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Potassium-ion batteries (KIBs) are competitive alternatives to lithium-ion batteries (LIBs) due to the abundant K
resources and high energy density. As an indispensable part of the battery, the electrolyte affects the battery ca-
pacity, rate capability, cycle life, and safety. Nevertheless, the researches on electrolytes and corresponding solid
electrolyte interfaces (SEI) in KIB are still in its infancy and require further attention. In this review, recent pro-
gresses of various K* containing electrolytes for KIBs are summarized comprehensively. Additionally, the effects
of salts, solvents, additives, and concentrations on the properties of various electrolyte systems are discussed in de-

tail. Thereafter, interface chemistry between electrode and electrolyte, as well as rational modification strategies
for high-performance KIB are reviewed. Finally, the major challenges and the future perspectives are estimated
for advanced KIB. This review will provide good directions for the development of high-performance KIB.

1. Introduction

Energy storage technology integrating intermittent energy has be-
come the focus of attention with the rapid rise of renewable energy.
Developing large-scale energy storage systems with high-efficiency is a
key strategy to realize the application of renewable energy and the con-
struction of national smart grids. Lithium-ion battery (LIB) as a chemical
energy storage technology has been favored by the field of automotive
power batteries owing to high energy density and high working voltage
[1-3]. However, the raw materials of LIB, namely lithium and cobalt
resources, are affected by reserves and the market [4,5]. Potassium-
ion battery (KIB) and sodium-ion battery (SIB) are possible alternatives
to LIB owing to the abundant content of K and Na in the earth’s crust
(Figure 1a) [6-15]. Moreover, the prices of potassium salt (K,CO3) and
Na,CO5 as raw materials for electrodes are much cheaper than Li,CO5.
In addition, both KIB and SIB reduce the battery costs and the weight
of the current collector by using aluminum (Al) as the anode collec-
tor to replace copper required by LIB, because K and Na do not form
any Al-K/Na intermetallic compounds [16]. However, KIB provides sev-
eral more important advantages than SIB. First, KIB is expected to pro-
vide higher-voltage operation than NIB or even LIB. The redox potential
of K/K* (-2.93 V vs standard hydrogen electrode (SHE)) is close to
Li/Li* (-3.04 V vs SHE), which is lower than Na/Na*(-2.71 V vs SHE)

* Corresponding author.

(Figure 1b). In addition, it has been confirmed that the standard elec-
trode potential of K is lower than that of Li/Li* in propylene carbonate
(PC) or ethylene carbonate (EC)/diethyl carbonate (DEC), which means
that KIB shows the potential to provide high voltage than LIB [10,17].
Second, KIB is expected to have higher power capability due to the rapid
diffusion of K*. Although K* has the largest ion radius compared to Na*
and Li*, it has the smallest Stokes radius in PC (Figure 1c). The weak
Lewis acidity of Kt makes the weak interaction between K* and solvent
molecules, which in turn makes K* diffuse the fastest in the electrolyte
solution and the molar conductivity is the highest. Moreover, the des-
olvation energy of K* in PC is much lower than that of Na* and Li*,
which makes KIB expected to exhibit higher rate capability than LIB
and SIB (Figure 1d) [18]. However, the poor diffusion of K* with large
ion radius in solids limits the reaction kinetics of KIB. During K* inser-
tion/extraction process, the volume change of the electrode material in
KIB will be more obvious than that of SIB and LIB. The lower electro-
chemical potential makes it easier for the solvent in the electrolyte to be
reduced on the electrode surface in KIB, causing serious side reactions
to occur. Compared with Na and Li, K has a lower melting point and
stronger reactivity. Thus, the growth of K dendrites and battery safety
are more concerned.

The number of reported scientific publications on KIB has in-
creased exponentially in recent years (Figure 1e). Up to now, numerous
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researches have been devoted to developing high-voltage cathode mate-
rials and high-capacity anode materials to realize the high energy den-
sity KIB. Nevertheless, the structure of the electrode material changes
greatly during the charge and discharge processes, which in turn causes
rapid capacity degradation. The existing strategies include the design of
nanostructures, the recombination of carbon matrix, and the introduc-
tion of defects or vacancies by heteroatom doping, etc [11-13,19-23].
However, high-performance electrodes are inseparable from the com-
patible electrolyte [24,25]. In this regard, the compatible electrolytes
and understanding/optimization of interfaces are getting more and more
attention, which can be clearly observed in many publications (Figure 1f
and g). The electrolyte affects the overall performance of the battery
through interface chemistry, including battery capacity, rate capability,
cycle life and safety [26,27]. As for organic electrolytes, the formula-
tions for KIB are continuously optimized to obtain more excellent elec-
trochemical performance. For an instance, the electrochemical window
of KC10,/PC solutions was studied as early as 2001 [28]. Subsequently,
a KIB was designed using KBF,-EC/ethyl methyl carbonate (EMC) elec-
trolyte [8]. However, poor conductivity and low solubility of KC1O, and
KBF, hinder the development of corresponding electrolytes. Then, the
behavior of K* inserting into graphite in KPF¢-EC/DEC electrolyte was
reported firstly [16,29]. Recently, some researches have been devoted to
the development of high-performance KIB electrolytes. They use differ-
ent K salts with different organic solvents, adjust the salt concentrations,
optimize the solvent ratios, or use additives to improve the interface
composition, thereby improving the Coulombic efficiency (CE) and ex-
tending the battery cycle life. But they also suffer from the high cost
and low safety. To address the problems in organic electrolytes, various
electrolytes such as aqueous electrolyte, ionic liquid (IL) electrolyte, and
solid electrolyte were proposed.

Many important scientific issues related to the complex reactions
that occur at the electrode/electrolyte interface (including the reaction
mechanism, the composition of the passivation film, and the modifica-
tion strategy) are of great significance for improving the electrochem-
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ical performance of KIB. Especially, a stable passivation film formed
in a suitable electrolyte can avoid the occurrence of side reaction and
inhibit the growth of K dendrites, while the unstable solid electrolyte
interface (SEI) will lead to poor electrochemical performance in incom-
patible electrolyte. Although great progress has been made in electrolyte
design to improve the electrochemical performance of KIB, there are
still several major problems summarized as follows: (1) lack of K salt
options, (2) serious side reactions caused by highly active K metal, (3)
the compatibility of electrolytes and electrode materials (unstable SEI),
(4) lack of high-voltage-resistant electrolyte system, (5) the growth of K
dendrite, (6) lack of advanced characterization techniques to better un-
derstand K™ solvation and transport characteristics [10,30,31]. Overall,
the development of high-performance KIB in the future will depend on
the discovery and development of state-of-the-art electrolytes, as well as
a comprehensive grasp of the interface of the electrolyte and electrode.

Herein, this review aims to provide a comprehensive overview of
electrolyte design and SEI layers for high-performance KIB. First, basic
chemistry, classifications, and design principles of KIB electrolytes are
introduced. Then, the influence of three components (salts, solvents,
and additives) and concentrations on various electrolytes is summarized
and discussed. Furthermore, the SEI on various electrodes are presented,
including the SEI formation mechanism, the composition of SEI films, K*
transport manners, influencing factors of the SEI in various electrodes,
and effective modification of the SEI (Figure 2). Finally, the challenges
and opportunities of KIB electrolytes and SEI are analyzed and proposed.

2. KIB Electrolytes

2.1. Design Principle of KIB Electrolytes Based on Fundamental/Basic
Chemistry

KIB follows a rocking-chair type working principle similar to LIB
and SIB, which is based on the shuttlecock of K* between positive
and negative electrodes during the charge and discharge processes in
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Figure 2. Schematic illustration of main components related to the KIB elec-
trolytes and SEL

Figure 3a. When discharging, K* is extracted from the negative elec-
trode and inserted into the positive electrode through the electrolyte.
Meanwhile, electrons pass from the negative electrode to the positive
electrode through the external circuit. The charging process is just the
opposite of discharging.

In fact, the reversible oxidation and reduction reactions of electrode
materials are closely related to the electrolytes. Electrolyte is usually
ion-conducting but electronically insulating, which consists of salts as
carriers and solvents as transmission medium. Therefore, the electrolyte
undertakes the task of transferring ions inside the battery to ensure the
normal operation of battery. Both positive and negative electrodes react
complicatedly with the electrolytes during the charge and discharge pro-
cesses. Especially, as the voltage changes, the electrolyte will undergo
an electrochemical decomposition reaction and the formation of a passi-
vation layer on electrode surface during the first cycle. The composition
and structure of the interfaces directly affect the electrochemical per-
formance of battery.

Herein, Figure 3b demonstrates the formation mechanism of the pas-
sivation film from the energy level [32-34]. When the lowest unoccu-
pied molecular orbital (LUMO) of the electrolyte is lower than the Fermi
level of the negative electrode, electrons in the negative electrode will
be transfered into the LUMO, leading the electrolyte to be reduced. By
contrast, when the highest occupied molecular orbital (HOMO) is higher
than the Fermi level of the positive electrode, electrons will be trans-
fered into the positive electrode, causing the electrolyte to be oxidized.
During the cycles of the battery, the potassium salt or solvent in elec-
trolyte is reduced or oxidized, and the resulting material will deposit on
the electrode surface to form a passivation film (SEI and cathode solid
electrolyte interphase (CEI)). Similar to LIB and SIB, SEI layer of most
the KIB anode materials forms spontaneously below 1.0 V in organic
electrolytes [29,35,36].

2.2. Classifications of KIB Electrolytes

The KIB electrolytes can be divided into two main types: liquid elec-
trolytes and solid electrolytes. Liquid electrolytes include organic sys-
tem, aqueous system, and ionic liquid system, while solid electrolytes
include inorganic solid system and polymer system.

