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Abstract

This review article aims to provide insight into the research status of the potas-

sium-sulfur (K-S) system, feature the challenges facing this technology, and

present possible research directions for the realization of its practical applica-

tions. We begin with an introduction to the fundamental electrochemistry of

K-S batteries and emphasize the distinctions between K-S technology and the

well-established lithium-sulfur (Li-S) system. Then, we focus on the develop-

ment of the materials involved in K-S batteries in terms of cathodes, K anodes,

and various electrolyte systems. Finally, we provide several possible research

directions to make the K-S system a reality, with the emphasis, from our point

of view, on the attempts to construct practical parameters for K-S batteries by

adopting the critical metrics of the current Li-S system.
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1 | INTRODUCTION

Electrochemical energy storage devices play vital roles in
combating today's energy crisis and environmental issues
by enabling efficient utilization of renewable forms of
energy, such as solar and wind, which require high
energy density, long cycle life, low cost, and high safety.1-4

As a great success of modern energy-storage technology,
commercial Li-ion batteries (LIBs) can reach a gravimet-
ric energy density of around 200 W h kg−1 and have
enabled transformative advances in many technologies,
from portable electronics to the electrification of transpor-
tation.5-7 The ceiling capacity of commercialized LIBs will
be soon reached, however, due to the limitations of their
insertion chemistry.8 Thus, exploring new battery chemis-
tries that can generate even higher energy densities for
longer usage time of electronics and higher energy-storage
capabilities than current lithium ion batteries is an urgent
need for powering our future society.

Metal-sulfur batteries based on sulfur chemistry are
intriguing alternatives to succeed the current dominant
LIBs and support our fast-expanding energy demands.6,9-
11 Among them, research on lithium-sulfur batteries has
achieved remarkable progress over the past few
decades.12-14 Having sulfur as the cathode material pro-
vides a theoretical energy density of 2600 Wh kg−1 or
2800 Wh L−1 on coupling with lithium-metal anode, far
exceeding those of state-of-the-art LIBs.15-17 In addition,
the commercial potential of the lithium-sulfur (Li-S) sys-
tem has been demonstrated in some niche applications.
For example, some companies have announced prototype
Li-S batteries operating in an unmanned system, electric
bicycles, and test applications, while more are rushing to
develop sulfur batteries. Despite extensive progress, Li-S
based technology is unable to meet large-scale energy
storage demands because of the limited abundance of Li
resources and its high price.18 On the other hand, for
grid-related applications, where scale and cost are as
important as performance, the abundant low cost
sodium-sulfur (Na-S) battery system is preferable. In real-
ity, the molten-salt type high-temperature Na-S system is
well established and has been used to support stationary
energy-storage systems for several decades.4,19-22 Never-
theless, the highly dangerous nature of molten Na and S
in the high-temperature Na-S system makes it unaccept-
able in some applications (such as transportations) owing
to the safety concerns.23-25 As a result, room-temperature
Na-S batteries that adopt the advantages of the high-tem-
perature Na-S system at low-temperature under safer
operating conditions have aroused the enthusiasm of
researchers.26-30 Similar to Li-S batteries, however, the
practical application of room-temperature Na-S batteries

faces the challenges of low electrochemical utilization,
reversibility, and efficiency.26,31-33 Additional challenges,
such as the lack of favorable liquid electrolyte for the
complicated reaction of sulfur and sodium, also need to
be overcome before it becomes a reality.2,34,35

Being the next alkaline metal to sodium, potassium,
with some unique advantages over lithium and
sodium, has drawn substantial attention from the sci-
entific community as a future battery system of inter-
est. Potassium-sulfur (K-S) batteries benefit from the
low standard reduction potential of potassium com-
pared to the standard hydrogen electrode (SHE) poten-
tial (−2.93 V vs E0) (Figure 1A), and offer high specific
capacity and energy density.8,34 In addition, the low
cost of raw materials (ie, K2CO3) owing to the abun-
dance potassium (seventh most abundant material in
Earth's crust),44,45 makes it particularly promising for
large-scale applications, such as electric vehicles and
grid-related energy storage. The electrochemical
advantages of K in organic electrolytes, for instance,
the weaker Lewis acidity of K+ than Li+ and Na+

results in a smaller Stokes' radius (3.6 Å vs 4.8 and
4.6 Å) in carbonate solvents (Figure 1A),46 endowing
K+ with the highest ion mobility, ion conductivity, and
ion transport number of the three ions.17 Also, theoret-
ical calculations and experiments have demonstrated
that the K+/K redox couple exhibits the lowest reduc-
tion potential in organic solvents as compared to Li+/
Li and Na+/Na,44,46,47 implying that a relatively high
voltage for a full battery may be possible. Furthermore,
enhanced electrolyte/electrode interfacial diffusion
capacity of K+ is expected due to its low desolvation
energy, which has enabled the insertion of large-radius
K+ in graphite.48,49 Most importantly, the K-S battery
offers a high theoretical gravimetric energy density of
914 Wh kg−1,50 much higher than that for commercial
LIBs, which is the key motivation for in-depth investi-
gations into this system.

Nevertheless, the research on the K-S system is still
in its infancy, and a number of challenges have been
encountered on the road to its development. For exam-
ple, as in the Li-S and Na-S systems, the insulating
nature of sulfur/polysulfide, both electronically and
ionically, and the dissolution of polysulfide intermedi-
ates, result in poor utilization of the active material,
leading to severe capacity decay during cycling. For
example, in a K-S battery using sulfur as the cathode
active material, although a decent capacity of
600 mA h g−1 was maintained after 50 cycles at 0.1 C
by virtue of a designed functional separator, the capac-
ity loss due to the insufficient use of active material
was still as high as 50%.51 This implies that there is still
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a long way to go for K-S to achieve high energy density
suitable for practical applications. More challenging
than for Li-S and Na-S, an even larger volume change
will occur upon potassiation of sulfur-based cathodes
due to the large size of potassium ion, leading to severe
pulverization of the active material during cycling.
Another thorny problem of K-S is the formation of K
dendrites and the unstable solid electrolyte interphase
(SEI), causing safety concerns and poor Coulombic
efficiency (CE), which need to be addressed to promote
the development of the K-S battery.52 With a clear
awareness of those difficulties, great efforts are
required, and achieving an in-depth understanding is
indispensable in this area. Figure 1B summarizes
research preferences on different components of K-S
battery from published research articles where cath-
ode, anode, and electrolyte are the most addressed
topics in K-S research articles. Figure 1C shows a

timeline of strategies developed to improve the electro-
chemical performance of K-S batteries each year since
the invention of the first room-temperature K-S battery
in 2014. With evidence of the increasing interest in the
K-S battery and the feasible adoption of knowledge
accumulated on Li-S, Na-S, and potassium-ion batte-
ries (PIBs), we believe that both our basic understand-
ing and the performance of K-S technology could be
improved tremendously in the near future.

This review aims to provide a comprehensive over-
view of the research status of K-S batteries. First, we
start with some insight into the electrochemistry of
K-S batteries. Meanwhile, an electrochemical mecha-
nism comparison of Li-S, Na-S, and K-S technologies
will be presented, and challenges for K-S system will
be highlighted. Then, we examine the materials
involved in K-S batteries, mainly focusing on the
design strategies and improvements for sulfur/

FIGURE 1 A, Comparison of the properties and performances of Li-S, Na-S and K-S batteries. B, Percentage of numbers of publications

on different K-S battery topics. C, Strategies developed to improve the electrochemical performance of K-S batteries each year since the

invention of the first K-S battery in 20148,36-43
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polysulfide-based conversion cathodes, K anodes, and
various electrolyte systems. Representative examples
will be presented, and the progress will be discussed.

Finally, our views on the existing challenges and
future research directions of advanced K-S batteries
will be shared.

FIGURE 2 A, Schematic illustration of the configuration of a K-S battery. B, Structur transformation of elemental sulfur at various

temperatures. Reproduced with permission. Copyright 2020, Royal Society of Chemistry.53 C, The sulfur allotropes from S2 to S8 based on

density functional theory (DFT) calculations. Reproduced with permission. Copyright 2012, American Chemical Society54
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2 | ELECTROCHEMISTRY AND
CHALLENGES OF POTASSIUM-
SULFUR BATTERIES

2.1 | Electrochemistry of potassium-
sulfur batteries

A typical configuration for a K-S battery consists of a K
metal anode, a sulfur composite cathode, a separator, and
an organic electrolyte (Figure 2A). The charge/discharge
process involves reversible plating/stripping of the K
metal at the anode and a reversible anion redox reaction
of sulfur at the cathode, while K+ and electrons travel
through the electrolyte and the external circuit, respec-
tively. Notably, owing to the insulating nature of sulfur,
the cathode is commonly constructed of sulfur, conduc-
tive carbon, and binder. The electrochemical reactions
for a metal (M)-sulfur battery with the transfer of a num-
ber of (n) electrons are generally expressed as

Anode :M$M + + e− ð1Þ

Cathode : Sn +2nM + + 2ne− $nM2S 1≤n≤ 8ð Þ ð2Þ

On the anode side, K metal undergoes a redox reac-
tion with the transfer of one electron, similar to that in
PIBs,7,55-57 while on the cathode side, the initial state of
sulfur is complex, because it may contain a number of
sulfur allotropes. Theoretically, with a two-electron trans-
fer, all the sulfur can give a maximum capacity of
1675 mAh g−1 regardless of the allotropes. Nevertheless,
the reaction pathway of K-S varies according to the differ-
ent forms of allotropes. Thus, it is important to acquire a
basic understanding of sulfur chemistry, as will be
discussed.

It is noteworthy that the initial states of sulfur in the
cathode determine the detailed mechanism of the electro-
chemical reaction of metal-sulfur batteries. Generally, it
contains two categories: cyclo-octasulfur (S8)/polymeric
sulfur and short-chain sulfur. Different types of sulfur
allotropes can be synthesized via different heat-treat-
ments as indicated in Figure 2B. In particular, cyclo-
octasulfur, also known as α-sulfur, has a stable ortho-
rhombic solid state at room temperature. It starts to melt
when the temperature reaches 115.2�C (melting point)
and reaches the minimum viscosity of molten sulfur at
about 159�C, making it suitable for impregnation into a
matrix material. This leads to the successful fabrication
of sulfur composites at 155�C, such as the first reported
CMK-3/sulfur composite cathode for the K-S battery.36

When the heating temperature increases over 159�C but
is lower than 444.6�C (boiling point), highly reactive

diradical polymeric sulfur chains form and can be stabi-
lized via copolymerization with many functional groups,
resulting in the formation of polymeric sulfur and also
various sulfur-rich copolymers with embedded –Sn– moi-
eties. Generally, a temperature of 185�C is often used for
promoting efficient ring opening polymerization during
the sulfur copolymerization process.58 There have been
several reports studying polymeric sulfur in K-S batteries,
and it is believed that more will be published in this area
as there are numerous related works on Li-S batteries,59

which would provide sufficient inspiration. When it is
heated over 444.6�C (boiling point), sulfur will be dissoci-
ated into short chains (S2-S6). For instance, small sulfur
molecules (Sn, n ≤ 3) embedded in microporous carbon
composite cathode have been demonstrated in K-S batte-
ries, which were prepared by a high-temperature heat
treatment of bulk S8 at 600�C.60 Thus, it is possible to
tune the initial form of sulfur in composite cathodes to
choose the most favorable reaction pathway for high-per-
formance and low cost K-S batteries.

