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a b s t r a c t 

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. 
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. Introduction 

Energy storage technology integrating intermittent energy has be-
ome the focus of attention with the rapid rise of renewable energy.
eveloping large-scale energy storage systems with high-efficiency is a
ey strategy to realize the application of renewable energy and the con-
truction of national smart grids. Lithium-ion battery (LIB) as a chemical
nergy storage technology has been favored by the field of automotive
ower batteries owing to high energy density and high working voltage
1–3] . However, the raw materials of LIB, namely lithium and cobalt
esources, are affected by reserves and the market [4 , 5] . Potassium-
on battery (KIB) and sodium-ion battery (SIB) are possible alternatives
o LIB owing to the abundant content of K and Na in the earth’s crust
 Figure 1 a) [6–15] . Moreover, the prices of potassium salt (K 2 CO 3 ) and
a 2 CO 3 as raw materials for electrodes are much cheaper than Li 2 CO 3 .

n addition, both KIB and SIB reduce the battery costs and the weight
f the current collector by using aluminum (Al) as the anode collec-
or to replace copper required by LIB, because K and Na do not form
ny Al-K/Na intermetallic compounds [16] . However, KIB provides sev-
ral more important advantages than SIB. First, KIB is expected to pro-
ide higher-voltage operation than NIB or even LIB. The redox potential
f K/K 

+ ( − 2.93 V vs standard hydrogen electrode (SHE)) is close to
i/Li + ( − 3.04 V vs SHE), which is lower than Na/Na + ( − 2.71 V vs SHE)
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 Figure 1 b). In addition, it has been confirmed that the standard elec-
rode potential of K is lower than that of Li/Li + in propylene carbonate
PC) or ethylene carbonate (EC)/diethyl carbonate (DEC), which means
hat KIB shows the potential to provide high voltage than LIB [10 , 17] .
econd, KIB is expected to have higher power capability due to the rapid
iffusion of K 

+ . Although K 

+ has the largest ion radius compared to Na + 

nd Li + , it has the smallest Stokes radius in PC ( Figure 1 c). The weak
ewis acidity of K 

+ makes the weak interaction between K 

+ and solvent
olecules, which in turn makes K 

+ diffuse the fastest in the electrolyte
olution and the molar conductivity is the highest. Moreover, the des-
lvation energy of K 

+ in PC is much lower than that of Na + and Li + ,
hich makes KIB expected to exhibit higher rate capability than LIB
nd SIB ( Figure 1 d) [18] . However, the poor diffusion of K 

+ with large
on radius in solids limits the reaction kinetics of KIB. During K 

+ inser-
ion/extraction process, the volume change of the electrode material in
IB will be more obvious than that of SIB and LIB. The lower electro-
hemical potential makes it easier for the solvent in the electrolyte to be
educed on the electrode surface in KIB, causing serious side reactions
o occur. Compared with Na and Li, K has a lower melting point and
tronger reactivity. Thus, the growth of K dendrites and battery safety
re more concerned. 

The number of reported scientific publications on KIB has in-
reased exponentially in recent years ( Figure 1 e). Up to now, numerous
 (L. Mai). 
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Figure 1. (a) Abundance of Li, Na, and K 
metal in Earth’s crust (wt %). Comparison of 
(b) potential, (c) radius, (d) ionic conductiv- 
ity and desolvation energy of Li + , Na + , and 
K + . Number of publications dealing with (e) 
"Potassium-ion batteries", (f) "Potassium-ion 
batteries + electrolyte", and (g) "Potassium-ion 
batteries + electrolyte + interface" in web of 
science (Jan 22, 2021). 
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esearches have been devoted to developing high-voltage cathode mate-
ials and high-capacity anode materials to realize the high energy den-
ity KIB. Nevertheless, the structure of the electrode material changes
reatly during the charge and discharge processes, which in turn causes
apid capacity degradation. The existing strategies include the design of
anostructures, the recombination of carbon matrix, and the introduc-
ion of defects or vacancies by heteroatom doping, etc [11–13 , 19–23] .
owever, high-performance electrodes are inseparable from the com-
atible electrolyte [24 , 25] . In this regard, the compatible electrolytes
nd understanding/optimization of interfaces are getting more and more
ttention, which can be clearly observed in many publications ( Figure 1 f
nd g). The electrolyte affects the overall performance of the battery
hrough interface chemistry, including battery capacity, rate capability,
ycle life and safety [26 , 27] . As for organic electrolytes, the formula-
ions for KIB are continuously optimized to obtain more excellent elec-
rochemical performance. For an instance, the electrochemical window
f KClO 4 /PC solutions was studied as early as 2001 [28] . Subsequently,
 KIB was designed using KBF 4 -EC/ethyl methyl carbonate (EMC) elec-
rolyte [8] . However, poor conductivity and low solubility of KClO 4 and
BF 4 hinder the development of corresponding electrolytes. Then, the
ehavior of K 

+ inserting into graphite in KPF 6 -EC/DEC electrolyte was
eported firstly [16 , 29] . Recently, some researches have been devoted to
he development of high-performance KIB electrolytes. They use differ-
nt K salts with different organic solvents, adjust the salt concentrations,
ptimize the solvent ratios, or use additives to improve the interface
omposition, thereby improving the Coulombic efficiency (CE) and ex-
ending the battery cycle life. But they also suffer from the high cost
nd low safety. To address the problems in organic electrolytes, various
lectrolytes such as aqueous electrolyte, ionic liquid (IL) electrolyte, and
olid electrolyte were proposed. 

Many important scientific issues related to the complex reactions
hat occur at the electrode/electrolyte interface (including the reaction
echanism, the composition of the passivation film, and the modifica-

ion strategy) are of great significance for improving the electrochem-
31 
cal performance of KIB. Especially, a stable passivation film formed
n a suitable electrolyte can avoid the occurrence of side reaction and
nhibit the growth of K dendrites, while the unstable solid electrolyte
nterface (SEI) will lead to poor electrochemical performance in incom-
atible electrolyte. Although great progress has been made in electrolyte
esign to improve the electrochemical performance of KIB, there are
till several major problems summarized as follows: (1) lack of K salt
ptions, (2) serious side reactions caused by highly active K metal, (3)
he compatibility of electrolytes and electrode materials (unstable SEI),
4) lack of high-voltage-resistant electrolyte system, (5) the growth of K
endrite, (6) lack of advanced characterization techniques to better un-
erstand K 

+ solvation and transport characteristics [10 , 30 , 31] . Overall,
he development of high-performance KIB in the future will depend on
he discovery and development of state-of-the-art electrolytes, as well as
 comprehensive grasp of the interface of the electrolyte and electrode.

Herein, this review aims to provide a comprehensive overview of
lectrolyte design and SEI layers for high-performance KIB. First, basic
hemistry, classifications, and design principles of KIB electrolytes are
ntroduced. Then, the influence of three components (salts, solvents,
nd additives) and concentrations on various electrolytes is summarized
nd discussed. Furthermore, the SEI on various electrodes are presented,
ncluding the SEI formation mechanism, the composition of SEI films, K 

+ 

ransport manners, influencing factors of the SEI in various electrodes,
nd effective modification of the SEI ( Figure 2 ). Finally, the challenges
nd opportunities of KIB electrolytes and SEI are analyzed and proposed.

. KIB Electrolytes 

.1. Design Principle of KIB Electrolytes Based on Fundamental/Basic 

hemistry 

KIB follows a rocking-chair type working principle similar to LIB
nd SIB, which is based on the shuttlecock of K 

+ between positive
nd 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 SEI. 
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igure 3 a. When discharging, K 

+ is extracted from the negative elec-
rode and inserted into the positive electrode through the electrolyte.
eanwhile, electrons pass from the negative electrode to the positive

lectrode through the external circuit. The charging process is just the
pposite of discharging. 

In fact, the reversible oxidation and reduction reactions of electrode
aterials are closely related to the electrolytes. Electrolyte is usually

on-conducting but electronically insulating, which consists of salts as
arriers and solvents as transmission medium. Therefore, the electrolyte
ndertakes the task of transferring ions inside the battery to ensure the
ormal operation of battery. Both positive and negative electrodes react
omplicatedly with the electrolytes during the charge and discharge pro-
esses. Especially, as the voltage changes, the electrolyte will undergo
n electrochemical decomposition reaction and the formation of a passi-
ation layer on electrode surface during the first cycle. The composition
nd structure of the interfaces directly affect the electrochemical per-
ormance of battery. 

Herein, Figure 3 b demonstrates the formation mechanism of the pas-
ivation film from the energy level [32–34] . When the lowest unoccu-
ied molecular orbital (LUMO) of the electrolyte is lower than the Fermi
evel of the negative electrode, electrons in the negative electrode will
e transfered into the LUMO, leading the electrolyte to be reduced. By
ontrast, when the highest occupied molecular orbital (HOMO) is higher
han the Fermi level of the positive electrode, electrons will be trans-
ered into the positive electrode, causing the electrolyte to be oxidized.
uring the cycles of the battery, the potassium salt or solvent in elec-

rolyte is reduced or oxidized, and the resulting material will deposit on
he electrode surface to form a passivation film (SEI and cathode solid
lectrolyte interphase (CEI)). Similar to LIB and SIB, SEI layer of most
he KIB anode materials forms spontaneously below 1.0 V in organic
lectrolytes [29 , 35 , 36] . 

.2. Classifications of KIB Electrolytes 

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

Organic electrolytes are currently the most widely applied in KIB due
o high ionic conductivity, good electrochemical stability, good compat-
bility with electrodes, and significant power density ( Figure 4 a ). They
re composed of K salts, organic solvents, and additives. Herein, the
ain advantages of organic electrolytes for KIB are summarized as fol-
32 
ows. First, the relatively large dielectric constants of organic solvents
re beneficial to the dissociation of K salts. Second, the low viscosity
f organic solvents promotes rapid migration of K 

+ . Third, the chem-
stry and electrochemistry of organic electrolytes are relatively stable
ithin a certain voltage range. Fourth, a stable passivation layer can
e formed on electrode surface in organic electrolytes. However, or-
anic electrolytes pose a major safety hazard owing to the flammability
nd volatilization of organic solvents. In addition, the reaction between
ighly active K metal and carbonate electrolyte results in poor CE. [ 37 ]

Aqueous electrolytes have also received extensive research in recent
ears owing to their high stability, high safety, low cost, and environ-
ental friendliness ( Figure 4 b ). They are usually made up of K salts, wa-

er solvent, and additives. First, aqueous batteries fundamentally avoid
he safety problems caused by flammable organic electrolytes. Second,
he cost of aqueous electrolytes is lower than other systems. Third, aque-
us electrolytes own higher ionic conductivity than that of organic elec-
rolytes. Fourth, water solvent is harmless and non-toxic to the environ-
ent. Nevertheless, the problem of aqueous KIB is the narrow voltage
indow, resulting in low energy density. 

