#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

REVIEW

Developing better ester- and ether-based

i") Check for updates‘
electrolytes for potassium-ion batteriesy

Cite this: Chem. Sci., 2021, 12, 2345
Lin Li, @2 Shuo Zhao, @2 Zhe Hu, ©P° Shu-Lei Chou® *?® and Jun Chen®>2

Potassium-ion batteries (PIBs) have attracted extensive attention for next-generation energy storage systems
because of the high abundance of potassium resources and low cost. However, the electrochemical
performance of PIBs still cannot satisfy the requirements of practical application. One of the most
effective strategies to improve the electrochemical performance of PIBs is electrolyte optimization. In this
review, we focus on recent advances in ester- and ether-based electrolytes for high-performance PIBs.
First, we discuss the requirements and components of organic electrolytes (potassium salts and solvents)
for PIBs. Then, the strategies toward optimizing the electrolytes have been summarized, including
potassium salt optimization, solvent optimization, electrolyte concentration optimization, and introducing
electrolyte additives. In general, the electrolyte optimization methods can adjust the solvation energy, the
lowest unoccupied molecular orbital energy level, and the highest occupied molecular orbital energy
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Accepted 23rd December 2020 level, which are beneficial for achieving fast kinetics, stable and highly K"-conductive solid-electrolyte
interphase layer, and superior oxidation resistance, respectively. Future studies should focus on exploring

DOI: 10.1039/d0sc06537d the effects of composition on electrolyte characteristics and the corresponding laws. This review provides
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1 Introduction

With the rapid increase of energy consumption in the modern
society, sustainable energy resources such as solar, wind and
geothermal resources have attracted wide attention in recent
years.”” However, these sustainable energy resources are
inherently intermittent and generally dispersed.®” Thus, devel-
oping advanced large-scale energy storage technologies
(mechanical, electrical, chemical and electrochemical) for
sustainable energy is very important. Among these energy
storage technologies, electrochemical energy storage tech-
nology has attracted extensive attention because of the long
cycle life, low maintenance and pollution-free operation.* In
the past decades, lithium-ion batteries (LIBs) have been
successfully applied for portable electronic devices and electric
vehicles owing to the high energy density and superior cycling
stability.'*** Nevertheless, the application of LIBs for large-scale
energy storage systems is hindered by the limited Li resources
and relatively high cost.****

Recently, more and more researchers have focused on
developing new battery systems based on more abundant
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some significant guidance to develop better electrolytes for high-performance PIBs.

elements such as sodium, potassium, magnesium, calcium,
zinc, and aluminum."'® Among these new battery systems,
potassium ion batteries (PIBs) with the “rocking-chair” working
mechanism have attracted extensive attention because the
potassium metal anode shows the lowest standard redox
potential (—2.93 V versus standard hydrogen electrode).””™ In
addition, potassium does not react with aluminum.*® Thus,
aluminum can replace copper as the anode current collector,
reducing the whole cost of PIBs. The potassium metal anode
exhibits theoretical gravimetric and volumetric capacities of
685 mA h g ' and 609 mA h cm 2, respectively.'* The interac-
tions between K" and organic solvents are relatively weak due to
the large ionic radius and weak Lewis acidity of K.>* The weak
interactions are beneficial for PIBs to achieve high rate perfor-
mance. More importantly, the crustal abundance of potassium
(1.5 wt%) is much higher than that of lithium (0.0017 wt%).2>>*
Therefore, PIBs are one of the most promising potential
candidates for large-scale energy storage systems.

In general, PIBs mainly consist of a cathode, a separator, an
electrolyte and an anode (Fig. 1a). The cathode and anode
materials can reversibly store K ions. The separator and elec-
trolyte are applied to avoid short circuit of the battery and
promote ion transfer, respectively. During the charging process,
K" deintercalates from the cathode (e.g., layered materials,
Prussian blue analogues,* organic materials,*® and polyanionic
compounds®) and then gets inserted into the anode (e.g,
carbon materials,”® organic materials,” metals®** and metal
oxides*'). In the subsequent discharging process, K"
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deintercalates from the anode and then gets inserted into the
cathode. The whole reaction process is highly reversible.