Even though the cathode electrochemistry is very
complex, the general reduction pathways of sulfur allo-
tropes (S2-S8), with structures that are predicted using
density functional theory (DFT) calculations in Figure 2C,
are recognized for metal-sulfur batteries. In the case of
the ring-shaped high-order Sn (5 ≤ n ≤ 8), they are
sequentially reduced to long-chain polysulfides (Sn

2−,
5 ≤ n ≤ 8), then short-chain polysulfides (Sn

2−,
2 ≤ n ≤ 4), and finally, the end member sulfide (S2−). In
the case of the low-order sulfur allotropes, which possess
chain-shaped structures, their reductions bypass the for-
mation of long-chain polysulfides to reach the end prod-
uct sulfide (S2−). An overview of the reactions and basic
energy parameters for different types of alkali metal-
based sulfur batteries are summarized in Table 1.

The K-S battery undergoes a qualitatively analogous
process to those of Li-S53 and Na-S,61 but with less dis-
tinct sloping plateaus, lower overall redox voltages, and a
larger charge-discharge hysteresis (Figure 3A-C). Nota-
bly, the discharge plateaus of K-S are relatively short and
sloping, compared to the long and flat plateaus of Li-S,
therefore a considerable proportion of the discharge
capacity in K-S comes from the sloping area instead of
the platform area. The reason for this phenomenon is
complexed, and larger voltage polarization in K-S battery
could be one of them. Given the fact that the exact inter-
mediate K2Sn phase sequence is yet to be discovered, it is
hard to say that K-S has similar polysulfide intermediates
sequence to those for Li-S and Na-S. Even worse, the
composition of the discharge product for K-S is still
debatable. It seems to vary with the applied cut-off volt-
age (COV). As a result, some are reported to be K2S
(COV ≤ 1 V),51,60 while some are identified as K2S3
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(COV > 1 V).62 Theoretical calculation using DFT shows
that K2S, with the lowest formation energy, is the most
thermodynamically stable phase. As K2S2 has a higher
formation energy than K2S3 and K2S, it is a less thermo-
dynamically stable form. Therefore, K2S2 phase tends to
disproportate to form more stable phases of K2S3 and
K2S.

60 Because the final discharge product determines
the number of electrons involved in the reaction, it is
highly related to the theoretical capacities that can be
reached, as shown in Table 2, such as 558 mAh g−1 for
K2S3 vs 1675 mAh g−1 for K2S. Nevertheless, for the cur-
rently reported K-S batteries, maximum capacities are in
the range of 500 to 1140 mAh g−1, showing a large gap
between the theoretical capacities and the reported ones.
Thus, determining the origin of this discrepancy and
how it relates to the intermediate phase sequence is

essential for achieving high energy density with K-S
technology.

Although we are still at a very preliminary stage,
some efforts have been made to find the electrochemical
mechanisms related to the key intermediates in K-S bat-
teries, that is, K2S3, K2S2, and K2S. According to the K-S
phase diagram (Figure 3D), a series of phases of K2Sn
(n = 1, 2, 3, 4, 5, 6) are stable at room temperature, which
is different from what occurs in the Li-S and Na-S sys-
tems.60 This unique property makes it possible to investi-
gate the mechanism of K-S intermediates using pure-
phase solid polysulfides. By taking advantage of this, two
crucial intermediates of potassium polysulfide (K2S3 and
K2S2) were synthesized and their electrochemical path-
ways in the K-S battery were revealed.62 As depicted in
Figure 3E, during the discharge process, K2S2 and K2S3

TABLE 1 Fundamental properties of metal-sulfur systems (potassium vs sodium and lithium)

Alkali metals Potassium Sodium Lithium

Reactions 2K+ 1=8S8 ,K2S 2Na+ 1=8S8 ,Na2S 2Li+ 1=8S8 ,Li2S

Gibbs free energiesa [ΔG, kJ mol−1] −362.73 −357.77 −432.57

Theoretical cell voltagea [E0, V] 1.88 1.85 2.24

Gravimetric energy densitya [Wh kg−1] 914 1273 2615

Volumetric energy densitya [Wh L−1] 1590 2363 4289

Volume expansiona [ΔV, %] 309 171 80

Stable phases at room temperature K2S, K2S2, K2S3, K2S4, K2S5, K2S6 Na2S, Na2S2, Na2S4, Na2S5 Li2S

aValues obtained from Reference 50.

FIGURE 3 A, Typical voltage profiles illustrating the sulfur conversion reactions for a Li-S battery, Reproduced with permission.

Copyright 2020, Royal Society of Chemistry.53 B, Typical voltage profile for a Na-S battery. Reproduced with permission. Copyright 2014,

Wiley-VCH.61 C, Representative voltage profiles for a K-S battery. Reproduced with permission. Copyright 2018, Elsevier.51 D, An assessed

K-S phase diagram. Reproduced with permission. Copyright 2019, American Chemical Society.60 E, Schematic illustration of the reaction

mechanism for K-S batteries during cycling: the solid conversion reaction in discharging and the solution pathway reaction in charging.

Reproduced with permission. Copyright 2018, American Chemical Society62
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can be further reduced to K2S via a solid-phase conver-
sion dominated reaction. Due to the insolubility of K2S2
and K2S3 in electrolyte, however, the accumulation of
them on the cathode causes sluggish kinetics and termi-
nates the discharge reaction with high overpotential.
Therefore, to promote this reaction, efficient catalysts
that catalyze the reduction reaction are promising to
improve the reaction kinetics and facilitate the formation
of K2S. The charge process, however, is controlled by the
solution pathway coupling the chemical and electro-
chemical reactions, resulting in an asymmetry with
respect to the discharge process. During this, soluble spe-
cies (S4

2−, S5
2−, and S6

2−) generated from disproportion-
ation reaction are changed to high-order species (S6

2−,
S8

2−, and S8), and the insoluble species are transformed
into S4

2− by chemical reaction. Notably, the K2S cannot
be oxidized through the solution electrochemical path-
way and remains inactive, leading to the formation of
“dead polysulfide” that fails to contribute to overall
capacity. This mechanism investigation would accelerate
progress on understanding the detailed reaction path-
ways related to the complex polysulfides inside the K-S
battery.

2.2 | Challenges of potassium-sulfur
batteries

Being at an early development stage, the K-S system is
facing a series of challenges that must be overcome
before it becomes a reality (Figure 4). Similar challenges
also exist in the Li-S and Na-S systems, but some are
exclusive for to the K-S batteries. All of them are critical
and need to be overcome to realize a practical K-S battery
with high energy density and long cycling life.

2.2.1 | Insulating nature of sulfur and
potassium polysulfide/sulfide

The issue of the low conductivity of sulfur and polysul-
fide/sulfide is ubiquitous for metal-sulfur batteries, which
results in poor utilization of the active material. In addi-
tion, their precipitation on the surface of cathode/anode
during cycling causes electrode passivation, limiting the
capacity that can practically be achieved.

2.2.2 | Sluggish reduction kinetics of
K2S3 to K2S

K-S batteries usually operate between S and K2S3 at room
temperature owing to the higher thermodynamic stability
of K2S3 (Gibbs energy of formation at 25�C, ΔG0

f

TABLE 2 Parameters for the K-S battery based on polysulfide species

Material
Number of electrons involved in
charge transfer

Theoretical capacity, mAh g−1

(cumulative)
Solubility
in DME

Solubility in
DEGDME

K2S8 1/4 e− 209.375 Soluble N/A

K2S6 1/3 e− 279.167 Soluble Soluble

K2S5 2/5 e− 335.000 Soluble Soluble

K2S4 1/2 e− 418.750 Soluble Insoluble

K2S3 2/3 e− 558.333 Slightly soluble
(71.4 ± 18.0 mg
[100 g]−1)

Insoluble

K2S2 1 e− 837.500 Slightly soluble
(12.6 ± 4.7 mg
[100 g]−1)

Insoluble

K2S 2 e− 1675.000 Insoluble Insoluble

Abbreviations: DEGDME, diethylene glycol dimethyl ether; DME, dimethoxyethane.

FIGURE 4 Challenges of potassium-sulfur batteries
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= −528 kJmol−1) compared to K2S (ΔG0
f =

−410 kJmol−1).37,63,64 The incomplete reduction of sulfur
causes a dramatic decrease in the theoretical capacity
from 1675mAh g−1 (2 e− transfer for K2S) to 558mAh g−1

(2/3 e−) (Table 2), which is really harmful for practically
achieving high capacity. In addition, a large overpotential
is required for further reduction of the energetically sta-
ble K2S3, thus resulting in a low average operating volt-
age. The combination of low achievable capacity and
reduced operating voltage impede the attainment of high
energy density for the K-S system.

2.2.3 | Large volumetric expansion of
sulfur during potassiation

Because of the large size of potassium ions, sulfur
undergoes a large volumetric expansion of 309% upon
full potassiation to potassium sulfide, which is much
larger than those for Li (80%) and Na (171%) (Table 1).
This expansion can cause pulverization and structural
damage at the electrode level, which is undesirable for
long cycling life.

2.2.4 | Polysulfide shuttle effect

Akin to Li-S batteries, the shuttle effect is a key challenge
for K-S batteries to achieve high energy density and long
cycling life. It is caused by the dissolution and diffusion
of polysulfide intermediates. Parasitic reactions take
place when those redox active species diffuse to the
anode, where they are reduced chemically (instead of
electrochemically) to lower-order polysulfides or sulfides,
causing the loss of active materials as well as the passiv-
ation of anode materials. They can also diffuse back to
the sulfur cathode to be re-oxidized.65 Thus, the shuttle
effect is essentially an internal short circuit, leading to
self-discharging and low CE during charge/discharge
cycling.12

2.2.5 | Unstable solid electrolyte
interphase

Potassium is highly reactive and thus inevitably reacts
with the electrolyte to form an SEI layer on the surface.
In most cases, the SEI is unstable and fails to passivate
the potassium metal surface, inducing continuous side
reactions with the electrolyte during cycling. This unde-
sirable consumption of potassium metal and electrolyte

leads to poor reversibility and low CE during repeated
plating and stripping.

2.2.6 | Dendrite growth of potassium
metal

The uneven plating and stripping of potassium would
lead to the growth of potassium dendrites, which accom-
pany the continuous breaking and reforming of the SEI,
further consuming the potassium metal and electrolyte.
Moreover, the dendrites might penetrate the separator
and lead to internal short circuits, inducing serious safety
concerns.

Considerable efforts have been made to address the
challenges mentioned above, in order to enhance the kinet-
ics of the S-based cathode, alleviate the shuttle effect, and
build a stable/safe potassium anode. Approaches focusing
on the construction of novel cathode architectures, the pro-
tection of anode materials, and optimization of the electro-
lyte have been explored, and notable progress has been
achieved. Representative examples of these approaches will
be discussed in the following sections.

