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A B S T R A C T

Aqueous batteries are promising candidates for grid-scale energy storage owing to their inherent safety and 
environmental sustainability; however, their low-temperature performance is hindered by electrolyte freezing 
and sluggish reaction kinetics. Electrolyte regulation has emerged as a key strategy to enable their operation 
under low-temperature conditions. This review first examines two fundamental mechanisms—hydrogen bond 
network and solvation structure evolution—which govern the thermodynamic and kinetic behavior of electro
lytes at low temperatures. Building on these insights, we propose targeted electrolyte modifications and sys
tematically summarize optimization strategies, including anion regulation, additives, co-solvents, eutectic 
electrolytes, salt selection, high-entropy system design, and novel solvation sheath engineering. Finally, we 
discuss current challenges and future research directions to advance low-temperature aqueous batteries through 
electrolyte innovation.

1. Introduction

The rapid increase in the consumption of fossil fuels has intensified 
global concerns over energy crisis and environmental pollution [1,2], 
driving urgent demand for safe, cost-effective, and scalable energy 
storage systems powered by renewables such as wind, solar, and tidal 
energy [3–5]. While lead-acid batteries and lithium-ion batteries (LIBs) 
currently dominate the market, their widespread adoption is hindered 
by the former’s high toxicity and the latter’s safety risks and high cost 
[6]. These limitations have prompted researchers to explore alternative 
batteries. Aqueous batteries—with their inherent safety, low cost, and 
eco-friendliness—have emerged as promising alternatives for grid-scale 
storage. These systems leverage diverse charge carriers (e.g., Li⁺, Na⁺, 
Zn²⁺, Al³⁺, H⁺, NH₄⁺) to achieve relatively competitive energy densities 
compared to LIBs, underscoring their potential as sustainable alterna
tives [7–9].

While aqueous batteries offer inherent safety—a critical requirement 
for large-scale energy storage—their limited temperature adaptability 
remains a fundamental barrier to widespread deployment. Currently 
constrained to an operating range of 10–40 ◦C [10,11], these systems are 
suitable for subtropical climates but fail to meet the needs of extreme 

environments. In high-latitude regions (e.g., Northern Europe, North 
America, East Asia) and polar research stations, where temperatures 
frequently fall below − 20 ◦C, the demand for reliable low-temperature 
energy storage far surpasses that for high-temperature solutions. 
Sub-zero conditions induce electrolyte freezing and sluggish reaction 
kinetics, severely compromising battery stability and specific capacity. 
Consequently, enhancing the low-temperature performance of aqueous 
batteries is imperative to enable their practical application in diverse 
climates.

The deterioration of low-temperature performance in aqueous bat
teries stems from the synergistic interplay between hydrogen bond (HB) 
networks [12] and solvation behavior. At room temperature, water 
molecules form a short-range network of dynamic equilibrium through 
hydrogen bonds, with a high proportion of free water molecules avail
able for rapid solvation. However, as temperature decreases, reduced 
molecular kinetic energy shifts this equilibrium, causing hydrogen bond 
formation to dominate over dissociation, thus gradually constructing a 
long-range ordered HB network structure[13]. This network effectively 
“anchors” a substantial number of water molecules into a rigid frame
work through hydrogen bonds[14], significantly reducing the popula
tion of free water. As a result, the remaining free water molecules are 
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compelled to coordinate with ions in a more ordered way. For example, 
water molecules surrounding Zn²⁺ become more tightly arranged, 
forming solvation sheaths with higher coordination numbers and 
enhanced bonding strength. These structures exhibit high de-solvation 
energy barriers that impede the movement of charged species while 
simultaneously reinforcing the local HB network through their 
anchoring effect on surrounding water molecules. This mutual rein
forcement between solvation structure and HB network results in dual 
degradation mechanisms: increased electrolyte viscosity hindering ion 
transport and high de-solvation energy barriers slowing interfacial re
actions at low temperatures. These effects are operationally evident 
through a marked reduction in battery capacity, increased internal 
resistance, and impaired charge–discharge performance. Addressing 
these challenges requires fundamental understanding and precise 
manipulation of both HB network and solvation structures in electro
lytes, which is the key to improving low-temperature battery perfor
mance. The complex temperature-dependent thermodynamics and 
kinetics of these systems make stable cycling particularly challenging 
across different temperature ranges.

Significant advances in electrolyte engineering have been achieved 
in recent years, with multiple strategies demonstrating effectiveness in 
optimizing aqueous electrolytes[15–17]. Current approaches include 
composition optimization, additive incorporation, eutectic electrolyte 
formulation, co-solvent addition, salt-in-water electrolyte (WiSE) 
design, and solvation structure engineering. These modifications pri
marily function by disrupting the native hydrogen bond network of 
water molecules, thereby depressing the freezing point of electrolytes 
and enabling stable low-temperature battery operation. Simultaneously, 
the introduced chemical species interact electrostatically with charge 
carriers, facilitating solvation shell reconstruction[18,19]. This dual 
mechanism not only enhances low-temperature performance but also 
mitigates deleterious parasitic reactions that commonly plague aqueous 
battery systems. Besides the electrolyte optimization strategy [20], 
interface engineering[21] and electrode modification engineering[22], 
etc.[23–26], also contribute to improved low-temperature behavior. 
Fig. 1

Despite notable progress in developing low-temperature aqueous 
electrolytes through diverse empirical strategies, the existing reviews 
mainly emphasize macroscopic outcomes, leaving a critical gap in 
connecting these advances to their underlying microscopic principles. 
This review distinguishes itself by addressing that gap through focusing 
on two fundamental microstructural determinants: the thermodynamic 
and kinetic evolution of HBs, and the temperature-dependent behavior 
of ionic solvation sheaths, particularly their influence on de-solvation 

energy barriers. We systematically examine key optimization strate
gies such as high-concentration electrolytes, co-solvent systems, and 
additive engineering by regulating HB network dynamics and recon
structing solvation stability. To illustrate these principles, aqueous zinc- 
ion batteries are employed as a representative model, providing a 
mechanistic framework to guide the rational design of next-generation 
electrolytes for low-temperature applications.