The electrolyte is a key component and plays an important
role in ion transfer between the electrodes in PIBs. The elec-
trochemical stability window of the electrolyte determines the
available electrode materials, and thus affects the energy
density of PIBs.*” In addition, the properties (such as the
lowest unoccupied molecular orbital, LUMO) of the electro-
lyte are closely related to the formation of the solid-electrolyte
interphase (SEI) layer on the anode, which significantly affects
the electrochemical performance of batteries.'**** However,
until now, it has been challenging to develop a suitable elec-
trolyte with both a wide electrochemical stability window and
a stable interface toward the anode (by forming a stable SEI
layer). Therefore, optimizing the electrolyte is important for
developing high-performance PIBs. In general, the electrolyte
for PIBs can be grouped into three categories: liquid, quasi-
solid-state, and all-solid-state electrolytes.'”?***>” Among
these types of electrolytes, organic electrolytes based on esters
and ethers are the most extensively applied electrolytes in
PIBs. In general, ester-based electrolytes show good oxidation
resistance and can match with high-voltage cathodes.
Compared with ester-based electrolytes, ether-based electro-
lytes exhibit lower oxidation voltage but tend to form
a thinner SEI layer, which is beneficial for improving the
kinetics. Until now, to the best of our knowledge, less atten-
tion has been paid to summarize organic electrolyte optimi-
zation for PIBs. Thus, a comprehensive summary on how to
optimize ester- and ether-based electrolytes for high-
performance PIBs is very significant.

In this review, we focus on the recent research progress in
organic electrolytes based on esters and ethers for PIBs. We first
introduce the requirements and basic compositions (potassium
salts and solvents) of organic electrolytes for PIBs. Then, we
summarize the optimization strategies of organic electrolytes
for PIBs, including potassium salt optimization, solvent opti-
mization, electrolyte concentration optimization, and intro-
ducing electrolyte additives. Finally, future perspectives on
organic electrolytes for PIBs are also proposed.
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(@) Schematic operation principle of PIBs. (b) The requirements of organic electrolytes for PIBs.

2 Requirements and components of
organic electrolytes for PIBs
2.1 Requirements of organic electrolytes for PIBs

Organic electrolytes based on ester and ether solvents are the most
widely used electrolyte systems in PIBs. In general, the organic
electrolyte for PIBs consists of potassium salts and organic
solvents. Theoretically, the organic electrolyte candidates for PIBs
should satisfy the following requirements (Fig. 1b):*** (i) high
ionic conductivity; (ii) wide electrochemical window, (iii) high
chemical and thermal stability; (iv) inertness towards other battery
components (current collectors, electrodes and separator); (v) low
cost and environmental friendliness.

2.2 Components of organic electrolytes for PIBs

2.2.1 Potassium salts. Potassium salts play a key role in an
organic electrolyte, which is an important factor dominating the
performance of the organic electrolyte. In general, the ideal
potassium salts for potassium-ion battery electrolytes should
meet the following prerequisites:* (i) low dissociation energy
and high solubility; (ii) good chemical, thermal and electro-
chemical stability; (iii) inertness towards the other battery
components; (iv) helps to form a uniform and stable SEI layer;
(v) low cost and environmental friendliness.

Only a few potassium salts can simultaneously meet the
above requirements. Table 1 shows the basic physical properties
of commonly used potassium salts for electrolytes in PIBs.
Among these potassium salts, KPF, is the most widely studied
salt in PIBs. However, the P-F bonds easily undergo hydrolysis
to produce the highly corrosive HF.** Potassium bis(-
fluorosulfonyl)imide  (KFSI) and  potassium  bis(tri-
fluoromethanesulfonyl)imide (KTFSI) are extensively applied in
high-concentration electrolytes (HCEs) because of their high
solubility in commonly used ester and ether solvents in PIBs.*’
In addition, KFSI forms a uniform and stable solid electrolyte
interphase layer.*' The major drawback of KTFSI and KFSI is the
corrosion of the anions toward the aluminum collector. Except
for these three salts, some other potassium salts such as KClO,
and KCF;SO; have also been applied in PIBs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table1 The commonly used potassium salts for electrolytes in PIBs

Salt Structure M. wt Tm/°C Al-corrosion
F
|:\|_/r .
KPF, PTG 184.1 575 No
F
r\//(J U\\/F
KFSI //‘\N_/S\\ 219.2 102 Yes
(o) 0
-
0 0
B/ N\ _CFs
KTFSI TN 319.2 ~200 Yes
0 0
«
i
KClO, 0=c|‘|!—0' k' 138.5 610 No
(o)
KCF;S0, R 188.2 238.5 Yes

2.2.2 Solvent. Solvent is another important part of the
organic electrolyte. The ideal solvents for potassium-ion battery
electrolytes should meet the following requirements:* (i) high
dielectric constant; (ii) low viscosity and volatility; (iii) good
stability (including chemical, thermal and electrochemical
stability); (iv) inertness towards the other battery components;
(v) low melting point, high boiling point; (vi) low cost and
environmental friendliness. In this review, we focus on ester
and ether solvents.

