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An “Ether-In-Water” Electrolyte Boosts Stable Interfacial
Chemistry for Aqueous Lithium-lon Batteries

Yanxin Shang, Nan Chen,* Yuejiao Li,* Shi Chen, Jingning Lai, Yongxin Huang,

Wenjie Qu, Feng Wu, and Renjie Chen*

Aqueous batteries are promising devices for electrochemical energy storage
because of their high ionic conductivity, safety, low cost, and environmental
friendliness. However, their voltage output and energy density are limited

by the failure to form a solid-electrolyte interphase (SEI) that can expand

the inherently narrow electrochemical window of water (1.23 V) imposed

by hydrogen and oxygen evolution. Here, a novel (Li,(TEGDME)(H,0);)

is proposed as a solvation electrolyte with stable interfacial chemistry.

By introducing tetraethylene glycol dimethyl ether (TEGDME) into a
concentrated aqueous electrolyte, a new carbonaceous component for

both cathode—electrolyte interface and SEI formation is generated. In situ
characterizations and ab initio molecular dynamics (AIMD) calculations
reveal a bilayer hybrid interface composed of inorganic LiF and organic
carbonaceous species reduced from Li*,(TFSI") and Li*,(TEGDME).
Consequently, the interfacial films kinetically broaden the electrochemical
stability window to 4.2 V, thus realizing a 2.5 V LiMn,0,—Li,TisO;; full battery
with an excellent energy density of 120 W h kg™ for 500 cycles. The results
provide an in-depth, mechanistic understanding of a potential design of more
effective interphases for next-generation aqueous lithium-ion batteries.

water (1.23 V) limits both the operating
voltage and energy density of aqueous
batteries. Although adjusting the pH can
effectively suppress hydrogen evolution at
the anode, owing to the inherent voltage
limit, another electrode compromise would
occur. Fortunately, the solid-electrolyte
interphase (SEI) acts to kinetically stabilize
the electrolyte at potentials beyond their
thermodynamic stability limits.

Early research on SEI focused on the
electrodes, and the findings have since
been applied extensively to carbonate-based
nonaqueous electrolytes, with successful
outcomes.> ™ However, SEI has many
restrictive requirements in the standard
aqueous battery. In traditional aqueous
electrolytes, the decomposition products
are H, and O,, which fail to deposit as
solids on the surface of the electrodes. A
superconcentrated (Li*(H,0),), polymer-
like chain aqueous electrolyte based on

Globally, lithium-ion batteries (LIBs) have been investigated for
their high efficiency and invertible electrochemical energy storage
potential. However, owing to the toxicity and flammability of the
organic electrolytes, environmental concerns have been raised.l!
Moreover, aqueous LIBs are preferred because of their high ionic
conductivity, safety, and environmental friendlliness.”® How-
ever, the inherently narrow electrochemical stability window of
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LiNO; salt was reported, achieving a 2.55 V
stability window without forming a protec-
tive SEL.M But a high cathodic potential
(2.35 V vs Li) to satisfy the demands of commerdial anode mate-
rials such as Li,TisOy; (155 V vs Li) remain challenging. Fur-
thermore, the absence of SEI leads to a low energy density and
limited cycle life in aqueous batteries.>!l More recently, some
pioneering works offered new directions by developing high
concentration aqueous electrolytes: 21 m (m = molality, mol kg™
“water-in-salt” electrolyte,”] 28 m “water-in-bisalt” electrolyte !
“water-in-ionomer” electrolyte,™” hybrid aqueous-nonaqueous
electrolyte,”” molecular crowding electrolytes,?!l hydrate melt
electrolytes,? and 63 m “water-in-hybrid-salt” electrolyte.
These approaches help to broaden the limited electrochemical
stability window of aqueous electrolytes. Some of these modified
electrolytes exhibited impressive energy density, compatibility
with electrodes, and exceptional stable cycle performance.
Although these efforts on aqueous electrolytes have intro-
duced a new prospect for electrode protection by reducing
water activity, the in situ SEI formation is still infancy. There
is a need for in-depth research of SEI to reach the desired cycle
stability and energy density. For instance, the thermodynamics
and kinetics of expanding voltage windows in the SEI formation
mechanism need to be investigated. In addition, no electrolyte
has been identified to address the challenges of cycle stability
and discharge capacity, nor has and study evaluated the correla-
tion between SEIs’ unique structures and their electrochemical