Organic electrolytes are currently the most widely applied in KIB due
to high ionic conductivity, good electrochemical stability, good compat-
ibility with electrodes, and significant power density (Figure 4a). They
are composed of K salts, organic solvents, and additives. Herein, the
main advantages of organic electrolytes for KIB are summarized as fol-
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lows. First, the relatively large dielectric constants of organic solvents
are beneficial to the dissociation of K salts. Second, the low viscosity
of organic solvents promotes rapid migration of K*. Third, the chem-
istry and electrochemistry of organic electrolytes are relatively stable
within a certain voltage range. Fourth, a stable passivation layer can
be formed on electrode surface in organic electrolytes. However, or-
ganic electrolytes pose a major safety hazard owing to the flammability
and volatilization of organic solvents. In addition, the reaction between
highly active K metal and carbonate electrolyte results in poor CE. [37]

Aqueous electrolytes have also received extensive research in recent
years owing to their high stability, high safety, low cost, and environ-
mental friendliness (Figure 4b). They are usually made up of K salts, wa-
ter solvent, and additives. First, aqueous batteries fundamentally avoid
the safety problems caused by flammable organic electrolytes. Second,
the cost of aqueous electrolytes is lower than other systems. Third, aque-
ous electrolytes own higher ionic conductivity than that of organic elec-
trolytes. Fourth, water solvent is harmless and non-toxic to the environ-
ment. Nevertheless, the problem of aqueous KIB is the narrow voltage
window, resulting in low energy density.

IL electrolytes in KIB have recently received continuous attention
and are a promising type of electrolytes. They are comprised of organic
anions and cations, coupled with K salt, demonstrating superior ther-
mal and electrochemical stability, low volatility, and low flammability
(Figure 4c). These features can enable KIB to achieve high energy den-
sity and improved safety. However, IL electrolytes have higher viscosity,
lower ionic conductivity, and lower charge transfer numbers. It is pre-
cisely because of the increase in ion correlation that larger clusters are
not conducive to transport, thus causing slow diffusion. [38] Increasing
the operating temperature of battery can be expected to improve the dif-
fusion coefficient. In addition, the high synthesis cost of IL electrolytes
cannot be ignored.

Unlike organic electrolytes, solid electrolytes exhibit high safety,
good mechanical properties, and excellent thermal stability (Figure 4d).
Besides, solid electrolytes can support the battery to operate under ex-
treme conditions (low and high temperature), while liquid electrolytes
will deteriorate in the same condition. [39] In addition, solid elec-
trolytes are expected to notably increase the energy density of batteries.
However, several major challenges hinder the development of solid KIB.
The solid electrolytes can effectively suppress dendrites formation due
to its mechanical rigidity, but whether the influence of dendrites can be
completely ignored is questionable. Besides, the stability of the interface
between the electrode material and the solid electrolyte plays a critical
role in the electrochemical performance of KIB. Thus, it is indispensable
to develop effective strategies to alleviate the physical contact problem
of solid electrolytes to improve ionic conductivity.

In general, in view of the characteristics of these four electrolytes,
they can be used flexibly according to actual needs in the future to give
full play to their greatest advantages.

2.3. Design Principles of KIB Electrolytes

According to advanced experience of LIB/SIB electrolytes, the main
required characteristics of KIB electrolytes are proposed as follows:

(1) High Ionic Conductivity

The ionic conductivity of electrolyte depends on the lattice energy of
the salt, viscosity and dielectric constant of solvent, and solvation effect
(Figure 5a). The low lattice energy of salt means that the dissociation
energy is low, which promotes the dissolution of K salt. Besides, the sol-
ubility of K salt in solvents is limited due to weak chemical bonds with
the solvent molecules. Then, low viscosity and high dielectric constant
of solvents facilitate ion diffusion [40]. Moreover, the solvation effect of
K* in organic solvents affects ionic conductivity because the desolvation
process determines the rate of ion migration and reaction. Lower des-
olvation energy leads to more convenient desolvation and higher ion
diffusion rate. In addition, the solvation structure of K* and solvent
molecules is also affected by the concentration of salts in electrolytes.
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The ionic conductivity of electrolyte exhibits a convex parabolic change
as the concentration increases due to the number of free ions and elec-
trostatic interference.

(2) Excellent Chemical and Electrochemical Stability

The chemically stable electrolytes should not react other compo-
nents of battery, including current collector, separator, binder, and
outer packaging materials, etc. (Figure 5b). However, certain electrolyte
components (FSI~ and Ca®*) are corrosive to the current collector or
steel shell, which will cause the battery to fail [41,42]. On the other
hand, wide electrochemical stability window (ESW) and stable elec-
trode/electrolyte interface are required in electrochemical stable elec-
trolytes, expecting to achieve high energy density and long cycle life of
battery (Figure 5c). It is found that the composition and concentration
affect the voltage window in organic electrolytes [43]. Also, the IL or
solid electrolytes can significantly increase the width of ESW [44,45]. In
addition, adjusting the electrolyte composition, concentration and ad-
ditives can enhance the electrochemical stability of passivation layer.

(3) Good Interface Contact

The interface problem between solid-liquid and solid-solid contact
mainly involves the resistance, growth of dendrites and compatibility
between electrolyte and electrode. Good wettability is beneficial to the
total contact between liquid electrolyte and electrode material, reduc-
ing the charge transfer resistance (Figure 5d). The disadvantage of solid
electrolytes is poor contact with isolated particles of active material, re-
sulting in higher resistance. However, liquid electrolytes are subject to
safety issues caused by K dendrites, while solid electrolytes with the
excellent mechanical strength can effectively inhibit the K dendrites

Stability
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Solid electrolyte

growth and improve battery safety. [45] Typically, a passivation layer
formed on electrode surface improves the interface compatibility in lig-
uid electrolytes, but it will reduce the initial CE (ICE) of battery. In
addition, artificial interface engineering can improve this compatibility
problem in solid electrolytes.

(4) Wide Range of Applicable Temperature

The electrolyte is the most flammable component in battery, which
greatly affects the battery safety. The high thermal stability of elec-
trolytes means that they will not freeze or decompose even in a low tem-
perature and high temperature environment (Figure 5e). Thus, thermo-
dynamically stable K salts, non-flammable solvents, and flame-retardant
additives are required for safe electrolytes. Fortunately, the decomposi-
tion temperature of some K salts is usually higher than those of Na/Li
salts (Table 1). Moreover, it is well known that non-flammability and
safety are the advantages of aqueous and solid electrolytes. In addition,
IL electrolytes show high thermal stability due to its low flammability.
In addition, it is feasible to add flame-retardant solvents to conventional
electrolytes to obtain higher safety [46].

(5) Environmentally Benign and Low Cost

A good electrolyte should possess the characteristics of environmen-
tal friendliness and low cost, which are conducive to its practical ap-
plication (Figure 5f). The environmental damage and high cost should
be avoided. In addition to high energy density and long lifespan KIBs,
organic electrolytes and IL electrolytes should also be improved by de-
creasing cost. Especially, aqueous electrolytes and solid electrolytes are
likely to become the development trend of next-generation electrolytes
due to their green methods and low-cost advantages.
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Figure 5. The main properties of high per-
formance KIB electrolytes, involving (a) high
ion conductivity, (b) excellent chemical stabil-
ity, (c) excellent electrochemical stability, (d)
good interface contact, (e) wide range of appli-
cable temperature (good thermal stability and
low freezing point), and (f) environmentally
friendly and low cost.
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Table 1
Physical and chemical properties of the reported K salts for KIB electrolytes.

Decomposition Conductivity (c)a)
Chemical Molar mass temperature (Tm) [°C] [mS cm~!] (Na and
K Salts structures (g mol™!) (Na and Li salts) Li salts) Solubility Cost Toxicity Ref.
KPFg 184.06 575 (300, 200) 5.75 (7.98, 5.8) 0.9 mol kg~! in PC; 1.8  Low cost Low [40]
mol kg~!' in DME toxicity
KBF, { ® 125.90 530 (384, 293) 0.2(/, 3.4) Hardly dissolved in PC Highly cost Highly [40]
‘ toxic
KClO, P 138.55 610 (468, 236) 1.1(6.4, 5.6) Hardly dissolved in PC Low cost Highly [40]
toxic
L]
KFSI \( p 219.23 102 (118, 130) 7.2(]) 10 mol kg~! in PC; 7.5 Highly cost Nontoxic [40]
< : mol kg-'in DME; 12
mol kg~' in GBL
(-]
KTFSI & o’ 319.24 198-203 (257, 234) 6.1(6.2, 5.1) 6 mol kg-! in DME Highly cost  Nontoxic [40]
L%‘ .
KCF3S04 188.17 238.5 (248, >300) (/, 1.7) 22 mol L' in water Highly cost Nontoxic [98]

3. Influence Factors in Various KIB Electrolytes
3.1. Organic Liquid Electrolytes for KIB

The performance of organic electrolytes is deeply affected by three
major components (K salts, solvents, and additives) and concentrations.

34

Therefore, their effects on battery performance will be discussed from
four aspects in the following sections.

3.1.1. The Effect of K Salts
K salt is one of the three major components of KIB electrolytes, which
is closely related to the electrochemical properties of electrolytes. The
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Figure 6. Effect of K salts in electrolytes.
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following points need to be paid attention to when choosing the suit-
able K salt. First, high solubility in solvents increases the concentration
of K* in the electrolyte. Second, good electrochemical stability of K salt
determines ESW. Third, good chemical stability of K salt reduces the
occurrence of its side reactions. Fourth, excellent thermal stability of K
salt will improve the safety of the battery. Fifth, low-cost and non-toxic
K salts are conducive to industrialization. Unfortunately, the types of K
salts that have been reported so far are rare. The main K salts in KIB elec-
trolytes include KPFg, KN(SO,F), (KFSI), KN(CF3S0,), (KTFSI), KBF,,
KClO,4, and KCF3S05. In Table 1, some physicochemical properties of
the most used K salts for KIB electrolytes are summarized.