3 | MATERIALS INVOLVED IN
POTASSIUM-SULFUR BATTERIES

Similar to the structure of lithium-sulfur and sodium-sul-
fur batteries, potassium-sulfur batteries are composed of
a sulfur positive electrode, a K metal negative electrode, a
K ion containing electrolyte, and a separator (Figure 2A).
Each component has its unique features and challenges.
For example, the sulfur cathode has an intrinsic insulat-
ing issue, polysulfide migration to the electrolyte, and the
shuttling issue, while K metal anode has the dendrite
issue. The specific challenges and possible solutions for
the cathode, anode, and electrolyte are included in this
section. To date, numerous exquisite material design and
structure engineering approaches have been proposed for
single components or the whole K-S battery. Table 3 lists
the design strategies and electrochemical performance
from recent K-S battery research work. Many of these
strategies are inherited from the knowledge obtained
from Li-S and Na-S batteries. Due to the unique chal-
lenge arising from the K anode (eg, larger ion radius and
higher electrochemical activity), new strategies designed
for the K-S battery are still needed. Furthermore, in order
to improve the full range of K-S battery performance and
promote practicality, several of these strategies could be
coupled, and new challenges that may arise from such
cooperation need to be considered in future designs.
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3.1 | Cathode

The sulfur cathode is a crucial component of the metal-
sulfur battery, which has attracted the most research
compared to the anode and the electrolyte.69,70 Sulfur as
cathode endows K-S batteries with high charge-storage
capacity (ie, 1672 mA h g−1) and high energy density (ie,
914 Wh kg−1) when coupled with K metal as the anode.
The high capacity of sulfur cathode is due to the conver-
sion mechanism where new chemical compounds (eg,
K2S) form by reversible electrochemical reactions, as
shown in Equations (1) and (2) in Section 2. The sulfur
cathode also brings serious problems, however, including
poor conductivity, dissolution of the intermediate prod-
ucts of the electrochemical reaction (ie, polysulfides) into
the electrolyte, and large volume changes accompanying
the conversion reaction. Its insulating nature makes ele-
mental sulfur unsuitable for direct use as a cathode, so it
is often used in combination with additives that have
high electronic conductivity (eg, carbon) to improve its
electrical contact and sulfur utilization. The polysulfides,
intermediate products of sulfur from the electrochemical
reaction, can be dissolved into the electrolyte, which may
result in loss of active material, capacity fading, and
anode corrosion (if polysulfides migrate to the anode, ie,
the shuttling effect). The polysulfides should be confined
within the cathode during cycling through rational
design of the cathode (eg, polysulfide-absorbing sub-
strate), electrolyte (eg, high viscosity electrolyte), and sep-
arator (eg, separator with coating). Volume change of the
sulfur cathode during the conversion reaction is espe-
cially serious for K-S batteries (ie, 309% expansion). The
huge volume change induces severe pulverization of the
active material during cycling. Substrates with high
porosity and a certain amount of flexibility are rec-
ommended to accommodate sulfur with such a large vol-
ume change. According to the initial form of the sulfur
existing in the cathode, the sulfur cathode can be catego-
rized as an S8 cathode, a small molecular and covalent
sulfur cathode, and a polysulfide cathode. The unique
advantages and disadvantages of each category will be
discussed.

3.1.1 | S8 cathode

Impregnating sulfur into a conductive porous carbon sub-
strate is the most widely used method to obtain sulfur
cathode. The typical method is to heat the mixture of sul-
fur powder and porous carbon substrate to above the
melting point of sulfur (eg, 155�C). Then, molten sulfur
impregnates the pores in the carbon substrate driven by
capillary forces. The sulfur in S8 cathode exists in theT
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form of cyclo-S8 molecules with molecule size of 0.84 nm
within the pores (pore size >1 nm) in the carbon sub-
strate.71,72 The pore-confined sulfur is usually amor-
phous, although sometimes crystalline sulfur residues on
the carbon surfaces can be observed.73 The advantage of
the S8 cathode is that it is easy to achieve a large loading
capacity (eg, >70 wt% and 10 mg cm−2), which facilitates
high energy density. In addition, the large pore size in
carbon substrate means that the composite can tolerate
the large volume changes that arise from the conversion
reaction between sulfur and K ions. Nevertheless, large
pores may not provide sufficient absorption and electrical
contact to the S8 molecules inside the pores, leading to
low sulfur utilization. In view of this, in most research
work, mesoporous carbon with appropriate pore size was
used for the substrates.74-76 Compared to macroporous
substrate, the mesoporous substrate provides higher pore
volume to achieve high sulfur loading and stronger inter-
actions between sulfur and the porous channels. Since
the open pores of the carbon substrate are directly con-
nected to the electrolyte, the active substance S8 may be
pulverized and detached from the substrate due to severe
volume changes during potassiation. In addition, the
polysulfides are intrinsically polar molecules with the ter-
minal sulfur bearing most of the negative charge.77,78 The
weak interaction between polar polysulfides and the non-
polar carbon substrate is insufficient to anchor the poly-
sulfides, resulting in shedding of polysulfides from the
carbon scaffold and migration to the anode (ie, shuttling
effect), which causes capacity fade. Therefore, fixing
strategies via strong interactions are required to stabilize
the cycling. In fact, a variety of fixing strategies, including
the introduction of polar heteroatoms (B, N, O, S, and P)
and/or functional groups (eg, hydroxyl and amine
groups),79-81 and metal-sulfur bonding (eg, metal-organic
frameworks [MOFs], metal sulfides, etc),82 have been
developed to immobilize polysulfides through various
interactions such as van der Waals forces, electrostatic
adsorption, and Lewis acid/base interactions in Li-S bat-
teries.83,84 These strategies can be also introduced into
the K-S battery to improve its electrochemical perfor-
mance. In addition, a surface coating strategy is often
used in combination with the porous carbon substrate.
The external coating layer as a physical barrier can
impede the dissolution of polysulfides into the electrolyte,
thereby preventing the shuttle effect. For example, due to
their high flexibility and conductivity, graphene and con-
ductive polymers such as polypyrrole and polythiophene
are used as surface coating substances to alleviate the
stress from volume expansion and confine
polysulfides.85,86

A typical example of an S8 cathode was reported by
Nazar et al for the Li-S battery that used an ordered

mesoporous carbon (CMK-3) as the sulfur substrate.73

The first report of a room temperature K-S battery also
adopted sulfur-impregnated CMK-3 as cathode,36 as
shown in Figure 5A,B. The starting cathode was amor-
phous S8 in CMK-3, while the discharge product was con-
firmed to be K2S3 by high resolution transmission
electron microscope (HRTEM), X-ray diffraction (XRD),
and Raman spectra (Figure 5C,D). The gentle slope and a
discharge platform (at 1.8 V) observed in the discharge
curves indicated two steps of the discharge process. The
S8 was reduced to long-chain polysulfides and then fur-
ther reduced to short-chain polysulfides, while only a
long single platform was detected in the charge process,
indicating that the short chain polysulfides were oxidized
in one step. At the optimum sulfur content (ie, 40.8 wt%),
the CMK-3/sulfur composite displayed an initial dis-
charge capacity of 512.7 mAh g−1, although the capacity
quickly decayed to 202.3 mAh g−1 (ie, 39.4% capacity
retention) after 50 cycles at a current density of
50 mA g−1. The rapid capacity decay was attributed to
the shuttle effect, which was indicated by the yellow pre-
cipitates on the K anode after 50 cycles. A layer of polyac-
rylonitrile (PAN) with thickness of 10 nm was further
coated on the CMK-3/sulfur composite to improve the
capacity retention from 39.4% to 62.9% after 50 cycles,
with the CE improving from above 90% to above 95%
(Figure 5E). The separator and the K anode were also
well protected after 50 cycles by using PAN coated CMK-
3/sulfur composite, indicating that the PAN coating was
able to impede the solvation of polysulfides. The PAN
coating also alleviated the volume expansion stress from
potassiation. This pioneering work on the K-S battery
proved its feasibility, confirmed the discharge product
K2S3, and demonstrated the effectiveness of the PAN
coating as a physical barrier to inhibit the dissolution of
polysulfides. This work also identified other problems for
K-S batteries, such as low reversible capacity and rapid
capacity decay, so more strategies need to be introduced
to develop high-performance K-S batteries.

In addition to surface coating, concentrated electro-
lyte also inhibits the dissolution and shuttling of poly-
sulfides. The decreased amount of free solvent and
increased viscosity of the concentrated electrolyte leads
to decreased solubility of polysulfides. Wang et al
employed concentrated electrolyte (ie, 5 M potassium
trifluoromethanesulfonimide [KTFSI] in diethylene gly-
col dimethyl ether [DEGDME]) to suppress the dissolu-
tion and shuttle effect of K2Sx intermediates of an S8
cathode based on CMK-3 porous carbon substrate.42 This
inhibitory function of concentrated electrolyte allowed
the K-S battery to operate within a large voltage window
of 1.2 to 3.0 V. The custom-made transparent cell setup
directly demonstrated the shuttling of polysulfides. In
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addition, the electrochemical products formed at differ-
ent voltages were studied using ex situ XRD by sealing
the samples with Kapton tape. The results showed that
the reversible stepwise phase transformation was
S8 , K2S6 , K2S5 , K2S4 , K2S3. The final discharge
product is K2S3, which is consistent with the discharge
product reported for the first K-S battery.36 Unlike Li-S
and Na-S batteries,87 the final discharging product K2S3 is
formed at a deep discharging voltage of 0.5 V, indicating
that the K2S3 is the electrochemically stable reduction
phase in the K-S battery, which may be due to the low
solubility of K2S3, K2S2, and K2S.

62 According to the
research results by Yiying Wu's group, the insulating,
nearly solid-state K2S and K2S2 require the high dis-
charge overpotential of 0.8 V to be formed, even under
low current density (ie, 20 mA g−1). The overpotential is
so high that the reduction could reach the cut-off poten-
tial before the formation of K2S2 phase. These results
indicate the difficulty for the K-S battery, compared to Li-
S and Na-S, in terms of fully utilizing the capacity of sul-
fur (ie, to obtain K2S phase). Further research work is
still needed to improve the sluggish reduction kinetics of
the K-S battery associated with insulating, solid-phase
products such as K2S3, K2S2, and K2S. Besides CMK-3, a
binder-free carbon nanofiber (CNF) paper has been
adopted as substrate for the S8 cathode of the K-S bat-
tery.40 A thin layer of single-wall carbon nanotube
(SWCNT) coated separator was also used in combination
with the CNF/sulfur cathode to sandwich the sulfur
active material between the CNF matrix and the SWCNT
coating. This unique sandwich structure ensures good
electrical contact of the polysulfides intermediates, thus
improving sulfur utilization. Therefore, a high discharge
capacity of 1144 mA h g−1 was achieved. Moreover, no
sulfur element was detected on the K anode after cycling,
which indicated that the SWCNT coating effectively con-
fined the polysulfides within the cathode side. The

discharge product at different voltages was studied by
various characterization methods, including ultraviolet-
visible (UV-Vis) spectroscopy, XRD, X-ray photoelectron
spectroscopy (XPS), and Raman spectroscopy. The transi-
tion processes of elemental sulfur (existing as S8) can be
briefly illustrated as S8 $ K2S6 $ K2S4 $ K2S2 $ K2S in
the voltage window of 1.0 to 2.8 V. Although a K-S bat-
tery with high discharge capacity was successfully dem-
onstrated using the sandwich structure, the cyclability
was limited (ie, 50 cycles), and the capacity decayed
quickly, which may be due to the pulverization and loss
of sulfur active material during cycling.