© 2020 Wiley-VCH GmbH
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Local Strong Solvation Electrolyte Trade-Off between
Capacity and Cycle Life of Li-O, Batteries

Jingning Lai, Hanxiao Liu, Yi Xing, Liyuan Zhao, Yanxin Shang, Yongxin Huang,

Nan Chen,* Li Li, Feng Wu, and Renjie Chen*

Li-O, batteries are promising energy storage devices with ultra-high theoret-
ical energy density. However, in practice they show severe capacity fading and
limited cycle life, meaning that more suitable electrolytes are urgently needed.
Here, solvents are combined with high donor number and low donor number,
and a Li salt to produce a new local strong solvation effect electrolyte. High
discharge capacity and good cycling performance are achieved when the
optimized electrolyte is used in a Li-O, battery. The optimized electrolyte
inhibits side reactions within the battery and facilitates stable solid electro-
lyte interphase film formation on the surfaces of Li anode. This work opens

a new route for the design of high-performance electrolytes to increase both

At the Li-O, battery cathode, solvents
with a high donor number (DN) tend to
strongly solvate Li* to trigger the solvation
mechanism, which ultimately improves
battery performance by increasing dis-
charge capacity and decreasing overpo-
tential.l’l In contrast, solvents with a low
DN lead to surface mechanisms, which
can hinder the discharge reaction and
decrease the discharge capacity® Para-
doxically, although solvents with high DNs
usually increase discharge capacity, they

capacity and cycle life of Li-O, batteries.

1. Introduction

Li-O, batteries are promising electrochemical energy storage
devices owing to their ultra-high theoretical energy den-
sity. However, they are still facing many challenges, such as
severe capacity fading and limited cycle life.ll The poor sta-
bility of electrolytes is the main reason for such challenges.]
Electrolytes can be attacked by reduced oxygen species, such
as superoxide (O;7), peroxide (Li;O,), and singlet oxygen
('0,), which are liberated during battery cycles and readily
cause side reactions.Pl Moreover, the high charge overpoten-
tial (resulting from the insulating nature of the discharge
product, Li;0;) means that even more stable electrolytes are
required
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are more likely ({than solvents with low
DNsj to be attacked by reduced oxygen
species.l!l In addition, some of these sol-
vents with high DNs, such as dimethyl-
sulfoxide (DMSO) and dimethylformamide, are reportedly
unable to form stable solid electrolyte interphase (SEI) films on
the surfaces of Li anodes, making the choice of solvent more
difficult® Therefore, there is an inherent compromise between
the battery capacity and cycle life of Li-O, batteries, and over-
coming this is a very important goal for researchers studying
Li-O, battery electrolytes.l’l
The most serious problems with Li anodes are low cou-
lombic efficiency and the formation of Li dendrites. Uncon-
trolled side reactions between Li metal and electrolytes, and
deposition of porous and dendritic Li, not only lead to poor
Li utilization and limited cycle lives but also to significant
safety risks." Designing the electrolyte to promote the for-
mation of a stable SEI film on the Li metal surface is one
way of suppressing the formation of Li dendrites!l Electro-
Iytes with high salt concentrations have fewer free sclvent
molecules, and are an effective way to reduce side-reactions
with Li metal. In addition, in a Li-O, battery, such electrolytes
can improve the chemical stability of the interface between
the electrolyte and Li metal." It was reported that a lithium
bis(triflucromethanesulfonyl)imide (LiTFSI) in DMSO elec-
trolyte with an optimized salt-solvent molar ratio of 1:3 greatly
improved the stability of Li anodes against DMSO, as well as
the cycling stability of Li-O, batteries.I”] However, there are still
many problems with the practical application of highly con-
centrated salt electrolytes, including high viscosity, poor wetta-
bility of electrodes, decreased oxygen solubility, and the use of
a large amount of expensive Li salt, which is not ideal for prac-
tical Li-O, batteries.! To solve these problems, co-solvents are
added into highly concentrated salt electrolytes to dilute them.
Local highly concentrated salt electrolytes are formed using
F-containing ether solvents, which do not dissolve Li salt, as a