Owing to no corrosion on the Al current collector, high ionic con-
ductivity, good compatibility, and low cost, KPF¢ has been widely used
in performance testing of cathodes and anodes of KIB. However, KPFg
is extremely sensitive to water and oxygen, and it is prone to hydroly-
sis reaction to produce HF, PF5, and POF; in contact with water. Other
common K salts are KFSI and KTFSI, which display higher conductivity
in PC-based electrolytes. [40] Nevertheless, the issue of FSI~ and TFSI~
lies in the corrosion of the Al collector at high voltage. Besides, the
strong interaction between K* and BF,~ makes KBF,-based electrolyte
poorly conductive. KClO, is rarely used because of its strong oxidation.
The problem of KCF3S05-based electrolyte is also poor conductivity.

K* makes K salts show some different properties from Li and Na salts.
For instance, the melting points of KPF¢, KBF,4, and KClO, are higher
than those of Na and Li salts, manifesting higher thermal stability and
better safety of these K salts. The ionic conductivity of these K salts is
lower than that of the corresponding Na and Li salts, which is ascribed
to large size and low Lewis acidity of K*.

Komaba et al. compared KFSI, KTFSI, KPF¢, KBF,, and KCIO, in PC
and measured their ionic conductivity. [40] Whether in EC/DEC system
or PC system, the solubility of KBF, and KClO, salts is relatively small,
while the solutions of KFSI, KTFSI, and KPFg show their high solubility.
The ionic conductivity of KFSI, KTFSI, and KPFg solutions is much higher
than that of KBF, and KClO,. Moreover, KFSI was found highly soluble
in various solvents (10 mol kg~! in PC, 7.5 mol kg~! in dimethoxyethane
(DME), 12 mol kg~! in y-butyrolactone (GBL)). The KFSI-DME system
showed the highest ionic conductivity, which can be attributed to the
low Lewis basicity of FSI", resulting in a weak interaction between an-
ions and cations. In addition, the 7 mol kg~! KFSI-DME solution exhibits
lower viscosity than other high-concentration electrolytes (10 mol kg~
KFSI-PC and 12 mol kg~! KFSI-GBL).

Recently, researches on the effects of different K salts on electrode
performance have shown an increasing trend. Each K salt has differ-
ent effects on the K storage of electrode materials due to its own char-
acteristics. KPFg is confirmed to be more suitable in the high-voltage
cathodes than KFSI. It is found that K; ,sMn[Fe(CN)g1(.93°0.16H,0 (K-
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MnHCFe) presents high platforms (4.08, 4.11, 3.97, and 3.89 V) and a
high capacity (137 mA h g~1) in KPF¢-based electrolyte (Figure 6a). In
contrast, K-MnHCFe in KFSI-based electrolyte exhibits large voltage po-
larization, severe overcharging, and a rapid capacity decay (Figure 6b).
[47]1 This phenomenon can be attributed to the corrosion of Al foil by
FSI™ at high potential. Besides, KClO, may effectively suppress the side
reactions between the electrolyte and K metal. Compared with KPFg-
based electrolytes, the cell in KClO,4-based electrolytes exhibits higher
CE (~98.5%) and long-term stability (a capacity retention of 92.8% af-
ter 200 cycles at 0.1C) (Figure 6¢). [48] The excellent cycling perfor-
mance can be related to the strong oxidation of KClO,4, which can react
with K to form a robust SEI, avoiding the occurrence of side reactions.

KFSI can promote the formation of stable SEL It is found that
Bi/reduced graphene oxide (Bi/rGO) electrode exhibits higher capacity,
higher CE, and more stable cycling ability in KFSI-based electrolyte than
those in KPF¢-based electrolyte (Figure 6d). [49] The advantages of
the KFSI-based electrolyte are demonstrated in other alloyed materials
(Sn, Sb, GePs, Sn4P3, and red P (RP)), [[49,50,52,53]] transition-metal
dichalcogenide (MoS,, NiCo, 5S4, and MoSe,), [[54-56]] nitrogen-
doped graphite foams (NGFs) and K metal. [53,57] The improved cy-
cling life is related to the FSI-, which plays a role in preventing the
electrolyte decomposition, modifying the interface, and forming stable
SEL On the other hand, KFSI can efficiently inhibit the growth of K
dendrites and suppress the occurrence of some side reactions. For in-
stance, the battery in KFSI-based electrolyte can maintain stable oper-
ation for a long time, while a short circuit occurs shortly after running
in the battery of KPFg-based electrolyte (Figure 6e). [52] The short
circuit phenomenon is probably due to the growth of K dendrites and
the continuous generation of SEI. Moreover, it is also confirmed that
the stronger solvation occurs in KFSI-based electrolyte. Guo et al. in-
vestigated the interaction between salts and solvents, finding that the
peaks proportion and strengths of the K* solvated molecules in KFSI-
based electrolyte were much higher than those in KPF¢-based elec-
trolyte. [53] Therefore, the free solvent molecules in the electrolyte
will be greatly reduced, which is helpful to avoid the occurrence of side
reactions.

In addition to single-salt electrolytes mentioned above, a type of
binary-salts electrolyte also be developed recently. Komaba et al. devel-
oped a KPFy-KFSI-based electrolyte for long-term stability, high-voltage
KIB. [58] They found that KPF¢-KFSI-based electrolyte shows higher
ionic conductivity than KPF¢-based electrolyte. This electrolyte with a
KPF¢-KFSI molar ratio more than 3 has strong oxidation stability, which
solves the corrosion issue of the Al current collector by KFSI. An ICE of
72.5%, a high capacity of 105 mA h g~! and a high capacity reten-
tion of 75% after 500 cycles are delivered in 0.75KPF¢-0.25KFSI-based
electrolyte. Such excellent cycling performance in the full KIB can be at-
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tributed to the decomposition products of FSI~ which stabilizes the SEI
on the graphite electrode.

3.1.2. The Effect of Solvents

Solvent is one of three major components of electrolyte, which af-
fects the properties of electrolytes. The ideal electrolyte solvent should
have the following characteristics. First, solvents with high dielectric
constants can dissolve enough K salts. Second, low viscosity of solvents
is good for K* transport. Third, solvents with high boiling point (Tb)
and low melting point (Tm) enable electrolyte have a wide operating
temperature window. Fourth, high flash point (Tf) of solvents ensures
the safety of battery. Fifth, the solvents with wide ESW and stability can
enable the positive and negative materials perform their extreme func-
tions. Finally, environmentally-friendly and low-cost are required for
solvents. The most important properties of organic solvents are listed
in Table 2. It is found that the organic solvent family studied in KIB is
basically the same with that used in LIB and SIB, including esters and
ethers.

Ester solvents are the main solvents in KIB due to its higher electro-
chemical stability and ability to dissolve K salts. The commonly used
are the cyclic EC, PC, GBL, and fluoroethylene carbonate (FEC), and the
linear DEC, ethyl methyl carbonate (EMC), dimethyl carbonate (DMC),
triethyl phosphate (TEP), dimethyl methyl phosphonate (DMMP), and
trimethyl phosphate (TMP), etc. Besides, ether solvents exhibit low di-
electric constant and low viscosity, while their active properties and
poor oxidation resistance limit their applications. The common ether
solvents include cyclic 1,3-dioxacyclopentane (DOL), the linear DME,
triethylene glycol dimethyl ether (TEGDME), and diethylene glycol
dimethyl ether (DEGDME). Most K* electrolyte formulations refer to
dissolving a K salt in a mixture of one, two or more solvents.

The interaction of K* with organic solvents has been theoretically
studied and compared with Li*, Na*, and Mg2*. [18] Among the four
ion species, K* exhibits the lowest ion-solvent interaction energy, which
is related to high-rate capability of KIB. In this regard, the small acti-
vation energy for desolvation leads to low interface reaction resistance,
and the small solvation ion radius causes the high ion conductivity of
the K*. Nevertheless, the weak ion-solvent interaction leads to the low
solubility of K salt. In addition, the analysis on the interaction energy be-
tween solvents and ions shows that the polarization and electrostatic in-
teractions in the K complex are the smallest, which explains that the K*
radius is the largest and the Lewis acidity is the lowest among them. Fur-
thermore, it is found that TMP, dimethyl formamide (DMF), N-methyl
oxazolidinone (NMO), dimethyl imidazolidinone (DMI), and N-methyl
pyrrolidinone (NMP) have strong interactions with K*. These solvents
are expected to dissolve more K salts, which are promising in the choice
of solvents in the future of KIB.

