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MATERIALS SCIENCE

From room temperature to harsh temperature
applications: Fundamentals and perspectives
on electrolytes in zinc metal batteries

Sailin Liu't, Ruizhi Zhangz’31', Jianfeng Mao', Yunlong Zhao?, Qiong Cai?*, Zaiping Guo '3+

As one of the most competitive candidates for the next-generation energy storage systems, the emerging re-
chargeable zinc metal battery (ZMB) is inevitably influenced by beyond-room-temperature conditions, resulting
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in inferior performances. Although much attention has been paid to evaluating the performance of ZMBs under
extreme temperatures in recent years, most academic electrolyte research has not provided adequate informa-
tion about physical properties or practical testing protocols of their electrolytes, making it difficult to assess their
true performance. The growing interest in ZMBs is calling for in-depth research on electrolyte behavior under
harsh practical conditions, which has not been systematically reviewed yet. Hence, in this review, we first showcase
the fundamentals behind the failure of ZMBs in terms of temperature influence and then present a comprehensive
understanding of the current electrolyte strategies to improve battery performance at harsh temperatures. Last,
we offer perspectives on the advance of ZMB electrolytes toward industrial application.

INTRODUCTION

Wide operational temperature ranges for energy storage systems are
in urgent demand for electric vehicles, aerospace technology, and
militarZ and grid-scale utilization. The low redox potential of the
Zn/Zn"" couple (-0.76 V versus standard hydrogen electrode),
hi§h theoretical gravimetric/volumetric capacity (820 mA-hour
g /5855 mA-hour cm™), impressive electrochemical stability and
reversibility, and its intrinsic safety and low toxicity have brought
the zinc metal battery (ZMB) to the forefront of energy research. In
particular, the ZMB is one of the few batteries where the metal anode
can be successfully cycled in both aqueous and nonaqueous electro-
lytes. These merits make ZMBs attractive energy storage systems for
a wide range of applications. Special practical applications, such as
polar, aerospace, deep sea, and high-altitude region exploration, re-
quire the zinc-based energy storage device to operate at low or high
temperatures. ZMBs, however, suffer from performance degrada-
tion and safety problems at extreme temperatures. At low tempera-
tures (below 0°C), increased viscosity that leads to decreased ionic
conductivity, as well as the liquid-to-solid phase transformation of
the electrolyte, is hindering its practical application (I-3). At high
temperatures (over 25°C), the use of commonly adopted aqueous
electrolytes in ZMB:s is also limited by the highly volatile nature of
water and the instability of the electrolyte/electrode interface.

To achieve ultralow-temperature operation for ZMBs, it is nec-
essary to address two issues: the high freezing point and the low ionic
conductivity of the electrolyte under subzero temperature conditions.
Compared to nonaqueous electrolytes, water-based electrolytes offer
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high conductivity but are limited by their high freezing point. In
general, there are two well-established ways to extend the tem-
perature range of the aqueous electrolyte: (i) using organics to form
eutectics or antifreezing hydrogels and (ii) using concentrated electro-
lyte with a high ratio of salt to water (4). Although the highly con-
centrated “water-in-salt” (WIS) strategy could notably lower the
freezing point of aqueous electrolytes, it introduces the disadvantages
of high viscosity and low conductivity and increased costs. Strate-
gies for hydrogels that contain aqueous electrolytes are commonly
reported with wide workable temperature windows due to the
low-freezing point of cross-linked gels or interference from the
boundaries between the gel and the water. Organic solvents could be
used in dilute concentrations and tend to have a much lower freez-
ing point than water, showing their potential as good candidates for
subzero application. Most of the organic solvents, however, have
insufficient ionic conductivity compared to water and could possi-
bly sacrifice the intrinsic safety properties of the ZMBs due to their
highly flammable nature. The recent studies on organic solvents
that are miscible with water offer prospects for designing hybrid
electrolytes with extended temperature ranges. By taking advantages
of the various merits of both water and organics, the hybrid liquid
electrolytes, such as dimethyl sulfoxide (DMSO) and triethyl phos-
phate (TEP), not only showcase better thermal stability but also have
a protective effect on electrodes (5, 6). Inspired by the research on
Li metal batteries, there are now various studies and reviews on
electrolytes and anodes to address the Zn metal dendrite and
H-evolution issues. The recent works on concentrated electrolytes,
such as 7.6-m ZnCl,/H,0 with 0.05-m SnCl,, show that they could
not only form a Zns(OH)sCl,-H,O solid-electrolyte interphase (SEI)
on metal anode surface to suppress Zn dendrite growth but also
present high ionic conductivity at —70°C.

The massive achievements gained by electrolyte studies exhibit
the importance of electrolytes for the whole battery performance,
which calls for specific reviews on the different aspects. The flour-
ishing innovations on electrolytes are usually targeted on address-
ing the issues from the viewpoint of electrolyte/electrode interface,
extending the working voltage range, or improving the temperature
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adaptability. To date, there have been sufficient reviews on summa-
rizing the progress on issues for the cathode/anode and a few reviews
on guiding electrolyte design toward stable interfaces for ZMBs.
There is a lack of reviews on the principles of electrolyte design and
the prospects for electrolytes suitable for challenging applications
under harsh temperature conditions. There are many research works
that provide experimental results on electrolyte performance under all
temperatures, but most of them fail to give their full physical prop-
erties, such as their ionic conductivity and freezing point. Hence,
future studies on the improvement of electrolyte performance beyond
room temperature require a comprehensive review of electrolyte
development from the temperature aspect. In this review, we reveal
the fundamentals behind the temperature as a cause of battery failure
and recommend design principles according to the electrolyte type
(water-based and all-organic electrolytes) and temperature. Accord-
ingly, the current progress on the four main strategies is thoroughly
discussed and compared: high salt-to-solvent ratio, additives/cosolvents
(additive and cosolvent strategies are generally referred to as adopting
a small and a large nonaqueous solvent-to-water volume/weight ratio,
respectively), and all-organic and hydrogel.

THE FUNDAMENTALS BEHIND ANTIFREEZING STRATEGIES
AND HIGH TEMPERATURE USE
In general, apart from the costly ionic liquid- and solid-state electro-
Iytes, the electrolyte normally consists of water or an organic solvent.
Therefore, a thorough review on water-based and organic electro-
lytes is provided from the fundamentals to general design principles.
The performance of batteries is acknowledged to be affected
by the variation of temperature, which appears as the deterioration
of rate capacities and cycling life beyond comfortable indoor de-
grees. Under cold conditions, as schematically illustrated in Fig. 1,
the electrolytes are mainly subject to inefficient ionic conductivity