IL electrolytes in KIB have recently received continuous attention
nd are a promising type of electrolytes. They are comprised of organic
nions and cations, coupled with K salt, demonstrating superior ther-
al and electrochemical stability, low volatility, and low flammability

 Figure 4 c ). These features can enable KIB to achieve high energy den-
ity and improved safety. However, IL electrolytes have higher viscosity,
ower ionic conductivity, and lower charge transfer numbers. It is pre-
isely because of the increase in ion correlation that larger clusters are
ot conducive to transport, thus causing slow diffusion. [ 38 ] Increasing
he operating temperature of battery can be expected to improve the dif-
usion coefficient. In addition, the high synthesis cost of IL electrolytes
annot be ignored. 

Unlike organic electrolytes, solid electrolytes exhibit high safety,
ood mechanical properties, and excellent thermal stability ( Figure 4 d ).
esides, solid electrolytes can support the battery to operate under ex-
reme conditions (low and high temperature), while liquid electrolytes
ill deteriorate in the same condition. [ 39 ] In addition, solid elec-

rolytes are expected to notably increase the energy density of batteries.
owever, several major challenges hinder the development of solid KIB.
he solid electrolytes can effectively suppress dendrites formation due
o its mechanical rigidity, but whether the influence of dendrites can be
ompletely ignored is questionable. Besides, the stability of the interface
etween the electrode material and the solid electrolyte plays a critical
ole in the electrochemical performance of KIB. Thus, it is indispensable
o develop effective strategies to alleviate the physical contact problem
f solid electrolytes to improve ionic conductivity. 

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

.3. Design Principles of KIB Electrolytes 

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

(1) High Ionic Conductivity 

The ionic conductivity of electrolyte depends on the lattice energy of
he salt, viscosity and dielectric constant of solvent, and solvation effect
 Figure 5 a). The low lattice energy of salt means that the dissociation
nergy is low, which promotes the dissolution of K salt. Besides, the sol-
bility of K salt in solvents is limited due to weak chemical bonds with
he solvent molecules. Then, low viscosity and high dielectric constant
f solvents facilitate ion diffusion [40] . Moreover, the solvation effect of
 

+ in organic solvents affects ionic conductivity because the desolvation
rocess determines the rate of ion migration and reaction. Lower des-
lvation energy leads to more convenient desolvation and higher ion
iffusion rate. In addition, the solvation structure of K 

+ and solvent
olecules is also affected by the concentration of salts in electrolytes.
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Figure 3. (a) Schematic configuration of KIB. 
(b) The energy state of the electrode and the 
electrolyte leads to the formation of a passi- 
vation film on the interface between the elec- 
trode and electrolyte. Reproduced with permis- 
sion [32] . Copyright 2018, The Royal Society of 
Chemistry. 

Figure 4. Main properties of four KIB elec- 
trolytes. Reproduced with permission [14] . 
Copyright 2019, Wiley-VCH. 
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he ionic conductivity of electrolyte exhibits a convex parabolic change
s the concentration increases due to the number of free ions and elec-
rostatic interference. 

(2) Excellent Chemical and Electrochemical Stability 

The chemically stable electrolytes should not react other compo-
ents of battery, including current collector, separator, binder, and
uter packaging materials, etc. ( Figure 5 b). However, certain electrolyte
omponents (FSI – and Ca 2 + ) are corrosive to the current collector or
teel shell, which will cause the battery to fail [41 , 42] . On the other
and, wide electrochemical stability window (ESW) and stable elec-
rode/electrolyte interface are required in electrochemical stable elec-
rolytes, expecting to achieve high energy density and long cycle life of
attery ( Figure 5 c). It is found that the composition and concentration
ffect the voltage window in organic electrolytes [43] . Also, the IL or
olid electrolytes can significantly increase the width of ESW [44 , 45] . In
ddition, adjusting the electrolyte composition, concentration and ad-
itives can enhance the electrochemical stability of passivation layer. 

(3) Good Interface Contact 

The interface problem between solid-liquid and solid-solid contact
ainly involves the resistance, growth of dendrites and compatibility

etween electrolyte and electrode. Good wettability is beneficial to the
otal contact between liquid electrolyte and electrode material, reduc-
ng the charge transfer resistance ( Figure 5 d) . The disadvantage of solid
lectrolytes is poor contact with isolated particles of active material, re-
ulting in higher resistance. However, liquid electrolytes are subject to
afety issues caused by K dendrites, while solid electrolytes with the
xcellent mechanical strength can effectively inhibit the K dendrites
33 
rowth and improve battery safety. [ 45 ] Typically, a passivation layer
ormed on electrode surface improves the interface compatibility in liq-
id electrolytes, but it will reduce the initial CE (ICE) of battery. In
ddition, artificial interface engineering can improve this compatibility
roblem in solid electrolytes. 

(4) Wide Range of Applicable Temperature 

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

(5) Environmentally Benign and Low Cost 

A good electrolyte should possess the characteristics of environmen-
al friendliness and low cost, which are conducive to its practical ap-
lication ( Figure 5 f) . The environmental damage and high cost should
e avoided. In addition to high energy density and long lifespan KIBs,
rganic electrolytes and IL electrolytes should also be improved by de-
reasing cost. Especially, aqueous electrolytes and solid electrolytes are
ikely to become the development trend of next-generation electrolytes
ue 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. 

Table 1 

Physical and chemical properties of the reported K salts for KIB electrolytes. 

K Salts 

Chemical 

structures 

Molar mass 

(g mol − 1 ) 

Decomposition 

temperature (Tm) [°C] 

(Na and Li salts) 

Conductivity ( 𝝈)a) 

[mS cm 

− 1 ] (Na and 

Li salts) Solubility Cost Toxicity Ref. 

KPF 6 184.06 575 (300, 200) 5.75 (7.98, 5.8) 0.9 mol kg − 1 in PC; 1.8 

mol kg − 1 in DME 

Low cost Low 

toxicity 

[ 40 ] 

KBF 4 125.90 530 (384, 293) 0.2(/, 3.4) Hardly dissolved in PC Highly cost Highly 

toxic 

[ 40 ] 

KClO 4 138.55 610 (468, 236) 1.1(6.4, 5.6) Hardly dissolved in PC Low cost Highly 

toxic 

[ 40 ] 

KFSI 219.23 102 (118, 130) 7.2(/) 10 mol kg − 1 in PC; 7.5 

mol kg − 1 in DME; 12 

mol kg − 1 in GBL 

Highly cost Nontoxic [ 40 ] 

KTFSI 319.24 198-203 (257, 234) 6.1(6.2, 5.1) 6 mol kg − 1 in DME Highly cost Nontoxic [ 40 ] 

KCF 3 SO 3 188.17 238.5 (248, > 300) (/, 1.7) 22 mol L − 1 in water Highly cost Nontoxic [ 98 ] 

3

3

 

m  

T  

f

3

 

i  
. Influence Factors in Various KIB Electrolytes 

.1. Organic Liquid Electrolytes for KIB 

The performance of organic electrolytes is deeply affected by three
ajor components (K salts, solvents, and additives) and concentrations.
34 
herefore, their effects on battery performance will be discussed from
our aspects in the following sections. 

.1.1. The Effect of K Salts 

K salt is one of the three major components of KIB electrolytes, which
s closely related to the electrochemical properties of electrolytes. The
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Figure 6. Effect of K salts in electrolytes. 
Charge/discharge curves of K-MnHCFe in (a) 
KPF 6 -based (2.0-4.5 V) and (b) KFSI-based 
(2.0-4.2 V) electrolytes. Reproduced with per- 
mission [47] . Copyright 2017, The Royal Soci- 
ety of Chemistry. (c) Cycling performance of 
KFeHCF in the KPF 6 and KClO 4 -based elec- 
trolytes. Reproduced with permission [48] . 
Copyright 2017, The Royal Society of Chem- 
istry. (d) Cycling performance of Bi-based elec- 
trodes in KPF 6 and KFSI-based electrolytes. 
Reproduced with permission [49] . Copyright 
2018, Wiley-VCH. (e) Voltage profiles of K- 
K symmetric cells in KPF 6 and KFSI-based 
electrolytes. Reproduced with permission [52] . 
Copyright 2018, Elsevier Ltd. 
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e  
ollowing points need to be paid attention to when choosing the suit-
ble K salt. First, high solubility in solvents increases the concentration
f K 

+ in the electrolyte. Second, good electrochemical stability of K salt
etermines ESW. Third, good chemical stability of K salt reduces the
ccurrence of its side reactions. Fourth, excellent thermal stability of K
alt will improve the safety of the battery. Fifth, low-cost and non-toxic
 salts are conducive to industrialization. Unfortunately, the types of K
alts that have been reported so far are rare. The main K salts in KIB elec-
rolytes include KPF 6 , KN(SO 2 F) 2 (KFSI), KN(CF 3 SO 2 ) 2 (KTFSI), KBF 4 ,
ClO 4 , and KCF 3 SO 3 . In Table 1 , some physicochemical properties of

he most used K salts for KIB electrolytes are summarized. 
Owing to no corrosion on the Al current collector, high ionic con-

uctivity, good compatibility, and low cost, KPF 6 has been widely used
n performance testing of cathodes and anodes of KIB. However, KPF 6 
s extremely sensitive to water and oxygen, and it is prone to hydroly-
is reaction to produce HF, PF 5 , and POF 3 in contact with water. Other
ommon K salts are KFSI and KTFSI, which display higher conductivity
n PC-based electrolytes. [ 40 ] Nevertheless, the issue of FSI – and TFSI –

ies in the corrosion of the Al collector at high voltage. Besides, the
trong interaction between K 

+ and BF 4 – makes KBF 4 -based electrolyte
oorly conductive. KClO 4 is rarely used because of its strong oxidation.
he problem of KCF 3 SO 3 -based electrolyte is also poor conductivity. 

