these types of materials that are
active with potassium might have synergistic effects
for stabilizing the electrode structure as well as
increasing cell capacity.

3 Using nanoarchitectures to alleviate the huge volume
expansion of the Sb-based anodes inevitably lower the
tap density of the electrode materials and volume den-
sity of the final devices. The mechanical stress derived
from the volume change would become more serious
at high load, leading to faster degradation of the elec-
trode. Thus, the future research should pay attention
to the electrochemical performance in high load as
well. We can conclude that the composite anode mate-
rials with metallic antimony or antimony chalcogen-
ides as complementary building blocks to graphite and
other conductive matrixes make a good balance of
capacity and cycling stability, which are preferable for
practical application.

4 The modulation of electrolyte has a key impact on the
electrochemical performance of PIBs. An optimized elec-
trolyte could not only have a high ionic conductivity but
also contribute to formation of a robust and conductive
SEI on both cathode and anode sides. More efforts
should be devoted to developing low cost, stable, and
safe electrolytes for high performance alloy-based
anodes and investigating the underpinning mechanisms.

We hope these perspectives can bring some inspira-
tions to researchers in the field and promote the develop-
ment of anode materials for PIBs. The nanoengineering
methodologies that we have summarized for improving
the performance of Sb-based anodes can also be applied
to modify many other conversion and alloying type elec-
trode materials for rechargeable batteries.
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