Esters have been extensively applied as solvents for
commercial LIBs, and they are also adopted as solvents for
PIBs. In general, the ester solvents for PIBs can be divided
into two categories: cyclic carbonates (ethylene carbonate

View Article Online
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(EC) and propylene carbonate (PC)) and linear carbonates
(diethyl carbonate (DEC), ethyl methyl carbonate (EMC) and
dimethyl carbonate (DMC)). Cyclic carbonates (EC and PC)
show huge potential for PIBs because of their high dielectric
constant. Linear carbonates (DEC, EMC and DMC) are
frequently applied as cosolvents with cyclic carbonates (EC
or PC) to obtain an electrolyte with desirable performance.
Most of the ester-based electrolytes for PIBs are composed of
binary or ternary carbonate ester solvents. Recently, ether
solvents have attracted extensive attention as some reported
electrodes for PIBs show good stability in ether-based elec-
trolytes.*>** Linear ethers (dimethoxyethane (DME), dieth-
ylene glycol dimethyl ether (DEGDME) and tetraethylene
glycol dimethyl ether (TEGDME)) are the most commonly
used ether solvents in PIBs. They show similar dielectric
constants. DME and DEGDME are more attractive solvents
for PIBs than TEGDME due to the relatively low viscosity. But
TEGDME with a relatively high boiling point exhibits low
volatility. The basic physical properties of the commonly
used ester and ether solvents for PIB electrolytes have been
summarized in Table 2.3

3 Electrolyte optimization

An organic electrolyte is an important factor affecting the electro-
chemical performance of PIBs. Recently, more and more groups
have focused on optimizing the electrolyte to improve the elec-
trochemical performance of electrode materials in PIBs.>****” Until
now, the reported strategies to optimize the electrolyte in PIBs can
be grouped into four categories: (i) potassium salt optimization;*
(ii) solvent optimization;* (iii) electrolyte concentration optimiza-
tion;™ (iv) introducing electrolyte additives.”

Table 2 Physical properties of the commonly used ester and ether solvents for electrolytes in PIBs

Solvent Structure /(25 °C) n/(cP, 25 °C) Tm/°C Tp/°C d/(g em?, 25 °C)
0
EC [ >:° 89.78 1.9, 40 °C 36.4 248 1.321
o
0
PC >:o 64.92 2.53 —48.8 242 1.200
o
o
DEC 2.805 0.75 —74.3 126 0.969
/\0)1\0/\
o
EMC )J\ 2.958 0.65 —53 110 1.006
/\0 o/
o
DMC )J\ 3.107 0.59, 20 °C 4.6 91 1.063
~o o
DME /o\/\o/ 7.2 0.46 —58 84 0.86
DEGDME e e, i 7.3 0.99 —68 162 0.944
TEGDME 7.9 4.05 -30 275 1.009

N NN NN
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3.1 Potassium salt optimization

It's well known that the electrochemical performance of elec-
trolytes is related to the types of salts in the electrolyte.’*** To
understand the effect of potassium salts in PIBs, Wu's group
investigated the reversibility of K plating/stripping in various
electrolytes (KFSI-DME, KTFSI-DME, KPFs-DME and KPF-EC/
DEC electrolyte).”® The K/Cu half-cell shows high stability in the
long term (100 cycles) in the KFSI-DME electrolyte. The other
types of electrolytes all show poor electrochemical performance.
Moreover, they found that the electrochemically plated K metal
in KFSI-DME electrolyte exhibited a flat and uniform
morphology. They proposed that the superior stability of the K/
Cu half-cell and the ordered surface morphology of K metal in
the KFSI-based electrolyte could be beneficial for the coopera-
tive functioning of the organic and inorganic components of the
SEIL. However, the influence of potassium salts on SEI formation
is not clear.

Recently, Guo et al. also demonstrated that optimizing the
potassium salts can effectively improve the electrochemical
performance of K metal.>® Raman spectroscopy was used to
investigate the interaction between electrolyte salts and solvents
in electrolytes (Fig. 2a). The results reveal that KFSI shows
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Fig. 2 (a) Raman spectra of ester-based electrolytes. (b) Fls XPS

spectra of discharged RP/C anodes after 10 cycles in different types of
electrolytes. (c) Solvation energies and (d) LUMO-HOMO energy
levels of salt-solvent complexes and solvation K* ions in various
electrolytes. (a—d) Reproduced with permission.®* Copyright 2019,
Wiley-VCH.
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stronger solvation than KPF,. The stronger solvation will lower
the amount of free solvent in the electrolyte, which is helpful for
reducing the side reactions between K metal and solvent
molecules. Thus, the symmetric K cells with the KFSI-based
electrolyte show better electrochemical performance than that
with the KPF¢-based electrolyte.