K 

+ makes K salts show some different properties from Li and Na salts.
or instance, the melting points of KPF 6 , KBF 4 , and KClO 4 are higher
han those of Na and Li salts, manifesting higher thermal stability and
etter safety of these K salts. The ionic conductivity of these K salts is
ower than that of the corresponding Na and Li salts, which is ascribed
o large size and low Lewis acidity of K 

+ . 
Komaba et al . compared KFSI, KTFSI, KPF 6 , KBF 4 , and KClO 4 in PC

nd measured their ionic conductivity. [ 40 ] Whether in EC/DEC system
r PC system, the solubility of KBF 4 and KClO 4 salts is relatively small,
hile the solutions of KFSI, KTFSI, and KPF 6 show their high solubility.
he ionic conductivity of KFSI, KTFSI, and KPF 6 solutions is much higher
han that of KBF 4 and KClO 4 . Moreover, KFSI was found highly soluble
n various solvents (10 mol kg − 1 in PC, 7.5 mol kg − 1 in dimethoxyethane
DME), 12 mol kg − 1 in 𝛾-butyrolactone (GBL)). The KFSI-DME system
howed the highest ionic conductivity, which can be attributed to the
ow Lewis basicity of FSI –, resulting in a weak interaction between an-
ons and cations. In addition, the 7 mol kg − 1 KFSI-DME solution exhibits
ower viscosity than other high-concentration electrolytes (10 mol kg − 1 

FSI-PC and 12 mol kg − 1 KFSI-GBL). 
Recently, researches on the effects of different K salts on electrode

erformance have shown an increasing trend. Each K salt has differ-
nt effects on the K storage of electrode materials due to its own char-
cteristics. KPF 6 is confirmed to be more suitable in the high-voltage
athodes than KFSI. It is found that K Mn[Fe(CN) ] • 0.16H O (K-
1.75 6 0.93 2 

35 
nHCFe) presents high platforms (4.08, 4.11, 3.97, and 3.89 V) and a
igh capacity (137 mA h g − 1 ) in KPF 6 -based electrolyte ( Figure 6 a) . In
ontrast, K-MnHCFe in KFSI-based electrolyte exhibits large voltage po-
arization, severe overcharging, and a rapid capacity decay ( Figure 6 b).

 47 ] This phenomenon can be attributed to the corrosion of Al foil by
SI – at high potential. Besides, KClO 4 may effectively suppress the side
eactions between the electrolyte and K metal . Compared with KPF 6 -
ased electrolytes, the cell in KClO 4 -based electrolytes exhibits higher
E (~98.5%) and long-term stability (a capacity retention of 92.8% af-
er 200 cycles at 0.1C) ( Figure 6 c). [ 48 ] The excellent cycling perfor-
ance can be related to the strong oxidation of KClO 4 , which can react
ith K to form a robust SEI, avoiding the occurrence of side reactions. 

KFSI can promote the formation of stable SEI. It is found that
i/reduced graphene oxide (Bi/rGO) electrode exhibits higher capacity,
igher CE, and more stable cycling ability in KFSI-based electrolyte than
hose in KPF 6 -based electrolyte ( Figure 6 d). [ 49 ] The advantages of
he KFSI-based electrolyte are demonstrated in other alloyed materials
Sn, Sb, GeP 5 , Sn 4 P 3 , and red P (RP)), [ [49,50,52,53] ] transition-metal
ichalcogenide (MoS 2 , NiCo 2.5 S 4 , and MoSe 2 ), [ [54–56] ] nitrogen-
oped graphite foams (NGFs) and K metal. [ 53 , 57 ] The improved cy-
ling life is related to the FSI –, which plays a role in preventing the
lectrolyte decomposition, modifying the interface, and forming stable
EI. On the other hand, KFSI can efficiently inhibit the growth of K
endrites and suppress the occurrence of some side reactions. For in-
tance, the battery in KFSI-based electrolyte can maintain stable oper-
tion for a long time, while a short circuit occurs shortly after running
n the battery of KPF 6 -based electrolyte ( Figure 6 e). [ 52 ] The short
ircuit phenomenon is probably due to the growth of K dendrites and
he continuous generation of SEI. Moreover, it is also confirmed that
he stronger solvation occurs in KFSI-based electrolyte. Guo et al . in-
estigated the interaction between salts and solvents, finding that the
eaks proportion and strengths of the K 

+ solvated molecules in KFSI-
ased electrolyte were much higher than those in KPF 6 -based elec-
rolyte. [ 53 ] Therefore, the free solvent molecules in the electrolyte
ill be greatly reduced, which is helpful to avoid the occurrence of side

eactions. 
In addition to single-salt electrolytes mentioned above, a type of

inary-salts electrolyte also be developed recently. Komaba et al. devel-
ped a KPF 6 -KFSI-based electrolyte for long-term stability, high-voltage
IB. [ 58 ] They found that KPF 6 -KFSI-based electrolyte shows higher

onic conductivity than KPF 6 -based electrolyte. This electrolyte with a
PF 6 -KFSI molar ratio more than 3 has strong oxidation stability, which
olves the corrosion issue of the Al current collector by KFSI. An ICE of
2.5%, a high capacity of 105 mA h g − 1 and a high capacity reten-
ion of 75% after 500 cycles are delivered in 0.75KPF 6 -0.25KFSI-based
lectrolyte. Such excellent cycling performance in the full KIB can be at-
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ributed to the decomposition products of FSI – which stabilizes the SEI
n the graphite electrode. 

.1.2. The Effect of Solvents 

Solvent is one of three major components of electrolyte, which af-
ects the properties of electrolytes. The ideal electrolyte solvent should
ave the following characteristics. First, solvents with high dielectric
onstants can dissolve enough K salts. Second, low viscosity of solvents
s good for K 

+ transport. Third, solvents with high boiling point (Tb)
nd low melting point (Tm) enable electrolyte have a wide operating
emperature window. Fourth, high flash point (Tf) of solvents ensures
he safety of battery. Fifth, the solvents with wide ESW and stability can
nable the positive and negative materials perform their extreme func-
ions. Finally, environmentally-friendly and low-cost are required for
olvents. The most important properties of organic solvents are listed
n Table 2 . It is found that the organic solvent family studied in KIB is
asically the same with that used in LIB and SIB, including esters and
thers. 

Ester solvents are the main solvents in KIB due to its higher electro-
hemical stability and ability to dissolve K salts. The commonly used
re the cyclic EC, PC, GBL, and fluoroethylene carbonate (FEC), and the
inear DEC, ethyl methyl carbonate (EMC), dimethyl carbonate (DMC),
riethyl phosphate (TEP), dimethyl methyl phosphonate (DMMP), and
rimethyl phosphate (TMP), etc. Besides, ether solvents exhibit low di-
lectric constant and low viscosity, while their active properties and
oor oxidation resistance limit their applications. The common ether
olvents include cyclic 1,3-dioxacyclopentane (DOL), the linear DME,
riethylene glycol dimethyl ether (TEGDME), and diethylene glycol
imethyl ether (DEGDME). Most K 

+ electrolyte formulations refer to
issolving a K salt in a mixture of one, two or more solvents. 

The interaction of K 

+ with organic solvents has been theoretically
tudied and compared with Li + , Na + , and Mg 2 + . [ 18 ] Among the four
on species, K 

+ exhibits the lowest ion-solvent interaction energy, which
s related to high-rate capability of KIB. In this regard, the small acti-
ation energy for desolvation leads to low interface reaction resistance,
nd the small solvation ion radius causes the high ion conductivity of
he K 

+ . Nevertheless, the weak ion-solvent interaction leads to the low
olubility of K salt. In addition, the analysis on the interaction energy be-
ween solvents and ions shows that the polarization and electrostatic in-
eractions in the K complex are the smallest, which explains that the K 

+ 

adius is the largest and the Lewis acidity is the lowest among them. Fur-
hermore, it is found that TMP, dimethyl formamide (DMF), N-methyl
xazolidinone (NMO), dimethyl imidazolidinone (DMI), and N-methyl
yrrolidinone (NMP) have strong interactions with K 

+ . These solvents
re expected to dissolve more K salts, which are promising in the choice
f solvents in the future of KIB. 

The effect of organic solvents on electrode material has been eval-
ated in recent years. It is found that EC/PC-based electrolytes are
ore suitable for both high voltage and low voltage. Komaba et al . re-
orted the high-voltage behavior (2.0-5.0 V) of KVPO 4 F and KVOPO 4 
n EC/DEC and EC/PC-based electrolytes. [ 59 ] A discharge capacity of
80 mA h g − 1 and the discharge voltage of 4.13 V for KVPO 4 F were

chieved in EC/PC-based electrolytes. Besides, the irreversible capac-
ty of KVPO 4 F at the initial cycle in EC/PC-based electrolytes is less
han that in EC/DEC-based electrolytes ( Figure 7 a and b) . The rea-
on is that the irreversible anodic current of EC/PC-based battery in the
igh-potential range is much smaller than that of EC/DEC-based bat-
ery. Thus, the side reactions of cathodes at high voltage can be effi-
iently suppressed in EC/PC-based electrolytes. The same phenomenon
ccurs in graphite anode. Xu et al . analyzed the effect of different sol-
ents (EC/PC, EC/DEC, and EC/DMC) on the K storage performance of
raphite. [ 60 ] The EC/PC system exhibits high ICE and stable cycling
bility ( Figure 7 c) . The decomposition of DEC and DMC at low poten-
ial may cause great amount irreversible capacity. Especially, the rapid
apacity decay of EC/DMC system is probably due to the continuous
ecomposition of DMC and the formation of unstable SEI. [ 61 , 62 ] 
36 
TEP solvent can protect the layered structure of the electrode. [ 63 ]

he K 0.5 MnO 2 cathode pre-cycled in TEP-based electrolyte is highly ef-
cient, while the fast capacity decay is exhibited when used in EC/DEC-
ased electrolyte ( Figure 7 d) . It is claimed that passivation layer is not
 decisive factor leading to different K storage performance of K 0.5 MnO 2 
athode in EC/DEC and TEP-based electrolytes. They found that EC
olecules are embedded in the layers due to the relatively weak in-

eraction with K 

+ when K 0.5 MnO 2 cathode is deeply charged. The co-
ntercalation will destroy the layered structure, which leads to capacity
ecay. However, TEP can avoid molecular embedding with the relatively
arge the Sterimol parameters (D K ‑M 

) values (4.53 Å), thus protecting
he layered structure, enabling the battery to cycle stably at high volt-
ge (4.2 V). Besides, TEP-based electrolyte demonstrated the highest ICE
88.45%) and the smallest overpotential (0.4 V) among the three phos-
hate electrolytes ( Figure 7 e). [ 46 ] This can be ascribed to the high
onic conductivity and low viscosity of TEP-based electrolyte, because
 

+ has a weak solvation effect in TEP solution. In addition, the flame-
etardant properties of TEP could address the battery safety problem. 

FEC enables KVPO 4 F cathode with reversible cycling performance
t high voltage of 4.9-5.0 V. [ 64 ] Nikitina et al . compared the electro-
hemical behaviors of KVPO 4 F cathode in tetramethylene sulfone (SL),
diponitrile (ADN), and FEC-based electrolytes. It is found that FEC-
ased electrolyte is more attractive for high voltage with lower charge
ransfer resistance than SL and ADN-based electrolytes, which is as-
ribed to the easiness formation of stabilizing surface protective films
n FEC-based system. Moreover, the capacity of KVPO 4 F is highly re-
ersible at 4.9 V and slightly decayed at 5.0 V in FEC-based system
 Figure 7 f) . 