2. Theoretical basis of low-temperature aqueous electrolytes

The electrolyte serves as the essential medium for ion transport be
tween the anode and cathode, playing a pivotal role in the battery’s 
electrochemical processes[27]. At low temperatures, however, the 
physical properties of aqueous electrolytes diverge markedly from their 
room-temperature behavior, primarily due to alterations in the 
hydrogen bond network of water molecules and the solvation structure 
of ions. To elucidate the fundamental mechanisms underlying electro
lyte anti-freezing strategies, it is imperative to investigate the thermo
dynamic and kinetic properties of hydrogen bond networks under 
low-temperature conditions, as well as the interactions and stability of 
solvation shells. Such an in-depth study will provide critical insights for 
optimizing electrolyte performance in low temperature environments.

2.1. Thermodynamics and kinetics of hydrogen bond networks at low 
temperatures

▒

2.1.1. Coordination structure of low-temperature hydrogen bond networks
Water molecules typically form HBs with up to four neighboring 

molecules, resulting in a stable tetrahedral coordination structure 
(Fig. 2a), which dynamically propagates through thermal motion[29]. 
The heterogeneous structure of liquid water at room temperature can be 
revealed by using small-angle X-ray scattering (SAXS), X-ray emission 
spectroscopy (XES), and X-ray Raman scattering (XRS)[30]. This struc
tural heterogeneity is often interpreted as an extension of the 
liquid-liquid critical point (LLCP) in the "single-phase region," known as 
the Widom line effect. On the low-temperature side (near the LLCP), 
water predominantly exhibits a low-density tetrahedral structure, 
whereas the high-temperature side (far from the LLCP) is dominated by a 
high-density distorted structure. Despite these differences, liquid water 
maintains macroscopic homogeneity through dynamic equilibrium, 
while dynamic heterogeneity persists across varying temperatures and 
pressures.

Fig 1. Relationship between theoretical basis/performance parameters and different optimization strategies, hydrogen bond network regulation and solvation 
structure jointly construct low-temperature performance.
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HBs are characterized by their distinct saturation and directionality 
properties, typically represented as X-H⋅⋅⋅Y, where X-H serves as the 
hydrogen bond donor (HBD)[31]. The small size of the hydrogen atom 
restricts HB formation to a single acceptor atom (Y), while electrostatic 
repulsion between electronegative atoms further enforces this saturation 
[32]. Directionality arises from the alignment of electric dipole mo
ments, with maximum HB strength achieved when X-H and Y adopt a 
linear configuration[33]. This optimal geometry (Fig. 2b) minimizes 
repulsion while allowing the lone electron pairs of Y (commonly N, O, S, 
or halogens) to interact efficiently with the hydrogen atom, analogous to 
covalent orbital overlap [34]. The bond energy of HBs is governed by 
two key factors: (1) the electronegativity of X and Y—higher electro
negativity enhances bonding strength—and (2) the atomic radius of Y, 
with smaller radii promoting stronger interactions due to reduced 
donor-acceptor distances[35]. Consequently, HB strength increases with 
greater electronegativity and smaller atomic sizes of the participating 
atoms[36]. Water molecules connected by hydrogen bonds (HBs) 
organize into a dynamic, tetrahedral ice-like network, where continuous 

thermal motion drives the simultaneous breaking and reformation of 
intermolecular HBs[37]. Above 4 ◦C, the kinetic energy of water mole
cules dominates over HB interactions, maintaining a pervasive HB 
network where less than 1 % of molecules remain unbound[38]. This 
fluctuating network serves as the foundation for subsequent ice nucle
ation. As temperature decreases, the reduced kinetic energy progres
sively favors HB stabilization, leading to increased structural ordering 
[39]. When the temperature is below 4 ◦C, strengthened HB interactions 
constrain molecular motion, manifesting as elevated viscosity and 
diminished fluidity[40]. This process culminates in complete solidifi
cation when the temperature reaches the freezing point, transforming 
liquid water into crystalline ice (Fig. 2d).

Therefore, the fundamental strategy for preventing ice crystalliza
tion lies in disrupting the HB network of water. This can be achieved by 
suppressing the development of ordered HB structures during cooling 
process, which effectively depresses the freezing point of aqueous 
electrolytes. Such an approach significantly improves the low- 
temperature electrochemical performance of energy storage systems 

Fig. 2. Thermodynamics and kinetics of low-temperature hydrogen bond (HB) network. a) Coordination structure of water molecules. b) Typical hydrogen bond. c) 
Disordered water molecules transform into ice with an ordered hydrogen bond network as the temperature decreases. d) Relationship between Gibbs free energy, 
enthalpy and temperature. (e) Equilibrium binary (H2O-solute) phase diagram. AE is the water-freezing curve, and BE is the solute-precipitation curve. Te is the 
eutectic temperature of solutions at concentrations between 0 and Xn. Tp is the peritectic temperature of solutions at concentrations between Xd and Xb [28]. (f) 
Non-equilibrium binary (H2O-solute) phase diagram. Tg is the glass transition temperature of solutions at concentrations between 0 and Xm. MDK is the Tg curve of 
solutions at concentrations between Xm and Xb [28].
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by maintaining ionic mobility and electrolyte stability at low 
temperatures.

2.1.2. Kinetics of hydrogen bond networks at low temperatures
The dynamic evolution of HB networks at low temperatures consti

tutes a fundamental mechanism underlying the performance deteriora
tion of aqueous electrolytes. At the molecular level, the kinetics of HB 
breakage and reformation critically determine electrolyte behavior, as 
these dynamics govern both the structural organization and mobility of 
water molecules. In a computer model of liquid water,an instantaneous 
configuration, r(t), denotes the positions of all the atoms in the system at 
time t. A configurational criterion for whether a particular pair of water 
molecules is bonded allows one to define a hydrogrn bond population 
operator, h[r(t)] = h(t). This operator has a value 1 when the particular 
tagged pair,say molecules 1 and 2, are bonded, and zero otherwise. The 
average number of hydrogen bonds in an equilibrium fluid of N water 
molecules is 12 N(N − 1)〈h〉, where 〈h〉 denotes the average of h[r(t)][41], 
The angular brackets indicate that the averaging is performed over 
different time origins. The H-bond structure in liquid water markedly 
fluctuates and is often studied theoretically through H-bond population 
correlation variables[42]. Hydrogen bonds are typically defined using 
geometric criteria [43], while their temporal characteristics are quan
tified through two key correlation functions: the continuous hydrogen 
bond correlation function S(t) and the intermittent hydrogen bond 
correlation function C(t) [44,45]. These functions provide essential in
sights into the timescales of HB reorganization under low-temperature 
conditions. 