In addition, the red phosphorus/carbon nanotube@reduced
graphene oxide (RP/C) anode also shows good cycling stability
in the KFSI-based carbonate electrolyte. To understand the
superior electrochemical performance of the RP/C anode in the
KFSI-based carbonate electrolyte, the composition of SEI layers
on the surface of the RP/C anode was investigated by X-ray
photoelectron spectroscopy (XPS). Compared to the SEI layer
in the KPFq-based carbonate electrolyte, more inorganic salts
were produced in the KFSI-based carbonate electrolyte (Fig. 2b).
The stable and KF-rich organic-inorganic SEI layers are bene-
ficial for accommodating the volume change of electrodes. The
reason for the stable SEI formation in the KFSI-based carbonate
electrolyte was also investigated by density functional theory
calculations. Compared with the KPFq-based electrolyte, the
KFSI-based electrolyte showed higher solvation energy (Fig. 2c).
There was relatively less free solvent in the KFSI-based electro-
Iyte, which is beneficial for reducing side reactions. Besides, the
KFSI-EC/DEC-based electrolyte shows lower solvation energy
than the KFSI-DME electrolyte, indicating a relatively weak
interaction between the solvent and potassium. The low solva-
tion energy facilitates K desolvation and diffusion, and then
improves the kinetics. Fig. 2d shows the molecular energy levels
of the highest occupied molecular orbital (HOMO) and the
LUMO of salt-solvent complexes and solvation K' ions in
various electrolytes. The LUMO energy level of KFSI-EC/DEC is
lower than that of KPFs—EC/DEC. The result indicates that the
decomposition of KFSI occurs prior to that of KPFs. These
results demonstrate that the KFSI-based carbonate electrolyte
favors the formation of stable and KF-rich organic-inorganic
SEI layers on the surface of the electrode. Nevertheless, this
work only investigated the effect of the electrolyte in half cells, it
is not clear whether salt selection affects the working electrodes
or K metal itself. Therefore, it's necessary to investigate the
electrolyte in full cells.

In addition to K metal and RP/C anodes, the electrochemical
performance of several anode materials (including Bi, Sn, Sb,
Sn,P;, GeP5 and MoS,, etc.) is also affected by the potassium
salts.*¢5>3% Based on previous investigations of potassium
salts in PIBs, the potassium salts play an important role in the
SEI layer formation. A stable SEI layer is beneficial for
improving the electrochemical performance of electrode mate-
rials. Therefore, it is significant to carefully design novel
potassium salts to build a stable SEI layer on the surface of the
electrode for high-performance PIBs.

3.2 Solvent optimization

Different types of electrolyte solvents will also affect the elec-
trochemical performance of electrode materials in PIBs.***** In
2016, Xu's group tested the electrochemical performance of
graphite anodes in different electrolyte solvents (EC:PC,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Cycling performance of the graphite electrode in different
electrolytes. Reproduced with permission.>® Copyright 2016, Wiley-
VCH. (b) Rate performance of AQDS electrodes in different electro-
lytes. (c) The HOMO and LUMO energy levels of solvents and potas-
sium salts in different electrolytes. Schematic illustration of the SEI
formation in (d) 0.8 M KFSI DME electrolyte and (e) 0.8 M KFSI EC/DEC
electrolyte. (b—e) Reproduced with permission.®® Copyright 2018,
Wiley-VCH.

EC:DEC and EC:DMC) with KPFg salt.>® As shown in Fig. 3a, the
graphite anode in KPFs-EC:PC electrolyte shows superior
cycling stability and high coulombic efficiency. They proposed
that the inferior electrochemical performance of KPFs-EC:DEC
and KPFs-EC:DMC electrolyte results from the more stable SEI
layer formed in KPFs-EC:PC. Moreover, Guo and co-workers
investigated the effect of different solvents (DMC, DEC and
EC/DEC) on the electrochemical performance of the SnSb,Te,/G
anode in PIBs.®> Compared with KFSI-DEC and KFSI-EC/DEC
electrolytes, the KFSI-DMC electrolyte shows better cycling
stability. This result reveals that DMC is a more suitable solvent
than DEC and EC/DEC in the KFSI-based electrolyte. These
results indicate that the electrolyte solvent can affect the
formation of the SEI layer, and thus the electrochemical
performance of electrode materials.

Recently, ether-based electrolytes have attracted extensive
attention due to the superior electrochemical performance of
various electrode materials in PIBs.®*””* For example, our group
reported the superior electrochemical performance of dipotas-
sium terephthalate (K,CgH,04, K, TP) in PIBs realized by using
a DME-based electrolyte.®® The K,TP electrode shows a high
reversible capacity (260 mA h ¢! at 50 mA g~ '), good rate
performance (185 mA h g~' at 1000 mA ¢ ') and superior

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cycling stability (capacity retention of 94.6% after 500 cycles).
Moreover, we also proposed that the superior electrochemical
performance of the K,TP electrode could be ascribed to the
robust and highly K'-conductive SEI layer formed in the DME-
based electrolyte.

