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Electrolyte engineering for low-temperature
aqueous batteries: strategies, mechanisms, and
perspectives
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Lin Sheng*® and Zhangxiang Hao () *?

Aqueous batteries offer inherent safety and environmental advantages, yet their deployment is critically
constrained by severe performance degradation below O °C, where capacity losses exceed 50-80% and
complete failure occurs below —20 °C. This limitation significantly restricts applications in rapidly expand-
ing cold-climate sectors including Arctic operations and winter electric mobility. This comprehensive
review presents a systematic analysis of electrolyte modification strategies through four primary
approaches: concentration engineering, inorganic additives, organic additives, and gel electrolyte archi-
tectures. Unlike previous reviews focusing on individual techniques, this work establishes a holistic frame-
work integrating molecular-level mechanisms with macroscopic performance outcomes. Recent
advances demonstrate remarkable progress: concentration engineering enables operation to —70 °C
through higher concentration mechanisms, inorganic additives achieve stable cycling at —60 °C via hydro-
gen bonding disruption, organic additives provide multi-functional enhancement to —55 °C through co-
ordinated solvation engineering, and gel electrolytes deliver robust performance at —50 °C through syner-
gistic polymer-additive interactions. Advanced characterization reveals optimal performance requires
multi-scale synergistic regulation across molecular solvation environments, interfacial processes, and bulk
transport properties. Critical gaps include incomplete understanding of interfacial evolution during
thermal cycling and limited predictive capability for multi-component optimization. This analysis estab-
lishes fundamental design principles and identifies priority research directions for translating laboratory
breakthroughs into commercially viable low-temperature agueous battery technologies.

(1) This review presents breakthrough green electrolyte strategies enabling aqueous batteries to operate at unprecedented low temperatures (—160 °C to
—50 °C), replacing toxic organic electrolytes. Key innovations include sustainable “water-in-salt” mechanisms suppressing ice formation, bio-derived anti-
freeze molecules disrupting hydrogen bonding, and environmentally benign multi-component systems maintaining green chemistry principles.

(2) Unlike previous fragmented studies, this work establishes the first unified theoretical framework for low-temperature green battery design, revealing
multi-scale synergistic regulation principles. Systematic structure-property correlations enable predictive electrolyte optimization, transforming sustainable
energy storage from trial-and-error to knowledge-driven approaches for Arctic operations.

(3) This framework will enable rational design of next-generation cryogenic green electrolytes through predictive modeling. The identified mechanisms and
bio-inspired design principles will guide development of sustainable additives for extreme environments, accelerating commercialization of safe battery

technologies for polar regions.

1 Introduction

Aqueous batteries (ABs), encompassing lithium-ion, sodium-
ion, potassium-ion, zinc-ion, and other metal-ion systems,
have emerged as promising alternatives due to their inherent
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material availability, and superior ionic conductivity in
aqueous media.'® However, the practical implementation of
these systems faces a critical bottleneck in low-temperature
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environments, where performance degradation becomes
severe below 0 °C, significantly limiting their deployment in
high-latitude regions, polar research stations, cold-climate
energy storage facilities, and winter electric vehicle
applications.” The growing demand for reliable energy
storage in extreme environments, driven by expanding Arctic
operations, increasing cold-region renewable energy projects,
and the need for year-round electric mobility, has made the
development of low-temperature aqueous batteries a strategic
priority for achieving global energy security and climate
goals.g’lo’ll

The performance degradation of aqueous batteries under
low-temperature conditions represents a fundamental scienti-
fic and technological challenge that severely constrains their
practical viability. Experimental studies have demonstrated
that conventional aqueous battery systems experience dramatic
capacity losses, often exceeding 50-80%, when operating
temperatures drop below 0 °C, with complete failure frequently
occurring at temperatures below —20 °C.”'>" This perform-
ance deterioration manifests across multiple critical dimen-
sions: ionic conductivity decreases by several orders of magni-
tude due to increased electrolyte viscosity and restricted ion
mobility, charge transfer kinetics become severely limited by
enhanced activation barriers, and ice crystal formation can

irreversible  structural =~ damage to  Dbattery
12,14,15

cause
components.

The underlying mechanisms stem from water’s unique
molecular properties, particularly the strengthening of hydro-
gen bonding networks at reduced temperatures, which funda-
mentally alters electrolyte structure and ion transport
pathways.'®?° Current commercial aqueous battery techno-
logies remain largely ineffective for applications requiring
operation below —10 °C, creating a significant technological
gap in cold climates where energy storage demand is rapidly
growing.>'"?* This limitation has become increasingly urgent
as climate change drives energy infrastructure development in
polar regions and the electrification of cold-climate transpor-
tation systems demands reliable low-temperature energy
storage solution.>*
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The rapidly growing research interest in low-temperature
aqueous batteries is evidenced by the exponential increase in
scientific publications, with cryogenic battery studies rising
from 215 papers in 2021 to 383 papers in 2024, while aqueous
cryogenic battery research specifically grew from 155 to 283
publications over the same period (Fig. 1A and B). This surge
in research activity reflects the scientific community’s increas-
ing focus on electrolyte engineering as the most promising
and versatile approach for enhancing aqueous battery perform-
ance under extreme conditions. Current research strategies
have evolved along four primary pathways: concentration regu-
lation through “water-in-salt” formulations that fundamentally
alter ion-water interactions and suppress ice formation, in-
organic additive incorporation utilizing high-charge-density
cations and structure-breaking anions to disrupt hydrogen
bonding networks, organic additive integration leveraging
functional molecules to modify solvation structures and inter-
facial properties, and gel electrolyte construction that com-
bines polymer networks with strategic additives to achieve
synergistic performance enhancement.

Statistical analysis of recent literature reveals that organic
additives dominate current research efforts (62%), followed by
concentration regulation (28%), inorganic additives (6%), and
gel electrolytes (4%) (Fig. 1C), reflecting both the versatility of
organic molecules and the accessibility of this modification
approach.”?*?® Recent breakthroughs have demonstrated
remarkable progress across different battery chemistries and
temperature ranges, with milestone achievements including
zinc-based systems operating at —70 °C (7.5 M ZnCl,, 2000
cycles), =50 °C (ZnCl,-aDG, 10 000 cycles), alongside sodium-
based systems achieving stable cycling at —60 °C with thou-
sands of cycles (Fig. 1D).***> However, significant challenges
persist in translating these laboratory achievements to practi-
cal applications. Key obstacles include the cost-effectiveness of
ultra-high concentration electrolytes, scalability of complex
multi-component systems, and trade-offs between low-temp-
erature performance and other critical metrics such as energy
density and safety.>** Furthermore, the mechanistic under-
standing of how different modification strategies interact at
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(A) Number of cryogenic batteries (B) Number of aqueous cryogenic (C) Percentage of different electrolyte
on Web of Science between batteries on Web of Science improvements in aqueous low-
2021-2024 between 2021-2024 temperature batteries
383 4%
332 283 28%
296
215 228
215
155 6%
62%