© 2021 Wiley-VCH GmbH
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Enhancing Interfacial Contact in Solid-State Batteries with a

Gradient Composite Solid Electrolyte

Chenglong Deng, Nan Chen,* Chuanyu Hou, Hanxiao Liu, Zhiming Zhou,

and Renjie Chen*

Solid-state batteries promise to meet the challenges of high energy den-

sity and high safety for future energy storage. However, poor interfacial
contact and complex manufacturing processes limit their practical applica-
tions. Herein, a simple strategy is proposed to enhance interfacial contact
by introducing a gradient compaosite polymer solid electrolyte (GCPE),
which is prepared by a facile UV-curing polymerization technique. The
high-Li, ,La,Zr, ,Ta, ;O,; (LLZTO)-content side of the electrolyte exhibits
high oxidation resistance (5.4 V versus Li*/Li), making it compatible with a
high-voltage cathode material, whereas the LLZTO-deficient side achieves
excellent interfacial contact with the Li metal anode, facilitating uniform Li
deposition. Benefiting from the elaborate composition and structure of GCPE
films, the symmetric LifLi cell exhibits a low-voltage hysteresis potential of
42 mV and a long cycle life of >1900 h without short-circuiting. The
Li//LiFePO, solid-state batteries deliver a capacity of 161.0 mA h g™ at 60 °C

ion batteries normally use lammable non-
aqueous liquid electrolytes, resulting in a
serious safety problem that prevents them
from meeting the requirements of energy
storage systems and electric vehicles.
Replacing conventional liquid electrolytes
with solid-state electrolytes is regarded as
a fundamental solution to the safety issue
of rechargeable batteries.'l

The solid-state electrolyte is the key
component of solid-state  batteries.
Because solid-state electrolytes can inhibit
the formation of Li dendrites and gen-
erally have an electrochemical window
wider than 5 V, a Li metal anode and high-
voltage cathode can be used in solid-state
batteries to achieve a higher energy den-

and 0.1 C (82.4% capacity is retained after 200 cycles). Even at 80 °C, the cell
still shows an outstanding capacity 0f 132.9 mAh g™ at 0.2 C after 100 cycles.

The design principle of gradient electrolytes provides a new path for achieving
enhanced interfacial contact in high-performance solid-state batteries.