Ether solvents have greater solubility for K salts, which are differ-
nt from ester solvents. Recently, ether electrolytes exhibit significant
uperiority when used in anode materials (graphite, alloyed materials,
rganic materials, and K metal, etc.). Obviously, the K storage mecha-
ism of graphite anode in ether-based electrolytes varies from that in
arbonate-based electrolytes. For instance, the electrochemical perfor-
ances of graphite anode in DME and EC/DMC-based electrolytes are

omparatively investigated. [ 65 ] The capacities of 82 mA h g − 1 in DME-
ased electrolytes and 8 mA h g − 1 in EC/DMC-based electrolytes at 10
 are formed in a sharp contrast, which may be ascribed to the low

nteraction force caused by a charge shielding effect in DME-based elec-
rolytes ( Figure 8 a) . Moreover, it should be noted that the K 

+ inter-
alates into graphite in EC/DMC-based electrolyte, while the K 

+ -ether
o-intercalation in DME-based electrolyte. The co-intercalation behav-
or avoids the slow desolvation process, which enables the fast kinetics
f graphite. 

DME could effectively protect organic electrode materials. The cy-
ling stability of anthraquinone-1,5-disulfonic acid sodium salt (AQDS)
athode in EC/DEC and DME-based electrolytes was compared. [ 66 ]

mproved cycling stability is demonstrated in DME-based electrolyte,
hich is ascribed to the robust SEI layer with fast reaction kinetics
 Figure 8 b) . Meanwhile, the excellent electrochemical performance of
ipotassium terephthalate (K 2 TP) anode also benefits from DME sol-
ent. [ 67 ] A high CE (90%) and much less polarization of poly (an-
hraquinonyl sulfide) (PAQS) cathode are achieved in DOL/DME-based
lectrolyte. [ 68 ] 

DME is more compatible with alloy anodes (Sn, Bi, and SnSb) than
ster solvents. When micrometer-sized Bi is used as an anode for KIB, the
apacity retention of 94.4% in DME-based electrolyte can be achieved,
hich is superior to that in PC-based electrolyte ( Figure 8 c). [ 69 ] It is

oncluded that compatible electrolytes can stabilize the powdered fresh
nterface caused during the charging/discharging process. In incompat-
ble electrolytes, SEI does not prevent the decomposition of electrolyte.
n addition, a remarkable ICE (90.1%) of the 3D SnSb electrode is ob-
ained in DME-based electrolyte. [ 70 ] 

It is found that DME-based electrolyte can effectively passivate the K
etal surface, forming stable and uniform SEI. [ 43 ] A highly reversible

nd long-term stable K plating-stripping is obtained only in KFSI-DME
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Table 2 

Physical and chemical properties of the reported organic solvents for KIB electrolytes [14 , 25] 

Solvent Chemical structure [cP] 
Melting point 
(Tm) [°C] 

Boiling point 
(Tb) [°C] 

Flash point 
(Tf) [°C] 

Viscosity ( 𝜂) 
at 25°C 

Dielectric constant 
( 𝜀 ) at 25°C 

EC 36.4 248 160 2.1 89.78 

PC -48.8 242 132 2.53 64.92 

DMC 4.6 91 18 0.59 (20°C) 3.1 

EMC -53 110 / 0.65 2.96 

DEC -74.3 126 31 0.75 2.8 

FEC 18 249 120 2.35 / 

TEP -56.4 215 117 1.6 / 

TMP -46 197 148 1.3 / 

DMMP -50 181 104 1.75 / 

GBL -43.53 204 98.3 1.7 39 (20°C) 

ADN 1 295 / 6.1 30 

VC 22 162 73 2.23 / 

DME -58 84 0 0.46 7.2 

DEGDME -64 162 57 1.06 7.18 

TEGDME -46 216 111 3.39 7.53 

DOL -95 75.6 1 0.6 (20°C) / 
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lectrolyte, while fast capacity decay and low CE are demonstrated
n KPF 6 -DME, KTFSI-DME, and KPF 6 -EC/DEC electrolytes, respectively
 Figure 8 d) . 

In addition to the application of DME-based electrolytes in anode
lectrodes, the application of cathode electrodes is also involved. [ 71 ]

 higher capacity and better cycling ability of TiS 2 cathode are pre-
ented in DME-based electrolyte. Besides, the galvanostatic intermittent
itration technique (GITT) demonstrated that the same K storage mech-
nism of TiS 2 in both EC/DMC and DME-based electrolytes. However,
37 
igh K 

+ diffusion coefficient and better kinetics in charge transfer are
rovided by DME-based electrolyte ( Figure 8 e) . 

As other ether solvents, DEGDME has received more attention in
ecent years. DEGDME-based electrolyte is found to be more stable
han EC/DEC. [ 72 ] More by-products were found in EC/DEC system,
hich may be caused by electrolyte decomposition. The decomposi-

ion products of DEC may be K ethyl and carbonates. However, no ob-
ious changes occurred in DEGDME-based system, indicating that the
EGDME is relatively stable. The fast capacity decay of graphite anode
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Figure 7. Effect of esters in electrolytes. 
Charge/discharge curves of KVPO 4 F (2.0-5.0 
V) in (a) EC/PC and (b) EC/DEC-based elec- 
trolytes. Reproduced with permission [59] . 
Copyright 2017, The Royal Society of Chem- 
istry. (c) Cycling performance of graphite an- 
odes in EC/PC, EC/DEC, and EC/DMC-based 
electrolytes, respectively. Reproduced with 
permission [60] . Copyright 2016, Wiley-VCH. 
(d) Cycling performance of K 0.5 MnO 2 cath- 
ode cycled in TEP-based electrolyte initially, 
then in EC/DEC-based electrolyte. Reproduced 
with permission [63] . Copyright 2020, Amer- 
ican Chemical Society. (e) Initial K plating 
and stripping behavior of K/Cu half cells in 
TEP, TMP, and DMMP-based electrolytes, re- 
spectively. Reproduced with permission [46] . 
Copyright 2020, Wiley-VCH. (f) Cyclic voltam- 
mogram (CV) curves of KVPO 4 F cathode in SL, 
ADN, and FEC-based electrolytes, respectively. 
Reproduced with permission [64] . Copyright 

2017, Elsevier Ltd. 

Figure 8. Effect of ethers in electrolytes. (a) 
Rate ability of graphite anode in DME and 
EC/DMC-based electrolytes. Reproduced with 
permission [65] . Copyright 2019, Elsevier Ltd. 
(b) Reaction resistance of K + in EC/DEC and 
DME-based electrolytes during cycles. Repro- 
duced with permission [66] . Copyright 2018, 
Wiley-VCH. (c) Cycling performance of Bi an- 
ode in PC and DME-based electrolytes. Repro- 
duced with permission [69] . Copyright 2020, 
American Chemical Society. (d) Comparison 
of galvanostatic K plating-stripping in various 
electrolytes. Reproduced with permission [43] . 
Copyright 2017, American Chemical Society. 
(e) Peak current versus square root of scan rates 
of TiS 2 cathode CV in DME and EC/DMC-based 
electrolytes. Reproduced with permission [71] . 
Copyright 2018, American Chemical Society. 
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n EC/DEC electrolyte is ascribed to the continuously thickening SEI
ue to the decomposition of electrolyte. Furthermore, the K 

+ -solvent co-
ntercalation mechanism of graphite anode in KCF 3 SO 3 -DEGDME elec-
rolyte is revealed by the experimental results and first-principles cal-
ulations. [ 73 ] A sluggish desolvation process is avoided during the
K-DEGDME] + complex intercalation, which is a cause of the fast kinet-
cs. 

.1.3. The Effect of Additives 

Additives refer to adding a small amount of other components to the
riginal electrolyte system to change the target characteristics of the
lectrolyte. The typical role of additives in LIB and SIB has already been
onfirmed to modify SEI, increase surface wettability, improve flame re-
ardancy, reduce viscosity, improve solvent solubility, and prevent over-
harging. [74–79] Thus, the development of electrolyte additives is also
n important hotspot in research of KIB. Currently, KIB electrolyte sys-
em has its own shortcomings, such as low CE, poor cycle life, poor high
oltage resistance, temperature limitations, and safety issues. In this re-
ard, the application of electrolyte additives is the simplest and most
ffective way to solve these problems and improve the performance of
IB. Meanwhile, the ideal KIB additives should reduce irreversible ca-
acity, increase cycle life, inhibit the dissolution of cathode materials,
38 
educe gas generation, prevent overcharge, and improve the thermal
tability of K salts and organic solvents. 

Up to now, the research on KIB electrolyte additives is rare. However,
here have been some studies on the influence of additives on KIB in re-
ent years. FEC has been confirmed to play different roles in different
attery systems. FEC can effectively improve the CE of cathode materi-
ls. [ 37 , 47 ] By adding different concentrations of FEC additive (2 and
%), the CE and cycle life of K 1.69 Fe[Fe(CN) 6 ] 0.90 • 0.4H 2 O (KFeHCF-
) are significantly improved ( Figure 9 a) . Similar reports prove that
 vol% FEC additive can improve the ICE of K-MnHCFe (from 61% to
0%), but it will play a negative role in cycling stability ( Figure 9 b and

) . This phenomenon is because FEC does not completely suppress the
ccurrence of side reactions. 

Nevertheless, FEC also could exacerbate the occurrence of side reac-
ions. It is found that the cycle performance and rate capability of GeP 5 
node become worse using KPF 6 and KFSI-based electrolytes with FEC.
 50 ] The reason is that the solvation energy of electrolytes is greatly
mproved (from 0.305 eV to 1.281 eV) due to the presence of FEC. The
arger solvation energy indicates that the interaction force between the
olvent and K 

+ is greater, making the diffusion of K 

+ and desolvation
ore difficult ( Figure 9 d) . Similar electrochemical behavior also exists

n Sn 4 P 3 anode. [ 52 ] The color change of the separator in electrolytes
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Figure 9. Effect of additives in electrolytes. 
(a) CE of KFeHCF-S cathode with no FEC 
(black), 2% (blue) and 5% (purple) FEC. 
Reproduced with permission [37] . Copyright 
2017, American Chemical Society. (b) Initial 
charge-discharge curves and (c) cycling perfor- 
mance of K-MnHCFe cathode with 0% and 2% 

FEC. Reproduced with permission [47] . Copy- 
right 2017, The Royal Society of Chemistry. 
(d) Cycling performances of GeP 5 anode with 
various electrolytes. Reproduced with permis- 
sion [50] . Copyright 2018, Elsevier Ltd. (e) Cy- 
cling performances of symmetric K cells with 
or without FEC, DFEC, VC, or ES (1 vol%). 
Reproduced with permission [80] . Copyright 
2019, American Chemical Society. 
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ith FEC is more obvious than in electrolytes without FEC, indicating
hat more serious side reaction has occurred in electrolytes with FEC.
 55 ] 

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

In addition to the conventional additives mentioned above, some
ew additives for KIB have also been developed recently. Matsumoto
t al . developed potassium difluorophosphate (KDFP) electrolyte addi-
ive to promote the generation of robust SEI on graphite, significantly
mproving the cycle life and CE of the battery. [ 81 ] A capacity reten-
ion (76.8%) over 400 cycles and the average CE (99.9%) of graphite
re obtained in electrolyte with KDFP (0.2 wt%). It is the presence of
DFP that make SEI rich in KF and PO x , thus the SEI and K overpo-

ential are improved. Besides, Ming et al . introduced ethylene sulfate
DTD) additive for safe KIB electrolyte. [ 82 ] They found that DTD has
 tremendous effect on the K storage performance of graphite, because
t changed the solvation structure of K 

+ , which determines the interface
ehavior of K 

+ -solvent. It is particularly noteworthy that DTD can re-
lace a part of TMP solvent and jointly build the first solvated shell of
 

+ . 