Adjust the concentration inorganic additives
2021 2022 2023 2024 2021 2022 2023 2024

organic additives gel electrolyte

(D)
3.5 M Mg(CIO,),
7.5 M ZnCl, LiPFg-THF-TTE ZnCl,-aDG
+0.5m NaClO,
(Zn2*,-70°C, 2000 cycle) (Li*,-30°C, 100 cycle) (Zn2+,-50°C, 10000 cycle)
(Na*,-60°C, 10000 cycle)
2020 2021 2022 2022 2023 2023 2024 2024
Zn(Cl0,), 2M2ZnSO,
Na,$0,-SiO;hydrogel 4 M MgCl,
-CSAM-SAHE +0.05 M PTT
(Na*,-30°C, 500 cycle) (Mg?*,-50°C, 1000 cycle)
(Zn?,-30°C, 2500 cycle) (Zn2+,-50°C, 200 cycle)

Fig. 1 (A) Number of low temperature batteries on web of science 2021-2024. (B) Number of low temperature aqueous batteries on web of
science 2021-2024. (C) Percentage of different additive categories in low-temperature aqueous batteries. (D) Development of low-temperature

water-based batteries in 2020-2024.

the molecular level remains incomplete, limiting rational
design of optimized electrolyte systems.**® The field has
reached a critical juncture where systematic analysis and inte-
gration of existing approaches are essential for advancing
toward commercially viable low-temperature aqueous battery
technologies.

15,37,38
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This comprehensive review provides a systematic and criti-
cal analysis of electrolyte modification strategies for low-temp-
erature aqueous batteries, offering both fundamental insights
and practical guidance for this rapidly evolving field. Unlike
previous reviews that focus on individual modification
approaches, this work presents a holistic framework integrat-
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ing molecular-level mechanisms with macroscopic perform-
ance outcomes, enabling deeper understanding of structure—
property relationships in low-temperature electrolyte
systems.*>*"*! We begin by elucidating the fundamental mecha-
nisms underlying low-temperature performance degradation
from thermodynamic and molecular perspectives, providing
the theoretical foundation for subsequent discussions (Section
2). The core systematically examines four major electrolyte
modification strategies—concentration regulation, inorganic
additives, organic additives, and gel electrolytes—with empha-
sis on their molecular mechanisms, synergistic effects, and
practical implementation considerations (Section 3). Through
comprehensive analysis of key performance parameters across
different battery chemistries and temperature ranges, we ident-
ify critical design principles and performance benchmarks to
guide future research directions.*”** By synthesizing current
knowledge and identifying research gaps, this work aims to
accelerate development of practical low-temperature aqueous
battery technologies and provide a roadmap for reliable energy
storage in extreme environments.’**> The insights presented
are expected to benefit researchers, engineers, and policy-
makers working toward sustainable energy solutions in cold
climates.'>"*

2 Problems and mechanisms of low-
temperature aqueous batteries

Aqueous batteries have attracted considerable attention for
large-scale energy storage applications due to their inherent
safety and environmental compatibility. However, significant
performance deterioration at low temperatures (typically below
0 °C) severely limits their application in high-latitude regions
and cold-climate environments.*® This poor low-temperature
performance primarily originates from the unique physico-
chemical properties of water-based electrolytes, which undergo
fundamental structural and dynamic changes under sub-zero
conditions. Understanding these fundamental limitations
requires systematic analysis from both thermodynamic and
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strategies.””

The reaction kinetics in aqueous batteries can be funda-
mentally understood through the temperature-dependent
Arrhenius relationship:

k :Aexp(—lf—;)

where k represents the reaction rate constant, A is the pre-expo-
nential factor reflecting collision frequency, E, represents the
activation energy barrier, R is the universal gas constant, and T
is the absolute temperature.”>*®*° This relationship quantitat-
ively describes how reaction rates exponentially decrease with
declining temperature, as the fraction of molecules with
sufficient energy to the activation barrier
4239 1n aqueous systems, the temperature depen-
dence is further complicated by water’s unique properties: the
dielectric constant increases significantly at lower tempera-
tures, enhancing ion-dipole interactions and affecting ion dis-
sociation, while water’s viscosity exhibits exponential increases
that substantially impede ion mobility.>®>*~>3

The synergistic effect of these temperature-dependent pro-
perties manifests in dramatic changes in activation energy for
ion transport processes. In conventional aqueous electrolytes,
activation energies typically rise from 40-50 kJ mol™' at
ambient temperature to over 70-80 k] mol™* below 0 °C.>*
However, strategic electrolyte modifications can significantly
reduce these energy barriers. For example, ZnCl,-based
systems exhibit concentration-dependent behavior, with acti-
vation energies starting at 51.7 k] mol™" at room temperature
in dilute solutions. At high concentrations, however, the acti-
vation energy does not increase significantly even at low temp-
eratures. Multi-salt strategies prove even more effective: Ca>'-
modified ZnCl, electrolytes achieve activation energies as low
as 20.3 k] mol™ at —50 °C, while ZnCl,-LiCl mixtures demon-
strate similar improvements.”® These enhanced energy barriers
directly impact both bulk ion transport and interfacial charge
transfer processes, but demonstrate that rational electrolyte

perspectives to develop mitigation
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design  can kinetic  limitations at low
temperatures.

At the molecular level, the unique behavior of aqueous elec-
trolytes originates from water’s distinctive molecular
architecture.’®*®>° The water molecule exhibits a bent struc-
ture with an H-O-H angle of 104.5°, where the electronegative
oxygen atom bears a partial negative charge while the hydro-
gen atoms carry partial positive charges.'®?%%°"% This asym-
metric charge distribution enables the formation of hydrogen
bonds, where each water molecule can potentially form four
hydrogen bonds (two as a donor and two as an acceptor).
Under ambient conditions, water molecules participate in an
extensive hydrogen bonding network characterized by dynamic
equilibrium.?®**% Each water molecule forms an average of
3.3 hydrogen bonds with neighboring molecules, with bond
lifetimes in the picosecond range." This dynamic network
structure, where approximately 99% of water molecules are
integrated into the hydrogen bonding framework, facilitates
rapid molecular reorientation and ion transport.*®'9°

As temperature decreases, the thermal energy available for
molecular motion diminishes, fundamentally altering the
hydrogen bonding dynamics.”"” The reduced molecular
mobility leads to increased hydrogen bond lifetime and
strength, promoting the formation of more stable tetrahedral
coordination structures.*® This structural evolution follows a
hierarchical process. Initially, local water clusters with
enhanced hydrogen bonding emerge.®® These clusters sub-
sequently grow and interconnect, forming extended networks
that serve as precursors for ice nucleation.'”®” The pro-
gression toward more ordered structures significantly impacts
electrolyte properties through multiple mechanisms, such as
restricting ion transport channels, increasing the energy
barrier for hydrogen bond reorganization during ion
migration, and enhancing the stability of ion hydration shells
that must be partially disrupted during electrode
reactions.®®7°

The ion-specific effects in aqueous electrolytes can be sys-
tematically understood through the Hofmeister series (CO;>~ >
SO4>~ >F >CI” >Br >NO;~ >I > ClO;~ > SCN), which fun-
damentally reflects the competition between ion-water inter-
actions and water-water hydrogen bonding.”"”> This series
correlates strongly with ion properties such as charge density,
polarizability, and ionic radius, determining their ability to
influence water’s hydrogen bonding network. The hydration
behavior of ions follows distinct patterns based on their
charge density and size.*”’*”* Small ions with high charge
density (such as CO;>~ and SO,>”) generate intense electric
fields at the ion surface, leading to strongly bound primary
hydration shells with relatively long water residence times.”>”®
These ions promote favorable water stability and structural
organization, classifying them as “structure makers”.””
Conversely, large monovalent ions with low charge density
exhibit weaker electric fields, resulting in more loosely bound
hydration structures with shorter water residence times. These
ions disrupt the native hydrogen bonding network and are

classified as “structure breakers”.>**"78

mitigate
3,55-57
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For multivalent ions prevalent in aqueous batteries, particu-
larly Zn®" and AI**, the hydration structure exhibits complex
multilayer characteristics.>*®”*%° These ions typically form
well-defined primary hydration shells with coordination
numbers of 6 (Zn*") and 6-8 (AI**).**>?%3%7! At low tempera-
tures, the enhanced stability of these hydration structures sig-
nificantly impacts electrode reactions, as the energy required
for partial dehydration during charge transfer increases sub-
stantially. This temperature-dependent strengthening of ion
hydration becomes a critical factor limiting battery perform-
ance, particularly affecting the kinetics of electrode reactions
where partial dehydration is necessary for electron transfer
processes.