S(t) =
〈h(0)H(t)〉

〈h〉

C(t) =
〈h(0)h(t)〉

〈h〉

The definition presented above relies on two key variables that 
characterize hydrogen bond distribution: h(t) and H(t). The variable h(t) 
is assigned a value of 1 when a specific site is engaged in a hydrogen 
bond at time t, and 0 otherwise. In contrast, H(t) is defined as 1 only if 
the designated site pair has continuously maintained a hydrogen bond 
from the initial time t = 0 up to time t; if the bond is broken at any point 
during this interval, H(t) becomes 0. h(0) indicates that the hydrogen 
bond remains intact at time t = 0[46]. Based on these definitions, the 
function S(t) quantifies the probability that a hydrogen bond formed at 
time zero remains uninterrupted until time t, thereby offering a rigorous 
metric for assessing hydrogen bond lifetimes. However, the C(t) de
scribes the probability that a hydrogen bond is intact at time t, given it 
was intact at time zero, independent of possible breaking in the interim 
time. This allows for transient bond breakage and reformation, 
including the possibility of barrier re-crossing between bonded and 
non-bonded states and long-term diffusive behavior. Consequently, the 
relaxation behavior of C(t) provides insight into the structural relaxation 
of hydrogen bonds. To estimate the relaxation time of hydrogen bonds in 
water, this microscopic kinetic framework can be linked to a phenom
enological description of the reaction process. For example, HB 
breaking/reforming: 

A⇄B 

Let K and K’ denote the forward and reverse rate constants, respec
tively. When the system undergoes multiple transitions between the 
reactant state A and the product state B, it eventually reaches a state of 
dynamic equilibrium. Assuming that each hydrogen bond behaves 
independently and that subsequent re-crossings between states are sta
tistically irrelevant [47], the reaction time constant τ=(K + K’)− 1 serves 
as a characteristic measure of the system’s transition dynamics from 
state A to state B. According to the detailed balance situation [48]: 

1 − 〈h〉
〈h〉

=
K
Kʹ 

Therefore, the characteristic relaxation time τ is related to the rate 
constant K of HB breaking[49]: 

τ =
1 − 〈h〉

K 

The relationship between the rate constant K of HB breaking and the 
equivalent average HB lifetime is described as below: 

τHB = 1/K 

The HB breaking rate constant K follows the Arrhenius equation[50,
51]: 

K = σ0exp
(

−
Ea1

KbT

)

where A is the pre-exponential factor, Ea1 is the apparent activation 
energy, T is the absolute temperature, and Kb refers to the reaction rate. 
The average lifetime of HB shows an approximate Arrhenius-type 
dependence on temperature[52]. This temperature-dependent increase 
in HB lifetime underlies the microdynamic mechanism responsible for 
the performance degradation of aqueous batteries at low temperatures. 
This trend can be disrupted through the introduction of HB disruptants 
that interfere with the stability of the bonding network.

Another critical process affected by low temperatures in electro
chemical systems is charge transfer, which becomes the dominant 
limiting factor below − 20 ◦C. As temperature decreases, electrolyte 
viscosity increases significantly, leading to reduced ionic conductivity. 
This deterioration in transport properties severely constrains the elec
trochemical performance of water-based batteries, particularly under 
high-rate charging conditions[28]. According to the Stoke-Einstein 
equation[53,54], the ionic conductivity σ of an electrolyte can be 
mathematically expressed by the following formula[55]: 

σ =
∑

i
(niμiZie)

μi =
1

6πηri 

where Zi, e, ni, μi, ηi and ri represent the valence, charge of the electrons, 
free ion numbers, ionic mobility, viscosity, and solvation radius of the 
ion i, respectively. Ionic conductivity is primarily governed by the 
concentration of free ions and their mobility. As the temperature of the 
electrolyte decreases, intensified HB restricts the movement of water 
molecules, leading to increased viscosity and reduced fluidity [40]. 
According to the above formula, elevated viscosity slows ion migration 
and diminishes ionic conductivity, further exacerbating the already 
sluggish electrochemical kinetics under low-temperature conditions.

2.1.3. Thermodynamics of hydrogen bond networks at low temperatures
The liquidus temperature of an electrolyte is fundamentally deter

mined by the Gibbs free energy difference between its solid and liquid 
phases[56]. This thermodynamic framework governs all phase transi
tion processes in electrolyte systems, including water-ice transformation 
and solute precipitation-dissolution equilibria. The relationship can be 
expressed through the following thermodynamic equation [57–59]: 

ΔG = ΔH − TΔS 

where ΔG, ΔH, T and ΔS represent the Gibbs free energy change, 
enthalpy change, temperature change and entropy change of the actual 
electrolyte system, respectively. As shown in Fig. 2e,f[28], the water 
freezing curve AE and the solute precipitation curve BE merge at the 
eutectic point, forming a V-shaped curve. To understand the AE and BE 
curves, it is first necessary to determine the phase transition temperature 
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Tm on this V-shaped curve. At the solid-liquid transition temperature 
(Tm), the system reaches phase equilibrium, resulting in ΔG = 0. 
Consequently, Tm is determined by the ratio of enthalpy change to en
tropy change (ΔH/ΔS), as expressed in Equation[28]: 

Tm =
ΔH
ΔS

=
Hsoln − Hice − HM⋅nH2O

Ssoln − Sice − SM⋅nH2O 

Among them, Tm is the phase transition temperature; Hsoln, Hice and 
HM⋅nH2O represent the enthalpy of the solution, ice and hydrated salt 
M⋅nH2O, respectively; Ssoln, Sice and SM⋅nH2O are the entropies of solution, 
ice and M⋅nH2O, respectively. During the phase transition from solid (e. 
g., ice and hydrated salt (M⋅nH2O)) to aqueous solution below Tm, the 
strongly hydrogen-bonded ice and electrostatically bound M⋅nH2O 
crystals dissociate into a disordered solution of anions, cations, and 
water molecules. This process reduces the system’s enthalpy (ΔH) due to 
the replacement of strong solid-phase interactions with weaker solute- 
solvent interactions, while the entropy (ΔS) increases as ordered crys
tals transform into a disordered liquid phase. Thermodynamically, a 
lower ΔH and higher ΔS directly reduce the solid-liquid transition 
temperature (Tm), as Tm = ΔH/ΔS. Since the enthalpies and entropies of 
pure ice and solutes are typically fixed, lowering Tm requires reducing 
the aqueous electrolyte’s enthalpy (e.g., via strong ion–solvent or pol
ymer–water interactions) and increasing its entropy (e.g., by disrupting 
the hydrogen-bond network). As illustrated in Fig. 2c, these synergistic 
effects—weakened intermolecular forces and enhanced disorder
—collectively depress the freezing point of the electrolyte.