The effect of organic solvents on electrode material has been eval-
uated in recent years. It is found that EC/PC-based electrolytes are
more suitable for both high voltage and low voltage. Komaba et al. re-
ported the high-voltage behavior (2.0-5.0 V) of KVPO,F and KVOPO,
in EC/DEC and EC/PC-based electrolytes. [59] A discharge capacity of
~80 mA h g~! and the discharge voltage of 4.13 V for KVPO4F were
achieved in EC/PC-based electrolytes. Besides, the irreversible capac-
ity of KVPO,F at the initial cycle in EC/PC-based electrolytes is less
than that in EC/DEC-based electrolytes (Figure 7a and b). The rea-
son is that the irreversible anodic current of EC/PC-based battery in the
high-potential range is much smaller than that of EC/DEC-based bat-
tery. Thus, the side reactions of cathodes at high voltage can be effi-
ciently suppressed in EC/PC-based electrolytes. The same phenomenon
occurs in graphite anode. Xu et al. analyzed the effect of different sol-
vents (EC/PC, EC/DEC, and EC/DMC) on the K storage performance of
graphite. [60] The EC/PC system exhibits high ICE and stable cycling
ability (Figure 7c). The decomposition of DEC and DMC at low poten-
tial may cause great amount irreversible capacity. Especially, the rapid
capacity decay of EC/DMC system is probably due to the continuous
decomposition of DMC and the formation of unstable SEI. [61,62]
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TEP solvent can protect the layered structure of the electrode. [63]
The K, 5sMnO, cathode pre-cycled in TEP-based electrolyte is highly ef-
ficient, while the fast capacity decay is exhibited when used in EC/DEC-
based electrolyte (Figure 7d). It is claimed that passivation layer is not
a decisive factor leading to different K storage performance of K, sMnO,
cathode in EC/DEC and TEP-based electrolytes. They found that EC
molecules are embedded in the layers due to the relatively weak in-
teraction with K* when K, sMnO, cathode is deeply charged. The co-
intercalation will destroy the layered structure, which leads to capacity
decay. However, TEP can avoid molecular embedding with the relatively
large the Sterimol parameters (Dg.;) values (4.53 A), thus protecting
the layered structure, enabling the battery to cycle stably at high volt-
age (4.2 V). Besides, TEP-based electrolyte demonstrated the highest ICE
(88.45%) and the smallest overpotential (0.4 V) among the three phos-
phate electrolytes (Figure 7e). [46] This can be ascribed to the high
ionic conductivity and low viscosity of TEP-based electrolyte, because
K* has a weak solvation effect in TEP solution. In addition, the flame-
retardant properties of TEP could address the battery safety problem.

FEC enables KVPOF cathode with reversible cycling performance
at high voltage of 4.9-5.0 V. [64] Nikitina et al. compared the electro-
chemical behaviors of KVPO4F cathode in tetramethylene sulfone (SL),
adiponitrile (ADN), and FEC-based electrolytes. It is found that FEC-
based electrolyte is more attractive for high voltage with lower charge
transfer resistance than SL and ADN-based electrolytes, which is as-
cribed to the easiness formation of stabilizing surface protective films
in FEC-based system. Moreover, the capacity of KVPO,F is highly re-
versible at 4.9 V and slightly decayed at 5.0 V in FEC-based system
(Figure 7f).

Ether solvents have greater solubility for K salts, which are differ-
ent from ester solvents. Recently, ether electrolytes exhibit significant
superiority when used in anode materials (graphite, alloyed materials,
organic materials, and K metal, etc.). Obviously, the K storage mecha-
nism of graphite anode in ether-based electrolytes varies from that in
carbonate-based electrolytes. For instance, the electrochemical perfor-
mances of graphite anode in DME and EC/DMC-based electrolytes are
comparatively investigated. [65] The capacities of 82 mA h g~! in DME-
based electrolytes and 8 mA h g~! in EC/DMC-based electrolytes at 10
C are formed in a sharp contrast, which may be ascribed to the low
interaction force caused by a charge shielding effect in DME-based elec-
trolytes (Figure 8a). Moreover, it should be noted that the K* inter-
calates into graphite in EC/DMC-based electrolyte, while the K*-ether
co-intercalation in DME-based electrolyte. The co-intercalation behav-
ior avoids the slow desolvation process, which enables the fast kinetics
of graphite.

DME could effectively protect organic electrode materials. The cy-
cling stability of anthraquinone-1,5-disulfonic acid sodium salt (AQDS)
cathode in EC/DEC and DME-based electrolytes was compared. [66]
Improved cycling stability is demonstrated in DME-based electrolyte,
which is ascribed to the robust SEI layer with fast reaction kinetics
(Figure 8b). Meanwhile, the excellent electrochemical performance of
dipotassium terephthalate (K,TP) anode also benefits from DME sol-
vent. [67] A high CE (90%) and much less polarization of poly (an-
thraquinonyl sulfide) (PAQS) cathode are achieved in DOL/DME-based
electrolyte. [68]

DME is more compatible with alloy anodes (Sn, Bi, and SnSb) than
ester solvents. When micrometer-sized Bi is used as an anode for KIB, the
capacity retention of 94.4% in DME-based electrolyte can be achieved,
which is superior to that in PC-based electrolyte (Figure 8c). [69] It is
concluded that compatible electrolytes can stabilize the powdered fresh
interface caused during the charging/discharging process. In incompat-
ible electrolytes, SEI does not prevent the decomposition of electrolyte.
In addition, a remarkable ICE (90.1%) of the 3D SnSb electrode is ob-
tained in DME-based electrolyte. [70]

It is found that DME-based electrolyte can effectively passivate the K
metal surface, forming stable and uniform SEIL. [43] A highly reversible
and long-term stable K plating-stripping is obtained only in KFSI-DME
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Table 2
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Physical and chemical properties of the reported organic solvents for KIB electrolytes [14,25]

Melting point

Boiling point Flash point Viscosity (1) Dielectric constant

Solvent Chemical structure [cP] (Tm) [°C] (Tb) [°C] (Tf) [°C] at 25°C (¢) at 25°C
EC %_. 36.4 248 160 2.1 89.78
<
PC % -48.8 242 132 2.53 64.92
DMC ) ) 46 91 18 0.59 (20°C) 3.1
(W
EMC “‘1 E E 53 110 | 0.65 2.96
p” .
DEC M 743 126 31 0.75 2.8
<
FEC up—o 18 249 120 235 |
(_/ ]
TEP -56.4 215 117 16 |
TMP 46 197 148 13 |
DMMP m -50 181 104 1.75 |
GBL “ﬁa 43,53 204 983 17 39 (20°C)
L‘
ADN M 1 295 / 6.1 30
& ¥
ve kD_. 22 162 73 223 I
L;.
DME ' ' -58 84 0 0.46 7.2
(/ =
DEGDME (“W 64 162 57 1.06 7.18
TEGDME LWL -46 216 111 339 7.53
DOL LQ' 95 75.6 1 0.6 (20°C) /
C

electrolyte, while fast capacity decay and low CE are demonstrated
in KPF¢-DME, KTFSI-DME, and KPF¢-EC/DEC electrolytes, respectively
(Figure 8d).

In addition to the application of DME-based electrolytes in anode
electrodes, the application of cathode electrodes is also involved. [71]
A higher capacity and better cycling ability of TiS, cathode are pre-
sented in DME-based electrolyte. Besides, the galvanostatic intermittent
titration technique (GITT) demonstrated that the same K storage mech-
anism of TiS, in both EC/DMC and DME-based electrolytes. However,
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high K* diffusion coefficient and better kinetics in charge transfer are
provided by DME-based electrolyte (Figure 8e).

As other ether solvents, DEGDME has received more attention in
recent years. DEGDME-based electrolyte is found to be more stable
than EC/DEC. [72] More by-products were found in EC/DEC system,
which may be caused by electrolyte decomposition. The decomposi-
tion products of DEC may be K ethyl and carbonates. However, no ob-
vious changes occurred in DEGDME-based system, indicating that the
DEGDME is relatively stable. The fast capacity decay of graphite anode
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Figure 7. Effect of esters in electrolytes.
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in EC/DEC electrolyte is ascribed to the continuously thickening SEI
due to the decomposition of electrolyte. Furthermore, the K*-solvent co-
intercalation mechanism of graphite anode in KCF3SO3-DEGDME elec-
trolyte is revealed by the experimental results and first-principles cal-
culations. [73] A sluggish desolvation process is avoided during the
[K-DEGDME]* complex intercalation, which is a cause of the fast kinet-
ics.

3.1.3. The Effect of Additives

Additives refer to adding a small amount of other components to the
original electrolyte system to change the target characteristics of the
electrolyte. The typical role of additives in LIB and SIB has already been
confirmed to modify SEI increase surface wettability, improve flame re-
tardancy, reduce viscosity, improve solvent solubility, and prevent over-
charging. [74-79] Thus, the development of electrolyte additives is also
an important hotspot in research of KIB. Currently, KIB electrolyte sys-
tem has its own shortcomings, such as low CE, poor cycle life, poor high
voltage resistance, temperature limitations, and safety issues. In this re-
gard, the application of electrolyte additives is the simplest and most
effective way to solve these problems and improve the performance of
KIB. Meanwhile, the ideal KIB additives should reduce irreversible ca-
pacity, increase cycle life, inhibit the dissolution of cathode materials,
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reduce gas generation, prevent overcharge, and improve the thermal
stability of K salts and organic solvents.

Up to now, the research on KIB electrolyte additives is rare. However,
there have been some studies on the influence of additives on KIB in re-
cent years. FEC has been confirmed to play different roles in different
battery systems. FEC can effectively improve the CE of cathode materi-
als. [37,47] By adding different concentrations of FEC additive (2 and
5%), the CE and cycle life of K; goFe[Fe(CN)gz]lg 99*0.4H,O (KFeHCF-
S) are significantly improved (Figure 9a). Similar reports prove that
2 vol% FEC additive can improve the ICE of K-MnHCFe (from 61% to
90%), but it will play a negative role in cycling stability (Figure 9b and
c). This phenomenon is because FEC does not completely suppress the
occurrence of side reactions.

Nevertheless, FEC also could exacerbate the occurrence of side reac-
tions. It is found that the cycle performance and rate capability of GeP5
anode become worse using KPF¢ and KFSI-based electrolytes with FEC.
[50] The reason is that the solvation energy of electrolytes is greatly
improved (from 0.305 eV to 1.281 eV) due to the presence of FEC. The
larger solvation energy indicates that the interaction force between the
solvent and K* is greater, making the diffusion of K* and desolvation
more difficult (Figure 9d). Similar electrochemical behavior also exists
in SnyP; anode. [52] The color change of the separator in electrolytes



X. Zhang, J. Meng, X. Wang et al.

a

(o2

Energy Storage Materials 38 (2021) 30-49

Figure 9. Effect of additives in electrolytes.
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with FEC is more obvious than in electrolytes without FEC, indicating
that more serious side reaction has occurred in electrolytes with FEC.
[55]

Additionally, the presence of additives (FEC, difluoroethylene car-
bonate (DFEC), vinylene carbonate (VC), and ethylene sulfite (ES)) did
not play a positive role in the plating/stripping of K metal. [80] Komaba
et al. studies the effect of different additives on electrolytes. It is found
that FEC, DFEC, and VC increased the polarization of the battery, while
the presence of ES did not change the electrolyte obviously (Figure 9e).