The combined effects of these temperature-dependent
phenomena create multiple challenges for aqueous battery
operation at low temperatures. From a kinetic perspective, the
exponential decrease in reaction rates following the Arrhenius
relationship  fundamentally limits all electrochemical
processes.”>*®*°  This limitation is exacerbated by the
increased water viscosity and enhanced hydrogen bonding
network, which significantly restrict ion mobility in the bulk
electrolyte. The strengthened water structure and more stable
ion hydration shells, particularly for multivalent ions, create
additional energy barriers for both ion transport and inter-
facial charge transfer.” These molecular-level mechanisms
manifest in several key performance metrics: higher internal
resistance due to restricted ion transport, increased charge
transfer resistance from enhanced hydration effects, and
reduced capacity utilization from kinetic limitations.
Moreover, the tendency toward ice formation near 0 °C intro-
duces additional risks of electrolyte freezing and mechanical
damage to battery components. Understanding these funda-
mental limitations provides crucial insights for developing
effective strategies to enhance low-temperature performance,
such as electrolyte engineering to modify water structure,
interface design to facilitate charge transfer, and architectural
innovations to maintain ion transport pathways (Fig. 2).*®
These approaches will be discussed in detail in the following
sections.

3 Electrolyte modification
classification

Building upon the understanding of low-temperature limit-
ations in aqueous systems, electrolyte engineering has
emerged as a primary strategy to enhance battery performance
under extreme conditions. The fundamental challenge lies in
water’s extensive hydrogen bonding network, which leads to
high freezing points and severely restricted ion transport at
low temperatures.” To address these limitations, recent
research has focused on strategic modifications of electrolyte
composition and structure to disrupt water’s hydrogen
bonding network and suppress ice nucleation.*® Based on
existing studies, the approaches can be systematically categor-
ized into four major strategies: regulation of electrolyte con-

Green Chem., 2025, 27, 1561-11580 | 11565
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centration, inorganic additives, organic additives, and gel elec-
trolytes, each targeting specific aspects of the low-temperature
challenges (Fig. 3).>>%"%?

3.1 Concentration engineering strategies

In aqueous battery systems, the interaction between metal
cations and water molecules is dominated by strong electro-
static forces, leading to the formation of well-defined solvation
structures.>*®3%3:83:8 Tynically, the first coordination shell
consists of six water molecules arranged in an octahedral geo-
metry around the metal cation.®® This primary solvation sig-
nificantly alters the hydrogen bonding network and dielectric
environment of the electrolyte, as the water molecules within
the coordination sphere are strongly bound by the cation’s
charge field and unable to participate in the normal water
hydrogen bonding network.

The relative abundance of various ion-pair species varies
significantly with concentration, each exhibiting unique
effects on the electrolyte’s physicochemical characteristics.®®
The progression of ion-ion interactions across different con-
centration regimes exhibits three characteristic configurations:
In dilute solutions (<2 M), solvent-separated ion pairs (SSIPs)
predominate, where fully hydrated metal cations (e.g., [M
(H20)6]*") remain isolated from anions by intact solvent shells,
leaving a substantial population of free water molecules in the

1566 | Green Chem., 2025, 27, 1561-11580

bulk solution. As concentration increases, contact ion
pairs (CIPs) emerge through partial displacement (1
2 molecules) of coordinated water by anions.**®® At higher
concentrations, extensive dehydration (>3 water molecules)
leads to polynuclear aggregates and complex ionic
associations.>**"°° In dilute systems, the freezing point

depression is limited and follows the classical relationship:
ATt = Tyater — Tsoln = K¢ - m

where AT = freezing point depression, Tyueer = thermodynamic
freezing point of water = 0 °C, Ty, = freezing point of the solu-
tion, K¢ = freezing point depression constant (= 1.86 °C kg
mol™!, water), and m = molar concentration of the
solution.*®>* For example, a 1 M LiCl solution has a freezing
point of —3.72 °C due to the presence of two molar ions (Li"
and CI7). However, as salt concentration increases beyond
dilute regimes, the system behavior deviates significantly from
this simple relationship.*>*' Anions progressively incorporate
into the metal ion solvation shells, forming complex metal
ion-(anion),,(H,0), clusters that effectively immobilize
additional water molecules. This structural transformation
achieves two critical effects: substantial depletion of free water
molecules and intensification of ion-water interactions, both
of which dramatically disrupt the native hydrogen bonding
network.>*° In highly concentrated “water-in-salt” systems,

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc02967h

Open Access Article. Published on 12 Mvuka 2025. Downloaded on 14/11/2025 17:11:06.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

View Article Online

Critical Review

Iho’b
N,
(%)
~ 70'
2 Z
)
O’OI*O S (7]
N 4 (+) ~/)
== |
Low s
Temperature
' Aqueous
Q ( e . Batteries
» 9 Y
o |

05,

4

- 2) ' qu'”?

Z VA
°
2.
%, °
7
(5] ‘Oe‘"
/ss Uoy!
cF

Fig. 3 Strategy for low-temperature aqueous batteries — synergistic effects of concentration engineering, additive interfaces, and gel electrolyte

frameworks.

where the salt content exceeds that of water by both mass and
volume, nearly all water molecules become coordinated with
ions, leaving minimal free solution.®®°%%*
Remarkably, this mechanism can induce freezing point
depressions exceeding several tens of degrees Celsius - a pro-
found modification of water’s fundamental physical
properties.

The practical implementation of this principle has been
successfully demonstrated in aqueous potassium-ion batteries.
Li et al. utilized a 22 M KCF;SO; electrolyte, where Raman
spectroscopy revealed a distinct peak at 3531 cm™", confirming
the strong solvation of K' ions at such high concentrations
(Fig. 4A). This concentrated electrolyte not only expanded the
electrochemical stability window to approximately 3.0 V but
also effectively suppressed electrode dissolution (Fig. 4B). The
system achieved an impressive energy density of 80 Wh kg™"
when paired with a manganese-rich Prussian blue cathode
and an organic PTCDI anode, while maintaining stable oper-
ation at —20 °C (Fig. 4C and D).> Comparable performance
enhancements have been reported across various concentrated
single-salt systems, as well as in other aqueous battery chem-
istries such as sodium-ion, lithium-ion, and
9394 These findings highlight the universal benefits

water in

zinc-ion
batteries.