The anti-freezing performance of aqueous electrolytes exhibits a 
strong dependence on solute concentration, with this relationship pre
dominantly governed by Raoult’s law[60]: 

ΔTf = TWater − TElectrolyte = Kf × m 

Where ΔTf represents the change in freezing point, TWater is the freezing 
point of pure water (0 ◦C, 1atm); TElectrolyte is the freezing point of the 
electrolyte; Kf is the constant for the decrease in freezing point of the 
solvent (1.86 ◦C kg mol− 1 for water); and m is the molar concentration of 
the ion (m: mol kg− 1, molar concentration)[61]. In extremely dilute 
electrolytes, ion concentration exerts minimal influence on freezing 
point depression due to the overwhelming predominance of water 
molecules; the sparse hydrated ions cannot effectively disrupt the 
hydrogen bond network, leading to rapid ice formation below 0 ◦C[62]. 
While Raoult’s law provides a framework for freezing point prediction, 
its applicability fails for concentrated electrolytes where the amount of 
hydrated water gradually increases with the increase of solute content 
[63]. When the solute concentration surpasses a critical threshold, the 
availability of water molecules becomes insufficient to fully coordinate 
with all ions. At extremely high concentrations, the strong pair between 
metal ions and oxygen strongly rearranges the coordination structure of 
water. Water molecules are almost entirely used for hydrated ions, and 
the original hydrogen bond network is almost completely destroyed 
[40].

However, some aqueous solution batteries can operate at tempera
tures below Tf [28]. A typical H2O- solute equilibrium phase diagram 
shows that, compared with Tf , Te is the thermodynamic 
temperature-limiting factor that determines battery operation. Fig. 2e 
exhibits a typical temperature–component binary (H2O-solute) equilib
rium phase diagram[64]. The equilibrium phase diagram can be divided 
into three zones (zones I, II and III). Both the aqueous solutions in Zone I 
and Zone II undergo the eutectic crystallization process below the 
eutectic temperature Te. The solution in zone III underwent an peritectic 
crystallization process below the peritectic temperature Tp. Fig. 2f dis
plays a typical temperature-component binary (H2O-solute) 
non-equilibrium phase diagram. It keeps the basic framework of the 
equilibrium phase diagram except for additional supercooling and glass 
state zones. Solutions of different concentrations exhibit different phase 
transition behaviors along with temperature decreasing. Among the 

concentrations between 0 and Xe, the solutions would experience 
gradual ice precipitation process below curve AE and keep the super
cooling liquid state below Te until becoming the glass state below kinetic 
glass-transition temperature(Tg). In the Xe-Xm concentrations zone, 
thesupercooling liquid state below GE, ice precipitation process under 
curve EC, and it becomes glassy below Tg. The concentration range of 
Xm-Xd, the supercooling liquid state below GE, and the glassy state 
below MD. For the Xd-Xb concentration region, the aqueous solution 
undergoes a gradual precipitation process of hydrated solute below the 
curve BG, and then the remaining solution remains in a supercooling 
state below Tp until it turns into a glassy state under the DK curve. Based 
on the above description of the phase diagram, it can be found that 
electrolytes of different concentrations usually have different Tf (Tf is 
the temperature at which the electrolyte begins to freeze and is in a 
partially frozen state), but they have the same Te (Te is the temperature 
at which the electrolyte is completely frozen), and Tf≥Te. So Tf does not 
represent the true thermodynamic limit for anti-freezing behavior[65]. 
Instead, the Te defines the lowest equilibrium temperature at which a 
liquid phase can exist. Tg is a kinetic decisive temperature-limiting 
factor for low-temperature batteries and is only applicable for H2O-so
lute systems with strong super-cooling ability (SCA). Tg governs the 
kinetic stability of deeply supercooled electrolytes.

Thermodynamic analysis suggests that an effective anti-freezing 
strategy should involve reducing the enthalpy change (ΔH) by 
strengthening interactions among electrolyte components, while 
simultaneously increasing the entropy (ΔS) through the introduction of 
additional constituents. Additionally, a moderate increase in solute 
concentration further contributes to improved low-temperature perfor
mance. In addition to focusing on reducing Tf to inhibit ice formation, 
extreme low-temperature performance should also pay attention to 
strategies for low Te and strong subcooling capacity.

2.1.4. Relationship between hydrogen bond networks and electrochemical 
performance

The electrochemical performance of a system is closely linked to the 
thermodynamics and kinetics of its hydrogen bond (HB) network. As 
secondary bonds, HBs exhibit strong electrostatic interactions that 
critically influence the transport mechanisms of protons, OH⁻, NH₄⁺ ions, 
and other hydrogen bond donors (HBDs), as well as Grotthuss-based 
diffusion pathways. Water molecules form a dynamic yet structurally 
ordered HB network, which can significantly hinder ion mobility. This 
impediment arises from the requirement that ions need to disrupt the 
surrounding HBs to migrate through the aqueous medium, thereby 
introducing an energetic barrier to diffusion. The influence of ions on 
water structure generally follows the Hofmeister series (Fig 3a)[66], 
with hydration capacity strongly dependent on surface charge density 
[57]. Small, highly charged ions act as "structure makers," stabilizing the 
HB network through strong hydration effects, whereas large, weakly 
charged monovalent ions ("structural disruptors") destabilize the or
dered arrangement of water molecules, enhancing non-polar solute 
solubility and weakening aggregate stability. Notably, 
high-charge-density anions generate intense local electric fields, 
inducing tighter packing of solvation-shell water molecules [67,68]. At 
low temperatures, structural disruptors further destabilize the HB 
network, significantly lowering the system’s freezing point [69].