Subsequently, Xu and co-workers systematically investigated
the reason for the superior electrochemical performance of the
anthraquinone-1,5-disulfonic acid sodium salt (AQDS) cathode
in the DME-based electrolyte (Fig. 3b).*®* The reaction kinetics of
the AQDS electrode in different electrolytes was investigated by
the galvanostatic intermittent titration technique and electro-
chemical impedance spectroscopy measurements. The results
reveal that the DME-based electrolyte shows faster reaction
kinetics than the EC/DEC-based electrolyte. To better under-
stand the role of the SEI films in the electrochemical perfor-
mance of the AQDS electrodes, they systematically investigated
the SEI in different electrolytes by various characterization
methods, including scanning electron microscopy (SEM),
transmission electron microscopy (TEM), XPS, and atomic force
microscopy (AFM). A thin and stable SEI film formed in the
DME electrolyte was observed by SEM and TEM. Compared with
the EC/DEC-based electrolyte, more inorganic components were
produced in the DME-based electrolyte. Moreover, an inorganic-
rich inner layer of SEI film formed in the DME-based electrolyte
was demonstrated by Ar” ion etching. AFM results show that the
AQDS electrode in the DME electrolyte (10.1 GPa) exhibits
a higher average Young's modulus than in the EC/DEC elec-
trolyte (3.3 GPa). These results reveal that a dense and stable SEI
film formed in the DME-based electrolyte, resulting in favorable
performance.

The processes of SEI film formation in the two types of
electrolyte were further investigated by theoretical calculations.
Fig. 3c shows the HOMO and LUMO energy levels of the solvent
and salt species. The LUMO energy level of FSI™ is much lower
than that of the DME molecule, indicating that the KFSI will
decompose prior to DME (Fig. 3d). In the EC/DEC electrolyte,
the decomposition of KFSI, EC and DEC occurred simulta-
neously because of the highly close LUMO energy levels
(Fig. 3e). The fast reaction kinetics and the stable SEI films in
the DME electrolyte result in the superior electrochemical
performance of AQDS cathodes (capacity retention of 80% after
1000 cycles).

In addition to organic materials, some inorganic materials
also show superior electrochemical performance in ether-based
electrolytes. Li's group explored the effect of the electrolyte on
the electrochemical performance of the TiS, cathode for PIBs.*®
They found that the DME-based electrolyte shows better elec-
trochemical performance than the EC/DEC-based electrolyte
due to the better kinetics. Subsequently, our group demon-
strated that the electrochemical performance of commercial Bi
was significantly improved by replacing the conventional ester-
based electrolyte with the ether-based electrolyte.** Unlike
pulverization in the PC-based electrolyte, a 3D porous network
of Bi was formed during the charge/discharge processes in the
DME-based electrolyte. Density functional theory calculations
demonstrate that the strong chemical adsorption of DME
molecules on Bi promotes the generation of a 3D porous
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structure. The porous structure is beneficial for accommodating
the large volume change and facilitating the contact between
the electrolyte and the Bi electrode. Therefore, the Bi anode
shows a high initial discharge capacity of 496.0 mA h g " at 0.5
C, superior cycling stability (capacity retention of 86.9% after
300 cycles), and good rate performance (321.9 mA h g~ * at 3 C)
in 1 M KPFs/DME electrolyte.

Recently, some groups found that the electrochemical
behaviors (such as reaction mechanism, capacity, operating
potential) of graphitic carbon electrodes can be remarkably
changed when ether-based electrolytes were employed.®>”*7"?
Pint's group first demonstrated the electrochemical co-
intercalation of potassium ion into graphitic carbon elec-
trodes (natural graphite and multi-layered graphene) in ether-
based electrolytes (Fig. 4a).” The multi-layered graphene foam
electrode shows superior cycling stability (capacity retention of
95% after 1000 cycles) and good rate performance (~80% of the
maximum capacity at 10 A g~ ). The superior electrochemical
performance could be attributed to the weak lattice-host
interaction (screening from the co-intercalated solvent) and
absence of desolvation to accommodate insertion. Very
recently, our group systematically investigated the conditions
for reversible K'-solvent co-intercalation by experiments and
first-principles calculations.” Firstly, we found that the potas-
sium storage behavior of the graphite electrode is closely related
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to the solvent species based on experimental results. Then, the
density functional theory was used to calculate the solvation
energy and desolvation energy of K'-solvent complexes (Fig. 4b
and c). The results reveal that the strong solvation of K' is
necessary for K'-solvent co-intercalation. It's worth noting that
the K'-solvent co-intercalation behavior in the PC-based elec-
trolyte is not reversible. To further understand the effect of
solvents, the LUMO level of the [K-solvent]" complex ions and
the Fermi energy of graphite are calculated by density func-
tional theory. As shown in Fig. 4d, the LUMO level of [K-PC]" is
lower than the Fermi energy of graphite. The result indicated
that the reversible K'-solvent co-intercalation requires a higher
LUMO level of [K-solvent]" than the Fermi energy of graphite.
Based on the experiments and first-principles calculation
results, we proposed that the reversible K'-solvent co-
intercalation requires strong solvation of K and high LUMO
level of [K-solvent]" complexes (Fig. 4e). In addition, Pint's
group built a PIB system with a Prussian blue cathode, graphite
anode and ether-based electrolyte.®> The full battery shows
superior rate performance and cycling stability, which confirms
the practicability of ether-based electrolytes. However, ether-
based electrolytes generally show relatively poor oxidation
stability, which will hinder their compatibility with high-voltage
cathode materials. Therefore, finding some effective ways to
improve the oxidation stability of ether-based electrolytes is
necessary.