In addition to the conventional additives mentioned above, some
new additives for KIB have also been developed recently. Matsumoto
et al. developed potassium difluorophosphate (KDFP) electrolyte addi-
tive to promote the generation of robust SEI on graphite, significantly
improving the cycle life and CE of the battery. [81] A capacity reten-
tion (76.8%) over 400 cycles and the average CE (99.9%) of graphite
are obtained in electrolyte with KDFP (0.2 wt%). It is the presence of
KDFP that make SEI rich in KF and POy, thus the SEI and K overpo-
tential are improved. Besides, Ming et al. introduced ethylene sulfate
(DTD) additive for safe KIB electrolyte. [82] They found that DTD has
a tremendous effect on the K storage performance of graphite, because
it changed the solvation structure of K*, which determines the interface
behavior of K*-solvent. It is particularly noteworthy that DTD can re-
place a part of TMP solvent and jointly build the first solvated shell of
K+.

3.1.4. The Effect of Concentration

The development of high-concentration electrolyte has become an
efficient strategy to promote the electrochemical performance of batter-
ies [83-86]. Thus, the application of high-concentration electrolytes in
KIB is widespread, and their advantages are summarized as follows.

(1) Withstanding high voltage. The redox stability of high concentra-
tion electrolytes was analyzed by the linear sweep voltammetry (LSV).
The position of the sudden increase of current curve is about 3.5 V in
diluted electrolyte, but this potential will be delayed to 5.0 V in con-
centrated electrolyte (Figure 10a). [43] This means that diluted elec-
trolyte is more likely to decompose than concentrated electrolyte. FSI~
mostly exists in the form of free anions in diluted electrolyte, while be-
haves more like solid state in concentrated electrolyte. Besides, the peak
of DME solvent molecule gradually weakens as the concentration in-
creases, while the solvation peak gradually increases. Meanwhile, the
HOMO is reduced because the DME donates oxygen lone pair electrons
to K*, which effectively inhibits the oxidative decomposition of elec-
trolyte. In addition, a high-energy-density (207 Wh kg~1) graphite dual
ion battery based on a high concentration electrolyte was presented. The
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high operating voltage of about 4.7 V in this battery system is unbear-
able for conventional traditional electrolytes. [87] Recently, the dual
interface layer of the tough SEI film derived from the high concentration
electrolyte and the inactive K-lean spinel interlayer enable K, c,MnO,
to achieve stable electrochemical performance in KIB. [88]

(2) Enhancing safety. The safety of the battery is an indispensable
premise. It is particularly important to develop high safe electrolytes for
KIB owing to highly active K metal. Generally, the traditional organic
electrolyte is volatile and flammable, which makes the battery face the
risk of ignition or even explosion. Adding flame retardants (TMP, TEP,
and DMMP) to electrolyte is an effective way to improve battery safety
in LIB and SIB. In view of this, Guo et al. reported a high concentra-
tion electrolyte using a flame retardant as a single solvent (2 M KFSI-
TEP), which simultaneously improved the performance and safety of
KIB. [46] Moreover, it can be found in the flame test that the electrolyte
is easily ignited in 1.15 mol kg~ KFSI-based electrolytes, but cannot be
ignited in 6.91 mol kg‘1 KFSI-based electrolytes (Figure 10b). [[89]]

(3) Alleviating the side reactions. The electrochemical performance
of battery is affected by many side reactions (such as the corrosion of Al,
the shuttle of polysulfide and so on). However, a greatly reduced num-
ber of free solvent molecules in high concentration electrolytes, which
can effectively suppress side reactions. [40] It is found that the Al foil
has been severely corroded in 2 mol kg~1-based electrolyte, while the
surface of the Al foil does not change obviously in 7 mol kg~!-based
electrolyte (Figure 10c). This phenomenon may be related to the low
dielectric constant of DME solvent, which plays a decisive role in sup-
pressing side reactions. In addition, high concentration electrolyte can
efficiently suppress the dissolution and shuttle of polysulfide. The K-
S battery is prone to overcharge in low concentration electrolytes, but
this problem is effectively suppressed by increasing the electrolyte con-
centrations. [[90]] The highly reversible reaction of sulfur with a high
concentration of 5 M electrolyte is achieved, which is ascribed to the
effective suppression of polysulfide shuttle behavior (Figure 10d).

(4) Promoting uniform and stable SEI. [[911,[92]] It is found that
most of SEI components formed in 3 M KFSI-based electrolyte are in-
organic, while the SEI layers in 0.8 M KPFg-based electrolyte are con-
sisted of organic and inorganic components. Besides, the SEI maintains
well after 2000 cycles in 3 M KFSI-based electrolyte, indicating its uni-
form and stability. The special interface and SEI formed in high con-
centration electrolytes enable the electrode materials exhibit excellent
electrochemical performances in term of cycling stability and rate capa-
bility (Figure 10e and f).

In brief, the choice of salts, solvents, additives, and concentration
was found to play a critical role in electrochemical performance of KIB.
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Mitigation of shuttle effect

The ideal electrolyte requires high ionic conductivity, low viscosity, no
corrosion with the current collector, generation of a robust SEI on elec-
trode surface, no decomposition at high and low potentials, inhibition
some side reactions, and low cost, etc. If the above requirements cannot
be met at the same time, a compromise can be made to maximize the
performance of KIB.

3.2. Aqueous Electrolytes for KIB

The performance of aqueous KIB is mainly affected by K salt and con-
centration. Thus, recent advances in different K salts and concentrations
for aqueous KIB will be discussed in detail as follows.

Typically, potassium nitrate (KNO3), potassium sulfate (K,SO,),
potassium acetate (KAc), KCF3SO3 or potassium hydroxide (KOH) are
used as K salts and deionized water is used as solvent in aqueous KIB.
Due to the active nature of K metal, platinum, Ag/AgCl, and activated
carbon are usually used as counter electrodes in aqueous batteries. How-
ever, the hydrogen evolution potential and oxygen evolution potential
limit the choice of electrode materials.

Cui et al. demonstrated insertion/extraction of K* in nickel hexa-
cyanoferrate (NiHCF) in 1 M KNOj3-based electrolyte. [[93]] The study
found that the reaction potential of K metal with NiHCF is 0.69 V. Be-
sides, the battery shows a high capacity (59 mA h g~! at C/6), high-
rate capability (retention of 66% at 41.7 C) and stable cycling perfor-
mance (a capacity decay rate of 0.00175%) due to the open frame-
work structure and fast ionic diffusion of NiHCF in aqueous electrolyte
(Figure 11a). Liu et al. reported aqueous KIB with Fe;0,4-C anode and
carbon nanotubes (CNTs) nanofilm cathode using 3 M KOH-based elec-
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trolyte. [[94]] The voltage curves present an obvious discharge plat-
form at low current density, while it presents a linear state at high cur-
rent density. The possible reason is the large difference in the rate capa-
bility of the cathode and anode in aqueous electrolyte (Figure 11b).
K,Fell[Fell(CN)¢1+2H,0 nanocubes as aqueous KIB cathode demon-
strated a discharge capacity of 120 mA h g~! and long-term cycle life
with a capacity retention of >85% over 500 cycles at 21.4 Cin 0.5 M
K,S0,4-based electrolyte (Figure 11¢) [[95]].

In order to widen the electrochemical potential window of aqueous
electrolytes, the K(PTFSI) 1, (TFSI)( o5 (OTf) g*2H, O hydrate melt with
the lowest water content of 2.0 was discovered (Figure 11d) [[96]].
The salt benefits from the asymmetric imine anion (PTFSI™), which pro-
vides low density, low viscosity, and low melting point in ILs. This en-
ables the salt with good water solubility and is not affected by the S-F
bond in water. Therefore, the electrochemical potential window of the
K salt hydrate melt is significantly extended to 2.5 V. This is because
all water molecules are coordinated with cations and hydrogen bonds
are almost non-existent. Due to the use of asymmetric imine salts, the
types of alkali metal hydrate melts have greatly increased, which will
promote the development of electrolytes for safe high-voltage batteries.

In addition to the influence of K salts, electrolyte concentration af-
fects ionic conductivity and rate ability of aqueous KIB. For example,
the water-in-salt electrolyte (WiSE) has attracted widespread attention
owing to the improved the electrochemical performance and enhanced
safety of the battery. Ji et al. reported 30 M KAc-based WiSE used in
aqueous KIB with a wide potential window of 3.2 V (Figure 11e). [97]
The reversible redox behavior of KTi,(PO4); anode in this electrolyte
was achieved, avoiding the interference of a hydrogen evolution reac-
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Figure 11. The electrochemical performance
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tion (HER) in dilute electrolyte. Besides, the ionic conductivity of KAc-
based electrolyte is higher than LiTFSI-based electrolyte at the same
concentration, which may attribute to the weak Lewis acidity of K*,
or the superiority of acetate salt. In addition, the polarization of 30 M
KAc-based electrolyte is less than nonaqueous electrolytes. However,
alkaline electrolytes are not compatible with many electrodes, which
makes it important to develop compatible electrolytes. Recently, Hu
et al. proposed a full aqueous KIB system using 22 M KCF3SO3-based
electrolyte. [98] A high energy density of 80 Wh kg~! and long-term
cycling stability over 2000 cycles at 4 C are achieved in aqueous KIB,
which are related to the highly concentrated KCF3SO3-based electrolyte
with wide voltage window, high ionic conductivity, and low viscosity.
Besides, it is found that the redox potential in 22 M electrolyte is lower
than that in 1 M electrolyte due to the wide voltage window. In addi-
tion, high concentration electrolyte effectively suppresses the dissolu-
tion of 3, 4, 9, 10-perylenetetracarboxylic diimide (PTCDI) anode. This
phenomenon was attributed to the domination of hydration K* in high
concentration electrolytes, resulting that there are fewer freely moving
water molecules (Figure 11f).