and increased viscosity and charge transfer resistance, resulting
in the deterioration of rate performance (7, 8). If the temperature
reaches the freezing point of the electrolyte, then crystallization will
occur that can lead to volume expansion of the electrolyte and inter-
facial separation between electrolyte and electrode. Above room
temperature, the inferior thermal and interfacial stabilities also pose
a challenge to most of the ZMBs regarding safe and long-term oper-
ation. Although the aqueous electrolytes are good options for a
noncombustible battery, most of them have poor stability under
high temperatures due to the enhanced activity of water molecules.
The extreme heat inside the battery will accelerate the side reactions
of water with both electrodes, which may lead to structural damage
or phase changes in the cathode and depletion of the zinc metal
anode, as illustrated in Fig. 1. Since some active materials, such as
the dominant manganese- and vanadium-based oxides, suffer
from a dissolution problem in aqueous electrolytes, the high tem-
perature can encourage these adverse reactions and cause irrevers-
ible destruction. Compared with the safe aqueous electrolytes, the
electrolytes that use organic solvents with high flammability and
low boiling points are not ideal for ZMBs. The failure of organic
solvent-based batteries to work under high temperature usually
follows the typical thermal runaway process, where the accumulated
heat causes unfavorable exothermic reactions between the cathode
and the electrolyte. The cathode, cathode electrolyte interphase
(CEI) and SEI can further decompose and release flammable hy-
drocarbon gases and oxygen, encouraging combustion. Besides the
above-complicated reactions, most organic electrolytes are charac-
terized by high volatility, which will increase the pressure inside the
battery and further cause battery swelling or explosion. In view of
these challenges from harsh temperatures, it is important to find
the underlying key factors that determine the electrolyte proper-
ties and accordingly propose strategies for wide temperature
applications.
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Fig. 1. Summary of the main challenges on electrolytes when using ZMBs at harsh temperatures. The main issues and failure reasons of electrolytes in ZMBs under

subzero or over room temperature condition.
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For water-based electrolytes, the inefficient ionic conductivity
and freezing characteristics of water-based electrolytes under sub-
zero temperatures are affected by the hydrogen bonds (HBs) between
water molecules, which become stronger when the temperature de-
creases (9). A general way to increase the low-temperature perform-
ance is weakening the H—O bond strength or suppressing the
formation of HBs in water. In this respect, as briefly described in
Fig. 2, four fundamental routes have been proposed by researchers:
(i) adopt anions that contain H-bonding acceptor elements, such as
nitrogen (N), oxygen (O), or fluorine (F); (ii) use a concentrated
electrolyte solution, where abundant ions are introduced to bond
with water and compete with the original H—O bonding between
water molecules; (iii) bring in additives/cosolvents to generate new
HBs with water; and (iv) use hydrophilic polymer chains to create a
cross-linked meshwork with water. On the other hand, to suit the
demand for safe and long-term cycling above room temperature,
the main principle is to increase the thermal stability of the electro-
lyte by minimizing its volatility and controlling decomposition. By
diminishing the content of water, the boiling point of the electrolyte
could be increased, and a wide range of approaches, such as highly
concentrated, nonaqueous/aqueous hybrid solvents and hydrogels,
have been established on this principle. To further enhance the
high-temperature tolerance of the electrolyte, the salt is also re-
quired to show high thermal stability, which means that it is diffi-
cult to decompose at high temperatures.

Although the organic solvent-based electrolyte usually shows a
much lower freezing point and broader operational voltage window

1. High salt-to-solvent ratio
2. Additives/cosolvents
3. Hydrogel strategy

4. Salt with good thermal
stability

High temperature

than the aqueous electrolyte, it has the intrinsic disadvantage of low
ionic conductivity at room temperature, which is unfavorable to
fast charging (10, 11). The cold conditions will further weaken the
performance of a battery with an organic electrolyte, since the ionic
conductivity will be greatly diminished when the temperature de-
creases to subzero. Therefore, the crucial approach to enhancing the
low-temperature performance of organic electrolytes is to increase
their jonic conductivity, which is determined by the affinity be-
tween the organic solvent and the ions (7, 12). A strong affinity be-
tween the solvent and zinc ions will increase the difficulty of cation
desolvation and thus reduce the ionic conductivity. Therefore, to
reduce the affinity, strategies are usually proposed that require the
solvent to have low viscosity or a low melting point (T},), or the salt
to have high solubility. To expand the working range of organic
electrolytes toward higher temperatures, the main solution is to re-
duce the volatility and flammability of the solvents, which includes
strategies for using concentrated electrolyte to reduce the solvent
ratio or adopting the solvents with low volatility, such as fire retar-
dants with wide thermal stability ranges.

DISCUSSION OF THE DEVELOPMENT OF THE

CURRENT STRATEGIES

Overview of the electrolytes for wide temperature
applications in ZMBs

Intensive research on ZMBs has been rapid over the past several
decades, but the study of its wide temperature operation is still in its
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Fig. 2. Electrolyte design principles for ZMBs toward extreme temperature application. Fundamentals of electrolyte design for low-temperature and high-temperature
use and related strategies for water-based and organic solvent-based nonaqueous electrolytes.
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infancy stage. As seen in Fig. 3, since 2018, a few representative elec-
trolytes with different zinc salts were developed with remarkable
temperature adaptability. In the initial report on concentrated
aqueous electrolyte using 3 M of Zn(OTf),/H,0, where OTf is tri-
fluoromethanesulfonate, it was found to have an operational tem-
perature between —10° and 50°C (13). ZnSO4/H,O electrolyte with
a concentration of 2 M was reported to have a workable range of 0°
to 50°C (14, 15). In the following years, notable progress was
made on extending the operational temperature range and improv-
ing the ionic conductivity of aqueous electrolytes under subzero
temperatures. Concentrated 7.5 M ZnCl,/H,O electrolyte presented
an adequate ionic conductivity of 1.79 mS cm™" at —60°C and a wide
liquid range from —90° to 60°C (1). Zn(BF,), aqueous electrolyte
(4 M) also exhibited a superb low temperature working ability down
to —95°C (16). Zn(TFSI), salt at a concentration of 4 M in water
featured an impressive high ionic conductivity of 90 m$ cm™ (17).

The high conductivity and safety merits of aqueous electrolytes are
well preserved in the hydrogel electrolytes. A quasi-solid-state hy-
drogel based on 3 M Zn(OTf),/polyacrylamide (PAM) presented a
workable temperature range of —30° to 80°C (18). Another hydrogel
electrolyte based on different gels or multiple salts, such as cellulose/
TEOS/glycerol(CT3G30)/2 M ZnSO4/0.2 M MnSOy, where TEOS is
tetraethyl orthosilicate, A-PAA-30 weight % (wt %) KOH/H,0,
where A-PAA is alkalified poly(acrylic acid), and zinc alginate gel,
can exhibit high ionic conductivity of 19.4 mS cm ™" at —40°C, 24.1 m$S
cm™! at —20°C, and 32.3 mS cm ™! at 25°C, respectively (19-21). Re-
cently, organic electrolytes using DMF (dielectric constant, € = 36.7)
and AN (g = 37.5), where DMF is dimethylformamide and AN is
acetonitrile, are reported to have wide working temperature ranges
of —=70° to 150°C and —40° to 80°C, respectively (11, 22). Introduc-
ing an organic cosolvent into water to form a hybrid electrolyte has
also received great attention because of the protective effect on the
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metal anode, the good temperature adaptability, etc. ZnSO4/EG/H,0O
(2 M) (23), where EG is ethylene glycol, and 2 M ZnSO4/methanol
(MeOH)/H,0 (24) electrolytes were found to have superb ionic
conductivities of 6.9 mS cm™" at —40°C and 16.8 mS cm ™' at room
temperature, respectively. Since most of the reported organic cosol-
vents are highly flammable, fire-retardant phosphates (25, 26) have
been recently introduced. Adopting TEP as cosolvent is found to be
anode friendly, which can assist in generating a robust SEI and re-
ducing the volatility of the electrolyte by forming strong bonding
with water molecules (6).