This journal is © The Royal Society of Chemistry 2025

of high-concentration electrolytes in improving both electro-
chemical performance and low-temperature stability.

The relationship between electrolyte concentration and low-
temperature performance exhibits complex nonlinear charac-
teristics that challenge simple theoretical predictions. While
ultrahigh concentrations can induce remarkably low freezing
points in certain electrolytes, this effect is not universally
observed across all systems. The intricate interplay between
ionic interactions and solution properties creates competing
effects: elevated concentrations with strong ion pairing may
substantially increase electrolyte viscosity, while reduced solu-
bility at low temperatures can trigger salt precipitation.>®®>°*
These competing factors create an optimization challenge
where concentration alone cannot reliably predict performance
outcomes.

The ZnCl, electrolyte system exemplifies this complexity
while demonstrating exceptional potential for low-temperature
applications. The Zn*"* cation, characterized by its high charge
density and small ionic radius, profoundly restructures the
aqueous through intense electrostatic
interactions. This drives a concentration-dependent spe-
ciation of zinc complexes, evolving from simple hydrated ions
[Zn(H,0)s]*" in dilute solutions to diverse coordination struc-

environment
95,96
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(C) Typical charge/discharge curves of KFeMnHCF-3565//22 M KCF3SO3z//PTCDI pouch batteries at different rates and temperatures. (D)
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Zn cells at low temperatures. Reproduced from ref. 29 with permission from Nature Publishing Group, copyright 2020.

tures such as ZnCl*, Zn(H,0),Cl,>", and multicore aggregates
at higher concentrations.’®

The progressive disruption of water’s hydrogen bonding
network with increasing concentration is clearly demonstrated
through structural analysis. As illustrated in Fig. 4E, pure water
is dominated by tetrahedrally coordinated water molecules
with four hydrogen bonds, whereas in 7.5 M ZnCl,, water
molecules primarily form two hydrogen bonds. At 30 M, most
water molecules lose their hydrogen bonds entirely, confirm-
ing the progressive breakdown of the network. Raman spec-
troscopy results (Fig. 4F and G) further reveal that at 7.5 M con-
centration, ZnCl,>~ complexes with multicore aggregates

11568 | Green Chem., 2025, 27, 11561-11580

become predominant, facilitating efficient ionic conduction
while maintaining structural stability at low temperatures.>’
Critically, the system exhibits optimal performance at inter-
mediate concentrations rather than maximum concentrations.
As illustrated in Fig. 4H and I, the interplay between modified
hydrogen bonding networks and ionic structural changes
results in the lowest freezing point at intermediate concen-
trations, with only these solutions remaining liquid at —70 °C.
This non-monotonic behavior reflects the balance between
beneficial hydrogen bond disruption and detrimental viscosity
increases. Electrochemical validation by Zhang et al. confirms
these findings, with 7.5 M ZnCl, maintaining exceptional per-

This journal is © The Royal Society of Chemistry 2025
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formance (coulombic efficiency >97%) even at —70 °C in Zn-
Cu cells, while Zn-PANI cells demonstrated stable operation
down to —70 °C (Fig. 4] and K).>° These observations align
with behavior patterns observed in other multivalent systems
(Mg?*, AI*"), establishing intermediate concentrations as pro-
viding the optimal balance between structural modification
and electrochemical performance for
applications.>*”

Beyond single-salt strategies, multi-salt electrolyte systems
have emerged as an effective approach to circumvent individ-
ual salt limitations while achieving synergistic performance
enhancements. This strategy addresses the inherent con-
straints of single-salt systems, such as solubility limits and
suboptimal ion coordination, by combining complementary
salts that collectively optimize electrolyte properties.

The approach has demonstrated success in lithium-based
electrolytes, where the judicious combination of LiTFSI (21 M)
and LiOTf (7 M) yields an ultrahigh total salt concentration of
28 m while preserving the beneficial characteristics of both
salts.*® The resulting binary system maintains excellent phase
stability with a liquidus temperature of —21.4 °C, comparable
to single-salt systems, while sustaining ionic conductivity in
the favorable 6-8 mS cm™' range.*® This demonstrates that
multi-salt formulations can achieve concentration levels that
would be impossible with individual components due to solu-
bility constraints. These multi-component systems leverage the
distinct advantages of different anions, such as varying struc-
ture-making/breaking properties and coordination prefer-
ences, to create electrolytes with superior overall properties
compared to their single-salt counterparts.

Although significant adjustments to electrolyte concen-
tration can enable low-temperature battery applications, the
sharp cost increases from higher concentrations remain a
major constraint on large-scale commercialization potential.

Quantitative cost analysis reveals significant differences
among electrolyte systems (Fig. S1). For zinc salts per 100 g: Zn
(OAc), (£25.5) offers the most economical option, followed by
ZnCl, (£57.41), ZnSO, (£57.35), Zn(ClOy), (£68.4), Zn(BF,),
(£243.1), and Zn(CF;3S0;), (£378.55). However, achieving low-
temperature performance through ultra-high concentrations
(30 M vs. 1 M) results in impressive cost increases (over dozens
of times) due to dramatically higher material requirements.

The economic challenge extends beyond raw material costs.
High-concentration electrolyte preparation requires specialized
processing to maintain solute dissolution and prevent crystalli-
zation through controlled environmental conditions, introdu-
cing additional operational costs that further impact commer-
cialization viability.>***%%

Concentration engineering in low-temperature aqueous bat-
teries enhances low-temperature performance by adjusting the
salt concentration in the electrolyte, with the core mechanism
lying in altering ion-water interactions and hydrogen bond
networks. In dilute solutions, the classical freezing point
depression law applies; as concentration increases, the mor-
phology of ion pairs gradually transitions from solvent-separ-
ated to contact-type and multi-nuclear aggregates, significantly

low-temperature
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reducing free water through the “salt-wrapped water” mecha-
nism and effectively inhibiting ice crystal formation.”® Multi-
salt systems overcome the solubility limitations of single salts
through synergistic effects, maintaining low freezing points
while preserving good ionic conductivity.”® However, in com-
mercial applications, the significant cost differences between
different electrolyte materials and the sharp increase in costs
caused by elevated electrolyte concentrations remain key
factors constraining the development of electrolyte concen-
tration engineering.

3.2 Inorganic additive approaches

Inorganic additives offer a promising approach to improve the
low-temperature performance of aqueous batteries by employ-
ing three distinct mechanisms. The high-charge-density
cations effectively disrupt the hydrogen-bonding network of
water molecules, while the anions modify the chemical
environment of water through their specific physicochemical
properties. Furthermore, strategic combinations of different
salts can create synergistic effects that enhance overall electro-
Iyte performance.