In summary, aqueous KIB has great application prospects in energy
storage due to their high safety, low cost, and environmental friendli-
ness. Nevertheless, aqueous batteries face a major problem that needs
to be solved urgently, that is, lower battery voltage. [99] The narrow
electrochemical window greatly limits the choice of electrode materials.
Designing concentrated electrolytes can be considered as an effective
strategy, but it will also greatly increase the cost of the battery. There-
fore, the development of low-cost, high-stability aqueous electrolytes
through some simple and effective strategies is extremely important for
aqueous KIB.

3.3. Ionic Liquid Electrolytes for KIB

With reference to the research on IL electrolytes of LIB and SIB, it
is found that IL electrolytes for KIB mainly focused on pyrrolidinamide
(Pyr,3). Nohira et al. explored the chemical properties of KFSI-Pyr;3FSI
IL for KIB. The ionic conductivity of 4.8 mS cm~! was demonstrated
when x(KFSI) is 0.20 at 298 K. [44] Besides, KFSI-Pyr;3FSI IL elec-
trolyte exhibited a wider electrochemical window (5.72 V) than equiv-
alent sodium (5.42 V) and lithium (5.48 V) ILs (Figure 12a). Recently,
the application of KFSI-Pyr,53FSI IL in alloying materials (SnyP3, Sn) for
KIB was realized. [51] The cycling performance and battery safety have
been effectively improved. A discharge capacity of 365 mA h g~! over
100 cycles was achieved, which can be comparable to the rate capability
in organic electrolytes of SnyP5. The Sn anode exhibited a high capacity
of over 170 mA h g~! over 100 cycles due to the electrochemical stabil-
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man spectra of KOTf-based electrolytes with
1M/22M and H,O. Reproduced with permis-
sion [98]. Copyright 2019, Springer Nature.

3,000 3,500

Raman shift cm™)

ity of IL electrolyte (Figure 12b). [100] The P-type tetrathiafulvalene
(Q-TTF-Q) delivered a higher capacity and a higher energy density with
KFSI-Pyr; 3FSI IL electrolyte than with conventional organic electrolyte
(Figure 12¢). [101] In addition, a potassium manganese hexacyano-
ferrate (KMF) cathode was demonstrated with a high working voltage
(4.3 V to K/K*) and a high CE of >99.3% in KFSI-based IL electrolyte.
[102]

Apart from the FSI™ anion, TFSI" is also widely used in Pyr,3-based
IL electrolytes. Masese et al. explored the electrochemical properties of
KTFSI-Py,13TFSI IL and revealed its redox voltage is lower than that of
both Na and Li ILs. [103] A wide electrochemical window (~6.0 V) of
KTFSI-based IL is exhibited, which is expected to endow KIB with high
voltage and safety. Based on this IL electrolyte, stable cycling perfor-
mance of layered cathode materials has achieved under high-voltage
conditions. The average charge/discharge voltage of K,Ni,TeOg us-
ing 0.5 M KTFSI-Py,;3TFSI is 3.6 V versus K/K*. Especially, P2-type
Kj/3Ni; 3C0; 3Te; 30, with moderately inductive TeOg®~ framework
exhibits a record high voltage of 4.3 V versus K/K* (Figure 12d).
[104] Additionally, K5 /3Ni(5 yy/,3C0,/3Te; 30, (x=0.25, 0.5 and 0.75)
is demonstrated to show good stability at 3.7 V, 3.85 V and 4.0 V, re-
spectively. [105] However, the relatively low ionic conductivity and
high viscosity at room temperature of this IL electrolyte hindered its
further development.

In addition, the influence of cations and additives on electrode per-
formance was studied in recent years. Balducci et al. investigated the
physicochemical properties of pyrrolidinium-based aprotic IL (AIL-K)
and protic IL (PIL-K) electrolytes with and without additive in hard car-
bon (HC) for KIB. [106] It is found that the ionic conductivity, viscosity,
thermal stability, and electrochemical window of two IL electrolytes are
comparable to those obtained for LIB and SIB. Besides, the reversible
insertion/extraction of K* in HC can be realized in AIL-K electrolyte
and hindered by the addition of VC (Figure 12e). In this regard, the
VC in the electrolyte cannot contribute to the formation of a robust
SEI. Furthermore, Pyry, TFSI electrolyte is electrochemically unstable,
while Pyr 4 TFSI electrolyte is stable at low potential. Otherwise, IL elec-
trolyte (KTFSI-Pyr,,TFSI/ES) was used in K*-based dual-graphite bat-
tery, which enables graphite anode with stable stability and a capacity
of 230 mA h g1, and graphite cathode operation at 3.4-5.0 V vs. K/K*.
[107] Besides, the battery showed a high-capacity retention of 95%
over 1500 cycles. ES additive is used to prevent Pyr;,* co-intercalation
into graphite, which leads to the exfoliation of interlayer structure.

Currently, the influence of concentration on the performance of ILs
has also attracted the attention of researchers. A K single cation IL (K-
SCIL) as a highly concentrated electrolyte was developed by Matsumoto
and coworkers to improve the K* transport (Figure 12f). [108] It is
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Figure 12. The electrochemical performance
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found that K* content is higher in K-SCIL electrolyte due to the absence
of additional organic cation species. The low melting point (67°C) of
K-[FSI] 55 [FTA] 45 was obtained. They found the superconductivity of
electrolyte under high temperature and large current, which is ascribed
to the absence of K* concentration gradient. In addition, a wide electro-
chemical window of >5.0 V and good stability of graphite anode were
realized in K-SCIL electrolyte.

Compared with the research of IL electrolytes in LIB and SIB, the
research in KIB is still in its infancy. The wide voltage window of IL is
the most outstanding property, indicating the significance of high volt-
age electrolytes. Nevertheless, higher viscosity, lower ion conductivity
and high cost need to be further solved through various strategies. Reg-
ulating ionic salt chemistry may be an effective strategy. More types of
anions (BF,", FeCl,") and cations (imidazolium, ammonium) combina-
tions need to be developed. Further research on IL electrolytes will play
a promising role in the development of high energy density KIB.

In a word, the electrochemical performance of the battery is closely
related to the choice of electrolytes. Electrode materials show com-
pletely different specific capacities, cycling stability, CE, and rate ca-
pability in different electrolyte systems [89,109-127]. Therefore, engi-
neering the electrolyte chemistry to promote the optimization of battery
performance will be an important direction for the development of high-
performance KIB in the future.

4. Solid Electrolyte Interfaces in KIB

The interface between electrode and electrolyte affects the electro-
chemistry of KIB, including SEI and CEIL Generally, the ideal interface
in KIB is to allow K* to pass quickly and block the propagation of elec-
trons. Until now, the understanding of interface in KIB is not as ma-
ture as the LIB/SIB, and it is in the initial stage. The fundamentals of
SEI, including SEI formation mechanism, composition of SEI films, K*
transport manners, influence factors of SEI in various electrodes, and
interface engineering strategies for SEI, providing crucial guidance on
the understanding and designing of SEI. In this section, the advances
and perspectives in this field are comprehensively summarized and dis-
cussed.

4.1. The Formation Mechanism of SEI in KIB

It is well known that the dominant factors that affect the generation
of the electrode/electrolyte interface are related to the behavior of ini-
tial surface specific adsorption and solvated coordination. The electric
double layer (EDL) model was proposed by von Helmholtz and further
optimized by Gouy-Chapman, and Stern. The probable scenarios of EDL
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are exhibited in Figure 13a. [128] The distribution of cations and an-
ions with/without the diffusion layer on the charged/uncharged elec-
trode are displayed. Besides, the compact layer and diffuse layer were
explicitly recognized. It is found that the partial anions and small neu-
tral molecules are adsorbed in the inner Helmholtz plane (IHP), while
solvated molecules with large sizes are adsorbed in the outer Helmholtz
plane (OHP) before cycling. Then, the SEI will be formed with the dis-
appearance of specific absorption in EDL during cycling (Figure 13b).
[129,130] The initial specific adsorption determines initial composi-
tion and structure of SEL In addition, both the adsorbing side and the
adsorbed side will affect the interface, include the properties of the elec-
trode surface, the anions, cations, solvent molecules, and the spatial dis-
tribution of the adsorption layer, etc.

Solvated coordinate structure is another important factor that affects
SEI In fact, the solvated coordinate structure is derived from the interac-
tion between electrolyte solvents and K*. Typically, solvation structures,
coordination numbers, and desolvation energy of K* with 27 organic sol-
vents are investigated. [18] It is found that the K* complexes exhibit
lower desolvation energy than Li*, Na*, and Mg?*. At the same time,
the solvation behaviors are affected by salt, solvent, additive, and con-
centration. Notably, higher solvation energy of KFSI-based electrolyte
compared to KPFg-based electrolyte makes the side reaction greatly re-
duced (Figure 13c). [53] Then, the solvation energy of EC/DEC-based
system is lower than that of DME-based system, indicating the rapid dif-
fusion of K* and convenience of desolvation. Moreover, the solvation
energy of the electrolyte is increased due to the presence of additives,
making K* diffusion and desolvation more difficult (Figure 13d). [50]
This result also reveals the reason why the electrochemical performance
of the GeP5 electrodes deteriorates with additives.