The reported electrolytes for harsh temperature use can be cate-
gorized into four classes: concentrated aqueous electrolytes, organic
solvent-based nonaqueous electrolytes, water-based electrolytes with
additives/cosolvents, and hydrogel electrolytes, according to their
composition. To date, extensive efforts have been made toward ex-
panding the temperature range in these four categories, as compared
in Fig. 3B. It can be seen that most of the concentrated electrolytes
have been reported with good low-temperature flexibility but rela-
tively insufficient high-temperature suitability. In concentrated aqueous
electrolyte, the top two extra-low-temperature performances that
have been achieved were with 4 M Zn(BF,),/H,O and 7.5 M ZnCl,/
H,0, approaching —100°C, while the highest temperature reported is
60°C for 7.5 M ZnCl,/H,O (1, 16). The aqueous electrolytes with mid-
high concentrations, such as 2 M ZnSO4/H,0 and 3 M Zn(OTf),/
H,0, were reported to work within the range of 0° to 50°C and -10°
to 50°C, respectively (13-15). The single organic solvent-based
electrolytes are showing good prospects, since a few solvents, such
as DMF and AN, can work in wide temperature windows, but most
of the reported organic electrolytes have limited working tempera-
ture ranges, possibly because of their strong affinity to the ions or
their high volatility (7). Using a certain proportion of organic sol-
vents as additives or cosolvents to mix with water is an encouraging
method for extending the temperature window of aqueous electro-
lytes. EG and poly(ethylene glycol) (PEG) have received great atten-
tion because of their high miscibility in water, and the highest
temperature range achieved was with 50 volume % EG with a re-
ported range of —40° to 80°C (27). For utilization under various
temperatures, most of the attention has been paid to the hydrogel
electrolytes. The lowest temperature reported, however, is limited
to above —50°C, which is possibly due to the large amount of water
in the cross-links of the gel.

Other than the electrolytes, the electrode materials also affect the
battery performance under harsh temperatures, as summarized in
Fig. 3B. For low-temperature application, most materials are re-
ported to perform within the mid-low temperature range (—40° to
10°C). Under extra-low temperatures (lower than —40°C), a very
limited number of materials have been studied, and apart from an air
cathode that maintained a high capacity of over 600 mA-hour g (~50°C),
the capacities of most materials are usually below 100 mA-hour g™
Raising the temperature above room temperature can yield higher
capacity than in the low temperature range. The Mn- and V-based
cathodes, such as MnO; and Mn,V,0s, can work effectively
within a generally broad temperature window (mid-low and
mid-high temperature ranges), showing potential for application
in wider ranges. The organic materials, such as polyaniline
(PANI) and phenanthrenequinone macrocyclic trimer (PQ-MCT)
are reported to work at extra-low and extra-high temperatures, but
they present unappealing capacities. The performance of cathodes
in Fig. 3C may partly reflect the working ability of the materials due

Liu et al., Sci. Adv. 8, eabn5097 (2022) 23 March 2022

to the differences in the electrolytes and testing protocols, and it is
believed that the energy density of the reported materials could still
be improved in combination with the proper electrolytes.

DISCUSSION

At subzero temperature, insufficient ionic conductivity of the elec-
trolyte and slow migration of ions result in poor energy and power
density. Freezing of the electrolyte impairs the contact between the
electrode and the electrolyte, causing higher interface resistance and
even battery failure (28). At high temperature, fast volatilization of
the solvent induces swelling of the battery and precipitation of the
salt, greatly affecting the stability of batteries (29). In terms of the
aqueous electrolyte, unordered water is transformed into ordered ice,
and the process is driven by extra HB formation. During the volatil-
ization of water, HBs between water molecules are broken (8, 30).
Thus, adding components that are capable of modulating HBs in
the solution is a general strategy to change the freezing/boiling point.
To minimize the negative effect of freezing/volatilization on the
electrolyte, other methods such as reducing the water content and
substituting weak volatile solvents for water have been adopted for
the design of ZMBs with wide operating temperature ranges. In this
section, we will discuss the development of different classes of elec-
trolytes will be discussed in more detail.

Concentrated aqueous electrolyte

Increasing the concentration of salts is an efficient way to decrease
the freezing point of a solution. The interaction between ions and
water molecules enlarges the distance between water molecules and
reduces the number of HBs between water molecules, effectively
lowering the freezing point (31).

More HBs are destroyed when the concentration of salt (Cg,r)
increases, and thus, highly soluble salts such as ZnCl, (432 g/100 g
at 25°C) are preferred. However, if the Cg,); exceeds a certain value,
then the interaction between anions and cations will be strengthened,
which is detrimental to mass transfer and can increase the liquid-solid
transition temperature (T;) (I). The balance between HBs and ion
interactions was achieved by varying Cz,c2, as shown in Fig. 4A. The
T, of a ZnCl, solution was lowered to —114°C with a Cz,c, of 7.5 m
in Fig. 4B, enabling a Zn||PANI battery to operate from —90° to 60°C
(1). In addition to high solubility, the intrinsic properties of the an-
ion and cation should be noted. Elements such as nitrogen (N), oxygen
(O), and fluorine (F) are HB acceptors and can easily form HBs
(O—H---X) with water molecules (32-34). Fourier transform infra-
red spectroscopy (FTIR) investigations (as shown in Fig. 4, C and D)
and the ratio of different HBs in Fig. 4E indicate the intensification
of weak OH.--F HBs between water molecules and BF,~ anions and
the weakening of strong OH---O HBs between water molecules, when
Czn(Bra)2 increases from 1 M to 4 M. BF, anions were proved to
damage the original HB network within water and hinder ice nucle-
ation. A 4 M Zn(BFy),-based electrolyte achieved a low freezing
point (~122°C) and a high ion conductivity (1.47 mS cm™! at —70°C)
and enabled the Zn||tetrachlorobenzoquinone (TCBQ) battery to
reach a discharge capacity of 63.5 mA-hour g™' at ~95°C within a
wide operating temperature range from —95° to 25°C (16). Correla-
tions and effects of the cation-water, anion-water, and cation-anion
interactions, as shown in Fig. 4F, were investigated through five
commonly used Zn salts including ZnSOy, Zn(NOs3),, ZnCl,, Znl,,
and Zn(OTf),. It is summarized in Fig. 4G that an anion with high
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electrostatic potential generates a weak Zn”*-anion interaction and
a high Zn-water coordination number, resulting in a small HB num-
ber in molecular dynamics simulations, a low HB intensity in FTIR,
and a lower freezing point (35).

Asymmetric anions have been proved to be capable of preventing
the crystallization of WIS electrolytes at low temperatures (36-38).
WIS electrolytes based on asymmetric (fluorosulfonyl) (trifluoro-
methanesulfonyl)imide (FTFSI") anions, as well as its symmetric
anion analogs bis(fluorosulfonyl)imide (FSI”) anion and bis(triflu-
oromethanesulfonyl)imide (TFSI") anion, were investigated in terms
of the local solution structures and dynamic behavior. Figure 4H
compares the local coordination for symmetric TFSI™ and asymmetric
FTFSI™ anions. Uncoordinated SO,CF; groups in FTFSI™ with high
rotational mobility impede close packing of the surrounding ions.
Asymmetry also increased the difficulty of forming ordered arrange-
ments of electrolyte species. Therefore, the crystallization process
was suppressed, and asymmetric LiFTFSI-based electrolyte exhibited
the lowest freezing point of —18°C, as shown in Fig. 4I (38).