Multivalent cations have emerged as particularly effective
inorganic additives for modifying aqueous electrolyte struc-
tures, owing to their high ionic potential and strong polariz-
ation effects. These cations significantly reduce the population
of active water molecules while depressing the electrolyte’s
freezing point.”®*°' Zhu et al. demonstrated this principle in a
sodium-ion battery system by introducing magnesium per-
chlorate into sodium perchlorate solution. Building upon
established concentration effects in electrolytes, their work
revealed that the added salt not only effectively lowered the
freezing point but also modulated hydrogen bonding net-
works. The key innovation lies in Mg®" superior ionic potential
compared to Na', enabling more efficient polarization of water
molecules and competition with water clusters. This inter-
action increases molecular spacing and creates a distinctive
local chemical environment, resulting in further freezing point
depression (Fig. 5A).* Notably, the high-potential cation also
enhanced ionic conductivity (Fig. 5B) while shifting the water
population toward coordinated water at the expense of free
water molecules (Fig. 5C). The synergistic combination of both
ions proved particularly effective at suppressing strongly hydro-
gen-bonded water (SHW) formation - the precursor to ice crys-
tallization - thereby achieving superior freezing point
reduction (Fig. 5D and E).* These molecular-level modifi-
cations translated into remarkable electrochemical perform-
ance, enabling sodium-ion batteries to maintain stable cycling
at extreme temperatures as low as —60 °C with excellent rate
capability and cycle life (Fig. 5F).* Furthermore, Jiao et al. stra-
tegically introduced Ca** ions, which share similar physico-
chemical properties with Mg>", into the electrolyte system.>
This innovative approach enabled the Na,CF4(CN)¢/C cell con-
figuration to deliver an impressive specific capacity of
74.5 mAh g7' at 1C rate while demonstrating exceptional
cycling stability - maintaining performance over 6000 cycles
even under harsh —30 °C operating conditions.>

Green Chem., 2025, 27, 11561-11580 | 11569
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(A) DSC results for 0.5 M NaClOy, 3.5 M Mg(ClOy,), and 3.5 M Mg(ClO,), + 0.5 M NaClO, electrolytes. (B) Comparison of ionic conductivity of

3.5 M Mg(ClOy4),; + 0.5 m NaClO, electrolyte at different temperatures. (C) 1H NMR results of Mg(ClOy,),, NaClO4 and mixed solutions of both. (D)
FTIR results of Mg(ClO4),, NaClO,4 and mixed solutions of both. (E) Proportion of water components in the electrolyte that have different hydrogen

bonds. (F) Cycling performance of NaTi,(PO4)z@C]||AC full cell at 8C (1C =

133 mA g~} and —60 °C. Reproduced from ref. 4 with permission from

Wiley-VCH, copyright 2022. (G) Cycling performance of AZHCs device at 1 A g~* and —30 °C. Reproduced from ref. 25 with permission from Elsevier,
copyright 2023. (H) Schematic representation of a BF,~ anion disrupting the hydrogen bonding network of a pristine water molecule. FTIR results of
() B-F bond and (J) O—H bond. Reproduced from ref. 71 with permission from Wiley-VCH, copyright 2021.

The effectiveness of anionic additives is equally noteworthy.
Large-volume anions with low charge density exhibit superior
solubility, while those with more constituent atoms and
smaller electronegativity differences (resulting in longer bond
lengths) can significantly expand the anion’s effective volume.
Such voluminous additives demonstrate enhanced freezing
point depression capabilities.*®

Pu et al. demonstrated this principle by introducing per-
chlorate anions into zinc sulfate electrolyte systems. While
sulfate anions (SO,>”) maintain water’'s hydrogen bonding
network as structural stabilizers — making the system more
prone to freezing - the perchlorate anions act as structure
breakers, disrupting hydrogen bonding order and further
depressing the freezing point. Importantly, the high electro-
static potential of SO,>~ is preserved, reducing Zn>" solvation
and optimizing electrolyte structure.?® Through strategic incor-

1570 | Green Chem., 2025, 27, 11561-11580

poration of Mg(ClO,),, this system synergistically combines
cationic and anionic effects, achieving remarkable liquid
mobility below —80 °C while maintaining 7.50 mS cm™" ionic
conductivity at —60 °C. The electrolyte demonstrates excep-
tional stability, delivering 32 000 cycles at —30 °C under 1 A
¢~ " with a specific capacity of 68 mAh- g~" - far exceeding con-
ventional ZnSO,-based systems (Fig. 5G).>® The potential of
multicomponent strategies has been further validated in fluo-
rine-based systems. Sun et al. revealed that BF, -based electro-
Iytes (2 M HBF, + 2 M Mn(BF,),) achieve unprecedented low-
temperature stability through unique water structure modifi-
cations. Infrared spectroscopy analysis (Fig. 5I and J) demon-
strated that BF,™ anions establish a distinct hydrogen bonding
network (Fig. 5H) enabling electrolyte fluidity below —160 °C
while maintaining 0.21 mS cm™" conductivity at —70 °C. This
molecular-level optimization, combined with H' adsorption-

This journal is © The Royal Society of Chemistry 2025
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desorption at the ALO anode and MnO, reactions at the
carbon felt cathode, yields exceptional device performance:
85 mAh g capacity at —90 °C, and energy/power densities of
110 Wh kg™ and 1650 W kg™ " at —60 °C.”*

The evolution of inorganic additive strategies — from single-
cation modifications (Mg>", Ca®) to sophisticated multi-com-
ponent systems (Mg(ClO,),-ZnSO,, HBF,-Mn(BF,),) - demon-
strates systematic progress in addressing low-temperature chal-
lenges in aqueous batteries.”*>”"'°> These advances have
expanded the practical temperature window from conventional
low temperatures (—30 °C) to ultra-low conditions (—60 °C),
while maintaining key performance metrics including ionic
conductivity (0.21-7.50 mS cm™') and long-term stability
(>30 000 cycles).>>”* The success across different battery chem-
istries highlights the versatility of inorganic additives in modi-
fying water structure and interfacial properties, providing valu-
able design principles for next-generation low-temperature
energy storage systems. Future developments may focus on
understanding the complex interplay between multiple ionic
species and establishing predictive models for optimal addi-
tive combinations. In Table S1, we summarize the data regard-
ing the use of inorganic additives at low temperatures to
improve battery performance.

3.3 Organic additive systems

Organic additives represent a versatile class of strategies to
enhance the low-temperature performance of aqueous bat-
teries through multiple synergistic mechanisms.'®%"'%*103
These additives operate by regulating ion solvation environ-
ments through direct coordination, disrupting water’s hydro-
gen bonding network, and promoting protective interfacial
layer formation on electrode surfaces.”®'%! The effectiveness of
organic additives stems from their diverse functional groups,
which can be systematically categorized into three main
classes: highly polar molecules (e.g,, formamide,>*'®'”
DMSO”'*®1) that provide strong hydrogen bonding inter-
actions, hydroxyl-containing compounds (e.g., alcohols,*?
glycols®*¢71%8 gsaccharides™) that offer multiple coordination
sites, and low-polarity solvents (e.g., ethers*®*?) that enable
hierarchical solvation engineering. Unlike inorganic additives
that primarily rely on ionic effects, organic molecules can sim-
ultaneously address multiple electrolyte challenges: forming
stable coordination structures with cations to facilitate ion
transport, reducing free water content to suppress parasitic
reactions, modifying hydrogen bonding networks to depress
freezing points, and contributing to stable solid electrolyte
interphase (SEI) formation for enhanced electrode stability.
This multifunctional capability has made organic additives
particularly attractive for developing comprehensive solutions
to low-temperature battery operation.*®%77419%11% 1 Table S2,
we summarize the data regarding the use of organic additives
to improve battery performance at low temperatures.