3.1.2 | Small molecular and covalent
sulfur cathode

When the pore size of a microporous substrate is less
than 0.7 nm, the sulfur can only exist within the pores in
the form of small molecular sulfur (ie, Sn, n ≤ 4).54,6088,89

The electrochemical reaction process of small molecular
sulfur is different from that of the S8 cathode. During dis-
charging, small molecular sulfur (eg, S4) is transformed
to low-solubility short chain polysulfides or K2S through
a solid to solid transition. During charging, the solid state
short chain polysulfides or K2S are changed back to Sn
(n ≤ 4) rather than S8 due to the space confinement of
small micropores. As no soluble long chain polysulfides
are formed during the charge-discharge process, the dis-
solution and shuttle effect of polysulfides can be avoided
for small molecular sulfur cathode. Furthermore, micro-
porous substrates with small pores provide better conduc-
tive contact and stronger interaction with sulfur inside
the pores, allowing high sulfur utilization. Unlike S8
cathode, however, small molecular cathode usually has
low loading (eg, < 1 mg cm−1). Xiong et al reported the
room-temperature K-S batteries fabricated using small-

FIGURE 5 A, Electrochemical reactions for discharge, charge, and overall processes of the K-S battery. B, Schematic diagram of the

electrode reactions of rechargeable K-S batteries. C, X-ray diffraction (XRD) patterns with selected states after the first charge and the first

discharge in comparison with the standard JCPDS card of K2S3. D, Raman spectra for selected processes after the first charge and the first

discharge in comparison with the pristine cathode. E, Cycling performance and Coulombic efficiency at a current rate of 50 mA g−1. A-E,

Reproduced with permission. Copyright 2014, American Chemical Society.36 F, XRD patterns of pure sulfur, porous carbon, and the

microporous C/S composite. G, Raman spectra of pure sulfur, porous carbon, and the microporous C/S composite. H, The time-of-flight

secondary ion mass spectrometry (TOF-SIMS) data of the microporous C/S composite. I, Schematic illustration of the existing forms of sulfur

in the porous carbon matrix: S2 (purple) and S3 (green). J, Transmission electron microscope (TEM) image and K, the high-resolution S 2p

X-ray photoelectron spectroscopy (XPS) spectrum of the microporous C/S composite electrode in the fully discharged state. L, TEM image

and (M) the high-resolution S 2p XPS spectrum of the microporous C/S composite electrode in the fully charged state. F-M, Reproduced with

permission. Copyright 2019, American Chemical Society.60 N, Fourier transform infrared spectroscopy (FTIR) analysis of polyacrylonitrile

(PAN) and sulfurized PAN (SPAN). O, Cyclic voltammograms of the SPAN electrode with the PAA binder. P, Cyclic voltammograms of the

SPAN electrode with the polyvinylidene difluoride (PVDF) binder. Q, Rate capability test (sulfur loading amount in the SPAN electrode:

0.8 mg cm−2). R, Long-term cycling performance with a relatively high sulfur loading of 1.5 mg cm−2 in the SPAN electrode. N-R,

Reproduced with permission. Copyright 2018, Royal Society of Chemistry39
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molecule sulfur stabilized by sucrose-derived micropo-
rous carbon as cathode (Figure 5I).60 The existing form of
sulfur in the microporous carbon (pore size <1 nm) was
confirmed to be mostly S2 and S3 by time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS, Figure 5H).
Trace amounts (ie, 0.14%) of S4 to S7 molecules might
have arisen from residual sulfur molecules on the sur-
face. The authors demonstrated that the fragmented sul-
fur (ie, S2 and S3) was absorbed strongly by carbon atoms
within the micropores by showing the high stability of
the small molecule sulfur composite in different experi-
ments. For example, the composite showed high sulfur
retention (20 wt%) under 300 keV electron beam irradia-
tion compared to bulk cyclo-S8 (2 wt%). In addition, the
decomposition temperature of the composite was 400 to
600�C, which is much higher than the evaporation tem-
perature of the pristine cyclo-S8 (�300�C). The
depotassiation reaction voltages (ie, 1.65 and 1.95 V) of
small molecule sulfur composite were lower than those
for cyclo-S8 electrodes (ie, �1.8 and �2.4 V), showing dif-
ferent reaction mechanisms due to the different sulfur
structures. The absence of soluble long chain polysulfides
in the electrochemical reactions results in the disappear-
ance of the high voltage platform in the charge-discharge
curves of small molecular sulfur cathode. When using
this small molecular sulfur cathode, the K-S battery
showed a reversible capacity of 1198.3 mA h g−1 and
72.5% capacity retention after 150 cycles with a CE of
�97%. XPS in the discharge state showed the signals of
RSOx species (assigned to the SEI), S2−2 (assigned to
K2S2), and S2− (assigned to K2S), indicating that K2S was
the discharging product (Figure 5K,M). In the charge
state, most sulfide species were oxidized to S-S, although
residual sulfide species were still detected, indicating that
the oxidation reaction was incomplete. Although the
polysulfide shuttle was avoided, the XPS results showed
that there was still capacity loss at each cycle. The possi-
ble reasons could be the sluggish kinetics, high SEI
impedance, and large volume changes of the K-S battery.

Both S8 and small molecular sulfur (ie, Sn, n ≤ 4) are
confined within the conductive matrix by interfacial
immobilization between sulfur and the surface of the
matrix via physical confinement and chemical adsorp-
tion. In contrast, covalent sulfur cathode incorporates
sulfur via covalent bonds, which enables high disper-
sibility and utilization, and strong immobilization of the
active sulfur. The strong covalent bonds between sulfur
and the conductive substrate also inhibit the migration of
polysulfides, thereby suppressing active sulfur loss and
the shuttle effect. The covalent sulfur cathode is fabri-
cated from sulfur-embedded polymers, which are
obtained by incorporating sulfur chains into polymers.
The sulfur-embedded polymers can be categorized as

sulfurized polymers and sulfur copolymers. Sulfurized
polymer contains short chain sulfur within the carbon
polymer chain and has low sulfur content, while sulfur
copolymer has long polymeric sulfur chains and high sul-
fur content. As a typical example, sulfurized polyacrylo-
nitrile (SPAN) prepared by the reaction between sulfur
and PAN at high temperature in a protective atmosphere
has been widely studied.85 In this reaction, PAN is first
dehydrogenated to form a conjugated cycle-like structure,
and then the cycle-like aromatic structure is sulfurized by
sulfur fragments to form SPAN. The reaction temperature
determines the sulfur distribution and content in the
SPAN. The covalent sulfur content was 30 to 55 wt% in
the synthesis temperature range of 280�C to 550�C. The
covalent sulfur exists in short chains with the chain
length no greater than S4. Therefore, the soluble long
chain potassium polysulfides are intrinsically avoided in
the SPAN cathode. The reaction mechanism of SPAN
with Li ions has been extensively investigated in Li-S bat-
teries.90 In the discharge process, the pristine SPAN first
makes a transition to radical SPAN through cleavage of
C-S bonds. Then, the radical SPAN is lithiated to form
ionic SPAN through two pathways: (1) lithium ions are
hosted at the negative sites around both sulfur and pyri-
dine N atoms; and (2) lithium ions are hosted only at the
negative sites around sulfur. In the charge process, the
ionic SPAN is converted back to radical SPAN rather
than pristine SPAN. To date, the SPAN cathode is the
most widely used cathode for K-S batteries, as shown in
Table 3.38,41,66,67

Liu et al fabricated a room temperature K-S battery
using SPAN with sulfur content of 38 wt% as the cathode.
The K-S battery showed a high reversible capacity of
710 mA h g−1 and good rate performance.38 The cycling
stability was poor, however, and the capacity decayed
quickly. The authors observed that the separator became
yellowish after 500 cycles, and the impedance of the K-
SPAN cell increased with cycling from the first to the
50th cycle. These observations implied that the capacity
fading may be associated with the nonelectrochemical
decomposition of the electrolyte, which leads to reaction
polarization during cycling. Therefore, both optimization
of the electrolyte composition and SPAN cathode design
are needed to reduce the polarization and improve the
cyclability. To improve the conductivity of SPAN, iodine-
doped sulfurized polyacrylonitrile (I-S@PAN) was
reported by Ma et al to be used as Na-S and K-S cath-
odes.66 Raman spectra showed that there was no elemen-
tal sulfur or elemental iodine, indicating that both iodine
and sulfur were doped into the PAN, existing in the form
of covalently bonded chains. As K-S battery cathode, the
I-S@PAN presented a high initial capacity of
1448 mAh g−1 at 0.1 C and a reversible capacity of
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722 mAh g−1 after 100 cycles. Due to the iodine doping,
however, the sulfur content in I-S@PAN was reduced to
17.7 wt%, which affected the energy density of the K-S
battery. Hwang et al reported a room temperature K-S
battery with high reversible capacity (ie, 1050 mAh g−1)
and cycling stability (95% retention after 100 cycles) that
used a SPAN cathode coupled with PAA binder.39 FTIR
showed the existence of C-C bonding (yellow), C-S bond-
ing (green), and S-S bonding (blue) of SPAN cathode
(Figure 5N). Cyclic voltammograms showed the high
reversibility of SPAN cathode with PAA binder, while the
SPAN cathode with polyvinylidene difluoride (PVDF)
binder experienced a significant decrease in its oxidation-
reduction peak intensity after the first cycle, indicating
an irreversible redox reaction (Figure 5O,P). The SPAN/
PVDF cathode exhibited inferior performance with an
initial discharge capacity of 370 mAh g−1 and a capacity
retention of 22% after 100 cycles. This is because the
PAA-based binder provided better adhesion to the SPAN
electrodes compared to the PVDF binder, thus achieving
high uniformity and structural stability of the SPAN cath-
ode during large volume changes by potassiation. The
lower impedance of SPAN/PAA cathode compared to
SPAN/PVDF cathode indicated that the PAA binder facil-
itated the formation of a stable SEI with lower charge
transfer resistance. The discharge product at the deep dis-
charge voltage of 0.1 V was determined to consist of K2S
and K2S2 compounds by XPS. The authors also studied
the long-term cycling performance of the SPAN/PAA
cathode upon the different discharge COVs (Figure 5R).
At a high COV, the cathode showed excellent cyclability
with capacity retention of 70% at 500 cycles at 0.5 C. At a
low COV, the initial capacity was much higher, although
it decayed quickly after 300 cycles, which was attributed
to the large volume expansion from the C-S bonds to the
final product K2S. As the most commonly used K-S cath-
ode, SPAN often gives high reversible capacity (ie, 638-
1050 mAh g−1) and a relatively long cycle life (ie, 100-
500 cycles), however, although this high performance is,
to some extent, based on the low sulfur content of SPAN
cathode (<45 wt%). To improve its practicality, the
research on SPAN cathode should focus on improving its
sulfur content.