.1.4. The Effect of Concentration 

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

(1) Withstanding high voltage. The redox stability of high concentra-
ion electrolytes was analyzed by the linear sweep voltammetry (LSV).
he position of the sudden increase of current curve is about 3.5 V in
iluted electrolyte, but this potential will be delayed to 5.0 V in con-
entrated electrolyte ( Figure 10 a). [ 43 ] This means that diluted elec-
rolyte is more likely to decompose than concentrated electrolyte. FSI − 

ostly exists in the form of free anions in diluted electrolyte, while be-
aves more like solid state in concentrated electrolyte. Besides, the peak
f DME solvent molecule gradually weakens as the concentration in-
reases, while the solvation peak gradually increases. Meanwhile, the
OMO is reduced because the DME donates oxygen lone pair electrons

o K 

+ , which effectively inhibits the oxidative decomposition of elec-
rolyte. In addition, a high-energy-density (207 Wh kg − 1 ) graphite dual
on battery based on a high concentration electrolyte was presented. The
39 
igh operating voltage of about 4.7 V in this battery system is unbear-
ble for conventional traditional electrolytes. [ 87 ] Recently, the dual
nterface layer of the tough SEI film derived from the high concentration
lectrolyte and the inactive K-lean spinel interlayer enable K 0.67 MnO 2 
o achieve stable electrochemical performance in KIB. [ 88 ] 

(2) Enhancing safety. The safety of the battery is an indispensable
remise. It is particularly important to develop high safe electrolytes for
IB owing to highly active K metal. Generally, the traditional organic
lectrolyte is volatile and flammable, which makes the battery face the
isk of ignition or even explosion. Adding flame retardants (TMP, TEP,
nd DMMP) to electrolyte is an effective way to improve battery safety
n LIB and SIB. In view of this, Guo et al . reported a high concentra-
ion electrolyte using a flame retardant as a single solvent (2 M KFSI-
EP), which simultaneously improved the performance and safety of
IB. [ 46 ] Moreover, it can be found in the flame test that the electrolyte

s easily ignited in 1.15 mol kg − 1 KFSI-based electrolytes, but cannot be
gnited in 6.91 mol kg − 1 KFSI-based electrolytes ( Figure 10 b). [ [89] ] 

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

(4) Promoting uniform and stable SEI. [ [91] , [92] ] It is found that
ost of SEI components formed in 3 M KFSI-based electrolyte are in-

rganic, while the SEI layers in 0.8 M KPF 6 -based electrolyte are con-
isted of organic and inorganic components. Besides, the SEI maintains
ell after 2000 cycles in 3 M KFSI-based electrolyte, indicating its uni-

orm and stability. The special interface and SEI formed in high con-
entration electrolytes enable the electrode materials exhibit excellent
lectrochemical performances in term of cycling stability and rate capa-
ility ( Figure 10 e and f) . 

In brief, the choice of salts, solvents, additives, and concentration
as found to play a critical role in electrochemical performance of KIB.
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Figure 10. Advantages of concentrated elec- 
trolytes in KIB. (a) Electrochemical stabil- 
ity of different concentrations KFSI-DME elec- 
trolytes. Reproduced with permission [43] . 
Copyright 2017, American Chemical Society. 
(b) Flammability test of various concentrations 
electrolytes. Reproduced with permission [89] . 
Copyright 2019, Wiley-VCH. (c) Morphology 
of Al foil after cycles in different concentra- 
tions KFSI-DME electrolytes. Reproduced with 
permission [40] . Copyright 2018, The Royal 
Society of Chemistry. (d) Polysulfide shuttle 
behaviors in different concentrations KTFSI- 
DEGDME electrolytes. Reproduced with per- 
mission [90] . Copyright 2019, Elsevier B.V. 
(e) Cycling performance of Sb anode in differ- 
ent concentrations KTFSI-EC/DEC electrolytes. 
Reproduced with permission [91] . Copyright 
2019, The Royal Society of Chemistry. (f) Rate 
capability of carbon anode in different concen- 
trations electrolytes. Reproduced with permis- 
sion [92] . Copyright 2018, Wiley-VCH. 
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he ideal electrolyte requires high ionic conductivity, low viscosity, no
orrosion with the current collector, generation of a robust SEI on elec-
rode surface, no decomposition at high and low potentials, inhibition
ome side reactions, and low cost, etc. If the above requirements cannot
e met at the same time, a compromise can be made to maximize the
erformance of KIB. 

.2. Aqueous Electrolytes for KIB 

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

Typically, potassium nitrate (KNO 3 ), potassium sulfate (K 2 SO 4 ),
otassium acetate (KAc), KCF 3 SO 3 or potassium hydroxide (KOH) are
sed as K salts and deionized water is used as solvent in aqueous KIB.
ue to the active nature of K metal, platinum, Ag/AgCl, and activated
arbon are usually used as counter electrodes in aqueous batteries. How-
ver, the hydrogen evolution potential and oxygen evolution potential
imit the choice of electrode materials. 

Cui et al . demonstrated insertion/extraction of K 

+ in nickel hexa-
yanoferrate (NiHCF) in 1 M KNO 3 -based electrolyte. [ [93] ] The study
ound that the reaction potential of K metal with NiHCF is 0.69 V. Be-
ides, the battery shows a high capacity (59 mA h g − 1 at C/6), high-
ate capability (retention of 66% at 41.7 C) and stable cycling perfor-
ance (a capacity decay rate of 0.00175%) due to the open frame-
ork structure and fast ionic diffusion of NiHCF in aqueous electrolyte
 Figure 11 a) . Liu et al . reported aqueous KIB with Fe 3 O 4 -C anode and
arbon nanotubes (CNTs) nanofilm cathode using 3 M KOH-based elec-
40 
rolyte. [ [94] ] The voltage curves present an obvious discharge plat-
orm at low current density, while it presents a linear state at high cur-
ent density. The possible reason is the large difference in the rate capa-
ility of the cathode and anode in aqueous electrolyte ( Figure 11 b) .
 2 Fe II [Fe II (CN) 6 ] • 2H 2 O nanocubes as aqueous KIB cathode demon-
trated a discharge capacity of 120 mA h g − 1 and long-term cycle life
ith a capacity retention of > 85% over 500 cycles at 21.4 C in 0.5 M
 2 SO 4 -based electrolyte ( Figure 11 c) [ [95] ] . 

In order to widen the electrochemical potential window of aqueous
lectrolytes, the K(PTFSI) 0.12 (TFSI) 0.08 (OTf) 0.8 • 2H 2 O hydrate melt with
he lowest water content of 2.0 was discovered ( Figure 11 d) [ [96] ] .
he salt benefits from the asymmetric imine anion (PTFSI –), which pro-
ides low density, low viscosity, and low melting point in ILs. This en-
bles the salt with good water solubility and is not affected by the S-F
ond in water. Therefore, the electrochemical potential window of the
 salt hydrate melt is significantly extended to 2.5 V. This is because
ll water molecules are coordinated with cations and hydrogen bonds
re almost non-existent. Due to the use of asymmetric imine salts, the
ypes of alkali metal hydrate melts have greatly increased, which will
romote the development of electrolytes for safe high-voltage batteries.

In addition to the influence of K salts, electrolyte concentration af-
ects ionic conductivity and rate ability of aqueous KIB. For example,
he water-in-salt electrolyte (WiSE) has attracted widespread attention
wing to the improved the electrochemical performance and enhanced
afety of the battery. Ji et al . reported 30 M KAc-based WiSE used in
queous KIB with a wide potential window of 3.2 V ( Figure 11 e). [ 97 ]

he reversible redox behavior of KTi 2 (PO 4 ) 3 anode in this electrolyte
as achieved, avoiding the interference of a hydrogen evolution reac-
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Figure 11. The electrochemical performance 
of various aqueous electrolytes. (a) Dis- 
charge curves of NiHCF in KNO 3 -based elec- 
trolyte at various rates. Reproduced with 
permission [93] . Copyright 2011, American 
Chemical Society. (b) Voltage profiles of 
CNTs//Fe 3 O 4 -C in KOH-based electrolyte. Re- 
produced with permission [94] . Copyright 
2015, Wiley-VCH. (c) Cycling performance 
of K 2 Fe II [Fe II (CN) 6 ] • 2H 2 O at different current 
densities in K 2 SO 4 -based electrolyte. Repro- 
duced with permission [95] . Copyright 2017, 
Wiley-VCH. (d) Ternary phase diagram of 
K(PTFSI) x (TFSI) y (OTf) z salt. Reproduced with 
permission [96] . Copyright 2019, Wiley-VCH. 
(e) Linear sweep voltammetry profiles of KAc- 
based electrolytes with different concentra- 
tions. Reproduced with permission [97] . Copy- 
right 2018, American Chemical Society. (f) Ra- 
man spectra of KOTf-based electrolytes with 
1 M/22 M and H 2 O. Reproduced with permis- 
sion [98] . Copyright 2019, Springer Nature. 
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ion (HER) in dilute electrolyte. Besides, the ionic conductivity of KAc-
ased electrolyte is higher than LiTFSI-based electrolyte at the same
oncentration, which may attribute to the weak Lewis acidity of K 

+ ,
r the superiority of acetate salt. In addition, the polarization of 30 M
Ac-based electrolyte is less than nonaqueous electrolytes. However,
lkaline electrolytes are not compatible with many electrodes, which
akes it important to develop compatible electrolytes. Recently, Hu

t al . proposed a full aqueous KIB system using 22 M KCF 3 SO 3 -based
lectrolyte. [ 98 ] A high energy density of 80 Wh kg − 1 and long-term
ycling stability over 2000 cycles at 4 C are achieved in aqueous KIB,
hich are related to the highly concentrated KCF 3 SO 3 -based electrolyte
ith wide voltage window, high ionic conductivity, and low viscosity.
esides, it is found that the redox potential in 22 M electrolyte is lower
han that in 1 M electrolyte due to the wide voltage window. In addi-
ion, high concentration electrolyte effectively suppresses the dissolu-
ion of 3, 4, 9, 10-perylenetetracarboxylic diimide (PTCDI) anode. This
henomenon was attributed to the domination of hydration K 

+ in high
oncentration electrolytes, resulting that there are fewer freely moving
ater molecules ( Figure 11 f) . 