Among various organic additives, formamide (FA) exempli-
fies the effectiveness of polar amide compounds for low-temp-
erature aqueous battery applications. The unique molecular
architecture of FA features dual functional groups: a carbonyl
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group (C=O0) acting as a hydrogen bond acceptor and an
amine group (-NH,) serving as a hydrogen bond
donor.”*'°%'%7 This dual functionality enables FA to establish
“two-site anchored” hydrogen bonding interactions (C=O---H-
O and N-H---O) with water molecules, effectively disrupting
water’s rigid tetrahedral network and replacing it with a more
thermodynamically stable structure. Infrared and Raman spec-
troscopy (Fig. 6A-D) confirm this structural transformation,
revealing how FA fundamentally alters water organization at
the molecular level (Fig. 6E).”® The practical benefits of this
molecular engineering have been demonstrated across mul-
tiple battery systems. You et al. developed a 0.4 M Zn(OAc),/
FA-H,O0 electrolyte that suppresses water crystallization below
—40 ©°C while forming novel solvation complexes [Zn
(H,0),(FA),,(OAC)]>™™*. This system delivered exceptional per-
formance in Zn||PANI cells: 107 mAh g~ capacity with
remarkable stability over 22 000 cycles at —30 °C, and main-
tained 80 mAh g~ through 6000 cycles even under extreme
conditions (—40 °C, 5 A g ').%® Similar enhancements have
been reported in zinc sulfate systems and concentrated
sodium electrolytes, where FA addition enabled stable oper-
ation at —50 °C, demonstrating the broad applicability of
amide-based modification strategies.®®*”

Beyond amide-based additives, oxygenated organic com-
pounds have emerged as highly effective modifiers for
aqueous electrolytes, leveraging distinct hydrogen-bonding
interactions to enhance low-temperature performance. Among
these, dimethyl sulfoxide (DMSO) exemplifies this approach
through its sulfoxide (S=O0) functional group. The highly polar
S=O0 moiety acts as a hydrogen-bond acceptor, forming robust
interactions (S=O---H-O) with water’s hydroxyl groups,
thereby disrupting the native tetrahedral hydrogen-bonding
network and suppressing ice crystallization,®'*117113

Molecular dynamics simulations by Nian et al. revealed a
localized solvation structure featuring a 1 DMSO : 2H,0 mole-
cular arrangement (Fig. 6F), which effectively depresses the
electrolyte’s freezing point to —50 °C.*' The practical impact of
this molecular-level engineering was demonstrated in a
NaTi,(PO,4);/C full cell using a 2 M LiTFSI-0.3DMSO electrolyte,
which exhibited exceptional cycling stability at —50 °C.
DMSO'’s benefits extend across diverse aqueous battery chem-
istries: sodium-ion batteries (NTP||AC) retained 61% of their
room-temperature capacity (68 mAh g™') at —50 °C, while
lithium-ion (LTP||AC) and potassium-ion (PI||AC) systems, pre-
viously inoperable at such temperatures, achieved 62%
capacity retention.®" These results establish oxygenated com-
pounds like DMSO as a cornerstone strategy for enabling cryo-
genic aqueous battery operation through S=—O-mediated
hydrogen bonding disruption.

Hydroxyl-containing compounds leverage multiple -OH
groups to achieve synergistic effects in hydrogen bonding dis-
ruption and ion coordination.?”:>:>67:73,100,108, 114,115 pehylene
glycol (EG) exemplifies this approach in zinc-based systems,
where its multiple hydroxyl groups establish intricate hydro-
gen-bonding networks that become reinforced through Zn**-
EG coordination upon ZnSO, introduction (Fig. 6]). Raman

Green Chem., 2025, 27, 11561-11580 | 11571
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(A) and (B) FTIR results of the mixture with different volume ratios between H,O and FA (the mixture denoted as HFx, with x representing a

volume fraction of x% for FA). (C) and (D) Raman results of the mixture with different volume ratios between H,O and FA. (E) Schematic representa-
tion of the ring structure of FA-H,O complexes. Reproduced from ref. 26 with permission from Royal Society of Chemistry, copyright 2023. (F)
Schematic of the local structure of the cDMSO = 0.3 system in MD simulations. Reproduced from ref. 7 with permission from Wiley-VCH, copyright

2019. (G) FTIR results of the mixture with different volume ratios between

H,O and EG (the mixture denoted as EGx, with x representing a volume

fraction of x% for EG). (H) Raman results of the mixture with different volume ratios between H,O and EG. (I) lonic conductivities of hybrid electro-
lytes at different temperatures. (J) Schematic diagram of EG affecting the electrolyte. (K) Cycling performance of EG40-based Zn//PANI-V,Os cells
at 0.2 A g~ and —20 °C. Reproduced from ref. 52 with permission from Royal Society of Chemistry, copyright 2020.

spectroscopic analysis (Fig. 6G and H) reveals that this dual
interaction simultaneously disrupts native water-water hydro-
gen bonding while facilitating ionic migration, effectively
counteracting the viscosity increase typically induced by
organic additives.”® The optimized EG40 system maintains
exceptional ionic conductivity (6.9 mS cm™" at —40 °C, Fig. 6])
and delivers outstanding performance in Zn//PANI/V,Os5 cells
with 100 mAh g™ capacity through 250 cycles at —20 °C
(Fig. 6K).>>

Saccharide-derived compounds further demonstrate the
potential of hydroxyl-rich additives to achieve remarkable
effects at minimal concentrations. The aDG additive, featuring
five hydroxyl groups and one aldehyde group within its cyclic
structure, exemplifies this efficiency. Bu et al. showed that aDG
significantly reduces free water content while altering Zn>" sol-
vation through competitive coordination,
additionally forming protective adsorption layers on zinc
anodes (Fig. 7A and B).”* Notably, aDG achieves optimal per-
formance with minimal viscosity increase, depressing the

environments

1572 | Green Chem., 2025, 27, 11561-11580

freezing point to —55.3 °C and enabling stable cycling:
800 hours at —40 °C (5 mA cm~?) and 10 000 cycles at —50 °C
(Fig. 7C). These examples demonstrate how hydroxyl-rich com-
pounds achieve superior low-temperature performance
through coordinated molecular interactions at remarkably low
additive concentrations.”

Beyond conventional polar additives, innovative design
strategies have emerged to optimize low-temperature perform-
ance through hierarchical solvation engineering. Dong et al.
demonstrated this concept by developing a biomimetic core-
shell electrolyte system incorporating 1,2-dimethoxyethane
(DME) into 1 M Zn(OTf), aqueous solution (Fig. 7F). This
architecture exploits DME’s inherent low freezing point
(=69 °C) while avoiding interference with Zn>* coordination
through controlled concentrations (Fig. 7E). The system oper-
ates via complementary mechanisms: OTf~ anions facilitate
protective SEI formation that isolates water from reactive zinc
surfaces, while DME’s weakly polar ether groups disrupt bulk

water hydrogen bonding, suppressing crystallization to

This journal is © The Royal Society of Chemistry 2025
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(A) and (B) Schematic mechanism of ZnCl, and mimetic ZnCl,-aDG electrolytes with zinc negative electrode at low temperature. (C) Cycling

performance of EG40-based Zn//PANI cells at 2 A g~ under —50 °C. Reproduced from ref. 74 with permission from Wiley-VCH, copyright 2024. (D)
Cycling performance of Ni,ZnHCF||PTCDI cells at —20 °C and 25 °C at 0.1 A g~*. Reproduced from ref. 109 with permission from Wiley-VCH, copy-
right 2022. (E) FTIR spectra of 1 M-D, electrolytes (the mixture denoted as 1 M-D,, x is the molar ratio of DME to DME + H,O (Mpmg)). (F) Schematic
design of the core-structured electrolyte of a cell with a low dose of DME/DEE additive introduced into 1 M Zn(OTf), aqueous solution electrolyte.
(G) Snapshots of 1 M-Dg 15 and the conformational evolution of the bilayer Zn?* solvation structure at 8.0, 8.4, and 8.8 ns. Reproduced from ref. 28

with permission from Elsevier, copyright 2023.