Additionally, the solvation of K* with both FSI~ and TEP increases
and free solvent molecules decrease as the electrolyte concentration in-
creases. [46] The solvation ratio of K*/TEP is much lower than that of
Nat/TMP and Li*/TEP at a similar concentration, indicating the weaker
solvation of K* than Lit and Na*. Besides, the low viscosity and high
ionic conductivity of K*/TEP is consistent with the low solvation ratio
(Figure 13e). In addition, free DME, free FSI", and solvated K* are in
low concentration electrolyte, while the contact ion pairs and aggre-
gate species are in high concentration electrolyte. Meanwhile, localized
high-concentration electrolyte (LHCE) with a highly fluorinated ether
(HFE) maintain the local coordination structure of cations. [89] The
reinforced 3D network is broken, thus resolving poor wettability of HCE
(Figure 13f).

Recently, Ming et al. analyzed the reaction pathway for the purpose
of better understand the cation-solvent structure on the metal electrode.
[131] They found that the behavior of K*-solvent structure accepting
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an electron can induce the decomposition of electrolyte. Besides, the ad-
justment of electronegativity through changing the anion type, solvent
chemistry and concentration can effectively inhibit the decomposition
of electrolyte.

4.2. The Composition of SEI in Various Electrodes

In general, the structure of SEI is a complex layer, including or-
ganic components and inorganic components. The representative or-
ganic components are RO-COOK and RO-K (R = alkyl groups), while
the typical inorganic compounds are detected to be KF, K,CO3, KHCO3,
K,0, KPF, KFSI, K,S, KSON, K,S0,, K5S03, K»S,03, R-S, KHSO,, F,S,
S, P, phosphates, N-containing products, etc. [46,66,67,88,92,132]
These products vary with the potential and depth of electrodes. The
organic components of SEI are mainly formed by the decomposition
of organic solvents and the deposition of K-containing species. For ex-
ample, the bonding of C—0O, C=0, and O—C=O0 originates from the de-
composition products of solvents (EC, DEC, EMC, PC, DME, FEC). The
inorganic KF in the SEI originates from the reactions between F~ (de-
generation of KPFg or KFSI, the decomposition of FEC additives, or
polyvinylidene fluoride (PVDF)) and K*. For an instance, the P-F bonds
are observed in KPFg-based electrolytes. The S-based component (-SO,F,
—SO,F, —S0O,—, $=0, S° and K,S, species) and N-containing products
are derived from the decomposition products of KFSI salt. The S-F bonds
should be related to the decomposition products of KFSI. The P element
is possible from TEP solvent.

4.3. Influence Factors on SEI in Various Electrodes

The research on SEI layer is mainly based on different electrodes,
and different electrolyte compositions and concentrations. Hence, the
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Figure 13. The initial surface specific adsorp-
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detailed investigation of SEI formed on different electrodes are intro-
duced. The connection between the material and generated SEI should
be established, and better electrochemical performance can be obtained
by optimizing the electrolyte composition or concentration.

4.3.1. SEI in Carbon-Based Materials

Graphite as a KIB anode is considered a prospective candidate due
to its high ionic conductivity and abundant natural resource. However,
the K storage performance and mechanism of graphite anode are closely
related to SEI, which plays a critical role in ensuring the reversibility and
stability of battery.

Effect of salts on SEI The SEI film in KPFg-based electrolyte is thick,
rough, and ruptured, while the SEI in KFSI-based electrolyte exhibits a
thin, smooth, and intact film. [57] It is found that anions (PFs~ and
KFSI") and K* are likely to co-intercalate into the graphite during the
SEI formation process. Nevertheless, it is easier for PF¢~ ions to interca-
late into the graphite layers due to its smaller size. Thus, the graphite
layers are damaged, causing the continuous electrolyte decomposition
and repairing the damaged SEI In contrast, KFSI™ ions are difficult to
insert into the graphite layers with large size and the strong interaction
between graphite and KFSI™ ions, realizing the formation of stable and
uniform SEI layers (Figure 14a).

Effect of solvents on SEL It is found that the electrochemical behav-
iors of graphite vary with different solvents (such as carbonate-based
and ether-based solvents). Kang group systematically studied the ef-
fect of graphite SEI on capacity attenuation in EC/DEC and DEGDME-
based electrolytes. [112] One of the reasons on capacity decay is that
the decomposition of EC/DEC-based electrolyte causes the SEI growth
to become thicker, while the DEGDME-based electrolyte is relatively
stable. Thus, the SEI on K anode is more stable in DEGDME than in
EC/DEC. Subsequently, the electrochemical behaviors of graphite an-
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Figure 14. The SEI in carbon electrodes.
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ode in EC/DMC and DME-based electrolytes were also investigated.
[65] A high ICE of 87% is achieved in DME-based electrolytes, which
is ascribed to the almost no formation of SEI. Besides, the discharge
voltage in DME system is much higher than in EC/DMC one, which
is attributed to the formation of [K—DMEy]+—graphite complex. There-
fore, the [K-DME,]* complex co-intercalating into graphite leads to
outstanding rate performance, a negligible SEI film, and a small vol-
ume expansion (Figure 14b). Recently, the K*-solvent co-intercalation
mechanism of graphite anode in DEGDME-based electrolyte was fur-
therly confirmed. [73] The solvation energy, desolvation energy, LUMO
levels of [K-solvent]* complexes are compared, and the Fermi level of
graphite are calculated. It is found that the [K-DEGDME]* complexes
with strong solvation and higher LUMO levels are suitable for reversible
co-intercalation. Moreover, the thermodynamic and chemical stability
of [K-DEGDME]* complexes are superior. In addition, the graphite with
fast kinetics is due to the avoidance of sluggish desolvation process for
[K-DEGDME]* complexes.

Effect of concentrations on SEL The SEI formation mechanism of
graphite in different concentrations electrolyte is revealed. [46] The
LUMO level of the FSI™ anions and TEP is located at around 3.5 eV in
diluted electrolyte, while it is totally occupied by FSI™ in concentrated
electrolyte. Thus, the SEI formation of graphite in 0.9 M KFSI-based elec-
trolyte is involved to the decomposition of solvent and anions, leading to
the formation of uneven and unstable SEI In contrast, KFSI~ ions domi-
nate in the formation of SEI and the solvent decomposition is effectively
suppressed in 2 M KFSI- based electrolyte, promoting the generation of
uniform and stable SEI (Figure 14c). Especially, the ultra-thin SEI film
with less than 1.0 nm thickness on graphite surface is realized in a LHCE.
Besides, The KF-rich SEI film is durable, preventing the co-intercalation
of solvated K* into interlayer, thus maintaining the layered structure of
pristine graphite.

4.3.2. SEI in Alloy-Based Anodes

The alloy anodes (Sb, SnSb, Sn,P3, P, and Bi) deliver high K storage
capacity. Nonetheless, the poor rate capability and fast capacity decay
hamper their application owing to the slow kinetics and huge volume
expansion. Thus, it is essential here to build a robust SEI on alloy anodes,
constructing structural stability of alloy anodes toward long-cycle life.
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Effect of salts on SEL The SEI film formed in KFSI-based electrolyte is
uniform and stable. [49] The ruptured SEI film on the surface of Bi/rGO
anode was discovered in KPF¢-based electrolyte, which is attributed to
the huge volume expansion of the Bi nanoparticles. The crevices of SEI
will lead to the further decomposition of the electrolyte. By contrast,
the integrity of SEI film was maintained in KFSI-based electrolyte, which
could suppress the continuous side reactions on the interface of the elec-
trolyte/electrode (Figure 15a and b). In addition, the cycling perfor-
mance of RP/C anode for KIB in KFSI-based electrolyte are superior to
the other electrolytes, indicating more stable formed SEI film on the
electrode in KFSI-based electrolyte during cycling. [53]

Effect of solvents on SEI. The SEI formed on the electrode surface in
DME is thinner than that in EC/DEC. For an instance, the Nyquist plots
of SnSb anode after cycles showed a negligible SEI film impedance in
DME-based electrolyte and an obvious SEI impedance in EC/DEC-based
electrolyte (Figure 15c and d). [70] This result shows that DME-based
electrolyte decomposes relatively little, forming a relatively thin SEI,
thus improving the ICE of the electrode. Besides, the elastic and contin-
uous SEI layer was found on the surface of Bi anode in DME-based elec-
trolyte, strongly keeping particles integrated to avoid the loss of active
material. [113] With the protection of SEI, the fragments of micropar-
ticles did not generate more fresh electrode/electrolyte interfaces. In
contrast, the much severe pulverization and visible electrode isolations
of Bi anode after cycles in EC/PC-based electrolytes were found.

Effect of additives on SEI. The FEC promotes the formation of inhomo-
geneous SEI film. To investigate the effect of FEC in the SEI formation,
the morphology of Sn4P5 electrode surface after cycles was observed.
[51] It is found that SnyP; anode exhibited a smooth surface in elec-
trolytes without FEC, while small particles can be discovered on the
surface of Sn4P5 anode in electrolytes with FEC (Figure 15e-h). Further
research proves that the element tin content of the particles is signifi-
cantly higher than other regions, indicating that the SEI with FEC is not
uniform.

Effect of concentrations on SEL In addition, the effect of dilute and
concentrated electrolytes on the SEI formation of Sb@carbon sphere net-
work (CSN) is different. [91] Obviously, anions (TFSI™ ions) with faster
kinetic are much easier to diffuse to the interface and participate in the
formation of SEI in a high-concentration electrolyte. The concentrated
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Figure 15. The SEI in alloy-based electrodes.
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K* promotes a thinner and denser SEI layer with KF-rich preferentially
formed in concentrated electrolyte (Figure 15i).

4.3.3. SEI in Metal Sulfide Anodes

Transition metal sulfides (TMSs) are attractive anodes for KIB due
to their high capacities, abundant resource, and environment friend-
liness. However, the problem of volume expansion during charg-
ing/discharging is still serious. Thus, stable SEI that reducing the in-
terface impedance, thereby extending battery cycle life is needed.