3.3 Electrolyte concentration optimization

Electrolyte concentration optimization is also considered as an
effective strategy to improve the electrochemical performance of
electrode materials for PIBs. Wu and co-workers were the pioneers
in reporting that the high concentration KFSI-DME electrolyte
enables highly reversible potassium plating and stripping due to
the formation of a uniform and stable SEI on the surface of
potassium metal.”® In addition, the high-concentration KFSI-DME
electrolyte has a wider electrochemical window than the dilute
KFSI-DME electrolyte (Fig. 5a). In the high-concentration KFSI-
DME electrolyte, the DME molecules tend to donate the oxygen lone
pair electrons to K' (solvation), resulting in lower HOMO energy
levels when compared with free DME molecules in the dilute
electrolyte (Fig. 5b). The lower HOMO energy level is beneficial for
mitigating the oxidative decomposition of the high concentration
KFSI-DME electrolyte. Subsequently, Lu's group demonstrated that
the cycling performance of perylene-3,4,9,10-tetracarboxylic dia-
nhydride (PTCDA) is significantly improved when using 3 M KFSI
DME electrolyte.” In the high-concentration electrolyte, the amount
of free DME molecules is relatively few, which suppresses the
dissolution of the organic electrode. Thus, some other organic
materials also show superior cycling stability in the high-
concentration electrolyte.”

High capacity alloy-type anodes show rapid capacity decay in
conventional electrolytes because the large volume change
reduces the stability of the SEI layer during the charge/
discharge process. Recently, Sun's group investigated the
effect of electrolyte concentration on the electrochemical
performance (cycling stability and rate performance) of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Bi@C anode.” The results reveal that electrochemical perfor-
mance is related to electrolyte concentration. In the 5 M KTFSI/
DEGDME electrolyte, the Bi@C anode shows high specific
capacity, superior cycling stability, good rate performance and
small potential hysteresis. As shown in Fig. 5c, the 5 M elec-
trolyte shows a small reduction current (0.009 mA at 0 V vs. K*/
K). The result reveals that the 5 M electrolyte can effectively
suppress the side reaction. Subsequently, Wang's group re-
ported that Sb@CSN shows excellent cycling performance in the
optimized 4 M KTFSI/EC + DEC electrolyte.”” To better under-
stand the impact of electrolyte concentration, the chemical
compositions of SEI on the surface of Sb@CSN in different
electrolytes were investigated by XPS coupled with the Ar"
etching technique (Fig. 5d-g). The results demonstrated that
a denser and thinner KF-rich SEI layer formed in 4 M KTFSI
electrolyte (Fig. 5h). The KF-rich SEI layer can effectively reduce
the side reactions between the electrode materials and electro-
lyte, and accommodate the volume change of Sb@CSN during
charge/discharge processes. Therefore, the Sb@CSN electrode
shows outstanding electrochemical performance in 4 M KTFSI
electrolyte. In addition, they found that the concentrated elec-
trolyte can mitigate the dissolution issue of KF and decrease the
flammability.

The graphite anode shows great potential for PIBs due to its
high abundance and low cost. However, the graphite anode

© 2021 The Author(s). Published by the Royal Society of Chemistry

shows poor cycling stability when using conventional electro-
Iytes.” Recently, Lu's group demonstrated that using concen-
trated electrolytes (KFSI: EMC, 1:2.5, molar ratio) can
effectively improve the cycling performance.” The graphite
anode exhibits negligible capacity fade after cycling for over
2000 cycles due to the formation of a robust inorganic-rich SEI
layer on the surface of graphite. Subsequently, Komaba and
Wang demonstrated that the high concentration KFSI-DME
electrolyte was also beneficial for improving the cycle perfor-
mance of graphite.***°

HCE can effectively improve the electrochemical perfor-
mance of electrode materials for PIBs. However, the high
viscosity and increased cost of HCE hinder its practical appli-
cations.®* Thus, finding a facile way to overcome these disad-
vantages is highly essential. Recently, Wu's group prepared
a localized high-concentration electrolyte (LHCE) by adding
1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether (cost-effective
cosolvent) into a concentrated KFSI-DME electrolyte.®> As
shown in Fig. 6a, the local coordination structure of cations was
retained in the LHCE. The LHCE shows outstanding oxidation
stability (5.3 V vs. K'/K) and high ionic conductivity (13.6
mS cm ™). In addition, the graphite anode in LHCE showed
superior cycling stability (reversible capacity of 200 mA h g™*
over 300 cycles, Fig. 6b) and rate performance (202 mA h g~ " at
4.5 C).