The Grotthuss mechanism describes the efficient conduction of 
protons (H⁺) through a hydrogen bond (HB) network via coordinated 
proton transfer, analogous to the motion of Newton’s cradle (Fig 3b) 
[70]. In this process, a proton jumps between adjacent water molecules 
within the HB network, displacing another hydrogen atom and propa
gating this transfer in a chain-like manner (Fig 3c) [71]. Crucially, 
proton transport occurs through a relay mechanism along HB chains 
rather than physical diffusion. This mechanism relies on the dynamic 
disorder of the HB network: sufficiently short HB lifetimes enable 
frequent proton jumps, while network connectivity ensures 
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uninterrupted pathways. The Grotthuss mechanism plays a pivotal role 
in facilitating redox reactions and ion insertion, particularly beneficial 
in aqueous metal-ion batteries by enabling additional proton storage. As 
a result, HB chemistry improves both rate capability (power density) and 
specific capacity (energy density), especially under high current den
sities. Furthermore, HB-mediated attraction and confinement of H₂O 
molecules reduce the energy barrier for de-solvation. Modifying the HB 
environment of water molecules also suppresses their reactivity, thereby 
inhibiting H₂O decomposition and mitigating side reactions.

The current understanding of low-temperature HB network encom
passes a multi-scale theoretical framework. Structurally, the heteroge
neity of liquid water originates from the Widom line effect near the 
liquid-liquid critical point (LLCP), where hydrogen bond saturation 
and directionality maintain tetrahedral coordination. Kinetically, the 
Arrhenius temperature dependence of HB lifetimes governs performance 
degradation at low temperatures, as increased viscosity and reduced ion 
mobility impair conductivity—though existing models inadequately 
reflect network synergy effects. Thermodynamically, high- 
concentration electrolytes deviate from Raoult’s law due to competi
tive hydration, necessitating coordinated suppression of ice nucleation 
via reduced enthalpy change (ΔH) and enhanced entropy change (ΔS). 
Electrochemically, the Hofmeister series guides ion selection, while the 
Grotthuss proton conduction mechanism depends on dynamic disorder 
and connectivity within the HB network. Despite recent advances, 
several critical challenges remain unresolved. First, the validity of the 
liquid–liquid critical point (LLCP) model under extreme conditions has 
yet to be conclusively verified. Second, high-concentration aqueous 
systems currently lack a unified and comprehensive thermodynamic 
framework. Third, while HB disruptors offer a promising strategy for 
modulating water structure, their use may inadvertently trigger unde
sirable side reactions, compromising system stability. To address these 
issues, future research should adopt an integrative approach that com
bines molecular simulations, in situ spectroscopic techniques, and ma
chine learning methodologies. Such a strategy would enable the 
establishment of a quantitative "structure–dynamics–performance" 
relationship, thereby guiding the rational design of next-generation 
aqueous batteries with enhanced low-temperature performance.

2.2. Formation and evolution of solvated structures

The thermodynamic parameters governing zinc ion solvation and 
electrolyte stability—such as electrostatic potential (ESP), dielectric 

constant, and molecular orbital energy—are systematically examined. 
Within the framework of aqueous electrolyte formulation, the intrinsic 
properties of key components, including metal salts, solvents, and ad
ditives, as well as their mutual interactions (e.g., cation–anion coordi
nation, cation–solvent interactions, and solvent–solvent dynamics), are 
analyzed in detail. Subsequently, the solvation structure of the cation is 
characterized through geometric descriptors and thermodynamic met
rics, providing a comprehensive understanding of its coordination 
behavior and stability.

2.2.1. Formation and main components of the solvated shell layer
The preparation of electrolytes involves dissolving metal salts in 

solvents to form homogeneous solutions, which are subsequently pro
cessed for battery integration[72]. In these systems, cations, anions, and 
solvent molecules interact to create a microstructure characterized by 
long-range disorder but short-range order. During dissolution, 
cation-solvent interactions disrupt the original ionic bonds between 
cations and anions. Due to the strong interaction between cations and 
other components, ion clusters will spontaneously form around the 
cation centers and migrate as ion clusters in the electrolyte rather than 
as isolated ions. Critically, the composition and structure of the solva
tion shell—dictated by these interactions—directly influence ion trans
port and interfacial processes[73]. Consequently, tailoring cation 
solvation behavior presents a viable strategy for enhancing battery 
electrochemical performance[74].

For example, the solvation state of Zn²⁺ ions is governed by multiple 
competing factors in zinc-ion batteries (ZIBs)[75]. In typical dilute 
aqueous electrolytes such as 2 M ZnSO4, water molecules readily coor
dinate with Zn²⁺ ions due to their lone electron pairs[76]. Given the low 
Zn²⁺ to H₂O molar ratio (~1:56), zinc ions are extensively hydrated[77]. 
Density functional theory (DFT) calculations confirm that at room 
temperature, the [Zn(H₂O)₆]²⁺ complex—comprising six water mole
cules in the primary solvation sheath—represents the most energetically 
stable configuration, highlighting the fully hydrated nature of zinc ion 
solvation[78]. The strong coordination between zinc ions and water 
molecules within the solvation sheath renders the bound H₂O more 
susceptible to dissociation into H⁺ and OH⁻ compared to free water. This 
elevated reactivity of water-rich solvation structures is a key contributor 
to the low energy density and poor stability of aqueous zinc metal bat
teries (AZMBs)[79]. Consequently, designing dehydrated solvation en
vironments around zinc ions presents a promising strategy to overcome 
these limitations and enhance the electrochemical performance of 

Fig 3. Relationship between hydrogen bond networks and electrochemical performance. a) Hofmeister sequence. b) Newton’s cradle model. c) The diffusion 
pathways of Grotthuss.