Recently, the physical solubility limit of salts in water was broken
by adding acetate anions, and the nonpolarized protons could pre-
vent the overgrowth and precipitation of ionic oligomers (39, 40).
ZnCl,/ZnBr,/Zn(OAc),-based aqueous electrolyte, where OAc™ stands
for acetoxy group, reached a record-breaking solubility of 75 m, far
exceeding those of water-in-(bi)salt/hydrate melt electrolytes (21 to
40 m) (41-44). In a 40-m ZnBr(5Cl; 5 aqueous solution [without
Zn(OAc),], salt precipitation occurred, while the WSOE45-1 sam-
ple [45-m ZnBr(5Cl; 5 and 1-m Zn(OAc),] was stable after cooling
down in Fig. 4]. Furthermore, no salt crystallization or water freez-
ing was observed from 40° to —80°C, suggesting the high concentra-
tion and antifreezing property of WSOE45-1 (39).

In addition to the freezing point, ionic conductivity at low tem-
perature is a vital property as well. A series of alkaline electrolytes
containing 6 M MOH and 0.2 M Zn(OAc), (M = Li, Na, K, Rb, Cs;
5.0 M LiOH) were investigated, and they all remained liquid at
-30°C except for the LiOH-based electrolyte. In Fig. 4K, ionic con-
ductivity follows the sequence of Cs > Rb > K > Na > Li. The appar-
ent high conductivity of CsOH-based electrolyte could be ascribed
to the sparse solvation structure of the cations with a larger atomic
number, which allowed more free ions to migrate (45).

The concentrated electrolyte strategy has attracted much atten-
tion because of the following advantages: (i) decreasing the freezing
point of the electrolyte (1), (ii) expanding the electrochemical sta-
bility window of the electrolyte (46), (iii) alleviating the dissolution
of the cathode and corrosion of the anode (47), (iv) accelerating
electrode reactions (48), and (v) increasing the metal ion transfer-
ence number (49). All these merits endow the ZMB with splendid
electrochemical performance at low temperatures. Figure 4L illus-
trates the free water molecules in salt-in-water electrolyte and sol-
vated water molecules in water-in-salt electrolyte. There are two
main interactions that affect the H,O-H,O HBs: the Zn ion-H,O
and anion-H,0 interactions. The solvation force of Zn>* with water
is known as the strongest interaction, but its solvating ability is in-
fluenced by the type of anions. An anion with a higher electrostatic
potential can lead to a larger zinc-H,O coordination number (35).
Although not as strong as the Zn ion-H,O solvating force, the
anion-H,O interaction due to the formation of new HBs through the
HB-acceptor elements (O, F, and N) has also been found to lower
the electrolyte freezing point. To summarize, salts with the follow-
ing characteristics are promising candidates: (i) high solubility (1),
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(ii) forming HBs with water molecules (17, 35), and (iii) inhibiting
ions or the solvent from forming long-range order (39, 40). Never-
theless, the limitations of the concentrated electrolyte strategy should
not be neglected, including (i) high viscosity due to the strong cation-
anion ion coupling, (ii) low ionic conductivity, (iii) crystal precipi-
tation, and (iv) high cost due to using a large amount of expensive
salt (e.g., fluorinated salt).

Organic solvent-based nonaqueous electrolytes

Replacing water with organic solvents that have low freezing points
such as DMF, AN, and propylene carbonate (PC) is an effective way
to enhance the performance of the electrolyte at low temperatures.
DMEF is a polar solvent with a low freezing point (-61.4°C), a high
boiling point (153°C), and high dielectric constant (36.7), which is
used as an additive or solvent for electrolytes (50). In Fig. 5 (A and B),
the freezing point of 0.5 M Zn(OTf),/DMEF is —70.8°C, enabling
Zn||[PQ-MCT cells to reach capacity retention rates with 66.2%
(—40°C) and 23.8% (-70°C) of the capacity at room temperature. In
addition, the Zn**-DMF complex enhanced zinc salt solubility, sup-
pressed growth of dendrites, and completely avoided the unwanted
side effects caused by water, such as the hydrogen evolution reaction
and corrosion of zinc anode (11). Common organic solvents with wide
liquid temperature ranges, such as AN (22) (-45° to 81.6°C) and PC
(51-53) (—48.8° to 242°C), are also used as antifreeze in ZMBs. A
Zn/graphite battery with 1.2 M Zn(TFSI),/AN electrolyte operated
from —40° to 80°C, and no obvious capacity fading was observed after
400 cycles at —40°C (22). A Zn||Zn(ClO4)»/PC||Mnyg 15V,05-nH,0
cell achieved a specific capacity of 100 mA-hour g™ after 3000 cycles
at —20°C, as shown in Fig. 5C (52).

Binary and ternary solvent systems have been developed for ZMBs
at room temperature to achieve enhanced electrochemical stability
and zinc anode reversibility. Trimethyl phosphate (TMP) was in-
troduced into ethyl methyl carbonate (EMC), and the anion solva-
tion network notably increased the oxidation stability of electrolyte
from 2.55t03.00 V (versus Zn/Zn**) as shown in Fig.5D. Batteries
based on Zn(TFSI),/EMC-TMP (1:3 by volume) electrolyte exhibited
excellent cyclability and capacity, as seen in Fig. 5E (54). Qiu et al.
(55) optimized the PC/TEP ratio in their organic electrolyte, and
the electrolyte showed a high conductivity, a wide stable potential
window, and the capability to suppress dendrite growth. In re-
cent years, the electrochemical performance of lithium-ion batter-
ies (LIBs) at low temperatures has been enhanced by changing the
composition of solvent mixtures (56-59). For example, the ternary
ethylene carbonate-PC-EMC (EC-PC-EMC) solvent system with
optimized EC content allowed a 1 A-hour graphite||LiNi;;sMny,3
Co,/30; pouch cell to exhibit outstanding long-term cycling per-
formance at —30°C (56). Inspired by the design of LIBs for low tem-
peratures and the fact that melting points of EMC (-55°C), TMP
(—46°C), PC (-48.8°C), and TEP (-56.5°C) are all below zero, there
is great potential to develop mixed organic solvent-based electro-
lytes to prevent freezing in zinc ion batteries, and not much work
has been done in this area.