1. Introduction

Lithium ion batteries have undergone rapid progress over the
past 20 years, and their use in mobile communication devices
has changed the way we live. However, conventional lithium
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sity. In general, solid-state electrolytes can
be divided into two categories: inorganic
solid electrolytes and solid polymer elec-
trolytes. The inorganic selid electrolytes,
which include garnet-type, perovskite-type,
and NASICON-type materials, have a high
lithium-ion transference number and high
ionic conductivity. However, because of their brittle nature, com-
plex manufacturing techniques, and poor interface contact with
electrodes, inorganic solid electrolytes are challenging to use in
practical applications.”l Solid polymer electrolytes, in which Li*
salts are incorporated into a polymer matrix, appear to be more
feasible in solid-state batteries because of their unique advan-
tages of flexible design and manufacturing convenience.
Garnet-type  Li;la;7Zr,0y; (LLZO) is a competitive solid-
state electrolyte with good electrochemical stability toward Li
mental. However, its rigidity and tendency to form a Li,CO,
coating on its surface lead to poor interfacial contact and sub-
stantial interfacial resistance, which is an urgent problem. Fur-
thermore, LLZO exhibits high electronic conductivity during
cycling, which results in the growth of Li dendrites along the
grain boundariesP1 A common strategy for addressing these
issues is to use polymers as interface medification materials
to, for example, transform the L1ZO surface from lithiophobic
to lithiophilic with a polymer®! or to mix LLZO with a polymer
to form composite electrolytes!! Commonly used polymers
include poly(ethylene oxide) (PEQ),F- poly(vinylidene fluoride)i"”
and poly(vinylidene Huoride-co-hexafluoropropylene).P11 How-
ever, there has been little success in extending the cycle life of
batteries. The major challenge is that the coefficients of thermal
expansion and Young's moduli of the polymer and LLZO differ,

© 2021 Wiley-¥CH GmbH
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Conventional electrolytes of Li metal batteries are highly flammable
and volatile, which accelerates the consumption of lithium metal at
high temperatures, resulting in catastrophic fires or explosions. Herein,
a Li* conductive metal organic framework electrolyte was prepared to
enable dendrite-free Li deposition at high temperatures. This elec-
trolyte stabilizes the electrolyte/electrode interface by promoting the
transport of lithium ions and suppresses the formation of Li dendrites
by forming a particle-rich coating over the anode during repeated Li
plating/stripping. Benefitting from strong interactions between TFSI™
anions and the metal atoms of the MOF, the electrolyte demonstrates
excellent electrochemical properties, which allows Li/Li cells to
operate at 150 °C for more than 1200 h without major voltage
fluctuations, markedly increasing the stability of Li metal at high
temperatures. Furthermore, Li/LiFePO,, LiNig33Mng33Co03305, Li/
LiNip gMng1Cop30; and Li/LisTisOy; cells exhibit excellent perfor-
mance at high temperatures.

1 Introduction

In recent years, Li secondary batteries have had a profound
effect on daily life as the power sources for portable electronics
and electric vehicles.' However, despite extensive exploration of
potential anode materials, the rational design of Li metal
anodes that provide high energy densities with a suitable degree
of safety and outstanding high-temperature stability remains
a challenge.” Presently, the majority of studies focus on
improving the performance of Li metal anodes at ambient
temperature by employing various electrolyte additives,™” arti-
ficial solid electrolyte interfaces®'” and Li metal hosts."** Such
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research has provided detailed insights into the feasibility of
increasing the coulombic efficiency while inhibiting dendrite
growth at ambient temperature. However, the operation of Li
metal anodes at high temperatures (100-180 °C, as 180 °C is the
melting point of Li metal) and high current densities has rarely
been addressed. This is unfortunate, because high-temperature
Li metal batteries would be required, for example, for use in
robotic mechanisms designed for extreme environments,
ultra-deep and deep ground detection equipment, underground
heat source development equipment, lunar and planetary
exploration instruments and other equipment. There are
numerous challenges associated with current battery tech-
nology that have impeded high-temperature operation, espe-
cially the issues of increased reaction activity of Li metal and
evaporation of the electrolyte. The rapid formation and growth
of Li dendrites decrease the safety of batteries at high temper-
atures and also lead to low cycling efficiency during charging/
discharging.*® In addition, conventional liquid electrolytes
suffer from potential issues including leakage, volatilization,
flammability and explosion potential,">'® and thus are not
suitable for high-temperature operation. Inorganic solid-state
electrolytes are considered as one of the most promising and
safe electrolytes' as they provide improved safety over liquid
electrolytes and tend to prevent the formation and growth of Li
dendrites."® However, they suffer from high interfacial resis-
tance and reactivity with lithium metal anodes.***" In addition,
polymer-based solid electrolytes have acceptable ionic conduc-
tivity and similarly provide improved safety compared with
liquid electrolytes.**?* Unfortunately, they deform or decom-
pose at high temperatures, causing the batteries to short circuit
or die. The batteries have to operate around 70-90 °C (ref. 27
and 28) to ensure that the conductivity of the polymer electro-
lyte reaches useful values and avoid decomposition at that
temperature. Overall, electrolyte materials that can be used
both at high temperatures and to inhibit Li dendrites have yet to
be developed.