L. Pan et al.                                                                                                                                                                                                                                      Energy Storage Materials 83 (2025) 104714 

6 



AZMBs[80].
In electrolyte systems, the solvation shell (or solvation layer) rep

resents a fundamental structural framework where cations interact 
competitively with both solvent molecules and anions to form distinct 
ionic solvation structures[81]. When cation-dipole (cation-solvent) in
teractions dominate over cation-anion interactions, solvent molecules 
preferentially occupy the solvation shell, excluding anions and forming 
solvent-separated ion pairs (SSIP)[82](Fig. 4). In contrast, stronger 
cation–anion interactions promote the incorporation of anions into the 
solvation shell, resulting in contact ion pairs (CIP) or aggregates (AGG). 
Aggregates may involve one anion coordinating with two cations 
(AGG-I) or multiple cations (AGG-II), as illustrated in Fig. 4 [83]. SSIP 
structures, characterized by solvation sheaths composed exclusively of 
solvent molecules, exhibit higher de-solvation energy barriers and 
diminished low-temperature performance[84]. In contrast, CIP and 
AGG, which incorporate anions into the solvation shell, reduce 
de-solvation resistance and significantly enhance electrolyte perfor
mance under low-temperature conditions[85]. This structure-property 
relationship underscores the importance of precisely controlling cation 
solvation environments, particularly through promoting anion partici
pation in CIP or AGG formation, as a critical strategy for optimizing 
electrolyte performance with respect to both interfacial stability and 
low-temperature operation.

2.2.2. De-solvation energy barriers at low temperature
The solvation/de-solvation process can be divided into three inde

pendent steps as shown in Fig. 4: (I) cation dissolution and solvation, 
which governs electrolyte conductivity[79]; (II) cation migration 
through the solvent, a critical determinant of ionic conductivity; and 
(III) interfacial cation de-solvation, which dictates ion intercalation ki
netics. Notably, all three processes are fundamentally driven by dynamic 
cation–solvent–anion interactions[86,87]. The above steps can be car
ried out simultaneously or in sequence, and each step has varying de
grees of influence on the transport kinetics of cations at low 
temperatures. In Step I, the lattice energy of the salt is governed by 
cation–anion interactions, while cation–solvent interactions determine 
the solvation energy[88]. In Step II, ion migration is modulated by both 
cation–anion coordination and solvent–solvent interactions. Strong co
ordination between cations and anions can hinder the transport of sol
vated cations[89]. Similarly, strong interactions between solvent 
molecules, such as hydrogen bonds, can lead to increased viscosity, 
thereby inhibiting the mobility of ions. Both steps primarily affect 
electrolyte conductivity, thereby limiting the battery’s rate perfor
mance. In contrast, Step III is a more complex process, which involves 
the de-solvation process, the decomposition of solvents and anions on 
the surface, crossing energy barriers, and migration through the 
solid-electrolyte interphase (SEI) layer[90].

SEI is defined as the solid-electrolyte interface first proposed by 
Peled in 1979[91]. Generally, SEI is composed of insoluble products 
formed through spontaneous reactions between metal anodes and 

electrolytes. This thermodynamically driven process initiates immedi
ately upon metal-electrolyte contact, forming a surface layer whose 
thickness is governed by electron tunneling limitations. Contrary to 
being static, the SEI undergoes dynamic evolution during cycling, with 
continuous electrolyte decomposition contributing to its replenishment 
[92]. While SEI permits limited electron tunneling under certain con
ditions [93], its primary function lies in serving as a selective barrier 
that: (1) suppresses further electrolyte decomposition and (2) prevents 
solvent co-intercalation, thereby enhancing electrode-electrolyte 
compatibility. Notably, the electrolyte solvation structure also in
fluences SEI properties, which represents a complementary perspective 
to conventional SEI theory[94].

Interfacial dynamics is widely regarded as one of the important 
factors governing battery performance[95]. The interfacial processes 
include three key mechanisms: (1) ion de-solvation at the electrode 
interface, (2) ion transport across the electrolyte/electrode interface, 
and (3) interfacial charge transfer reactions. Particularly, cation 
de-solvation emerges as the rate-limiting step, with its free energy bar
rier exceeding that of cation diffusion through the SEI[96,97]. This 
de-solvation barrier is highly sensitive to both interfacial chemistry and 
electrolyte composition, making targeted interface design crucial for 
optimizing solvent removal from the solvation shell. For example, Li 
et al. [98]. accelerated the lithium de-solvation process by adjusting the 
composition of the electrolyte. At low temperatures, cation–solvent in
teractions are significantly intensified, leading to a more pronounced 
solvent-dominated solvation structure within the electrolyte. This 
temperature-dependent enhancement not only strengthens cati
on–solvent coordination but also increases the solvent coordination 
number, thereby elevating energy barrier for cation de-solvation at the 
molecular level. A higher solvation energy correlates with a greater 
de-solvation barrier[99]. Moreover, key electrolyte proper
ties—including ionic conductivity, electrochemical stability window 
(ESW), thermal stability, and hydrolytic resistance—are highly related 
to the solvation structure of metal ions. This structure, defined by the 
interactions among metal ions, anions, and solvent molecules, forms a 
relatively stable solvation sheath that critically influences electrolyte 
performance.

2.2.3. Solvation thermodynamics
Solvation involves the formation of complexes among cations, anions 

and solvent molecules[101]. The following thermodynamic variables 
can be used to describe the solvation behavior of electrolytes.

Electrostatic potential (ESP), representing the surface charge dis
tribution of molecules, plays a significant role in understanding various 
molecular behaviors and chemical reactivity[102]. Regions exhibiting 
highly negative electrostatic potential (ESP) demonstrate a strong af
finity for cations, indicating that the strength of cation–anion in
teractions is closely linked to the extent of negative charge 
accumulation. In particular, the most negative ESP sites on anions serve 
as preferential coordination sites for cations and also reflect their 
binding affinity with surrounding water molecules. For aqueous zinc 
salts, the ESP-based affinity sequence is: SO4

2− >Ac− > NO3
− > Cl− > BF4

−

> ClO4
− > CF3SO3

− > TFSI− . Notably, SO4
2− exhibits the most negative 

ESP value (− 11.1 eV), facilitating the formation of Zn²⁺– SO4
2− clusters 

and thereby weakening Zn²⁺–H₂O interactions(Fig. 5a,b). In contrast, 
Cl− has a more uniform ESP distribution around its atomic nucleus with 
a value of − 5.98 eV and shows reduced tendency for the aggregation of 
medium-concentration cations. While high negative ESP enhances 
cation attraction, it also increases anion–anion repulsion[94], necessi
tating careful consideration of competitive coordination effects when 
designing low-temperature electrolytes with multi-anion coordination 
solvation structures[103]. Generally, lower negative ESP values corre
spond to weaker cation binding, stronger cation–water interactions, 
more uniform charge distribution, and lower electrolyte freezing points. 
However, in general electrolytes containing BF4