Using an organic solvent with a low freezing point is a straight-
forward method to fabricate antifreezing ZMBs. However, this does
not mean that solvents with a high melting point have no chance to
serve as the solvent. Succinonitrile (SN) exhibits a plastic-crystal
phase at room temperature with a Ty, of 54° to 57°C. By surround-
ing the nitrile with water dipoles, the intense nitrile-nitrile dipolar
associations responsible for the regular long-range crystalline
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Fig. 5. Recent advances on antifreezing organic solvent-based nonaqueous electrolytes. DSC curves for (A) pure DMF and (B) 0.5 M Zn(OTf),/DMF electrolytes down
to —140°C. (A) and (B) are reproduced with permission from John Wiley and Sons (77). (C) Long cycling performance of Mng 15V,0s:nH,0 electrode in Zn(ClO,4),/PC at
2.0A g™ at—20°C. Reproduced with permission from John Wiley and Sons (52). (D) lllustration of the EMC-TMP electrolyte with a microheterogeneous anion distribution for
Zn/graphite cells. (E) Capacity retention for Zn/graphite cells based on different electrolytes. (D) and (E) are reproduced with permission from John Wiley and Sons (54).

lattice of SN were weakened. Hydrated eutectic Zn electrolytes were
prepared by mixing Zn(ClO4),-6H,0O and SN without adding extra
water, and an ultralow eutectic temperature of —95.3°C was achieved under
the 1:8 of Zn salt/SN molar ratio. Zn||PDB battery, where PDB is
poly(2,3-dithiino-1,4-benzoquinone), based on the Zn(ClO,),-6H,O/SN
electrolyte showed a capacity of 50 mA-hour g™' at —20°C, a capacity
retention of 85.4% over 3500 cycles, and almost 100% of Coulombic
efficiency (CE) at room temperature (60).

In general, organic solvents with the following characteristics
can be used to boost the electrochemical performance of ZMBs at
subzero temperatures by suppressing Tr, of the electrolyte and elim-
inating water-related parasitic reactions: (i) low melting point and
high boiling point, (ii) low viscosity, (iii) relatively high polarity
to dissolve ionic salts, (iv) affordability, and (v) wide availability.
However, the development of most organic solutions is still chal-
lenging because of the low ionic conductivity or the poor solubility
of zinc salt with solvents (11).

Liu et al., Sci. Adv. 8, eabn5097 (2022) 23 March 2022

Antifreezing additives/cosolvents for water-based electrolytes
Because of their “small dosage” and “quick effect” properties, con-
siderable attention has been paid to electrolyte additives and cosol-
vents (61). The mechanism of reducing the freezing point of aqueous
electrolyte with additive or cosolvent is based on destroying HBs
within the water network by the competitive interaction between
additives/cosolvents and water molecules. Widely used antifreezing
additives or cosolvents include EG (23, 27, 62, 63), MeOH (24),
1,3-dioxolane (DOL) (64), DMSO (65-67), AN (68, 69), etc.

EG is a typical antifreeze due to its low freezing point and high
boiling point (23). In addition, characteristics including good solu-
bility in water, a high dielectric constant, a high flash point, and low
cost render it a promising electrolyte solvent additive. The freezing
point of a mixture of EG and water decreased to —33°C when the
EG-to-water volume ratio reached 60% (EG60), as shown in Fig. 6A. The
special solvation interaction of Zn** with EG, which intensifies
the HBs between EG and H,O, broke the HBs between water molecules
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and weakened the solvation interaction between Zn** and H,0, as
illustrated in Fig. 6B. ZMBs with 2 M ZnSO4/EG40 electrolyte deliv-
ered a high energy density of 121 Wh kg, a high power density of
1.7 kW kg™, and a long-cycle life of 250 cycles at —20°C (23). In
addition to EG, which belongs to the class of polyhydric alcohols,
monohydric alcohols, such as MeOH with a low freezing point
of —97.8°C, can be used as antifreezing solvents as well. Anti-M-50%
(2 M ZnSO4, H,0, and 50 volume % MeOH) was designed to boost
Zn reversibility and widen the operating temperature of ZMBs.
In Fig. 6C, anti-M-50% electrolyte maintained its liquid state,
while 2 M ZnSOjy froze as the temperature decreased from —10°
to —40°C. Excellent electrochemical performance with an average CE
0f 99.5% and negligible fluctuations can be observed in Fig. 6D (24).
DOL has high ionic conductivity and low viscosity. Its special
ring structure completely exposes the lone pair of electrons on its O
atom, resulting in the formation of HBs with H,O. A Zn/V,05 cell
based on 1 M Zn(OTf),/DOL/H,0 exhibited a superior low-
temperature performance over 300 cycles at —30°C (64).

Liu et al., Sci. Adv. 8, eabn5097 (2022) 23 March 2022

DMSO is a commonly used solvent because of its high polarity,
high boiling point, thermal stability, and its ability to dissolve various
inorganic salts (70). Dead zinc sharp tips appeared in the electrolyte
without DMSO, while a smooth zinc anode surface was obtained
after 300 cycles in hybrid electrolyte, as demonstrated in Fig. 6
(E and F), highlighting the capability of DMSO hybrid electrolyte in
texturing the Zn metal nucleation on the basal plane (65). The inter-
action between the O atom in the S=O bond of DMSO and the H
atom in the O—H bond of a water molecule leads to a stable hydro-
gen network, and the formation of ice is prevented (71). Nian et al.
(66) found that the water/DMSO mixture (molar fraction, y = 0.3)
did not freeze until the temperature was reduced to —130°C, which
was much lower than the freezing points of pure DMSO (18.9°C)
and pure water (0°C).

It is noteworthy that there are exceptions for some potential
additives/cosolvents with H-bonding acceptors. Organic compounds
such as ethylene oxide (72), tetrahydrofuran (73), and 1,4-dioxane
(74), which can form clathrate hydrates with water molecules,
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may not always be able to suppress the freezing point. Although
ethylene oxide, tetrahydrofuran, and 1,4-dioxane share similar
structures with DOL, they generate totally different effects after being
added into water.

To summarize, when designing water-based electrolytes with solvent
additives or cosolvents for low-temperature operation, it is neces-
sary to determine the interactions between the zinc ions, solvent, and
water, which can have an impact on the H,O-H,0 HBs (Fig. 6G).
An ideal additive/cosolvent for future practical application should
not only be able to enhance low-temperature adaptability but also
generate a stable Zn”"-conducting interphase to protect the metal anode
for long-term cycling. Therefore, the characteristics of additives/
cosolvents listed below are noteworthy: (i) low melting point, (ii)
miscibility with water, (iii) suitable HB acceptor and donor num-
bers (DNs), (iv) high ionic conductivity, (v) high electrochemical
and thermodynamic stability, and (vi) low cost. Constructing stable
HBs between additives/cosolvents and water molecules is the key
concept in designing an antifreezing aqueous electrolyte. In the
meantime, additional functions and effects of additives or cosol-
vents, such as forming an SEI layer on the anode and suppressing
cathode dissolution, were also found. Some inorganic and organic
additives, such as Zn(H,POy), (75) and dopamine (76), have shed
light on forming in situ generated SEI layers in water-based electro-
lytes, by showing good protective effects on the metal anode and
a good ability to inhibit dendrites. Therefore, in addition to their
temperature adaptability, the additives/cosolvents also deserve a
complete work for understanding their influence on both electrodes
and for expanding their use.

Antifreezing hydrogel electrolytes

Flexibility and multifunctionality make hydrogel an ideal candidate
for fabricating electrolytes for flexible and wearable devices. The in-
evitable freezing of conventional hydrogels at or near 0°C, however,
seriously degrades their electrochemical and mechanical performance
and affects practical applications at extremely low temperatures (77).