3.1.3 | Polysulfide cathode

Dissolved polysulfide in an organic electrolyte has been
employed as cathode in two types of Li-S batteries, the Li-
polysulfide redox flow battery and the Li-polysulfide bat-
tery.91,92 In contrast to the solid-state insulating property
of S8 or Li2S as the starting active material in the cathode,
the liquid active polysulfide material possesses better

initial redox kinetics, a more homogeneous distribution in
the conductive substrate, and improved charge transfer at
the interfaces between the polysulfide and the conductive
substrate.91,93,94 Furthermore, a free-standing, binder-free
cathode, without a current collector and with high areal
loading and utilization of active material, is readily fabri-
cated using liquid polysulfide and a conductive substrate,
which facilitates high energy density of the whole cell.
Like other active sulfur materials (eg, S8 and Li2S), polysul-
fide cathode can also experience the full range of sulfur
redox reactions (ie, S8 to polysulfides to Li2S). Therefore,
polysulfides as starting materials can be either reduced to
Li2S or oxidized to S8 in the electrochemical reactions. The
Li2S or S8 converted from the uniformly distributed poly-
sulfide also has a very uniform distribution and good con-
ductive contact with the substrate, which facilitates good
kinetics for subsequent electrochemical reactions.
Recently, the polysulfide cathode has also been adopted
for the K-S battery. Hwang et al reported a room tempera-
ture K-S battery using K2Sn (5 ≤ n ≤ 6) catholyte absorbed
in a 3D free-standing carbon-nanotube film (3D-FCN-film)
as cathode.39 The polysulfide cathode in this K-S battery
was bifunctional, providing active sources and acting as a
K+-conducting medium. The K-S battery presented a high
discharge capacity of �400 mAh g−1 at the 0.1 C-rate with
excellent cycling stability (94% retention after 20 cycles)
and good rate capability up to the 2 C-rate. The discharge
product was confirmed to be K2S3 by ex situ XRD, so a
reversible conversion reaction occurred between K2Sn
(5 ≤ n ≤ 6) and K2S3. The authors also demonstrated the
feasibility of a high-safety K-S full battery using K2Sn
(5 ≤ n ≤ 6) as cathode and K ion impregnated hard carbon
as anode. This full battery delivered a high initial dis-
charge capacity of 235 mAh g−1 at the 0.1 C-rate (1 C rate:
558 mA g−1) in the voltage range of 0.7 to 1.85 V, which
provides a new opportunity for high-safety K-S batteries.
Although polysulfide as K-S cathode is still in its infancy,
it is likely to represent the future research direction
because of its unique advantages with practical cell param-
eters (ie, high sulfur content, lean electrolyte, etc), as it
can avoid the need for the current collector and binder,
which facilitates the use of lean electrolyte. Therefore,
more attention should be paid to the polysulfide cathode.

3.2 | Anodes

3.2.1 | Basic understanding of potassium
metal

As the anode, K metal has a low redox voltage (K+/K:
−2.93 V vs SHE) and high specific capacity (687 mAh g−1)
in comparison to other types of anodes (eg, carbonaceous,
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alloying, and intercalation compounds),95-100 thus end-
owing K-S batteries with high operating voltage and
energy density. Nevertheless, the practical use of K metal
as anode remains a big challenge due to many technologi-
cal and safety concerns.97,101 As with Li metal anode, an
SEI spontaneously forms on the interface between the K
metal and organic electrolyte compounds.102 This SEI for-
mation is inevitable, due to the fact that the Fermi energy
of K metal is higher than the lowest unoccupied molecular
orbital (LUMO) of ester and ether solvents, which are the
two most widely used solvents for liquid electrolyte. In
order to maintain a high CE and long lifespan, the SEI on
the K metal surface should be chemically stable, metal
ion-conductive, uniform and compact with a well-defined
structure coupled with mechanical rigidity and elasticity
to accommodate the volume changes and to avoid local-
ized effects promoting dendrite growth.103,104 Stable K
plating and stripping is pivotal in obtaining such an ideal
SEI. Unfortunately, obtaining uniform and stable K plat-
ing and stripping during cycling is quite challenging. In
fact, metal anodes are plagued with unstable plating and
stripping, which results in an unstable SEI with high
roughness and an inhomogeneous surface. Such an unsta-
ble SEI surface is easily fractured to expose the fresh K
metal under the SEI surface, which subsequently reacts
with the electrolyte to form new SEI. In addition, long
dendrites may grow and break from the SEI surface, for-
ming isolated electrochemically inactive “dead” K.41 This
continuous cracking/re-construction of SEI as well as
“dead” K during cycling cause consumption of both the
active anode material and the electrolyte, with a severe
increase in impedance, leading to low CE, poor reversibil-
ity, and short lifespan. Even more severe are the potential
safety hazards (eg, combustion and explosion) caused by
an internal short circuit when the resulting K dendrites
penetrate the separator and reach the cathode.39,41 In the
case of K-S, the dendrites or fractured SEI on K metal
anode can even react with polysulfides (shuttling from the
cathode) to induce corrosion of the K metal anode, leading
to many severe issues (eg, active sulfur loss, self-discharge,
capacity fading during cycling, etc).105 This K anode corro-
sion by polysulfides can be observed from the precipitation
of some insoluble sulfides on the surface of the K anode or
on the side of the separator near the anode.62

The current state-of-the-art K-S batteries are mostly
assembled using oversized or excessive amounts of K
metal. Cycling with this excess amount of K metal anode
induces less volume change for the anode and makes all
the above problems less negative, because only a small
fraction of the K metal anode is involved in the cycling.
For example, plating and stripping the top 10 μm of a
200 μm K foil leads to only a 5% change in electrode
height.17 This optimistic scenario arising from the excess

amount of K metal may result in misconceptions on the
electrochemistry of the K-S battery and underestimation
of the hazards regarding K dendrites or inhomogeneous
K deposition. In a practical K-S battery, the excessive K
metal anode jeopardizes the cell's gravimetric capacity
and gravimetric energy density. Therefore, an ideal K-S
full cell would operate at the areal capacity ratio of the
positive to the negative electrode of 1.106 Although a little
excess amount of K anode is required to offset the anode
loss owing to the reaction between K and the electrolyte
to form the SEI,106 nearly the entire K metal anode would
be stripped and deposited during each discharge-charge
cycle, associated with huge volume changes at every
cycle.17 In these circumstances, the internal stress within
the K metal caused by such a large volume change is
likely to induce more severe cracking and reforming of
the SEI, making problems such as low CE and short
lifespan more pronounced. Therefore, thin K metal
anodes that are well matched to the sulfur cathode (areal
capacity ratio between them approaching to 1) should be
used in future K-S research to obtain a better understand-
ing of the K-S electrochemistry under practical conditions
and to accelerate its practical applications.

The SEI on the K surface consists of complex compos-
ite including a K-containing salt (eg, KF, K2O, K2CO3,
ROCO2K, etc) and reduction products (eg, formate and
acetate) of the electrolyte. The composition of the SEI
varies depending on the specific electrolyte salt and sol-
vent used. The multiple internal interphase interfaces
among the heterogeneous salts and grains in the SEI pro-
vide solid-state paths for fast K ion diffusion. Thus, the
SEI both passivates the K surface and conducts K ions to
enable reversible electrochemical processes for K deposi-
tion and dissolution.99 Many researchers have pointed
out that the SEI is intrinsically heterogeneous in terms of
structure, composition, mechanical properties, ion diffu-
sion rate, and so forth.99,100,107 For example, the composi-
tion of the SEI is heterogeneous, with organic salts on the
outside and inorganic salts on the inside.107 The quality
of the SEI (ie, stability, ion diffusion rate, impedance, etc)
that determines the K metal anode performance is
strongly affected by the electrolyte formula. Analysis of
this impact provides a better understanding of the elec-
trochemistry of the K plating and stripping and the inter-
action between the electrolyte and the K anode (eg,
passivation, etc). For example, one electrolyte formula
(ie, potassium bis(fluorosulfonyl)imide [KFSI] salt in
dimethoxyethane [DME]) enables reversible K plating
and stripping over the long term while other electrolyte
formulas such as 1 M KPF6-DME, 1 M KTFSI-DME, and
0.8 M KPF6-EC/DEC all failed to perform reversible K
plating/stripping due to rapid capacity decay.99 It was
also reported that the polarization of K metal was
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decreased by increasing the concentration of electrolyte
salt. The reduced polarization can be attributed to the
lower resistance and greater durability of the SEI formed
in the highly concentrated electrolyte.108 Nevertheless,
the polarization of K metals still is larger than those of Li
and Na metals, even when a highly concentrated electro-
lyte (ie, 3.9 M potassium bis(fluorosulfonyl)amide
(KFSA)/DME) is used. Besides the electrolyte salt and
solvent, the additive is also an important electrolyte com-
ponent that is used to enhance the stability of the SEI.
Although additives such as fluoroethylene carbonate
(FEC), difluoroethylene carbonate (DFEC), and vinylene
carbonate (VC) have worked efficiently in K ion batteries,
they have no positive effect on K metal plating.108 These
results imply that K metal anode may need a special
additive that differs from those used for K ion batteries,
and further development of efficient electrolytes and
additives is urged to enhance the electrochemical perfor-
mance of K metal batteries.

3.2.2 | Strategies toward dendrite-free K
anode

K dendrites cause severe issues such as active K anode
loss, electrolyte depletion, severe impedance rise, self-dis-
charge, capacity fading during cycling, and so forth, thus,
preventing the utilization of K metal anode. Developing a
dendrite-free K metal anode is critical to avoid all these
issues, and many efforts have been devoted to this aim.
Although research to prevent K dendrites is still in its
infancy, there have been many techniques that have been
proved successful for stabilizing Li metal anode (ie,
preventing Li dendrite formation or proliferation in Li-
metal batteries). Many of these techniques could be
grafted onto stabilizing K metal anode. To date, several
strategies have been proposed to obtain dendrite-free or
dendrite-suppressed K metal anodes with long-term
reversible cycling, including concentrated electro-
lyte,42,99,108 self-healing,109 artificial SEI on K metal
anode,110 a functional anode substrate (eg, MXene as sub-
strate),41,111 and K-Na alloy.100

Concentrated electrolyte
Concentrated electrolyte offers technical superiority in
terms of figure of merit over alternative materials. By
simply increasing the salt concentration in a suitable sol-
vent to above a threshold (usually >�3-5 M depending
on the salt-solvent combination), the free solvent mole-
cules disappear, and the location of the LUMO shifts
from the solvent toward the salt, resulting in the reduc-
tive decomposition of the salt before the solvent at low
potential.112,113 This unique property produces a salt-

derived SEI in concentrated electrolyte rather than a sol-
vent-derived SEI as in a normal electrolyte. The salt
derived SEI has high stability and a high transport num-
ber, giving the battery several advantages, such as a long
cycling life and a wide operating temperature range. The
concentrated electrolyte also has a high level of safety (ie,
fire-extinguishing, nonvolatile) and is capable of high
voltage operation because there is no free solvent.112

Recently, concentrated electrolyte has also been demon-
strated to be effective for K metal anode.42,99,108 For
example, Xiao et al reported dendrite-free potassium plat-
ing and stripping with excellent electrochemical stability
up to 5 V (vs K/K+) using superconcentrated KFSI in
DME electrolyte.99 Because there are fewer free solvent
molecules in concentrated electrolyte that can be reduced
by the K metal, the initial CE is higher than that of batte-
ries using normal electrolyte. The long-term reversibility
of the K metal anode was due to the compact SEI, which
impedes side reactions and keeps the K electrode den-
drite-free during cycling. Hosaka et al demonstrated that
the concentrated electrolyte was capable of suppressing
polarization during cycles of K plating-stripping,
resulting in the smallest overpotential of �50 mV when
using a highly concentrated electrolyte consisting of
3.9 M KN(SO2F)2/1,2-dimethoxyethane (Figure 6A).108

The K anode stability under different electrolytes were
also investigated. For low concentration electrolytes (ie,
<1 M), both the plating/striping curves and immersion
experiment (ie, discoloration of K metal immersed in the
electrolyte after 14 days) showed that the EC:DEC was
superior to PC for both KPF6 and KFSA salts (Figure 6A).
Furthermore, the electrochemical performance of KFSA
was better than that of KPF6 in EC:DEC. The effects of
additives on the electrolyte performance were also stud-
ied based on the KPF6 in EC:DEC electrolyte and the
results showed that the additive-free electrolyte was bet-
ter than the ones with additives (ie, FEC, DFEC, or VC).
Therefore, the KFSA in EC:DEC was the best electrolyte
in low concentration electrolytes. When it was compared
to concentrated electrolyte, however, its performance was
inferior to that of 3.9 M KFSA in DME electrolyte. The
enhanced electrochemical performance of concentrated
electrolyte with low polarization is due to the lower resis-
tance and higher durability of the SEI formed in the con-
centrated electrolyte. Recently, Wang et al applied
concentrated electrolyte in K-S batteries and achieved a
high discharging voltage of 2.1 V, delivering a dis-
charging energy density of �1270 Wh kg−1.42 The high
electrochemical performance of K-S batteries was
ascribed to the impeded dissolution and shuttle reactions
of K2Sx intermediates in the concentrated electrolyte,
even at a high charging voltage of 3.0 V. Although some
superior electrochemical performance was achieved
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using concentrated electrolyte, the capacity faded
quickly, and the cycling stability was poor in these K-S
batteries with concentrated electrolyte.