Ionogels are a new type of quasi-solid-state electrolyte that
combine the unique characteristics of ionic liquid and solid

This journal is © The Royal Society of Chemistry 2019
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Heteroatom Si Substituent Imidazolium-Based lonic Liquid
Electrolyte Boosts the Performance of Dendrite-Free Lithium

Batteries
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ABSTRACT: The high-viscosity issue of ionic liquids hinders
the practical use of ionic liquid electrolytes for high-energy
density batteries. Here, we demonstrate a novel heteroatom Si
substituent imidazolium-based ionic liquid electrolyte, which has
low viscosity and high ionic conductivity, and the heteroatom Si
substituent weakens the activity of the C-2 position of
imidazolium cation, prevents the formation of a highly loose
lithium corrosion layer, and enables Li/LiFePO, cycling with high
coulombic efficiency (up to 99.7%) and greatly enhanced cycling
stability. The electrolyte is intrinsically safe and stable with
lithium metal, boosts the security of Li-metal usage, and enables
dense-packing Li deposition of Li anode. This strategy of building
heteroatom Si substituent ionic liquid is successful in reducin;
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the viscosity, realizing safe and stable electrolyte for assembling a high-energy density battery.
KEYWORDS: ionic liquid, low viscosity, lithium-metal battery, imidazolium, electrolyte

B INTRODUCTION

Lithium-metal battery is a promising energy storage device, but
its safety and sustainability issues make it difficult to extend
applications to electric vehicles and grid-scale energy storage.
In fact, the reported state-of-the-art lithium-metal battery
employs flammable and toxic organic solvents as electrolytes,’
and this causes safety hazards if used improperly or without
careful safeguard. Moreover, the electrolytes are sensitive to
moisture and air, making the manufacturing process of
batteries complicated and expensive. Thus, considerable
attention has been paid to improve the safety of electrolyte,
including mixtures of flame-retardant additives and standard
e]eclro]ytes,z‘“ solvation strategy,*"!’ high salt concentration in
trimethyl phosphate® and triethyl phosphate,”® as well as
1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl high flash
point solvent.”

Another efficient and effective strategy for safe applications
of lithium-metal battery is using intrinsically safe ionic liquids.
As green solvent for rechargeable batteries, ionic liquids tend
to be noncombustible, thermally stable, and high in ionic
conductivity; for lithinm battery chemistries, they exhibit a
wide electrochemical stability window and negligible vapor

icati © 2019 American Chemical Society 12154
" 4 ublications

emission into the environment. They have been proposed as
both liquid and solid electrolytes for Li-metal batteries.'" ™"
However, the high viscosity of ionic liquids critically hampers
their practical application.'™'" Bis(trifluoromethylsulfonyl)-
imide [TFSI] is the optimum choice of anions to keep the
viscosity low."'® The 1-alkyl-3-methylimidazolium cation is
the best-known representative ion for the formation of low-
viscosity ionic liquids,'” which is reported to be the suitable
electrolyte component of Li—air batteries.'” Unfortunately, the
imidazolium cation has a high cathodic limit, due to the acidic
proton at the imidazolium C-2 posiLion,m’m which makes it
electrochemically unstable toward the lithium anode. Several
approaches have been investigated to improve its electro-
chemical stability, including using specific anions,” grafting of
electron-donating substituents to the imidazolium cation, ™
employing high lithium-salt concentration,™ and increasing the
length of the alkyl chain.** However, with increasing number
of carbon atoms in the alkyl chain, the frictional forces among
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An “Ether—in—water” Electrolyte Boosts Stable Interfacial Chemistry for Aqueous Lithium—ion Battery