The SEI of NiCo, 5S,@reduced graphene oxide (NCS@RGO) anode
formed in KFSI-EC/PC electrolyte is the thinnest compared with other
electrolytes. [55] It is found that the thicknesses of SEI layers on
electrodes using KFSI-EC/PC, KFSI-EC/PC/FEC, KPF4-EC/PC, and KPF,-
EC/PC/FEC electrolytes are about 7, 46, 53, and 23 nm, respectively
(Figure 16a-d). It shows that the SEI layer formed in the KFSI-EC/PC
electrolyte is the most uniform and dense, which is expected to achieve
rapid K* transport. Only needlelike dendrites in the electrodes did not
appear in the KFSI-EC/PC electrolyte, indicating that stable SEI effec-
tively prevents the side reaction between the electrolyte and K metal.

The effect of K salt on the electrochemical performance of MoS, an-
ode was investigated. [54] It is found that the CE and capacity retention
of MoS, anode using KFSI-based electrolyte are much higher than those
in KPF¢-based electrolyte. The SEI film formed in KFSI-based electrolyte
is stable and KF-rich, while SEI film in KPF¢-based electrolyte is unsta-
ble, KF-deficient, and organic species-rich (Figure 16e).

The concentration of electrolyte affects the thickness and composi-
tion of SEI. [121] As schematic illustrations of SEI formed in different
concentration electrolytes, the thick and uniform SEI film is formed in
1 M KFSI-based electrolyte, while the thinner and uniform SEI film is
formed in 4 M KFSI-based electrolyte (Figure 16f). The SEI in dilute
electrolyte may from the solvent reduction, while the SEI in concen-
trated electrolyte may from the salt reduction.

4.3.4. SEI in Organic Electrodes

Organic electrodes have attracted wide attention in KIB owing to
their renewability, low cost, environment-friendly, and better safety.
However, since organic materials are easily soluble in organic elec-
trolytes, the presence of SEI is particularly important.

The ether-based electrolytes promote the generation of compact and
stable SEI layer. Hence, the effect of solvents on the generation of SEI
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film on anthraquinone-1, 5- disulfonic acid sodium salt (AQDS) cath-
odes in KIB was explored. [66] It is found that the thickness of SEI
films in DME and EC/DEC-based electrolytes are about 5 nm and 10
nm, respectively. In DME-based electrolyte, the FSI~ is preferentially
decomposed and then the solvent molecule is decomposed during the
formation of SEI due to the big LUMO energy level difference between
FSI- and DME molecules. Thus, the formed SEI layer is inorganic-rich,
which could effectively mitigate the decomposition of DME-based elec-
trolyte (Figure 17a). In contrast, possible simultaneous decomposition
of FSI~, EC, and DEC occurs due to the highly close LUMO energy levels
among them in EC/DEC-based electrolyte. Thus, the formed SEI film is
inorganic distributed randomly, which is tends to fracture more easily
after cycles (Figure 17b).

The SEI film plays a critical role in the cycling performance of K, TP
electrode. [67] It is found that the electrochemical stability of K,TP
in DME-based electrolyte is most excellent. The SEI film formed in
DME-based electrolytes is thinner than that in carbonate electrolytes
(Figure 17c¢ and d). Besides, the charge transfer resistance in DME-
based electrolyte is one order of magnitude less than that in carbonate
electrolytes. In addition, the formed SEI film in DME-based electrolyte
is highly K*-conductive and robust.

4.4. Interface Engineering Strategies for SEI

Interface engineering can effectively strengthen the properties of
SEL and then achieve the purpose of optimizing electrochemical perfor-
mance. For an instance, an artificial SEI layer or preformed passivation
layer have been applied successfully in KIB. Ultra-smooth and ultra-thin
SEI films on K metal surfaces were realized by electrochemical polishing
[133]. Generally, the microscopic protrusion is one of detriment factors
that promote dendrite growth of K metal anode. The rough morphology
promotes the growth of K dendrites and the formation of uneven and
unstable SEI, while the smooth morphology realized the formation of
stable and uniform SEI without the growth of dendrites (Figure 18a).
In this way, the cycling stability at least 200 cycles (0.02 mA h cm™2
at 0.1 mA cm2) of polished K metal anodes is significantly enhanced
(Figure 18b).

A CNT coating layer is a kind of promising artificial SEI design, which
is suitable for K metal [134]. A strong interfacial interaction between
the CNT and K metal anode avoids uneven electrodeposition of K*. The
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Figure 16. The SEI in metal sulfide electrodes.
TEM images of NCS@RGO anode in (a) KFSI-
EC/PC, (b) KFSI-EC/PC/FEC (5 wt%), (c) KPF-
EC/PC and (d) KPF4-EC/PC/FEC (5 wt%) elec-
trolytes after 50 cycles. Reproduced with per-
mission [55]. Copyright 2019, Wiley-VCH. (e)
Comparison of F 1s X-ray photoelectron spec-
troscopy (XPS) spectra on MoS, anode in KPF,
and KFSI-based electrolytes. Reproduced with
permission [54]. Copyright 2019, American
Chemical Society. (f) Illustration of SEI forma-

tion on Cu,S anode in 1 M KFSI and 5 M KFSI-
based electrolytes. Reproduced with permis-
sion [121]. Copyright 2020, American Chem-
ical Society.
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based electrolytes. Reproduced with permis-
sion [66]. Copyright 2018, Wiley-VCH. HRTEM
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PC-based electrolytes after cycles. Reproduced
with permission [67]. Copyright 2017, The
Royal Society of Chemistry.
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Figure 18. Artificial SEI Design in KIB. (a) II-
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CNT serves as a hosting medium for regulating the stripping/plating
behavior of K*. A robust and uniform SEI was formed spontaneously on
the CNT surface (Figure 18c). Notably, a deposition amount of 20 mA
h em~2 was achieved with the artificial SEI of CNT. Besides, long-term
cycling lifespan over 1000 cycles and an areal capacity of 4 mA h cm~2
were obtained even at 5 mA cm~2 (Figure 18d).

In addition, Li*-based SEI promote the efficient and fast K* interca-
lation on graphene electrode [135]. First, graphene is pretreated in a
LiBF, electrolyte to form a Li-containing SEI layer. Then, the intercala-
tion peaks of K* were well-defined. It is found that the characteristics of
the intercalation peaks of Li* and K* are very similar, indicating a com-
parable staging-type intercalation process (Figure 18e). The reversible
intercalation behavior of K* is attributed to the pretreated Li*-based SEI
on the graphene. As a result, stable long-term cycle life (1000 cycles)
and high-rate capability (~360 C) of graphene electrode are achieved
(Figure 18f).

The strategy adopted for LIB/SIB can be applied to KIB, but the
interface behaviors among the three battery systems are very differ-
ent. More improvement strategies belonging to KIB need to be ex-
plored. Although the research on artificial SEI is still in its infancy,
the artificial SEI method is a supplement to electrolyte optimization
and has a promoting effect on the development of high-performance
KIB.

5. Conclusion and Future Directions

In summary, the development of high-performance KIB should give
priority to the development of electrolytes and interfaces. The solvation
structure can be adjusted by regulating the salt, solvent, additives, and
concentration to establish the interface compatibility of the electrolyte
system. By studying and understanding the formation mechanism, com-
position, influencing factors and improvement strategies of SEI of dif-
ferent materials in different electrolyte systems, we can design and re-
alize better performance KIB electrolytes. Finally, we outline potential
directions and future prospects for KIB electrolytes and hope that our
perspectives may be helpful for the development of high-performance
KIB.

(1) The design of advanced electrolytes. In the case of organic elec-
trolytes, a suitable electrolyte can not only form a stable SEI on the
anode surface, but also stabilize the cathode materials at high voltage.
(i) The electrolytes for advanced K-ion full batteries may be important
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research direction in the future. (ii) The electrolytes can operate in a
wide temperature range. The development of more chemically stable
solvents or additives can achieve this requirement. (iii) The develop-
ment and design of new additives can simultaneously achieve high CE
and long cycling life. For aqueous electrolytes, it is urgent to develop
effective strategies to expand the electrochemical potential window and
avoid decomposition of water and electrolytes. Adjusting and optimizing
the electrolyte formulation may solve the above problems. In addition,
reducing the cost of IL electrolytes is the focus of future researches. It is
possible to mix IL with other electrolytes to reduce costs while maintain-
ing the original properties. As for solid electrolytes, the nanostructure
design of solid electrolytes can be an effective strategy to improve ionic
conductivity. Constructing an anion framework to increase the distance
between anions and cations is expect to enhance the transport of ions.
Additionally, building a hybrid electrolyte that meets various needs will
be a meaningful exploration.

(2) The further investigations on developing strategies to sta-
bilize the electrode/electrolyte interface upon repeated K* inser-
tion/extraction. Electrolyte optimization is an efficient strategy to solve
the side reactions at the interface in KIB. Besides, the artificial SEI can
effectively prevent the contact of active K with the electrolytes, so it
may fundamentally solve the challenge of SEI instability.

(3) The development of advanced characterization techniques (such
as in situ Raman spectroscopy, Fourier transform infrared microscopy
(FTIR), nuclear magnetic resonance (NMR), and cryo-electron mi-
croscopy, etc.) and theoretical simulation (Molecular Dynamic sim-
ulation) can understand the electrolyte structure and chemistry (K*
solvation, transport pathway of K*, the formation and evolution of
SEI).

Overall, the KIB technology is becoming a very competitive can-
didate for large-scale energy storage systems. Electrolyte and elec-
trolyte/electrode interface are the top priority for the development of
high-performance KIB. Therefore, it is very vital to provide a compre-
hensive summary for the research of KIB electrolytes and SEI to make
KIBs feasible in the near future.
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