− and ClO4
− have lower 

freezing points. This is mainly attributed to the interaction between BF4
−

Fig. 4. Formation and evolution of solvated structures. The three steps of the 
solvation/de-solvation process and schematic diagrams of different solva
tion structures.
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and ClO4
− and water. The strong hydrogen bond interaction formed be

tween ClO4
− and H2O effectively disrupts the HB network between water 

molecules, thereby inhibiting the formation of ice crystals and lowering 
the freezing point[104]. The inherent four BF bonds of the BF4

− anion 
can not only form O–H… F bonds with water, but also replace the H2O 
molecules in the solvation structure of the zinc ion, weakening the 
interaction of the hydrogen bond network in the aqueous solution[105], 
thereby indicating that solvents with higher dielectric constants facili
tate more favorable ion solvation processes.

3) The highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) are commonly employed to 
qualitatively assess the electrochemical stability of salts. The electro
chemical stability window (ESW) of an electrolyte is defined as the en
ergy difference between the LUMO and HOMO levels[106]. Among 
various anions, BF₄⁻ exhibits the lowest HOMO energy(Fig. 5c), indi
cating superior intrinsic oxidation stability, while Ac⁻ possesses the 
highest LUMO energy, reflecting strong resistance to reduction. Ther
modynamically, the HOMO of the electrolyte must lie below the 
cathodic reaction potential, and the LUMO above the anodic reaction 
potential. Although computational accuracy may be limited, molecular 
orbital analysis offers valuable insights into the electrochemical 
behavior of zinc salts and solvents[107]. Notably, changes in the sol
vation environment of Zn²⁺ can alter HOMO–LUMO characteristics, 
thereby influencing the oxidative and reductive stability of coordinating 
anions and solvent molecules.

In summary, the solvation behavior of electrolytes is governed by 
several key thermodynamic parameters. The electrostatic potential 
(ESP) distribution determines the strength of cation–anion interactions 
and modulates Zn²⁺–H₂O coordination, thereby influencing freezing 
point depression. Solvation free energy (ΔG(sol)<0) reflects the sponta
neity of solvation and is strongly correlated with the solvent’s dielectric 
constant. The HOMO–LUMO energy gap serves as a qualitative measure 
of the electrochemical stability window, with specific anions (e.g., BF₄⁻ 
for oxidation resistance and Ac⁻ for reduction resistance) contributing to 
electrolyte stability through their orbital energy levels. Collectively, 
these variables provide a theoretical framework for the rational design 

of multi-anion coordination solvation structures aimed at enhancing the 
performance of aqueous electrolytes.

2.2.4. Interactions between solvation structure components
The solvation capacity depends on the strength of the cation-solvent 

(ion-dipole) interaction. In most electrolyte systems, anions tend to 
enter the solvation sheath through cation-anion (ion-ion) interactions, 
and the shielding effect of the solvent weakens this interaction. The 
competition between cationic-solvent and cation-anion interactions ul
timately determines the final solvation structure. This fundamental 
understanding of the cationic solvation structure provides inspiration 
for designing multifunctional mixed solvent electrolytes for advanced 
batteries[108].

The increase in SSIP proportion at low temperatures is attributed to 
changes in interactions between electrolyte components. These in
teractions are fundamentally electrostatic in nature, comprising two 
dominant types: ion-ion interactions and ion-dipole interactions. Ac
cording to classical physics, these forces can be defined as[109,110]: 

Uion− ion = −
1

4πε ∗
Z1Z2e2

r 

Uion− dipole = −
1

4πε ∗
zeμcosθ

r2 

Here, U represents electrostatic potential energy, ε is the dielectric 
constant, ze represents the charge of ions, r is the distance, μ represents 
the dipole moment of solvent molecules, and θ represents the dipole 
angle. In electrolyte systems, cationic solvation structures emerge from a 
competitive equilibrium between cation-anion (ion-ion) and cation- 
solvent (ion-dipole) interactions. While temperature does not explic
itly appear in the above equations, it indirectly governs solvation 
behavior through volumetric effect. When no phase change occurs, 
cooling reduces the electrolyte volume, thereby decreasing the average 
intermolecular distance (r), which amplifies both ion-ion and ion-dipole 
interactions according to their respective distance dependencies (r− 1 

and r− 2). Consequently, cooling preferentially enhances ion-dipole 
coupling (Uion− dipole) over ion-ion interactions (Uion− ion), promoting 

Fig 5. Thermodynamic descriptors. a) Electrostatic potential (ESP) [100]. b) Anion type. c) Highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) [100].
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greater solvent penetration into the primary solvation shell. This 
mechanistic understanding explains the observed low-temperature shift 
toward solvent-dominated coordination. It was found that the intro
duction of co-solvents with low dielectric constants, such as fluorine- 
based solvents or non-solvents, could mitigate this temperature- 
induced structural reorganization[111]. Meanwhile, it is worth noting 
that the dipole moment of the solvent is another factor determining the 
Uion− dipole value. At low temperatures, solvents with higher dipole mo
ments exhibit stronger ion–dipole interactions, increasing their ten
dency to enter the cationic solvation sheath. Conversely, in systems 
where anions penetrate the inner solvation layer at low temperatures, 
this behavior may be attributed to the use of solvents with lower dipole 
moments [112,113]. A lower dipole moment results in a slower increase 
in Uion− dipole as temperature decreases, which may remain insufficient to 
surpass the rise in Uion− ion. Therefore, incorporating low-dipole-moment 
solvents can moderate the temperature-induced changes in solvation 
structure by suppressing the growth of ion–dipole interactions, offering 
a strategic approach to stabilizing electrolyte behavior under low tem
perature conditions.