Self-healing
Metal dendrites are kinetically highly favorable during
extended cycling. The nucleation and growth of dendrites
are even accelerated on a thick, nonuniform, and hetero-
geneous SEI, owing to the uneven migration of K ions
through such SEI layers. Hundekar et al proposed a strat-
egy to obtain self-healing of K dendrites by controlling
the current density.109 The mechanism behind self-
healing is the internal self-heating within the battery
under high current density, which triggers extensive sur-
face migration of K atoms away from the dendrite tips,
thereby smoothing the dendritic surface. The self-heating
phenomenon is known as a negative attribute, as it can
cause thermal runaway, and in a severe case, a cata-
strophic fire hazard. Hundekar et al showed that even
this negative attribute, if controlled properly, can be used
to smooth dendrites.114,115 More surprisingly, they discov-
ered that the self-healing process in K anode is more effi-
cient than that in Li metal. The underlying reason for
this behavior was revealed by detailed DFT calculations,
which is ascribed to the greater mobility and lower
energy barriers of surface K atoms relative to Li metal
atoms (Figure 6B-F), thus enabling self-healing of K den-
drites to take place at an order-of-magnitude lower cur-
rent density.109 The SEI formed under a healing current
density of 2 mA cm−2 was observed to be more uniform
and thinner than that of the SEI obtained at low current
densities. The dendrites probably re-nucleate due to the
enhanced uniformity and reduced thickness of the SEI
layer under the healing current density.

Artificial solid-electrolyte interphase
The artificial solid-electrolyte interphase (ASEI) strategy
has been demonstrated great potential for preventing den-
drites on Li and Na metal anodes. For example, carbona-
ceous coatings (eg, carbon nanotubes [CNTs],116

graphene,117 and graphite118) on Li and Na metal anodes
have been proven to be efficient ASEI layers. This strategy
has recently been adopted to address the physicochemical
instabilities of the K metal surface. Wang et al demon-
strated long-term SEI stabilization, high-capacity deposi-
tion, and dendrite-free K cycling by simply coating a layer
of CNT film on the surface of a K metal anode.110 Because
of its dendrite-free feature, the CNT-coated K metal anode
achieved an unprecedented cycle life (over 1000 cycles,
over 2000 hours) at a high current density of 5 mA cm−2

and an attractive areal capacity of 4 mAh cm−2. The CNT
film was coated on the K metal foil by a simple contact
method between both parts in electrolyte solution. By

doing so, the spontaneous reduction of electrolyte and
potassiation of CNTs took place, forming a stable SEI
layer on the surface of the potassiated CNT film, as
evidenced by ex situ TEM observations (Figure 6G-L) and
XPS characterization (Figure 6M) on the SEI layers
formed on the surface of the CNTs. This induces a
“potassiophobic-potassiophilic” transition in the CNT
framework. Another advantage of potassiated CNTs is
their high chemical affinity with metallic K, making it
possible to regulate and guide K nucleation within the
entire CNT film. As a result, the potassiophilic CNT coat-
ing acts as an ideal host for the K anode to confine the
stripping/plating of K within the CNT framework, thus
eliminating the nonhomogeneous electrodeposition of
potassium.110

K anode host design
Confining K metal in a 3D conductive matrix to form a
mixed conducting network is believed to suppress the
growth of K dendrites by accommodating the volumetric
changes of K anode during plating/stripping cycles, while
simultaneously reducing the local current density by
spreading the ion flow laterally.41,119 This strategy has
been successfully used to stabilize metallic Li and Na
anodes.120,121 Typically, the construction of such an alkali
metal/conductive matrix network is achieved by a melt
infusion or electrodeposition method, which sometimes
needs additional pretreatments such as heteroatom dop-
ing,122,123 coating,121,124 or the introduction of functional
groups120 on the conductive framework to improve the
wettability of the conductive matrix for molten alkali
metals. Recently, a similar melt infusion method without
any pretreatments was used to encapsulate K metal in a
conductive aligned CNT membrane (ACM).111 This
aligned structure produces strong capillary forces to
improve its wettability toward molten K and provides a
large pore volume to store K metal. The as-prepared K-
ACM anode shows stable plating/stripping profiles with
low polarization compared with bare K electrode at vari-
ous current densities (Figure 6N-Q). More remarkably,
excellent cycling stability and rate capability were
achieved when a K-ACM anode was paired with a Prus-
sian blue cathode in a full cell, confirming the excellent
suitability of K-ACM anode.111 In addition to carbona-
ceous conductive matrices, MXene, a 2D material with
high conductivity, has also been used as the host for K
metal to obtain dendrite-free K anode. Very recently,
Tang et al reported titanium-deficient nitrogen-con-
taining MXene/CNT free-standing scaffold (DN-MXene/
CNT) as a K metal host to control nucleation behavior
and suppress dendritic growth.41 The K@DN-MXene/
CNT anode was obtained by the melt infusion method,
taking advantage of the low melting point of K (�63�C).
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FIGURE 6 A, Voltage profiles of repeated K plating-stripping in various electrolytes with different solvents, and different

concentrations and additives in K//K symmetrical cells with photographs of K metal discs in different electrolytes after 14 days. Reproduced

with permission. Copyright 2019, American Chemical Society.108 B-F, First-principles DFT calculations on the surface diffusion

characteristics of Li and K metal: Adsorption energy landscape for (B) Li adatom on Li (001) and (C) K adatom on K (001); D, Snapshots of

the atomic configuration along the minimum energy path (MEP) for self-diffusion, with the adatom in a 4-fold hollow in the exchange

mechanism; E, The calculated activation energy barrier via the MEP method for the diffusion by exchange mechanism for Li and K; F, The

calculated variation of the diffusion rate constant with temperature for both Li and K. Reproduced with permission. Copyright 2020,

National Academy of Sciences.109 G-M, Morphology and XPS spectra of SEI layers formed on the surfaces of CNTs: TEM images of (G)

pristine CNT, and CNT lifted from the surface of the K foil after resting in 0.5 m KPF6 EC/DEC electrolyte for (H) 0.5 hour and (I) 40 hours,

and (J) after 2000 hours of cycling in a coin-type K/CNT|K/CNT symmetric cell. K, TEM image and L, the corresponding schematic

illustration of the observed mosaic structure of the SEI. Scale bar, 5 nm in (G)-(K). M, XPS spectra of the SEI layers formed on the surfaces of

CNTs after 40 hours rest (upper) and 100 hours of cycling (bottom). Reproduced with permission. Copyright 2019, Wiley-VCH.110 N-Q,

Electrochemical performance of symmetric cells with bare K or K-aligned carbon nanotube membrane (K-ACM) electrodes: Galvanostatic

cycling tests at different current densities of (N) 1 mA cm−2, (P) 2 mA cm−2, and (Q) 5 mA cm−2 with a stripping-plating time of 2 hours and

capacity fixed at 1 mAh cm−2; and (O) selected specific voltage profiles at 1 mA cm−2. Reproduced with permission. Copyright 2019, Wiley-

VCH111
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The molten K could be directly absorbed into the as pre-
pared MXene scaffold due to its potassiophilic property.
This porous scaffold with abundant interconnected voids
enabled massive loading of metallic K and preserved a
constant electrode dimension during cycles of plating/
stripping. K@DN-MXene/CNT showed a dendrite-free
morphology with high CE and long cycle life during plat-
ing/stripping processes. When tested in K-S full batteries,
such anodes also delivered enhanced specific capacity
and cycling performance compared with bare potassium
metal anodes.41 The mechanisms by which these conduc-
tive matrices (ie, ACM, DN-MXene/CNT, etc) suppress
dendrites are similar: (a) They have porous and robust
skeletons to load metallic K and to mitigate dimensional
changes of the whole electrode during cycling. (b) They
are K-philic, which is very important for them to act as
“seed points” to initiate the K nucleation during cycling,
thereby preventing the direct plating of K outside of the
scaffold. (c) They have high electronic conductivity to
reduce the effective local current density and to facilitate
a uniform K ion flux. These features set the standards for
designing dendrite-free K-anode matrices.

3.2.3 | K-based anodes beyond K metal
anodes

Besides the K metal anode, many other types of K-based
anodes (eg, K-Na alloy, potassium biphenyl complex
[BpK], K impregnated hard carbon, etc) have been pro-
posed to circumvent the dendrite issues in K metal
anodes. These K-based anodes are intrinsically dendrite-
free anodes, thus allowing for a stable SEI layer. These K-
based anodes have demonstrated superior electrochemi-
cal performance in K ion batteries100 or K-O2 batteries,

125

which implies that they are potential alternative anodes
for K-S batteries. In this regard, more future research is
encouraged to design K-S batteries based on these K-
based anodes.

Goodenough and co-workers first proposed liquid K-
Na alloy, a room temperature eutectic, as anode for
potassium ion batteries.100 Its biggest advantage is that it
does not grow dendrites due to the surface tension forces
of the liquid K-Na alloy. At 25�C, the dendrite-free liquid
extends from 9.2 to 58.2 wt% Na. This liquid zone could
deliver a high specific capacity of 629 mA h g−1 for a Na-
metal battery and 579 mA h g−1 for a K-metal battery. As
liquid K-Na alloy is immiscible with most hydrocarbons,
it can form a liquid electrode in liquid electrolyte, which
changes volume during charge/discharge cycling. This
unique feature allows the K-Na alloy anode to be used in
liquid electrolyte. Typically, K-Na alloy is absorbed in a
porous substrate to be fabricated into a sheet electrode.