SHANG Yan-xin, CHEN Nan*, LI Yue-jiao*, CHEN Renjie*, CHEN Shi, WU Feng
School of Materials Science & Engineering, Beijing Key Laboratory of Environmental Science and Engineering

Beijing Institute of Technology, Beijing 100081, China

Introduction /‘ Aqueous batteries are promising devices for electrochemic) Design Strategy |
energy storage because of their high ionic conductivity, safety, low cost, and environ- o

mental friendliness. However, the inherently narrow electrochemical stability window
of water (1.23 V) limits both the operating voltage and energy density of aqueous bat-
teries. Ether is an excellent co—solvent for lithium—ion battery electrolytes, in particu-
lar, TEGDME. The inherent characteristics of TEGDME include low viscosity and
high ionic conductivity, which favor high solubility for LiTFSI in aqueous electro-
lytes. Moreover, the SEI films derived from the ether possess the advantages of thin-
ness, compactness, uniform structure, and flexibility. Therefore, ether solvent can
serve as an interfacial barrier between electrodes and electrolyte, resulting in aqueous
lithium  batteries with  high  voltage and high energy density.

Organic!lvents Wat& solvents
l_,‘wy . LiMnO,
ﬁ m ) Propose an “ether—in;water” electrolyte with stable electrochemical window of 4.2 V;

A new carbonaceous component for both CEI and SEI formation was generated;

v
v
0—q q + The bilayer hybrid interface composed of inorganic LiF and organic carbonaceous spe-
Aqueous electrolyte significantly improves battery safety! / \__ ~cies reduced from Li*y(TFSI") and Li" (TEGDME).
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DEFT/AIMD simulations
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+ DFT demonstrates that Li*,(TEGDME) has minimized Eb value of -3.67 eV, which is favorable for the desolvation process, and preferential decomposition.
+ AIMD reveals that the TFSI~ and TEGDME concentrations increase in the inner-Helmholtz layer and expel H,O molecules from the surface of LiMn,O4 and LiyTisO; .
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+ The designed Li,(TEGDME)(H,0); solvation sheath structure overcame the longstanding challenge posed by the narrow electrochemical window of water (1.23 V), and is conducive
to the formation of interfacial chemistry;

+ The high—quality SEI derived from the reduction of Li*,(TFSI") and Li*,(TEGDME) effectively suppressed hydrogen evolution and electrode dissolution while dynamically expand-

\_ -ing the electrochemical stability window to 4.2 V. )

Shang Yanxin, Chen Nan,* Li Yuejiao,* Chen S-hi, Lai Jingning, Huang Yongxin, Qu Wenjie, Wu Feng, Chen Renjie*. Advanced Materials, 2020, 2004017.
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BEESTH S UEERE, MITEESrrREFEnESTEmENNEN, ES VSRR SNZENEaEIREE. EEEEIETFEEHE. Bx. Sy
ERRAREOE, NATAEEETENEEEaTHECETEEES. TERT. RHESts, SSFEnEERXEIEFARTET RS, B, AESEEmEED
BU4FEEEED (1.23 V) BETHERSEN T FEFEETE. SHSHEILIRERERNETEEl, EfmEREEERENSETIAH0,, TFELESHAHER
MEE L. 55FFR, —SFenTEEIREKaEE. SREENREEE, AT R EEEREEa et AREE TFNEE,

EE, EFrRECIENSEOnNEE. BEHE. S ELUREas EEENES2EEnE. BEEEN, SEHIETIGDME, ETEen=a 2R, ALEHES
BELECEFTNERSE. EEELEEEETHRE, WTEEaErE5E. B, BEESHFRICLIESSE. 3. SisSis, BRELIErEs EREREN

EnZ—. EEEIETEEE.