Chem. Sci., 2021, 12, 2345-2356 | 2351
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permission.8? Copyright 2018, Wiley-VCH.

In addition to these advantages, electrolyte concentration
optimization is also an effective strategy to suppress the Al
corrosion problem by potassium salts. Komaba's group inves-
tigated the effect of concentration of the KFSI-based electrolyte
on Al corrosion.* After cycling in the 2 mol kg~ KFSI/DME
electrolyte, an obvious Al corrosion phenomenon is observed
on the Al electrode. However, no morphology change was
observed on the Al electrode after cycling in the 7 mol kg™"
KFSI/DME electrolyte. The results indicate that the Al corrosion
problem by KFSI can be suppressed through electrolyte
concentration optimization. In addition, they also found that
HCE can improve the electrochemical stability of the electrolyte.
Similarly, Passerini et al. also demonstrated that a high
concentration of KTFSI is helpful for suppressing the corrosion
of Al and enhancing the electrochemical stability of the elec-
trolyte.*® The superior performance of HCE could be attributed
to its limited number of free solvents.

3.4 Introducing electrolyte additives

Introducing electrolyte additives is another effective strategy to
improve the electrochemical performance of electrode mate-
rials for PIBs. Fluoroethylene carbonate (FEC) has been exten-
sively applied as an electrolyte additive for LIBs and sodium-ion
batteries, and it also attracts more and more attention for
PIBs.>»**# Nazar's group investigated the effect of FEC addi-
tives in an EC/DEC-based electrolyte on the electrochemical
performance of the K, ;Fe[Fe(CN)g]o.o (KFHCF) cathode.®” The
electrolyte with 5% FEC shows higher coulombic efficiency than
the electrolyte without FEC. As shown in Fig. 7a, the KFHCF
cathode exhibits superior cycling stability (capacity retention of
60% after 300 cycles) in the electrolyte with 5% FEC. The
superior electrochemical performance could be attributed to
the introduction of FEC, which effectively suppresses the side
reactions of the electrolyte. Subsequently, Wang's group also
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Elsevier.

Solvation Energy

found that FEC can suppress the formation of dendrites.®®
Obvious K dendrites were formed after 5 cycles in 1 M KPF,
DME electrolyte. After introducing FEC into the electrolyte, the
K metal surface remained roughly flat after 5 cycles (Fig. 7b). In
addition, Chen et al. found that the electrochemical stability of
the electrolyte can be improved by introducing FEC.** However,
the underlying mechanism toward improving the electro-
chemical performance by introducing FEC is not clear, and
needs further investigation.

According to the above results, FEC is indeed an effective
electrolyte additive for PIBs. However, some groups also found
the side effect of FEC in PIBs. For example, Yan et al. found that
the introduction of FEC into the electrolyte can improve the
coulombic efficiency of a pyridinic N-doped porous carbon
monolith (PNCM) anode.®® However, the reversible capacity of
the PNCM anode reduced after introducing FEC into the elec-
trolyte. In addition, the graphite anode shows low specific
capacity and poor cycle stability after introducing FEC in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Summary of strategies for electrolyte optimization in PIBs.

electrolyte.”* Similarly, Glushenkov et al. also reported that the
FEC additive led to the deterioration of the cycling stability of
the SnS,-reduced graphene oxide anode.®> Subsequently, Guo's
group systematically investigated the effect of FEC additive in
PIBs.”” As shown in Fig. 7c, the GePs anode shows inferior
electrochemical performance after introducing FEC in the
electrolyte. To understand the inferior electrochemical perfor-
mance of the electrolyte with FEC, the solvation energies were
calculated by density functional theory (Fig. 7d). Compared with
the solvation energy in the electrolyte without FEC, the elec-
trolyte with FEC shows higher solvation energy (1.281 eV).
Therefore, K ion diffusion and desolvation in the electrolyte
without FEC occur more easily than in the electrolyte with FEC.
Moreover, Fourier transform infrared spectroscopic mapping
reveals the formation of inhomogeneous and thick SEI layers in
the electrolyte with FEC. Thus, the GePs anode shows inferior
electrochemical performance in the electrolyte with FEC.
Recently, Guo's group also found that the introduction of FEC
will increase the electrode polarization.”® Besides, they
proposed that FEC can boost the electrolyte decomposition,
thus deteriorating the electrochemical performance of the
Sn,P; electrode. However, the reasons for the different effects of
FEC in different battery systems are still unclear and need
further investigation.