Hydrogels are typically composed of elastic cross-linked hydrated
polymer chains with interstitial spaces filled with abundant water
(78). Water is classified into three different states that are nonbound
water (NBW), weakly bound water, and strongly bound water (SBW),
according to its interaction with hydrogel (79). The intense interac-
tion between NBW and other free water molecules through
HBs contributes to the formation of ice, endowing NBW with
a high freezing point of 0°C. Considering that the freezing point
of SBW is about —100°C, the freezing temperature of hydrogel can
be suppressed by two methods: (i) breaking HBs between water
molecules by introducing salts or solvents or (ii) intensifying the
interaction between water and the hydrogel by modifying the hydro-
gel network.

Taking advantage of the colligative property of hydrogels and
the water-in-salt strategy, adding a salt solution into a hydrogel
is a convenient method to decrease the freezing temperature of the
hydrogel. The salt concentration, salt type, and compatibility of the
salt and the hydrogel are all critical factors. Concentrated KOH
solution was added into the double network of a hydrogel com-
posed of poly(2-acrylamido-2-methylpropanesulfonic acid potassium
salt) (PAMPS-K) and methyl cellulose (MC), as shown in Fig. 7A. The
combination of a concentrated KOH solution and a hydrogel brings
an extremely high ionic conductivity of 105 mS cm™ at 25°C (80).
The Raman spectra in Fig. 7B investigated the structure of water
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molecules in polyacrylamide (PAAm, also known as PAM) hydrogel,
PAM hydrogel with 2 M ZnSOy4 (Z-PAM), and PAM hydrogel with
2 M ZnSOy4 and 4 M LiCl (ZL-PAM). Reduced intermolecular HBs
at 3220 cm™" and intensified asymmetric stretching at 3420 cm™"
indicated that more water molecules were bonded to the ions in
ZL-PAM. The freezing point of PAM hydrogel was effectively lowered
from —15° to —45°C by cooperatively hydrated Zn*" and Li* ions,
achieving almost 100% of capacity retention and more than 99.5%
of CE over 500 cycles at —20°C (15).

Introducing organic additives that form HBs with water mole-
cules is also an effective strategy to inhibit ice formation in hydrogels.
There are three typical approaches to introducing organic compo-
nents: (i) gelation in a binary solvent, (ii) solvent displacement, and
(iii) chemical cross-linking of hydrogel and organic additives. As a
typical antifreeze, EG was introduced into guar gum/sodium alginate
(GG/SA) hydrogels via a solvent displacement-induced toughening
method. The soaking time and EG volume ratio in the solution were
varied to obtain a good balance between the antifreezing property
and the ionic conductivity. The GG/SA/EG/metal salt electrolyte
yielded a high ionic conductivity of 6.19 mS cm ™" at —20°C (81).
Nonsacrificial HBs between organic molecules and polymer chains
are vulnerable to debonding. The stability of hydrogels prepared by
the “gelation in binary solvent” or “solvent displacement” methods
is not satisfactory in some cases. Decorating the hydrogel with or-
ganic solvent through chemical cross-linking is an effective solution.
Mo et al. (82) used EG and isophorone diisocyanate as monomers
to synthesize glycol-waterborne anionic polyurethane acrylate and
PAM (denoted as EG-waPUA/PAM). An all-round hydrogel was
prepared using cotton-derived cellulose, TEOS, and glycerol as the
polymeric framework, cross-linker, and antifreezing agent, respec-
tively, and the synthesis process is shown in Fig. 7C. Because of the
strong interaction between the hydroxyl groups of glycol and water
molecules, the high-salt concentration, and the hydroxyl groups on
the cellulose framework, the CT3G30 hydrogel reached an ultralow
freezing point of —64.6°C (19).

Another effective method to lower the freezing point is to mod-
ify the hydrogel with charged/hydrophilic groups that have a strong
interaction with water. Leng et al. (83) fabricated poly(sulfobetaine
methacrylate), which is a kind of polyzwitterionic hydrogel electro-
lyte (PZHE). Charged anionic/cationic groups ensured good adhe-
sion between the electrode and the gel electrolyte, inducing an even
ion distribution on the surface of the electrode and a high ion trans-
ference number, as shown in Fig. 7D. Density functional theory
calculations, as in Fig. 7E, showed that the hydrophilic alkalified
carboxyl groups in A-PAA had the highest interaction energy (Eiy)
with water molecules among the four. Thus, HBs among water mol-
ecules in A-PAA were the weakest, and the A-PAA had a lower
freezing point (—36.8°C), superior flexibility, and high ionic con-
ductivity (199 mS cm™! at —20°C). After being dried for 24 hours,
the A-PAA can still remain transparency and presents excellent
flexibility at —20°C, as shown in Fig. 7F, further demonstrating its
good water retaining capacity and antifreezing properties (20).

The design and fabrication of antifreezing hydrogel electrolytes
for ZMBs can follow these rules: (i) introducing a concentrated salt
solution, (ii) introducing antifreezing organic additives, and (iii) syn-
thesizing or modifying the hydrogel with charged or hydrophilic groups.
It should be mentioned that, compared with the liquid electrolyte
discussed in “Concentrated aqueous electrolyte,” “Organic solvent-
based nonaqueous electrolytes,” and “Antifreezing additives/cosolvents
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Fig. 7. Recent advances on antifreezing hydrogel electrolytes. (A) Digital photo

graphs of PAMPSK25-MC2.0 hydrogels prepared in KOH solutions with different Cxon

at 25° and —20°C. Reproduced with permission from the American Chemical Society (80). (B) Raman spectra of the PAAm, Z-PAAm, and ZL-PAAm in specific ranges.

Reproduced with permission from John Wiley and Sons (15). (C) Schematic illustra

tion of the fabrication of CT3G30 hydrogel electrolyte. Reproduced with permission

from John Wiley and Sons (79). (D) Schematic illustration of the morphology of Zn metal anode with polyzwitterionic hydrogel electrolyte (PZHE) during Zn plating.

Reproduced with permission from John Wiley and Sons (83). (E) Molecular models

for simulating interactions between water molecules and various terminal groups in

polymers. (F) Digital photographs showing a comparison of the water retention and antifreezing properties of A-PAA and polyvinyl alcohol (PVA) hydrogels. (E) and (F)

are reproduced with permission from John Wiley and Sons (20).

for water-based electrolytes” sections, extra attention needs to be
paid to the mechanical properties of quasi-solid hydrogels at subzero
temperatures, since hydrogels are always applied in flexible devices.

High-temperature electrolytes
Extreme conditions, such as in a hot desert, require energy storage
systems to be reliable, highly efficient, and safe at elevated tempera-
tures. Good volatility and flammability of the solvent in the electro-
lyte, however, cause swelling and ignition of the battery, inhibiting
batteries from working properly.