—52.4 °C. Molecular dynamics simulations reveal dynamic
Zn>* coordination shifts during charge transfer (Fig. 7G), with
the optimized electrolyte achieving 1.06 mS em ™' conductivity
at —40 °C and 81% capacity retention over 1050 cycles.*®
Multi-functional organic additives represent another
advanced approach, simultaneously addressing multiple
battery challenges beyond temperature stability. Sun et al
demonstrated this concept using glycerol in sodium-based
systems, where the additive not only enables low-temperature
operation through hydrogen bonding disruption but also

This journal is © The Royal Society of Chemistry 2025

extends the electrochemical stability window to 2.7 V.'°° This
dual functionality delivered 40 mAh g™" capacity at —10 °C in
Ni,ZnHCF||PTCDI cells with stable cycling (Fig. 7D), illustrat-
ing how rational molecular design can address the inherent
limitations of aqueous systems through coordinated property
optimization.'%

The development of organic additives for low-temperature
aqueous batteries demonstrates systematic progress from
simple polar molecules to sophisticated multi-functional
systems, successfully expanding the practical temperature
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window to —55 °C while maintaining impressive performance
metrics.”* The evolution from single-function additives like
formamide to bio-inspired hierarchical structures and multi-
functional designs has established diverse approaches for
modifying both bulk electrolyte properties and interfacial
stability.”® The successful implementation across various
battery chemistries (Zn-, Na-, and Li-based systems) highlights
the versatility of organic additives in regulating hydrogen
bonding networks and controlling ion  solvation
structures.'*>"%116 119 pyture developments may focus on
rational design of multi-functional molecules, understanding
synergistic effects between different functional groups, and

View Article Online
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establishing predictive models for optimal additive selection
based on molecular features and battery chemistry require-
ments. Environmental considerations are increasingly impor-
tant in additive selection, with bio-based compounds like
ethylene glycol and saccharides offering superior biodegrad-
ability compared to synthetic alternatives (detailed analysis in
Section 4.2).

3.4 Gel electrolyte architectures

While additive-based strategies have significantly improved
low-temperature aqueous batteries, traditional liquid electro-
Iytes continue to face fundamental limitations under freezing
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conditions, including electrolyte crystallization, dramatic con-
ductivity drops, and disruptive volumetric changes.'**'??
Hydrogel electrolytes have emerged as a transformative solu-
tion to overcome these constraints through their innovative
three-dimensional polymer network architecture. These
systems leverage interconnected hydrophilic polymer networks
within aqueous environments to deliver critical performance
enhancements: maintained ionic conductivity under subzero
temperatures, exceptional mechanical flexibility with preserved
structural integrity, and effective suppression of ice nucleation
and dendrite growth.'>*'** Unlike liquid systems that rely
solely on molecular modifications, gel electrolytes provide
both physical constraints through polymer networks and
chemical optimization through functional group interactions,
enabling comprehensive solutions for extreme-temperature
operation.'*>%”

The superior performance of gel electrolytes stems from
synergistic mechanisms operating at multiple scales. The
polymer network architecture physically restricts ice nuclea-
tion and crystalline propagation, while functional groups
along polymer chains (hydroxyl, ester, carbonyl) actively
disrupt water’s hydrogen bonding network.'”®*° Metal ion
coordination with these functional groups reshapes solvation
environments and excludes reactive water molecules,
simultaneously facilitating ion transport and suppressing para-
sitic reactions. Additionally, the crosslinked matrix accommo-
dates strategic integration of low-temperature additives, creat-
ing optimized microenvironments that enhance both bulk
electrolyte properties and interfacial stability. This multi-
mechanism approach enables gel electrolytes to maintain
electrochemical functionality while providing mechanical
robustness under extreme thermal conditions.">*®*” In
Table S3, we summarize the data regarding the improvement
of battery performance through the use of gel electrolytes at
low temperatures.

The effectiveness of gel electrolyte design principles has
been demonstrated through several representative systems
with distinct optimization strategies. Cheng et al. developed a
composite gel combining fumed silica with sodium sulfate
and methanol, where the silica framework physically restricts
ice crystal expansion while methanol provides antifreeze
effects (Fig. 8A-D). Achieving stable operation at —30 °C with
61.8 mAh g~ capacity (Fig. 8E and F)."" Yan et al. advanced
this concept using bacterial cellulose hydrogel with dual salts
(3 M ZnCl, + 6 M LiCl), strategically applying Hofmeister
effects to minimize water activity and achieve exceptional
metrics: 1.14 mS cm™' conductivity and 0.21 eV activation
energy at —50 °C (Fig. 8G-]).** Huang et al. further pushed
molecular engineering boundaries by developing DMSO-func-
tionalized 3D networks that establish three-way hydrogen
bonding among polymer chains, water, and additives, deliver-
ing 151.8 mAh g~" at —20 °C while maintaining 1.52 mS cm™"
conductivity at —30 °C (Fig. 8K-M). These examples demon-
strate the evolution from simple physical constraints to sophis-
ticated molecular-level engineering for optimized low-tempera-
ture performance.'®

This journal is © The Royal Society of Chemistry 2025
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The development of gel electrolyte systems represents a sig-
nificant advancement in low-temperature aqueous battery
technology, demonstrating systematic progress from simple
polymer networks to sophisticated multi-component designs.
These systems have successfully expanded the practical temp-
erature window to —50 °C while maintaining key performance
metrics including high ionic conductivity (>1 mS em™) and
stable cycling performance.®” The synergistic integration of
network structures, functional groups, and strategic additives
provides multiple mechanisms for freezing point depression
and performance enhancement, with particular success in
zinc-based systems highlighting their potential for next-gene-
ration energy storage applications."’> Future developments
may focus on molecular-level design of functional polymer net-
works, understanding complex multi-component interactions,
and establishing predictive models for optimal gel electrolyte
formulation. Additionally, exploring bio-inspired architectures
and developing scalable synthesis methods will be crucial for
translating laboratory achievements to practical applications.