In summary, aqueous KIB has great application prospects in energy
torage due to their high safety, low cost, and environmental friendli-
ess. Nevertheless, aqueous batteries face a major problem that needs
o be solved urgently, that is, lower battery voltage. [ 99 ] The narrow
lectrochemical window greatly limits the choice of electrode materials.
esigning concentrated electrolytes can be considered as an effective

trategy, but it will also greatly increase the cost of the battery. There-
ore, the development of low-cost, high-stability aqueous electrolytes
hrough some simple and effective strategies is extremely important for
queous KIB. 

.3. Ionic Liquid Electrolytes for KIB 

With reference to the research on IL electrolytes of LIB and SIB, it
s found that IL electrolytes for KIB mainly focused on pyrrolidinamide
Pyr 13 ). Nohira et al . explored the chemical properties of KFSI-Pyr 13 FSI
L for KIB. The ionic conductivity of 4.8 mS cm 

− 1 was demonstrated
hen x(KFSI) is 0.20 at 298 K. [ 44 ] Besides, KFSI-Pyr 13 FSI IL elec-

rolyte exhibited a wider electrochemical window (5.72 V) than equiv-
lent sodium (5.42 V) and lithium (5.48 V) ILs ( Figure 12 a) . Recently,
he application of KFSI-Pyr 13 FSI IL in alloying materials (Sn 4 P 3 , Sn) for
IB was realized. [ 51 ] The cycling performance and battery safety have
een effectively improved. A discharge capacity of 365 mA h g − 1 over
00 cycles was achieved, which can be comparable to the rate capability
n organic electrolytes of Sn 4 P 3 . The Sn anode exhibited a high capacity
f over 170 mA h g − 1 over 100 cycles due to the electrochemical stabil-
41 
ty of IL electrolyte ( Figure 12 b). [ 100 ] The P-type tetrathiafulvalene
Q-TTF-Q) delivered a higher capacity and a higher energy density with
FSI-Pyr 13 FSI IL electrolyte than with conventional organic electrolyte
 Figure 12 c). [ 101 ] In addition, a potassium manganese hexacyano-
errate (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 13 -based
L electrolytes. Masese et al . explored the electrochemical properties of
TFSI-Py r13 TFSI IL and revealed its redox voltage is lower than that of
oth Na and Li ILs. [ 103 ] A wide electrochemical window (~6.0 V) of
TFSI-based IL is exhibited, which is expected to endow KIB with high
oltage and safety. Based on this IL electrolyte, stable cycling perfor-
ance of layered cathode materials has achieved under high-voltage

onditions. The average charge/discharge voltage of K 2 Ni 2 TeO 6 us-
ng 0.5 M KTFSI-Py r13 TFSI is 3.6 V versus K/K 

+ . Especially, P2-type
 2/3 Ni 1/3 Co 1/3 Te 1/3 O 2 with moderately inductive TeO 6 

6 − framework
xhibits a record high voltage of 4.3 V versus K/K 

+ ( Figure 12 d).

 104 ] Additionally, K 2/3 Ni (2- x )/3 Co x /3 Te 1/3 O 2 (x = 0.25, 0.5 and 0.75)
s demonstrated to show good stability at 3.7 V, 3.85 V and 4.0 V, re-
pectively. [ 105 ] However, the relatively low ionic conductivity and
igh viscosity at room temperature of this IL electrolyte hindered its
urther development. 

In addition, the influence of cations and additives on electrode per-
ormance was studied in recent years. Balducci et al . investigated the
hysicochemical properties of pyrrolidinium-based aprotic IL (AIL-K)
nd protic IL (PIL-K) electrolytes with and without additive in hard car-
on (HC) for KIB. [ 106 ] It is found that the ionic conductivity, viscosity,
hermal stability, and electrochemical window of two IL electrolytes are
omparable to those obtained for LIB and SIB. Besides, the reversible
nsertion/extraction of K 

+ in HC can be realized in AIL-K electrolyte
nd hindered by the addition of VC ( Figure 12 e) . In this regard, the
C in the electrolyte cannot contribute to the formation of a robust
EI. Furthermore, Pyr H4 TFSI electrolyte is electrochemically unstable,
hile Pyr 14 TFSI electrolyte is stable at low potential. Otherwise, IL elec-

rolyte (KTFSI-Pyr 14 TFSI/ES) was used in K 

+ -based dual-graphite bat-
ery, which enables graphite anode with stable stability and a capacity
f 230 mA h g − 1 , and graphite cathode operation at 3.4-5.0 V vs. K/K 

+ .
 107 ] Besides, the battery showed a high-capacity retention of 95%
ver 1500 cycles. ES additive is used to prevent Pyr 14 

+ co-intercalation
nto graphite, which leads to the exfoliation of interlayer structure. 

Currently, the influence of concentration on the performance of ILs
as also attracted the attention of researchers. A K single cation IL (K-
CIL) as a highly concentrated electrolyte was developed by Matsumoto
nd coworkers to improve the K 

+ transport ( Figure 12 f). [ 108 ] It is
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Figure 12. The electrochemical performance 
of various IL electrolytes. (a) CV of KFSI- 
Pyr 13 FSI (x(KFSI) = 0.20) IL in a three- 
electrode cell. Reproduced with permission 
[44] . Copyright 2017, American Chemical So- 
ciety. (b) Cycling performance of the Sn an- 
ode in KFSI-Pyr 13 FSI IL electrolyte. Repro- 
duced with permission [100] . Copyright 2020, 
The Royal Society of Chemistry. (c) Compari- 
son of average voltage and capacity between 
Q-TTF-Q cathode using KFSI-Pyr 13 FSI IL and 
the other organic cathodes. Reproduced with 
permission [101] . Copyright 2019, The Royal 
Society of Chemistry. (d) Comparison of the 
average voltage between P2-type K 2 NiCoTeO 6 

using KTFSI-Pyr 13 TFSI IL and other layered 
cathodes. Reproduced with permission [104] . 
Copyright 2019, The Royal Society of Chem- 
istry. (e) Cycling performance of HC in 0.5 M 

KTFSI-Pyr 14 TFSI. Reproduced with permission [106] . Copyright 2019, Electrochemical Society, Inc. (f) Schematic illustration of a K single cation IL. Reproduced 
with permission [108] . Copyright 2020, American Chemical Society. 
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ound that K 

+ content is higher in K-SCIL electrolyte due to the absence
f additional organic cation species. The low melting point (67°C) of
-[FSI] 0.55 [FTA] 0.45 was obtained. They found the superconductivity of
lectrolyte under high temperature and large current, which is ascribed
o the absence of K 

+ concentration gradient. In addition, a wide electro-
hemical window of > 5.0 V and good stability of graphite anode were
ealized in K-SCIL electrolyte. 

Compared with the research of IL electrolytes in LIB and SIB, the
esearch in KIB is still in its infancy. The wide voltage window of IL is
he most outstanding property, indicating the significance of high volt-
ge electrolytes. Nevertheless, higher viscosity, lower ion conductivity
nd high cost need to be further solved through various strategies. Reg-
lating ionic salt chemistry may be an effective strategy. More types of
nions (BF 4 –, FeCl 4 –) and cations (imidazolium, ammonium) combina-
ions need to be developed. Further research on IL electrolytes will play
 promising role in the development of high energy density KIB. 

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

. Solid Electrolyte Interfaces in KIB 

The interface between electrode and electrolyte affects the electro-
hemistry of KIB, including SEI and CEI. Generally, the ideal interface
n KIB is to allow K 

+ to pass quickly and block the propagation of elec-
rons. Until now, the understanding of interface in KIB is not as ma-
ure as the LIB/SIB, and it is in the initial stage. The fundamentals of
EI, including SEI formation mechanism, composition of SEI films, K 

+ 

ransport manners, influence factors of SEI in various electrodes, and
nterface engineering strategies for SEI, providing crucial guidance on
he understanding and designing of SEI. In this section, the advances
nd perspectives in this field are comprehensively summarized and dis-
ussed. 

.1. The Formation Mechanism of SEI in KIB 

It is well known that the dominant factors that affect the generation
f the electrode/electrolyte interface are related to the behavior of ini-
ial surface specific adsorption and solvated coordination. The electric
ouble layer (EDL) model was proposed by von Helmholtz and further
ptimized by Gouy-Chapman, and Stern. The probable scenarios of EDL
42 
re exhibited in Figure 13 a. [ 128 ] The distribution of cations and an-
ons with/without the diffusion layer on the charged/uncharged elec-
rode are displayed. Besides, the compact layer and diffuse layer were
xplicitly recognized. It is found that the partial anions and small neu-
ral molecules are adsorbed in the inner Helmholtz plane (IHP), while
olvated molecules with large sizes are adsorbed in the outer Helmholtz
lane (OHP) before cycling. Then, the SEI will be formed with the dis-
ppearance of specific absorption in EDL during cycling ( Figure 13 b).

 129 , 130 ] The initial specific adsorption determines initial composi-
ion and structure of SEI. In addition, both the adsorbing side and the
dsorbed side will affect the interface, include the properties of the elec-
rode surface, the anions, cations, solvent molecules, and the spatial dis-
ribution of the adsorption layer, etc. 

Solvated coordinate structure is another important factor that affects
EI. In fact, the solvated coordinate structure is derived from the interac-
ion between electrolyte solvents and K 

+ . Typically, solvation structures,
oordination numbers, and desolvation energy of K 

+ with 27 organic sol-
ents are investigated. [ 18 ] It is found that the K 

+ complexes exhibit
ower desolvation energy than Li + , Na + , and Mg 2 + . At the same time,
he solvation behaviors are affected by salt, solvent, additive, and con-
entration. Notably, higher solvation energy of KFSI-based electrolyte
ompared to KPF 6 -based electrolyte makes the side reaction greatly re-
uced ( Figure 13 c). [ 53 ] Then, the solvation energy of EC/DEC-based
ystem is lower than that of DME-based system, indicating the rapid dif-
usion of K 

+ and convenience of desolvation. Moreover, the solvation
nergy of the electrolyte is increased due to the presence of additives,
aking K 

+ diffusion and desolvation more difficult ( Figure 13 d). [ 50 ]

his result also reveals the reason why the electrochemical performance
f the GeP 5 electrodes deteriorates with additives. 

Additionally, the solvation of K 

+ with both FSI – and TEP increases
nd free solvent molecules decrease as the electrolyte concentration in-
reases. [ 46 ] The solvation ratio of K 

+ /TEP is much lower than that of
a + /TMP and Li + /TEP at a similar concentration, indicating the weaker

olvation of K 

+ than Li + and Na + . Besides, the low viscosity and high
onic conductivity of K 

+ /TEP is consistent with the low solvation ratio
 Figure 13 e) . In addition, free DME, free FSI –, and solvated K 

+ are in
ow concentration electrolyte, while the contact ion pairs and aggre-
ate species are in high concentration electrolyte. Meanwhile, localized
igh-concentration electrolyte (LHCE) with a highly fluorinated ether
HFE) maintain the local coordination structure of cations. [ 89 ] The
einforced 3D network is broken, thus resolving poor wettability of HCE
 Figure 13 f) . 