Volatilization of the electrolyte can be suppressed by two methods:
(i) concentrated electrolyte and (ii) the complete/partial replacement
of water with solvents with low volatility, such as nonflammable
solvents. A Zn-MnO; battery based on an oversaturated gel electro-
lyte can achieve a specific capacity of 301.6 mA-hour g at 80°C
(40). Replacing water with a solvent with a high boiling point is the
other way to impair the volatility of electrolyte. As shown in Fig. 8A,
Zinc//PQ-MCT batteries with 0.5 M Zn(OTf),/DMF could operate
in a wide temperature range from —70° to 150°C and yielded a ca-
pacity of 196 mA-hour g™' at 150°C, which almost doubled that at
25°C (108 mA-hour g™!) (11). TEP is a fire-retardant solvent with a
high boiling point (215°C), and it favors nonflammability compared
to most reported solvents. On the basis of a mixture of PC, TEP, and
Zn(OTf),, a nonflammable organic electrolyte was prepared for a
high-voltage Zn//polytriphenylamine battery. The addition of TEP

Liu et al., Sci. Adv. 8, eabn5097 (2022) 23 March 2022

effectively enhanced the nonflammability of the electrolyte in the
flammability test in Fig. 8B. The FTIR results in Fig. 8C also reveal
that the intimate anion-carbonate (i.e., OTf -PC) association was
decoupled by TEP, leading to a wider electrochemical stability
window and better reversibility of the zinc anode (55). Liu et al. (6)
proposed 0.5 M-Zn(OTf),/TEP:H,O as a hybrid electrolyte to lift
the battery’s upper safe operating temperature. Water-related parasitic
reactions were also suppressed, because the interaction between Zn**
ions and TEP is the strongest compared to the interacting force in
Zn**-OTf and Zn**-H,0 (Fig. 8D), and the inner solvation sheath
of Zn*" is occupied by TEP (Fig. 8E). Ionic liquids with intrinsic low
flammability and negligible volatility, such as acetamide/zinc per-
chlorate hexahydrate with PAM, can be used to synthesize electro-
lytes with good thermal stability (84).

Hydrogels can also be used for high-temperature applications if
water can be retained in the hydrogel structure. To have good water
retention ability, hydrogels should have these characteristics: (i) chem-
ical groups that can interact with water molecules and (ii) a coating
layer that can avoid the escape of water. A supramolecular-polymer
double-network (SP-DN) hydrogel with guanosine-cyclohexylboronic
acid (G-CyBA) and PAM was prepared by using a one-pot method,
as shown in Fig. 8F. Because of multiple interactions, ionic conduc-
tivity of the KOH (6 M)-filled SP-DN hydrogel electrolyte reached
431.7 and 3.2 mS cm ™" at 100° and —80°C, respectively, as demon-
strated in Fig. 8G (85). Inspired by the phenomenon that epidermis
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Fig. 8. Recent advances on electrolytes for high-temperature operation. (A) DSC curve for 0.5 M Zn(OTf),/DMF electrolyte heated up to 200°C. Reproduced with
permission from John Wiley and Sons (77). (B) Flammability test for electrolytes. (C) FTIR spectra of different Zn(OTf),/ (TEP/PC) electrolytes. (B) and (C) are reproduced
with permission from John Wiley and Sons (55). (D) Calculated radius distribution of O atoms from H,0, OTf~, and TEP molecules around Zn** for the electrolyte with a TEP
volume ratio of 50%. (E) Illustration of the Zn>* centered solvation structures for pure aqueous electrolyte and Zn(OTf),-TEP-H,0 electrolyte. (D) and (E) are reproduced
with permission from John Wiley and Sons (6). (F) lllustration of the synthesis process for G-CyBA/PAAm SP-DN hydrogel. UV, ultraviolet. (G) Conductivity of 600% KOH (6 M)-
filled G-CyBA/PAAm SP-DN hydrogel at different temperatures. RT, room temperature. (F) and (G) are reproduced with permission from the Royal Society of Chemistry
(85). (H) lllustration and SEM image of BM-gel electrolyte. (I) Digital photographs of BM-gel and PAM-hydrogel electrolytes after being heated to 80°C or freeze-dried for
24 hours. (H) and (1) are reproduced with permission under the terms in https://creativecommons.org/licenses/by/4.0/ (86).

covers the muscle tissue to prevent dehydration, an elastomer layer
was chemically coated on the surface of a hydrogel to form a bio-
mimetic organohydrogel (BM-gel) electrolyte and avoid migration
of water molecules from inner gel matrix to the external environ-
ment (Fig. 8, H and I). The ingenious design of the elastomer greatly
improved the wide temperature range operability of the battery,
delivering a capacity of 105mA-hour g™ at a current density of 2 A
g " under 80°C and 165 mA-hour g™' at a current density of 0.2 A
g”' under —20°C, respectively (86).

The high temperature will result in electrolyte oxidation, which
leads to electrolyte consumption through chemical or electrochem-
ical reactions. These reactions may be accelerated when the cathode

Liu et al., Sci. Adv. 8, eabn5097 (2022) 23 March 2022

contains transition metal elements, which may have catalytic effects
(29). In addition, an organic cathode is likely to dissolve in organic
solvent-based electrolytes, and some inorganic cathodes can dissolve
or decompose at high temperatures (11, 29, 87). Thus, the influence
of the cathode on the electrolyte should be considered when design-
ing suitable electrolytes or evaluating the battery performance at
high temperatures.

In conclusion, the design of ZMBs with wide temperature oper-
ability and high safety can be based on the following principles:
(1) highly concentrated electrolyte, (ii) solvents with poor volatility,
(iii) hydrogel with hydrophilic or charged groups, and (iv) hydrogel
with coating for maintaining moisture. When it comes to practical
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application, other than volatility and flammability, more properties
such as cost, and biological and environmental toxicity need to be
taken into consideration (86).

SUMMARY AND OUTLOOK

Summary of different electrolyte strategies

The electrochemical performance of ZMBs is challenged by extreme
temperature applications due to the freezing or volatility of electro-
lytes. Several approaches are adopted to prepare electrolyte for low-
and high-temperature usage, and these types of electrolytes show
different merits from the aspects of the working temperature range,
ionic conductivity, viscosity, cost, chemical stability, or thermal sta-
bility, as rated and compared in Fig. 9A. To be specific, compared
with the innovative strategies, the traditional aqueous electrolytes
that normally have a dilute concentration, such as 0.5 M ZnSOy, have
innate advantages in terms of high ionic conductivity, low viscosity,
and low cost. The WIS strategy can broaden the operating tempera-
ture, expand the electrochemical stability window, alleviate the dis-
solution of the cathode and corrosion of the anode, and increase the
metal jon transference number. It also has disadvantages, however,

such as high viscosity, crystal precipitation, high salt cost, and the
huge quantity used in WIS electrolyte. Most of the reported concen-
trated electrolytes use either low-cost ZnCl, or other rare salts, which
all sacrifice viscosity and some ionic conductivity. The hybrid elec-
trolyte with cosolvent may share some similar advantages to all
organic solvent-based electrolytes with respect to chemical and thermal
properties, but it is also highly dependent on the ratio and intrinsic
properties of the cosolvent in the aqueous solution. Some excellent
organic solvents with low Ty, can boost the electrochemical perform-
ance of ZMBs at subzero temperatures by suppressing the Ty, of the
electrolyte and eliminating parasitic reactions. Although in the
case of most of the reported organic solvents, their intrinsic flam-
mability and low ionic conductivity may hinder their application,
some of them can be used as cosolvents to overcome this short-
coming and enable a suitable SEI by mixing with the aqueous solu-
tion. The antifreezing additives are used to construct stable HBs
between the additives and the water molecules but usually do not
have an apparent influence on the overall properties of the original
electrolyte. The antifreezing property of a hydrogel can be improved
using the same solutions as for a water-based electrolyte, increasing
the salt concentration, adding antifreezing additives/cosolvents.
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Fig. 9. Comparison of different electrolyte design strategies and potential candidates as solvents or additives/cosolvents for ZMBs that can operate at harsh
temperatures. (A) Spider chart for an itemized comparison of different types of electrolytes in ZMBs based on their summarized performances. (B) The key parameters
and in-depth analysis techniques for the study of electrolytes intended for harsh temperature applications. (C) Liquid temperature range, miscibility in water, and flash
point of organic solvents that are promising to use in ZMBs for harsh temperature application. (D) Liquid temperature range and DN of water-miscible organic solvents
that are promising candidates as additives/cosolvents for ZMBs operating at harsh temperatures.
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Therefore, apart from the viscosity and cost, most hydrogel electro-
lytes can approach high ionic conductivity and thermal stability that
are as good as for the water-based electrolytes. Synthesis or modifi-
cation of a hydrogel with charged or hydrophilic groups can achieve
excellent low-temperature performance as well.