Apart from the FEC additive, some other electrolyte additives
were also applied in PIBs. Madec's group found that vinylene
carbonate and FEC as electrolyte additives can improve the
coulombic efficiency of the K/Sb half-cell.*® In addition, KNO;
and KF electrolyte additives were reported by Wang's group.®®
However, the cells using the electrolyte with KNO; or KF addi-
tive show inferior electrochemical performance than that with
FEC. Thus, developing novel high-performance electrolyte
additives for PIBs is very significant.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions and perspectives

The electrolyte is a key component in PIBs, which significantly
affects the electrochemical performance (including cycling
stability, rate performance, energy density, etc.) of PIBs. In this
review, we have summarized the recent progress in electrolyte
optimization (including potassium salt optimization, solvent
optimization, electrolyte concentration optimization, and
introducing electrolyte additives) in PIBs. In general, the re-
ported electrolyte optimization methods can adjust the solva-
tion energy, LUMO energy level, and HOMO energy level, which
are beneficial for achieving fast kinetics, stable and highly K'-
conductive SEI layer, and superior oxidation resistance,
respectively (Fig. 8).

Specifically, the potassium salts mainly influence the
components of the SEI layer by adjusting the LUMO energy
level. The formed stable and highly K*-conductive SEI layer can
improve the rate performance and cycling stability of electrode
materials. KFSI is beneficial for the formation of stable SEI
layers. However, the corrosion of the Al current collector in the
dilute KFSI-based electrolyte inevitably hinders its large-scale
application. Therefore, designing novel potassium salts with
performance similar to KFSI but free of Al corrosion is very
meaningful. The electrolyte solvent is closely related to the
solvation energy. Low solvation energy facilitates K" desolvation
and diffusion, and thus improves the kinetics and rate perfor-
mance. Ether-based electrolytes have attracted more and more
attention due to the superior electrochemical performance of
various electrode materials in PIBs with ether-based electro-
lytes. However, the limited electrochemical window of ether-
based electrolytes hinders the application of high-voltage
cathode materials. Thus, it's urgent to find some novel ether
solvent with superior electrochemical stability and effective
strategies to improve the oxidation resistance of existing ether-
based electrolytes. HCE can reduce the amount of free solvent,
which is beneficial for enhancing the oxidation resistance of the
electrolyte and promoting the development of high-voltage
cathode materials. In addition, HCE can reduce the flamma-
bility and Al corrosion, and promote the formation of stable SEI
layers. LHCE seems to be an effective strategy to reduce the cost
and increase the ionic conductivity of the HCE. Electrolyte
additives can affect the solvation energy and the formation of
SEI layers but the underlying mechanism is still unclear, and
needs to be investigated in the future. All the strategies for
electrolyte optimization summarized in this review show huge
potential to be extended for other battery systems such as
lithium, sodium, and magnesium batteries.

In general, electrode materials with large volume change
during the charge/discharge process require a stable SEI layer
with fast kinetics and high K" conductivity to accommodate the
volume change, and then realize superior cycling stability and
rate performance. Therefore, electrolyte formulations which
can promote the formation of the SEI layer with the above
properties are highly compatible with the electrode materials
featuring large volume change. For the electrode materials
which tend to dissolve in the electrolyte, HCE can significantly
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improve their cycling performance because of the reduced free
solvent. In addition, the electrolyte with low HOMO energy
levels shows huge potential for high-voltage PIBs. High-safety
PIBs could be realized by using low flammability organic
solvents and HCE. Electrolytes with fast kinetics are beneficial
for cells to achieve fast charging property.

To meet the demand of high-performance PIBs, further
research on organic electrolytes should focus on the following
aspects. First, exploring the effects of composition on electrolyte
characteristics and the corresponding laws is very meaningful.
Second, the SEI and cathode electrolyte interface (CEI) will
directly affect the electrochemical performance of electrode
materials. Understanding the formation mechanism of SEI and
CEI by both in situ techniques and density functional theory
calculations is necessary with the aim of finding a suitable
electrolyte composite to build stable electrode/electrolyte
interface layers. Third, PIBs are promising candidates for
large-scale energy storage systems, which require some unique
properties to satisfy specific applications (such as low temper-
ature and fast charging). Therefore, designing novel electrolytes
with low melting point and high ionic conductivity to achieve
low-temperature operation and fast charging is very significant.
Fourth, it is necessary to develop electrolytes with low flam-
mability and a wide electrochemical stability window to realize
high-safety and high-voltage PIBs, respectively. Finally, until
now, most of the literature only focused the effect of the elec-
trolyte in half cells with K metal as the reference electrode. To
avoid the influence of K metal, the exploration of suitable
electrolytes for high-performance PIBs should be carried out
based on full cells.
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