Recently, Ming et al . analyzed the reaction pathway for the purpose
f 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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Figure 13. The initial surface specific adsorp- 
tion behaviors and solvated coordination be- 
haviors. (a) Schematic diagram of possible sit- 
uation for electric double layers. Reproduced 
with permission [128] . Copyright 2019, Else- 
vier B.V. (b) Schematic diagram of the spe- 
cific absorption before and after cycling. Re- 
produced with permission [129] . Copyright 
2009, The Royal Society of Chemistry. (c) Sol- 
vation energies of solvated K + and K salt- 
solvent complexes in EC/DEC and DME-based 
electrolytes. Reproduced with permission [53] . 
Copyright 2019, Wiley-VCH. (d) Solvation en- 
ergies estimated of EC/DEC-based electrolytes 
with/without FEC. Reproduced with permis- 
sion [50] . Copyright 2018, Elsevier B.V. (e) 
Comparison of solvated solvent ratio, viscos- 
ity, and ionic conductivity in KFSI, NaFSI, and 
LiFSI-based electrolytes. Reproduced with per- 
mission [46] . Copyright 2020, Wiley-VCH. (f) 
Solution structures of low concentration, high 
concentration, and localized high concentra- 
tion electrolytes. Reproduced with permission 
[89] . Copyright 2019, Wiley-VCH. 
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n electron can induce the decomposition of electrolyte. Besides, the ad-
ustment of electronegativity through changing the anion type, solvent
hemistry and concentration can effectively inhibit the decomposition
f electrolyte. 

.2. The Composition of SEI in Various Electrodes 

In general, the structure of SEI is a complex layer, including or-
anic components and inorganic components. The representative or-
anic components are RO-COOK and RO-K (R = alkyl groups), while
he typical inorganic compounds are detected to be KF, K 2 CO 3 , KHCO 3 ,
 2 O, KPF 6 , KFSI, K 2 S, KSON, K 2 SO 4 , K 2 SO 3 , K 2 S 2 O 3 , R-S, KHSO 4 , F 2 S,
, P, phosphates, N-containing products, etc. [ 46 , 66 , 67 , 88 , 92 , 132 ]

hese products vary with the potential and depth of electrodes. The
rganic components of SEI are mainly formed by the decomposition
f organic solvents and the deposition of K-containing species. For ex-
mple, the bonding of C − O, C = O, and O − C = O originates from the de-
omposition products of solvents (EC, DEC, EMC, PC, DME, FEC). The
norganic KF in the SEI originates from the reactions between F − (de-
eneration of KPF 6 or KFSI, the decomposition of FEC additives, or
olyvinylidene fluoride (PVDF)) and K 

+ . For an instance, the P-F bonds
re observed in KPF 6 -based electrolytes. The S-based component (-SO x F,
 SO 2 F, − SO 2 − , S = O, S 0 and K x S y species) and N-containing products
re derived from the decomposition products of KFSI salt. The S-F bonds
hould be related to the decomposition products of KFSI. The P element
s possible from TEP solvent. 

.3. Influence Factors on SEI in Various Electrodes 

The research on SEI layer is mainly based on different electrodes,
nd different electrolyte compositions and concentrations. Hence, the
43 
etailed investigation of SEI formed on different electrodes are intro-
uced. The connection between the material and generated SEI should
e established, and better electrochemical performance can be obtained
y optimizing the electrolyte composition or concentration. 

.3.1. SEI in Carbon-Based Materials 

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

Effect of salts on SEI. The SEI film in KPF 6 -based electrolyte is thick,
ough, and ruptured, while the SEI in KFSI-based electrolyte exhibits a
hin, smooth, and intact film. [ 57 ] It is found that anions (PF 6 – and
FSI –) and K 

+ are likely to co-intercalate into the graphite during the
EI formation process. Nevertheless, it is easier for PF 6 – ions to interca-
ate into the graphite layers due to its smaller size. Thus, the graphite
ayers are damaged, causing the continuous electrolyte decomposition
nd repairing the damaged SEI. In contrast, KFSI – ions are difficult to
nsert into the graphite layers with large size and the strong interaction
etween graphite and KFSI – ions, realizing the formation of stable and
niform SEI layers ( Figure 14 a) . 

Effect of solvents on SEI. It is found that the electrochemical behav-
ors of graphite vary with different solvents (such as carbonate-based
nd ether-based solvents). Kang group systematically studied the ef-
ect of graphite SEI on capacity attenuation in EC/DEC and DEGDME-
ased electrolytes. [ 112 ] One of the reasons on capacity decay is that
he decomposition of EC/DEC-based electrolyte causes the SEI growth
o become thicker, while the DEGDME-based electrolyte is relatively
table. Thus, the SEI on K anode is more stable in DEGDME than in
C/DEC. Subsequently, the electrochemical behaviors of graphite an-
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Figure 14. The SEI in carbon electrodes. 
Schematic illustration of SEI formation on 
graphite anode in (a) KPF 6 and KFSI-based 
electrolytes. Reproduced with permission [57] . 
Copyright 2019, American Chemical Society. 
Schematic illustration of SEI formation on 
graphite anode in (b) DME and EC/DMC-based 
electrolytes. Reproduced with permission [65] . 
Copyright 2019, Elsevier B.V. Schematic il- 
lustration of SEI formation on graphite an- 
ode in (c) 0.9 M KFSI and 2.0 M KFSI-based 
electrolytes. Reproduced with permission [46] . 
Copyright 2020, Wiley-VCH. 
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de in EC/DMC and DME-based electrolytes were also investigated.
 65 ] A high ICE of 87% is achieved in DME-based electrolytes, which
s ascribed to the almost no formation of SEI. Besides, the discharge
oltage in DME system is much higher than in EC/DMC one, which
s attributed to the formation of [K-DME y ] + -graphite complex. There-
ore, the [K-DME y ] + complex co-intercalating into graphite leads to
utstanding rate performance, a negligible SEI film, and a small vol-
me expansion ( Figure 14 b) . Recently, the K 

+ -solvent co-intercalation
echanism of graphite anode in DEGDME-based electrolyte was fur-

herly confirmed. [ 73 ] The solvation energy, desolvation energy, LUMO
evels of [K-solvent] + complexes are compared, and the Fermi level of
raphite are calculated. It is found that the [K-DEGDME] + complexes
ith strong solvation and higher LUMO levels are suitable for reversible

o-intercalation. Moreover, the thermodynamic and chemical stability
f [K-DEGDME] + complexes are superior. In addition, the graphite with
ast kinetics is due to the avoidance of sluggish desolvation process for
K-DEGDME] + complexes. 

Effect of concentrations on SEI. The SEI formation mechanism of
raphite in different concentrations electrolyte is revealed. [ 46 ] The
UMO level of the FSI – anions and TEP is located at around 3.5 eV in
iluted electrolyte, while it is totally occupied by FSI – in concentrated
lectrolyte. Thus, the SEI formation of graphite in 0.9 M KFSI-based elec-
rolyte is involved to the decomposition of solvent and anions, leading to
he formation of uneven and unstable SEI. In contrast, KFSI – ions domi-
ate in the formation of SEI and the solvent decomposition is effectively
uppressed in 2 M KFSI- based electrolyte, promoting the generation of
niform and stable SEI ( Figure 14 c) . Especially, the ultra-thin SEI film
ith less than 1.0 nm thickness on graphite surface is realized in a LHCE.
esides, The KF-rich SEI film is durable, preventing the co-intercalation
f solvated K 

+ into interlayer, thus maintaining the layered structure of
ristine graphite. 

.3.2. SEI in Alloy-Based Anodes 

The alloy anodes (Sb, SnSb, Sn 4 P 3 , P, and Bi) deliver high K storage
apacity. Nonetheless, the poor rate capability and fast capacity decay
amper their application owing to the slow kinetics and huge volume
xpansion. Thus, it is essential here to build a robust SEI on alloy anodes,
onstructing structural stability of alloy anodes toward long-cycle life. 
44 
Effect of salts on SEI. The SEI film formed in KFSI-based electrolyte is
niform and stable. [ 49 ] The ruptured SEI film on the surface of Bi/rGO
node was discovered in KPF 6 -based electrolyte, which is attributed to
he huge volume expansion of the Bi nanoparticles. The crevices of SEI
ill lead to the further decomposition of the electrolyte. By contrast,

he integrity of SEI film was maintained in KFSI-based electrolyte, which
ould suppress the continuous side reactions on the interface of the elec-
rolyte/electrode ( Figure 15 a and b) . In addition, the cycling perfor-
ance of RP/C anode for KIB in KFSI-based electrolyte are superior to

he other electrolytes, indicating more stable formed SEI film on the
lectrode in KFSI-based electrolyte during cycling. [ 53 ] 

Effect of solvents on SEI. The SEI formed on the electrode surface in
ME is thinner than that in EC/DEC. For an instance, the Nyquist plots
f SnSb anode after cycles showed a negligible SEI film impedance in
ME-based electrolyte and an obvious SEI impedance in EC/DEC-based
lectrolyte ( Figure 15 c and d). [ 70 ] This result shows that DME-based
lectrolyte decomposes relatively little, forming a relatively thin SEI,
hus improving the ICE of the electrode. Besides, the elastic and contin-
ous SEI layer was found on the surface of Bi anode in DME-based elec-
rolyte, strongly keeping particles integrated to avoid the loss of active
aterial. [ 113 ] With the protection of SEI, the fragments of micropar-

icles did not generate more fresh electrode/electrolyte interfaces. In
ontrast, the much severe pulverization and visible electrode isolations
f Bi anode after cycles in EC/PC-based electrolytes were found. 

Effect of additives on SEI. The FEC promotes the formation of inhomo-
eneous SEI film. To investigate the effect of FEC in the SEI formation,
he morphology of Sn 4 P 3 electrode surface after cycles was observed.
 51 ] It is found that Sn 4 P 3 anode exhibited a smooth surface in elec-
rolytes without FEC, while small particles can be discovered on the
urface of Sn 4 P 3 anode in electrolytes with FEC ( Figure 15 e-h) . Further
esearch proves that the element tin content of the particles is signifi-
antly higher than other regions, indicating that the SEI with FEC is not
niform. 