The absorption process is not spontaneous, however,
because the K-Na alloy does not wet the carbon matrix at
room temperature due to strong surface tension of K-Na
liquid (ie, stronger bonding with itself than with most
surfaces). To solve this problem, several methods have
been developed to enhance the wettability of liquid K-Na
alloy, including increasing the temperature to 420�C and
room temperature infiltration based on oxidation of the
alloy or vacuum infiltration.100,126,127 To date, the liquid
K-Na alloy anodes have been applied in K ion and K-O2

batteries.100,125 Due to their dendrite-free feature, the liq-
uid K-Na alloy anode exhibits stable and long-term plat-
ing and stripping processes (eg, for 2800 hours) with an
acceptable overpotential of 0.4 V.32

Liquan Chen et al reported another class of liquid
anodes fabricated by dissolving alkali metal into a mixed
organic solution of biphenyl and ethers.128 As a proof-of-
concept, they dissolved sodium into an organic mixture
(biphenyl [Bp] and dimethoxyethane [DME]) to achieve
a Na-Bp-DME liquid anode. This liquid anode possessed
a low potential of 0.09 V vs Na and high conductivity of
1.2 × 10−2 S cm−1 at room temperature. This liquid anode
had a high degree of safety because it reacted with water
in a much milder way than Na metal. Unlike liquid K-Na
alloy, the Na-Bp-DME liquid anode cannot be used in liq-
uid electrolyte. Instead, a solid electrolyte has to be used
with this type of liquid anode. A prototype Na-S battery
(Na2Sk BASEkNa-BP-DME) was assembled using Na-Bp-
DME as anode and Na-β00-Al2O3 solid electrolyte (BASE)
as the solid electrolyte, which sustained over 3500 cycles
without measurable capacity loss at room temperature.
Compared to the solid-state K metal anode, the liquid K-
based anodes generally are dendrite-free and have a sta-
ble SEI, fast and facile K diffusion and reaction kinetics,
and easily-relaxed stresses due to the good fluidity of the
liquid. Based on this concept of the liquid alkali metal
organic anode, Yichun Lu et al developed a potassium
biphenyl (BpK) liquid anode and applied it in the K-O2

battery, which showed high safety, high rate performance
and long lifespan with superior performance (3000 cycles
and CE of 99.84%).129 The superior performance obtained
with BpK liquid anode can be attributed to the advan-
tages of the good fluidity of the liquid. Compared to the
solid-state K metal anode, the liquid state K-based anodes
generally are dendrite-free and have a stable SEI, fast and
facile K diffusion and reaction kinetics, and easily relaxed
stresses that are induced during cycles of plating/strip-
ping. So far, only a few reports on K-based batteries have
used liquid K-based anodes, but they have demonstrated
their great potential. Therefore, we encourage the scien-
tific research community to pay more attention to this
field and design more potassium-sulfur batteries using K-
based anodes.
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3.3 | Electrolytes

For current K-S batteries, the electrolytes employed
include liquid electrolytes (ether-based and ester-based
electrolytes) and solid-state electrolytes (SSEs) (polymer-
based and inorganic-based SSEs). As an essential compo-
nent of batteries, the electrolytes play vital roles in
transporting ions and stabilizing electrode/electrolyte
interfaces to support long operation life. Thus, they are
important for optimizing the battery performance and
promoting its practical applications.

3.3.1 | Liquid electrolyte

For liquid-electrolyte based K-S batteries, the shuttle
effect, caused by the free migration of dissolved polysul-
fide during cell operation, is a crucial challenge for
achieving high energy density and long cycling life, In
particular, these dissolved long-chain redox species
(K2Sn, 4 ≤ n ≤ 8) can be reduced chemically when diffus-
ing to the anode material to form lower-order poly-
sulfides (K2Sn, 1 ≤ n ≤ 3) and then diffuse back to the
sulfur cathode to be re-oxidized. These parasitic reactions
have a considerable negative impact on K-S batteries,
including the irreversible consumption of active material
at the cathode, the formation of a passivation layer on
the anode material, and electrolyte depletion because of
attacks by the highly active polysulfide species. Neverthe-
less, due to the wide range of polar/nonpolar characteris-
tics of sulfur and its polysulfides, it is difficult to choose
electrolytes with perfect insolubility for all the polysulfide
intermediates. For a specific electrolyte system, under-
standing the solid-solution properties of polysulfides is
highly necessary for explaining and optimizing battery
performance.

Hwang and his co-workers have synthesized a series
of K2Sx (1 ≤ x ≤ 6) polysulfides and studied their solubil-
ity in diethylene glycol dimethyl ether (DEGDME).39

Unlike lithium polysulfide, K2Sx with short chains (x < 5)
cannot be dissolved in DEGDME, while the ones with
long chains (5 ≤ x) are completely dissolved with a dark
brown appearance. Further, Gu et al thoroughly investi-
gated the properties of K2Sx (1 ≤ x ≤ 3) in potassium bis-
(fluorosulfonyl)imide (KFSI)-dimethoxyethane (DME)
electrolyte, including their solubility, the related dispro-
portionation reactions, and the chemical compatibility
between KFSI and the polysulfides.62 Specifically, they
quantified the solubility of K2S3 and K2S2 in DME solvent
and showed that their solubilities are as low as
71.4 mg 100 g−1 and 12.6 mg 100 g−1 (Table 2), respec-
tively. Despite its low solubility in DME, K2S3 can still
produce yellowish soluble polysulfide (Figure 7A)

species, which consist of detectable S5
2−, S4

2, and S3
•- via

UV-Vis analysis (Figure 7B). As S5
2− will be further

disproportionated into S6
2− and S4

2−, this indicates that
K2S3 is disproportionated into K2S6, K2S4, K2S5, and likely
K2S and K2S2. When there was a salt (KFSI) presented,
however, the dissolution of K2S3 was suppressed due to
the common ionic effect caused by the increased K+ con-
centration (Figure 7B). In addition, they also demon-
strated that the FSI− anion is stable in the presence of
K2S3 via nuclear magnetic resonance (NMR) spectros-
copy, confirming the chemical stability of KFSI-DME
electrolyte in K-S batteries.

In addition to investigating the basic properties of
polysulfides in a specific electrolyte, researchers have
tried to incorporate redox additives into the electrolyte to
achieve high energy density for K-S batteries. Lai et al
added a copper (II) salt (copper
trifluoromethanesulfonate, Cu[TFS]2) in potassium
trifluoromethanesulfonate (KTFS) in the 1-
methylimidazole (Me-Im) system as catalyst to promote
the reduction kinetics of K2S3 to K2S, aiming to achieve a
high energy density. The reason why they chose Me-Im
was to maximize the solubility of polysulfide.37 Cu(TFS)2
can be readily dissolved in Me-Im and forms the Me-Im-
solvated Cu2+ active species. Coupled with a stable potas-
sium biphenyl anode (BpK), the BpK-S battery with Cu2+

(denoted as “S/Cu2+”) exhibited dramatically increased
performance compared with a BpK-S cell (denoted as
“S”), and a BpK-Cu2+ cell (denoted as “Cu2+”). This is
ascribed to the complete reduction of S3

2− to S2−. An
obvious higher average cell voltage for “S/Cu2+” than for
“Cu2+” and “S” further proves the enhanced reduction
kinetics of the change from S3

2− to S2−. They also rev-
ealed the mechanism responsible for the remarkable per-
formance improvement in the KTFS- Me-Im- Cu2+

system. On replacing Me-Im with other solvents, such as
diglyme (DG) and dimethyl sulfoxide (DMSO), the effec-
tiveness of the Cu2+ catalyst was much reduced,
suggesting that the solvation of Me-Im molecules (with
imidazole nitrogen atoms) around Cu2+ ions is essential
for catalyzing the formation of K2S.

Other electrolytes, including 1.0 M KClO4 in
tetraethylene glycol dimethyl ether (TEGDME),36 potas-
sium trifluoromethanesulfonate (KCF3SO3)/TEGDME,51

and KPF6 in ethylene carbonate (EC)/dimethyl carbonate
(DEC),39,60 have been tried in K-S systems. As summa-
rized in Table 3, both ether-based and carbonate-based
electrolytes have been used in K-S batteries, and organic
potassium salts are more widely utilized than inorganic
ones. Compared with carbonate-based electrolytes, ether-
based electrolytes are reported to possess better compati-
bility with K metal anodes, thus inspiring high motiva-
tion to employ them for high-performance K-S systems.17
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Nevertheless, the investigation of liquid electrolytes for
K-S batteries is still at an early stage, more efforts to
obtain a detailed understanding of the chemistry of poly-
sulfides in solution, strategies for confronting intermedi-
ate shuttling, and the exploitation of novel systems (eg,
ionic-liquid, concentrated electrolytes) should be under-
taken in the future.

3.3.2 | Solid electrolyte

SSEs present a solution for high energy density in high-
safety alkaline metal-based sulfur batteries that benefit

from their ability to obstruct the polysulfide shuttle and
block metal dendrites. Notwithstanding that there are
not as many reports on SSEs for K+ as for Li+, progress
has been witnessed in recent years. A pioneering work
was conducted in Goodenough's group, where they
employed polymer-gel electrolyte with cross-linked poly
(methyl methacrylate) (PMMA) in potassium batteries
with polyaniline as cathode.131 Compared with liquid
electrolyte (0.8 M KPF6 in EC/DEC/FEC), the potassium
battery with the polymer-gel electrolyte exhibited much
improved cycling stability, as well as CE, implying the
important role of the SSE in stabilizing the electrode/
electrolyte interfaces during cycling. Xiao et al reported

FIGURE 7 A, Images of K2Sx (x = 1-3, 5) dissolved in DME. B, UV-Vis spectra for K2Sx (x = 1-3, 5) in different solutions. Reproduced

with permission. Copyright 2018, American Chemical Society.62 C, Schematic illustration of polymer electrolyte with the structure of the star

polymer. Reproduced with permission. Copyright 2019, Elsevier.130 D, Wettability of liquid K on untreated K-BASE. E, Cycling performance

of a K-S cell at 150�C43
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the synthesis of a tailor-made star polymer via cation
template-assisted cyclopolymerization, which was com-
posed of cross-linked cores containing pseudo-crown
ether cavities and polyethylene oxide (PEO) arms (Fig-
ure 7C).130 Thus, it showed universal conductivity for
alkali ions (Li+, Na+, K+). Their ionic conductivities in
different alkaline metal-ion batteries were measured, and
the optimized value for K+ was found to reach
9.84 × 10−4 S cm−1 at 80�C. Feng's group reported a room
temperature poly(propylene carbonate) (PPC)-KFSI
based SSE for all-solid state PIBs.132 The PPC-KFSI based
SSE was fabricated by first casting a mixed tetrahydrofu-
ran solution of PPC and KFSI onto cellulose nonwoven
membranes and then evaporating the solvent. When
demonstrated in an all-solid-state potassium battery
based on a 3,4,9,10-perylene-tetracarboxylicacid-
dianhydride (PTCDA) cathode, the PPC-KFSI based SSE
showed high ionic conductivity of 1.36 × 10−5 S cm−1 at
ambient temperature.

In addition to polymer-based SSE, inorganic based
electrolytes are also being exploited. Feng's group
employed a K2Fe4O7 ceramic pellet as SSE in a potassium
metal battery using Prussian blue as cathode.132 K2Fe4O7

was synthesized under hydrothermal conditions, and it
featured a 3D open framework for K+ transportation. It
manifested many advantages in potassium metal batteries,
including a K+ ion conductivity of 5 × 10−2 S cm−1 at
room temperature, a wide voltage window up to 5 V vs K/
K+, and chemical stability toward potassium metal. As a
result, the all-solid-state potassium metal battery based on
the prepared K2Fe4O7 SSE exhibited remarkable perfor-
mance with an impressive high rate capability of 250 C (1
C = 87 mA h g−1). Lu and his co-workers employed K-
BASE electrolyte for moderate-temperature K-S batteries.43

The components for the K-BASE sample included 91 wt
% K-β00-Al2O3, 8.4 wt% K-β-Al2O3, and 0.6 wt% ZrO2. The
wettability test showed that potassium was capable of good
wetting performance on K-BASE at temperatures higher
than 150�C (Figure 7D). It also showed very good conduc-
tive properties, with high conductivity around 0.056 and
0.01 S cm −1 at 300 and 150�C, respectively. When tested
in a K-S cell constructed with a potassium polysulfide
catholyte paired with molten potassium at 150�C, remark-
able cycling stability over 1000 cycles with negligible deg-
radation was achieved (Figure 7E). This work is inspiring
for the future development of K-S full cells to work at a
moderate temperature, such as 150�C.