4 Conclusion and perspective
4.1 Summary and conclusions

This comprehensive review has systematically examined elec-
trolyte modification strategies for low-temperature aqueous
batteries, revealing fundamental principles that govern per-
formance enhancement across extreme temperature ranges.
Through detailed analysis of concentration engineering, in-
organic additives, organic additives, and gel electrolyte archi-
tectures, we have established that successful low-temperature
operation requires strategic disruption of water’s hydrogen
bonding network while maintaining favorable ion transport
properties. The diverse modification approaches demonstrate
remarkable versatility in overcoming traditional aqueous
system limitations, with concentration engineering achieving
operation down to —70 °C through higher concentration con-
figurations, inorganic additives enabling stable cycling at
—60 °C via structure-breaking mechanisms, organic additives
providing multi-functional enhancement to —55 °C through
coordinated solvation engineering, and gel electrolytes deliver-
ing robust performance at —50 °C through synergistic polymer-
additive interactions.?®”1°

The systematic examination of modification strategies has
revealed several unifying principles that transcend individual
approaches and provide a theoretical foundation for rational
electrolyte design. The multi-scale synergistic regulation
theory emerges as a central paradigm, demonstrating that
optimal low-temperature performance requires coordinated
interventions across molecular solvation environments, inter-
facial charge transfer processes, and bulk transport properties.
This framework explains why hybrid strategies consistently
outperform single-component modifications.*™*** The syner-
gistic interactions between these mechanisms create emergent
behaviors that cannot be predicted from individual component
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analysis, establishing clear structure-property relationships
that guide systematic optimization.?**>1%7

Advanced characterization techniques offer unprecedented
insights into the molecular mechanisms behind performance
improvements, showing how strategies target water structure
and ion coordination. Synchrotron-based methods like XAFS
analyze atomic valence and coordination in electrodes, SAXS
captures nanostructural changes, and XRD tracks crystal struc-
ture variations. Spectroscopic techniques such as Raman and
FTIR detect hydrogen bonding and functional group inter-
actions, while NMR provides ion solvation dynamics.
Electrochemical methods like cyclic voltammetry and impe-
dance spectroscopy correlate additives with battery perform-
ance, validating mechanistic hypotheses.”®***133

4.2 Sustainability considerations and future research
directions

While the preceding analysis has demonstrated significant
progress in electrolyte modification strategies, the practical
implementation of low-temperature aqueous batteries requires
addressing two critical considerations, which are environ-
mental sustainability and remaining technical challenges.
This section evaluates the environmental impact of different
modification approaches and identifies key research directions
needed to advance the field toward commercial viability.

The environmental and safety characteristics of different
chemical substances significantly impact sustainable low-
temperature aqueous battery design. Table S4 provides com-
prehensive safety data revealing substantial performance
differences among various additives. Biodegradability assess-
ment shows dramatic variations: environmentally compatible
materials (Zn(OAc), >99%, ethylene glycol >90%, propylene
glycol >99%) demonstrate excellent degradation within 28
days, while problematic additives (LiTFSI <5%, perfluoropo-
lyethers <1%, LiPFs non-biodegradable) exhibit poor degra-
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dation leading to environmental accumulation. Production
energy consumption varies eight-fold, from efficient Zn(OAc),
(12-18 MJ kg™") to energy-intensive LiTFSI (120-150 MJ kg™ ")
and perfluoropolyethers (180-220 MJ kg™'). Toxicity profiles
range from near non-toxic (ethylene glycol) to moderate acute
toxicity requiring specific safety protocols.

Perfluorinated compounds present critical environmental
concerns due to strong carbon-fluorine bonds, which resist
biological degradation processes, high bioaccumulation poten-
tial, and environmental persistence. Despite their electro-
chemical advantages, these materials are incompatible with
sustainable battery design principles. Bioaccumulation risk
assessment reveals that perfluorinated solvents persist in bio-
logical systems, potentially causing long-term ecological
damage, while bio-based additives undergo natural degra-
dation pathways. The quantitative framework demonstrates
that sustainable low-temperature battery development requires
balancing electrochemical performance with environmental
compatibility. High-performing, environmentally responsible
solutions are both feasible and essential for green energy
storage technologies.

However, several critical knowledge gaps limit our ability to
fully exploit the potential of low-temperature aqueous batteries
and represent the most pressing scientific challenges for
future research (Fig. 9). The formation and evolution of SEI
during freeze-thaw cycles present significant characterization
challenges that current techniques struggle to address compre-
hensively. Spatial and temporal resolution constraints pose
fundamental challenges, as SEI layers exist at nanometer
scales while freeze-thaw cycles occur over minutes to hours,
requiring simultaneous high resolution that exceeds current
capabilities. Environmental interference severely impacts data
quality: ice crystal formation creates optical artifacts in
microscopy, water’s strong Raman background obscures SEI
signals, and aqueous environments prevent vacuum-based

Critical research directions

Interfacial Multi-Component
Evolution Mechanisms Synergistic Mechanisms
SEI Formation/Degradation LOW Concentration effects
Thermal Cycling Tem pe rature Additive properties
Polymer networks
Aqueous
Batteries

In-Situ
characterization

Operando Thermal Cycling
Analysis

J

Theoretical
predictive models

Integrate interfacial dynamics
Synergistic effects

Fig. 9 Schematic diagram of research directions for low-temperature water-based batteries.
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techniques like XPS from operating under realistic conditions.
Sample preparation limitations further complicate analysis, as
cryogenic preparation can introduce structural artifacts while
the dynamic nature of freeze-thaw processes makes ex situ
analysis inadequate for capturing transient states.

Technique-specific constraints add additional barriers,
where TEM suffers from electron beam damage and ice inter-
ference; AFM faces probe-ice interactions reducing resolution;
NMR experiences signal reduction at low temperatures; and
synchrotron techniques require specialized environments with
limited accessibility. Most critically, multi-scale complexity
represents the greatest challenge, as SEI evolution involves
simultaneous molecular-level chemistry, nanoscale structure
changes, and microscale mechanical stress—processes no
single technique can capture comprehensively. These limit-
ations collectively explain why SEI evolution mechanisms
during freeze-thaw cycles remain poorly understood, high-
lighting the need for advanced characterization approaches to
address these fundamental challenges.

The complex interplay between bulk electrolyte modifi-
cations and temperature-dependent interfacial processes
requires systematic investigation to enable long-term perform-
ance prediction. Multi-component synergistic optimization
represents another challenge, as the mechanisms governing
interactions between different modification strategies remain
largely empirical. While combination approaches consistently
outperform single modifications, rational design principles for
optimal formulations are still lacking. Based on these funda-
mental challenges, several critical research directions emerge:

1. Investigation of interfacial evolution mechanisms
through systematic study of SEI formation and degradation
during thermal cycling, establishing fundamental understand-
ing of temperature-dependent interfacial processes across
different modification strategies.

2. Elucidation of multi-component synergistic mechanisms
through comprehensive analysis of interactions between con-
centration effects, additive properties, and polymer networks,
enabling rational prediction of optimal combinations rather
than empirical screening.

3. Development of advanced in situ characterization tech-
niques capable of real-time monitoring of both interfacial
changes and bulk electrolyte behavior during thermal cycling
under realistic operating conditions, providing essential tools
for mechanistic understanding.

4. Establishment of theoretical predictive models that inte-
grate interfacial dynamics and synergistic effects to enable
rational electrolyte design, accelerating the transition from lab-
oratory demonstrations to practical applications.

Addressing these research priorities will be essential for
translating the fundamental insights gained from electrolyte
modification strategies into practical low-temperature aqueous
battery technologies. The integration of sustainable materials
selection with advanced characterization capabilities and theore-
tical modeling will enable the rational design of next-generation
electrolyte systems that meet both performance and environ-
mental requirements for extreme-condition applications.

This journal is © The Royal Society of Chemistry 2025
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