In assessing the full battery performance, most reports used
superfast testing current rates on cathode materials, presenting
excellent capacities but ignoring the proton cointercalation or side
reactions between the materials and the electrolyte. In addition, most
of the electrolytes reported to work under extreme conditions were
tested at a selected temperature, without investigating more phys-
ical properties, such as the thermal stability range of the electrolyte.

Specifically, all the electrolytes are generally recommended to
have high ionic conductivity, a low freezing point, low viscosity, low
free water content, and low flammability (see Fig. 9B) for beyond-
room-temperature utilization. Besides these physical properties,
in-depth probing of the electrolyte structure is important for fur-
ther understanding its interfacial behavior on electrodes. The coor-
dination environment of different electrolyte components can
preliminarily be analyzed via spectroscopy techniques (Raman and
FTIR) via shifts in the wave number and intensity changes of the
chemical functional groups. Precise analysis of the complex struc-
ture of an electrolyte requires advanced nuclear magnetic resonance
or synchrotron-radiation extended x-ray absorption fine structure,
which, however, has limitations on the elements that can be charac-
terized or is distant from most battery researchers. The computing
simulation method is one of the most effective ways for acquiring
detailed information about the electrolyte structure and predicting
the possible interfacial reactions.

On the basis of the above discussions on the reported strategies
and key parameters, a selection pool of the promising additives/
solvents for different temperature ranges has been composed.
Figure 9C shows the potential organic additives/solvents, which could
be selected for application at different temperatures according to
their intrinsically stable liquid window. In the real situation, however,
the temperature stability window of the electrolyte may differ from
the intrinsic property of the solvent, since the interaction of different
electrolyte components can affect the freezing or evaporation
performance of the whole solution. For additives/solvents in water-
based electrolytes, the Gutmann DN is critical for determining the
bonding strength with H,O, which is important for reducing the
water activity. A solvent that has a higher DN than H,O (DN =
18 kcal mol ™) could be a good candidate to be used in a small dosage
but can lead to a good effect in forming HBs and thus enhance the
temperature adaptability. In this respect, Fig. 9D lists some water
miscible solvents for extreme temperature use and compares the
DN values of these solvents. According to the DN value, MeOH,
DOL, diglyme (G2), EG, TMP, TEP, DMSO, and DMF are good
candidates as additives/cosolvents for manipulating the HBs between
water molecules.

Road to practical application

After intensive development, ZMBs have been broadly studied to
address the scientific issues relating to both cathode and anode as
well as the electrolyte with publications. The future commercializa-
tion of ZMBs for grid scale and other stationary energy storage re-
quires variable temperature operation, which is highly reliant on
the joint improvements on energy density, cycle life, and harsh tem-
perature adaptability.

Liu et al., Sci. Adv. 8, eabn5097 (2022) 23 March 2022

In view of the above status, the further development of ZMBs for
harsh environment deployment needs to take the industrial re-
quirements into account in their early-stage consideration. The re-
cent studies on extending the working temperatures for ZMBs have
highlighted several promising methods, through adjusting the con-
centration, introducing additives, adopting water-organic solvents
hybrid strategy, using all-organic solvents, or using various sol-gel
approaches. As summarized in Fig. 3 and Table 1, the Mn- and
V-based cathodes, such as MnO,, Mg, V,0s5, and VOPOy, exhibit
great prospects for high capacity and relatively high operational
voltage at various temperatures. Besides high energy density, the
actual requirements for grid-scale application of ZMBs are safety
and low cost. Thus, aqueous electrolytes and their derivative hybrid
electrolytes with additives or organic solvents are most likely to
offer these advantages along with practical pathways to ZMB tech-
nology. Although the separator does not directly participate in electro-
chemical reaction in ZMBEs, its properties such as porosity, pore size,
permeability, chemical/physical stability, ionic conductivity, dimen-
sional stability, mechanical strength, and thermal shrinkage will have
a great impact on the overall performance of the batteries in terms
of their cycling performance, safety, internal resistance, and capacity.
For application under harsh temperature conditions, the chemical/
physical stability and thermal shrinkage are two factors that require
extra attentions. The permeability, wettability, and ability of the
separator to take up and retain electrolyte will affect the dendrite
growth of the Zn anode. Separators with high permeability will
facilitate a more uniform ionic flow. Good ability of the separator to
take up and retain electrolyte will contribute to an uninterrupted
supply of ionic flux and a lower concentration gradient. Thus, the
dendrite growth will be suppressed (35).

The current industrial processes for ZMBs are in their infancy,
due to the currently inferior performance of these batteries under
practical testing protocols, which refer to using industrial testing
methods under harsh environments. Although there are various in-
novations aimed at improving the overall performance of ZMBs,
the major achievements are limited to bench-scale tests. The future
energy density goal for ZMBs should be over 90 Wh kg ™', while the
calculated energy density (based on all battery components) for lab-
oratory research is usually between 50 and 80Wh kg™, which is still
below industrial needs (88). Specifically, the bench research is usu-
ally optimized while neglecting other factors, such as the cathode
loading, the electrolyte amount, metal anode thickness, safety, and
cost, which is inadequate for practical applications. Although it
might be too early to require the development of specific practical
testing protocols for ZMB electrolytes, the current fundamental
studies on electrolytes should at least emphasize these directions: (i)
the working temperature range, (ii) the working voltage window,
(iii) the compatibility with the cathode material and zinc metal an-
ode, and (iv) the safety considerations and dosage for their matched
cathode/anode.

To sum up, the rapid evolution of ZMB:s is calling for systematic
research to cope with external environmental changes for practical
deployment. Although LIBs will still dominate the energy storage
market in the next decade, the bright future of ZMBs toward de-
ployment as grid energy storage will continually encourage their
forefront study and will advance their progress toward commercial-
ization. Therefore, improving the output energy density of ZMBs to suit
the demand for beyond-room-temperature application is an urgent
necessity. There have been tremendous efforts on optimizing the
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welectrolytes for metal anode protection, while current study of their
intrinsic properties to address the practical issues is lagging. In this
respect, it is urgent to develop cost-effective electrolytes and, in the
meanwhile, to show their promise under extended temperatures.
This review has mainly targeted temperature adaptation strategies
for zinc ion-based electrolytes, but it may also have reference value
to other battery research beyond ZMBs, since the electrolytes share
very similar fundamentals.
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