4 | OUTLOOK AND PERSPECTIVES

Overall, K-S batteries are attracting increasing attention
as a high-energy-density and low-cost alternative to

current LIBs. Although some efforts have been made in
terms of cathode design, anode protection, and electrolyte
optimization, and reasonable progress has been
witnessed, the study of K-S batteries is still at a very ini-
tial stage. Advances in our understanding of the
potassiation mechanism of sulfur, enhancement of the
reaction kinetics, relief of the shuttle effect and solutions
to the safety hazard would be highly desirable. In addi-
tion, constructing evaluation parameters suitable for
industrial purposes is essential to ensure that new devel-
opments palpably contribute to make the K-S technology
commercially relevant. This requirement looks too harsh
for such a new technology, but it is reasonable and may
be compulsory to a certain degree, as its Li-S counterpart
is undergoing such a transition to realize its practical
promise. With respect to advancing the development of
K-S batteries, we would like to share our perspectives on
possible future directions in this area:

4.1 | Developing advanced cathode
materials

The requirements for an ideal cathode for K-S batteries
include high conductivity, high sulfur loading and utili-
zation, good trapping ability for polysulfides, and fast
reduction kinetics for the transition from K2S3 to K2S.
Current strategies for increasing the conductivity are
focused on conductive framework design, such as with
carbon coating, porous carbon loading, and so forth.
Future directions might change to modify sulfur to
increase its intrinsic conductivity, such as by alloying sul-
fur with selenium (Se) or tellurium (Te). They belong to
the same chalcogen group as sulfur, but possess much
higher electrical conductivity (10−3 for Se vs 10−27 S m−1

for S at room temperature). Inspired results have been
obtained in Li-SeSx and Na-SeSx systems, where a small
amount of selenium substitution in sulfur can signifi-
cantly improve its sodiation and lithiation kinetics.133,134

Moreover, our group members have demonstrated the
promise of the K-Se battery.135 It is believed that explor-
ing the K-SeSx system would offer more opportunities for
disentangling the various factors that may be responsible
for holding back the “pure” K-S system.17 Other impor-
tant aspects of performance to be considered are the sul-
fur loading/utilization, and the polysulfide trapping
capability, which impose special requirements on the sul-
fur host design. In the Li-S battery, the chemical interac-
tions between sulfur and its host materials have been
extensively studied, and the results indicate that the sur-
face functionality, intrinsic polarity, electro-/nucleophi-
licity, and/or redox potential play important roles in
determining the strength of the interaction. Among the
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reported sulfur hosts, metal-organic frameworks (MOFs)
and nonstoichiometric metal chalcogenides have been
calculated to possess the highest binding energy toward
lithium sulfide,136,137 which should be also paid special
attention in K-S systems. Finally, a catalytic cathode with
the functionality to promote the reduction kinetics for
the K2S3 to K2S reaction should be developed in the
future. A series of catalysts have been demonstrated to be
efficient enough to enhance the kinetics of the reaction
from soluble polysulfides to insoluble S (in the charge
process) or sulfide (in the discharge process) in Li-S and
Na-S systems, such as platinum (Pt), gold (Au), cobalt
(Co), and metal oxides/sulfides/nitrides.29,138-143 Their
catalytic effects in K-S batteries are waiting to be discov-
ered. Notably, all the proposed strategies require an in-
depth understanding of the mechanism. Recently, in situ
characterization technologies such as in situ infrared
spectroscopy,144 in situ Raman spectraoscopy,145 in situ
electron microscopy,146 in situ synchrotron powder dif-
fraction,147,148 in situ synchrotron X-ray powder diffrac-
tion,149 and so forth have been employed and proved to
be efficient at revealing the mechanisms behind the elec-
trochemical reactions (including the electrode reactions,
electrolyte decomposition, SEI formation and regenera-
tion, etc). Therefore, future research should rely more on
these technologies to solve the current issues with K-S
batteries.

4.2 | Building a stable potassium anode

The prerequisite for a stable potassium anode is the for-
mation of a stable SEI layer on its surface, which impedes
any further reaction between the potassium and the elec-
trolyte, and avoids dendrite growth. We still know little
about potassium's SEI layer, however, owing to the
super-activity of potassium, which imposes difficulties for
observations and characterizations. Thus, the urgent task
here is to understand the structure and chemistry of the
SEI for potassium. Recently, by virtue of cryo-electron
microscopy (cryo-EM), researchers have observed solid-
liquid interfaces and dendrites on lithium anodes, and
this technique is expected to be used for the observation
of SEI layers in K-S batteries.150,151 Key questions, such
as the detailed components of the SEI layer, its evolution
with the working potentials, the core component passiv-
ating the metal, and so forth, should be answered. Based
on a fundamental understanding of the SEI layer in K-S
batteries, efficient strategies can be designed and applied,
including, but not limited to, artificial SEI layer construc-
tion, host architecture design, the application of concen-
trated electrolyte, self-healing, and so forth. In addition,
multiscale modeling can be used to interpret

experimental results and provide predictions to enable
further experimental optimization, targeted at efficiently
and reliably realizing a stable potassium anode for
advancing progress toward a practical battery.

4.3 | Electrolyte optimization

Various electrolytes, including liquid-electrolytes, poly-
mer-based electrolytes, and inorganic-solid state electro-
lytes, have been employed in the K-S system, although
reports on electrolyte optimizations are still limited. Nev-
ertheless, the electrolyte plays a vital role in overcoming
the polysulfide dissolution and shuttle problem, which
should be paid much more attention for the development
of practical K-S batteries. For now, the liquid-electrolyte
based K-S battery is still the most promising one owing to
the mature development of various liquid electrolytes.
Nevertheless, dissolution of polysulfides, the shuttle
effect, and safety concerns related to flammability are
highly challenging for liquid electrolytes. Compared with
conventional electrolytes (carbonate-based and ether-
based electrolytes), ionic-liquid (IL)-based electrolytes
have been attracting special attention due to their unique
solvation behavior. In Li-S batteries, certain IL-based liq-
uid electrolytes have been found to suppress the solubil-
ity of all the redox-active species while maintaining
acceptable ionic conductivity.152 The cationic/anionic
dependence of the solubility of S8 and polysulfides have
also been revealed.153 As a result, it is possible to custom-
make IL electrolytes with desirable performance, which
should be highly promising for K-S batteries. Adding
redox mediators (RMs) has been proved to be another
efficient approach to achieving high-performance K-S
batteries, as they can control the precipitation of K2S on
the cathode host on discharge and lower the over-
potential for its oxidation on charge.137,154 Generally,
they are molecules with reversible redox couples that
undergo electrochemical reduction or oxidation at the
electrode and diffuse to the active material. Thus, with
the presence of RMs, uncontacted active material can
even be electrochemically coupled to the electrode sur-
face, thus avoiding the formation of “dead” active mate-
rials. In addition, safety concerns about conventional
organic electrolytes remains a critical factor in determin-
ing the practical applications of large-scale rechargeable
batteries. It is an especially severe problem in the devel-
opment of potassium-based batteries, since K metal is
extremely active toward oxygen and water. In this regard,
employing nonflammable electrolytes is highly attractive
and highly recommended. Recently, Liu et al reported a
low-cost and fire-retardant phosphate-based electrolyte
(potassium bis(fluorosulfonyl)imide in triethyl
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phosphate) for rechargeable PIBs, which manifested
excellent performance with a moderate concentration.155

Inspired by this work, more efforts should be directed
toward the design of low-cost and nonflammable electro-
lyte systems with fire-retardant solvents in the future to
make the K-S system a reality.

4.4 | Practical cell parameters

To obtain high-energy-density metal-sulfur batteries for
practical use, several cell parameters need to be kept in
the practical range, including high sulfur loading, a low
electrolyte/sulfur (E/S) ratio, an ultrathin metal anode,
and so forth. Recently, the Li-S research community has
realized the importance and necessity of considering the
practical cell parameters in the pursuit of practical high-
energy-density Li-S batteries and deliberately moved in
this direction. In this context, Manthiram et al has pro-
posed the five 5 seconds for high energy Li-S batteries,
which are sulfur loading >5 mg cm−2, carbon content
<5%, E/S ratio <5 mL mg−1, E/C ratio <5 mL (mA h) −1,
and the negative to positive electrode ratio (N/P) ratio
<5 in pouch-type cells. Unfortunately, state-of-the-art K-
S batteries with decent performance are obtained with
mild cell parameters (ie, low sulfur content of 30-70 wt
%, a low sulfur loading of <1.2 mg cm−2, and high elec-
trolyte/sulfur ratios of over 48 μL mg−1) rather than
practical cell parameters such as the five 5 seconds
parameters. Therefore, it is likely that the performance
of the K-S battery will be worse when practical cell
parameters are used. Due to the inherent disadvantages
of the K-S battery, such as the poor solubility of short
chain potassium polysulfides, large volume expansion
during electrochemical redox reactions, and the high
chemical activity of K metal, the K-S battery faces more
severe challenges under practical cell parameters. For
example, the high sulfur loading and sulfur content
mean that there will be less conductive carbon in the
cathode. The low content of carbon substrate leads to
poor conductive contact and weak confinement of sulfur
within the carbon substrate, causing the loss of active
material and capacity decay. The use of ultrathin K
metal anode means that nearly the entire K metal anode
would experience stripping/plating during each cycle.
The huge volume changes of K metal anode induce
severe cracking and reforming of the SEI on the K metal
surface, making problems such as low CE and short
lifespan more pronounced. The use of lean electrolyte
may result in insufficient wetting of the positive elec-
trode, resulting in low sulfur utilization, low capacity,
and short cycle life. To address these challenges, new

design guidelines may be required for the cathode, elec-
trolyte, and anode. For example, binder is widely used in
current K-S batteries to fix the active materials, and
some designs focusing on binder have been proposed to
improve the performance of K-S batteries.39 Binder as a
nonactive material, however, needs a large amount of
extra electrolyte to overcome the wettability and ion dif-
fusion problems. Therefore, binder-free cathode is more
favorable with practical cell parameters (eg, use of lean
electrolyte) as it reduces the weight of both the electro-
lyte and the binder. Some recent K-S batteries have
adopted two-layer separators to impede the polysulfide
shuttle from the cathode to the anode.62 The use of addi-
tional separator will lead to an increase in the weight of
the nonactive substances, however, resulting in a
decrease in energy density. Therefore, many design
criteria under mild conditions (ie, flooded electrolyte,
low sulfur loading, thick anode, etc) are no longer appli-
cable to battery design under practical conditions. Future
research should consider more new design options. For
example, polysulfides dispersed on a self-supporting con-
ductive substrate is a promising cathode design, as it has
high sulfur loading and uniform sulfur dispersion, and it
eliminates binders and current collectors and thus
improves the mass ratio of active materials in the whole
battery.156,157 In order to adapt to the practical parameter
of lean electrolyte, high wettability, high conductivity,
and moderate specific surface are key factors for cathode
design. Although the current research on the K-S battery
is still in its early stage and is still far from being practi-
cal, achieving high performance under practical condi-
tions is a challenge that K-S batteries must confront and
overcome on the road to their practical use.
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