Effect of concentrations on SEI. In addition, the effect of dilute and
oncentrated electrolytes on the SEI formation of Sb@carbon sphere net-
ork (CSN) is different. [ 91 ] Obviously, anions (TFSI – ions) with faster
inetic are much easier to diffuse to the interface and participate in the
ormation of SEI in a high-concentration electrolyte. The concentrated
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Figure 15. The SEI in alloy-based electrodes. 
TEM images of Bi@rGO anode after five cy- 
cles in (a) KPF 6 and (b) KFSI-based electrolytes. 
Reproduced with permission [49] . Copyright 
2018, Wiley-VCH. Electrochemical impedance 
spectra of SnSb anode in (c) EC/DEC and 
(d) DME-based electrolytes after 5 cycles. 
Reproduced with permission [70] . Copyright 
2019, The Royal Society of Chemistry. TEM 

images of Sn 4 P 3 anode after 350 cycles in 
(e) KPF 6 -EC/DEC, (f) KFSI-EC/DEC, (g) KPF 6 - 
EC/DEC/FEC (5 wt%), (h) KFSI-EC/DEC/FEC 
(5 wt%) electrolytes. Reproduced with permis- 
sion [51] . Copyright 2019, Electrochemical So- 
ciety of Japan. (i) Illustration of the SEI layer 
formation on Sb@CSN anode in 1.0 M KTFSI- 
based and 4.0 M KTFSI-based electrolytes. 
Reproduced with permission [91] . Copyright 
2019, The Royal Society of Chemistry. 
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+ promotes a thinner and denser SEI layer with KF-rich preferentially
ormed in concentrated electrolyte ( Figure 15 i) . 

.3.3. SEI in Metal Sulfide Anodes 

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

The SEI of NiCo 2.5 S 4 @reduced graphene oxide (NCS@RGO) anode
ormed in KFSI-EC/PC electrolyte is the thinnest compared with other
lectrolytes. [ 55 ] It is found that the thicknesses of SEI layers on
lectrodes using KFSI-EC/PC, KFSI-EC/PC/FEC, KPF 6 -EC/PC, and KPF 6 -
C/PC/FEC electrolytes are about 7, 46, 53, and 23 nm, respectively
 Figure 16 a-d) . It shows that the SEI layer formed in the KFSI-EC/PC
lectrolyte is the most uniform and dense, which is expected to achieve
apid K 

+ transport. Only needlelike dendrites in the electrodes did not
ppear in the KFSI-EC/PC electrolyte, indicating that stable SEI effec-
ively prevents the side reaction between the electrolyte and K metal. 

The effect of K salt on the electrochemical performance of MoS 2 an-
de was investigated. [ 54 ] It is found that the CE and capacity retention
f MoS 2 anode using KFSI-based electrolyte are much higher than those
n KPF 6 -based electrolyte. The SEI film formed in KFSI-based electrolyte
s stable and KF-rich, while SEI film in KPF 6 -based electrolyte is unsta-
le, KF-deficient, and organic species-rich ( Figure 16 e) . 

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

.3.4. SEI in Organic Electrodes 

Organic electrodes have attracted wide attention in KIB owing to
heir renewability, low cost, environment-friendly, and better safety.
owever, since organic materials are easily soluble in organic elec-

rolytes, the presence of SEI is particularly important. 
The ether-based electrolytes promote the generation of compact and

table SEI layer. Hence, the effect of solvents on the generation of SEI
45 
lm on anthraquinone-1, 5- disulfonic acid sodium salt (AQDS) cath-
des in KIB was explored. [ 66 ] It is found that the thickness of SEI
lms in DME and EC/DEC-based electrolytes are about 5 nm and 10
m, respectively. In DME-based electrolyte, the FSI – is preferentially
ecomposed and then the solvent molecule is decomposed during the
ormation of SEI due to the big LUMO energy level difference between
SI – and DME molecules. Thus, the formed SEI layer is inorganic-rich,
hich could effectively mitigate the decomposition of DME-based elec-

rolyte ( Figure 17 a) . In contrast, possible simultaneous decomposition
f FSI − , EC, and DEC occurs due to the highly close LUMO energy levels
mong them in EC/DEC-based electrolyte. Thus, the formed SEI film is
norganic distributed randomly, which is tends to fracture more easily
fter cycles ( Figure 17 b) . 

The SEI film plays a critical role in the cycling performance of K 2 TP
lectrode. [ 67 ] It is found that the electrochemical stability of K 2 TP
n DME-based electrolyte is most excellent. The SEI film formed in
ME-based electrolytes is thinner than that in carbonate electrolytes
 Figure 17 c and d) . Besides, the charge transfer resistance in DME-
ased electrolyte is one order of magnitude less than that in carbonate
lectrolytes. In addition, the formed SEI film in DME-based electrolyte
s highly K 

+ -conductive and robust. 

.4. Interface Engineering Strategies for SEI 

Interface engineering can effectively strengthen the properties of
EI, and then achieve the purpose of optimizing electrochemical perfor-
ance. For an instance, an artificial SEI layer or preformed passivation

ayer have been applied successfully in KIB. Ultra-smooth and ultra-thin
EI films on K metal surfaces were realized by electrochemical polishing
133] . Generally, the microscopic protrusion is one of detriment factors
hat promote dendrite growth of K metal anode. The rough morphology
romotes the growth of K dendrites and the formation of uneven and
nstable SEI, while the smooth morphology realized the formation of
table and uniform SEI without the growth of dendrites ( Figure 18 a).
n this way, the cycling stability at least 200 cycles (0.02 mA h cm 

–2 

t 0.1 mA cm 

–2 ) of polished K metal anodes is significantly enhanced
 Figure 18 b). 

A CNT coating layer is a kind of promising artificial SEI design, which
s suitable for K metal [134] . A strong interfacial interaction between
he 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 6 - 
EC/PC and (d) KPF 6 -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 2 anode in KPF 6 
and KFSI-based electrolytes. Reproduced with 
permission [54] . Copyright 2019, American 
Chemical Society. (f) Illustration of SEI forma- 
tion on Cu 2 S anode in 1 M KFSI and 5 M KFSI- 
based electrolytes. Reproduced with permis- 
sion [121] . Copyright 2020, American Chem- 
ical Society. 

Figure 17. The SEI in organic electrodes. 
Schematic illustration of the SEI formation on 
AQDS cathode in (a) DME and (b) EC/DEC- 
based electrolytes. Reproduced with permis- 
sion [66] . Copyright 2018, Wiley-VCH. HRTEM 

images of K 2 TP anode in (c) DME and (d) 
PC-based electrolytes after cycles. Reproduced 
with permission [67] . Copyright 2017, The 
Royal Society of Chemistry. 

46 
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Figure 18. Artificial SEI Design in KIB. (a) Il- 
lustration of SEI formation on a rough sur- 
face and a smooth surface during cycling pro- 
cess. (b) Cycling performance of polished and 
soaked K anodes. Reproduced with permission 
[133] . Copyright 2018, Springer Nature. (c) 
Schematic illustration of K plating within the 
K/CNT. (d) Cycling stability of the K/CNT. 
Reproduced with permission [134] . Copyright 
2019, Wiley-VCH. (e) CV tests of graphene 
which initially in Li + containing electrolyte 
then in K + containing electrolyte and schematic 
illustration of the K + insertion/extraction in 
graphite layers with the Li + -based SEI. (f) Long- 
term cycling of the graphene. Reproduced with 
permission [135] . Copyright 2018, American 
Chemical Society. 
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NT serves as a hosting medium for regulating the stripping/plating
ehavior of K 

+ . A robust and uniform SEI was formed spontaneously on
he CNT surface ( Figure 18 c). Notably, a deposition amount of 20 mA
 cm 

− 2 was achieved with the artificial SEI of CNT. Besides, long-term
ycling lifespan over 1000 cycles and an areal capacity of 4 mA h cm 

− 2 

ere obtained even at 5 mA cm 

− 2 ( Figure 18 d). 
In addition, Li + -based SEI promote the efficient and fast K 

+ interca-
ation on graphene electrode [135] . First, graphene is pretreated in a
iBF 4 electrolyte to form a Li-containing SEI layer. Then, the intercala-
ion peaks of K 

+ were well-defined. It is found that the characteristics of
he intercalation peaks of Li + and K 

+ are very similar, indicating a com-
arable staging-type intercalation process ( Figure 18 e). The reversible
ntercalation behavior of K 

+ is attributed to the pretreated Li + -based SEI
n the graphene. As a result, stable long-term cycle life (1000 cycles)
nd high-rate capability (~360 C) of graphene electrode are achieved
 Figure 18 f). 

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

. Conclusion and Future Directions 

In summary, the development of high-performance KIB should give
riority to the development of electrolytes and interfaces. The solvation
tructure can be adjusted by regulating the salt, solvent, additives, and
oncentration to establish the interface compatibility of the electrolyte
ystem. By studying and understanding the formation mechanism, com-
osition, influencing factors and improvement strategies of SEI of dif-
erent materials in different electrolyte systems, we can design and re-
lize better performance KIB electrolytes. Finally, we outline potential
irections and future prospects for KIB electrolytes and hope that our
erspectives may be helpful for the development of high-performance
IB. 

(1) The design of advanced electrolytes. In the case of organic elec-
rolytes, a suitable electrolyte can not only form a stable SEI on the
node surface, but also stabilize the cathode materials at high voltage.
i) The electrolytes for advanced K-ion full batteries may be important
47 
esearch direction in the future. (ii) The electrolytes can operate in a
ide temperature range. The development of more chemically stable

olvents or additives can achieve this requirement. (iii) The develop-
ent and design of new additives can simultaneously achieve high CE

nd long cycling life. For aqueous electrolytes, it is urgent to develop
ffective strategies to expand the electrochemical potential window and
void decomposition of water and electrolytes. Adjusting and optimizing
he electrolyte formulation may solve the above problems. In addition,
educing the cost of IL electrolytes is the focus of future researches. It is
ossible to mix IL with other electrolytes to reduce costs while maintain-
ng the original properties. As for solid electrolytes, the nanostructure
esign of solid electrolytes can be an effective strategy to improve ionic
onductivity. Constructing an anion framework to increase the distance
etween anions and cations is expect to enhance the transport of ions.
dditionally, building a hybrid electrolyte that meets various needs will
e a meaningful exploration. 

(2) The further investigations on developing strategies to sta-
ilize the electrode/electrolyte interface upon repeated K 

+ inser-
ion/extraction. Electrolyte optimization is an efficient strategy to solve
he side reactions at the interface in KIB. Besides, the artificial SEI can
ffectively prevent the contact of active K with the electrolytes, so it
ay fundamentally solve the challenge of SEI instability. 

(3) The development of advanced characterization techniques (such
s in situ Raman spectroscopy, Fourier transform infrared microscopy
FTIR), nuclear magnetic resonance (NMR), and cryo-electron mi-
roscopy, etc.) and theoretical simulation (Molecular Dynamic sim-
lation) can understand the electrolyte structure and chemistry (K 

+ 

olvation, transport pathway of K 

+ , the formation and evolution of
EI). 

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