In summary, the low-temperature solvation structure is governed by 
the competitive balance between cation-anion (ion-ion) and cation- 
solvent (ion-dipole) interactions. Volume contraction of the electrolyte 
at low temperatures reduces intermolecular distances, which preferen
tially amplifies ion-dipole coupling (scaling as r− 2) over ion-ion in
teractions (r− 1), driving solvent penetration into the primary solvation 
shell. This temperature-dependent shift can be effectively mitigated 
through electrolyte engineering strategies employing low-dielectric- 
constant solvents (e.g., fluorinated compounds) or low-dipole-moment 
solvents to maintain the stability of the solvation structure.

3. Low-temperature optimization strategy

Electrolytes play a central role in battery systems by enabling the 
transport of charge carriers between the cathode and anode. In aqueous 
batteries, the temperature adaptability is closely linked to the thermal 
stability of the electrolyte, with freezing at sub-zero temperatures posing 
a major challenge to reliable operation under harsh conditions. To 
address this challenge, various strategies have been developed to sup
press the chemical activity of water, including lowering the electrolyte’s 
freezing point and optimizing cation solvation structures by displacing 
water molecules from the solvation sheath. This section provides a 
comprehensive overview of recent advances in electrolyte engineering 
aimed at enhancing the low-temperature performance of aqueous 
batteries.

3.1. Hydrogen bond network modulation

Water molecules serve as fundamental components of HB networks, 
exhibiting dual functionality as both hydrogen bond donors (HBD) and 
acceptors (HBA) according to Lewis acid-base theory[114]. In electro
lytes, water molecules exist in three distinct HB environments:(1) 
tetrahedrally coordinated "blocky" H₂O (4 HBs), (2) partially connected 
H₂O clusters (1–3 HBs), and (3) isolated H₂O molecules (HB-free). As 
temperature decreases, the kinetic energy of water molecules is reduced, 
which promotes the formation of highly ordered HB networks. This 
structural ordering is a key factor leading to electrolyte freezing, thereby 
compromising the low-temperature performance of aqueous battery 
systems. Consequently, disrupting the formation of these ordered HB 
networks is essential—not only for depressing the freezing point of the 
electrolyte but also for suppressing hydrolysis reactions.

Current strategies for regulating HB networks in aqueous electrolytes 
can be broadly categorized into four approaches (Fig. 6). (a) Anion 
regulation: it involves selecting anions with varying binding affinities to 
water or distinct HB acceptor elements (e.g., N, F, O) to modulate water 
activity. Incorporating structure-breaking anions from the Hofmeister 

series into high-concentration electrolytes can effectively disrupt HB 
networks. (b) Additive introduction: it employs low-freezing-point, low- 
viscosity additives that interact with water to weaken HB clusters. For 
example, additives composed solely of HB acceptors with high Gutmann 
donor numbers (DN) can reconstruct the HB network and inhibit proton 
transfer via the Grotthuss mechanism[115]. (c) Co-solvent strategy: it 
enhances HB network regulation by introducing dipolar co-solvents that 
create a molecularly crowded environment, increasing system entropy 
and impeding the formation of low-entropy HB structures. (d) Eutectic 
electrolyte design: it reshapes the HB network to reduce molecular 
ordering and significantly lower the freezing point of water, thereby 
improving low-temperature performance.

3.1.1. Anion modulation
Since it was first demonstrated in 1934 that ions can disrupt the HB 

network among water molecules[116], ion-induced modulation of wa
ter’s tetrahedral structure has remained a central research focus. Ions 
with high charge density and small ionic radii exhibit strong electro
static interactions with water, which thermodynamically lowers the 
enthalpy change (ΔH) and enhances the electrolyte’s low-temperature 
performance. Anions, acting as HBD or HBA, can also coordinate with 
water molecules, thereby disrupting the original HB network and 
effectively depressing the freezing point of the electrolyte.

As illustrated in Fig. 7c, the electrostatic surface potential (ESP) and 
water-binding energies of anions in various zinc salt aqueous electro
lytes—such as ZnSO4, Zn(NO3)2, ZnCl2, ZnI2, and Zn(OTf)2—demon
strate their influence on HB dynamics and freezing point depression 
[11]. HB analysis reveals a progressive reduction in the number of HB 
per H2O molecule from ZnSO4 to Zn(OTf)2, corresponding to a freezing 
point decrease from –9.8 ◦C to –34.1 ◦C. This structural disruption can 
enhance low-temperature electrochemical performance of the aqueous 
electrolytes. The ClO4

− -based electrolyte further exemplifies this effect, 
offering both anti-freezing properties and high ionic conductivity[119]. 
Without the addition of any organic additives, a 3 M Zn(ClO4)2 aqueous 
solution also achieves a high ionic conductivity of 4.23 mS cm⁻¹ at an 
ultra-low temperature of –50 ◦C[104], as shown in Fig. 7b Spectral 
characterization and molecular dynamics (MD) simulations (Fig. 7d) 
[104] confirm that ClO4

− disrupts H₂O–H₂O hydrogen bonds while 
forming new HBs with water, restoring dynamic equilibrium and 
lowering the freezing point. Statistical analysis (Fig. 7a)[104] shows 
that the number of anion–H₂O hydrogen bonds increases from 4 in 3 M 
ZnSO4 and 3 in 3 M Zn(CF3SO3)2 to 9 in 3 M Zn(ClO4)2, indicating the 
superior ability of ClO4

− to restructure the HB network and enhance 
low-temperature electrolyte performance[120]. The aqueous 
potassium-ion battery composed of 10 m KCF3COO electrolyte with a 
large degree of hydrogen bond breaking also has good low-temperature 
performance[121]. Additionally, incorporating anions with highly 
electronegative elements—such as N, O, and F—as HB acceptors is an 
effective strategy for low-temperature electrolyte design by modulating 
water structure. Particularly, the tetrafluoroborate anion (BF₄⁻), 

Fig. 6. Low-temperature optimization strategy based on hydrogen bond 
network regulation.
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containing four fluorine atoms, readily forms weak O–H⋅⋅⋅F hydrogen 
bonds with water molecules (Fig. 7f)[118]. MD simulations (Fig. 7e) 
reveal four distinct HB types between BF₄⁻ and water in a 4 M Zn(BF4)2 
aqueous solution[117]. Each BF4

− anion can coordinate with up to three 
water molecules, forming a Zn(H2O)4(BF4)2 solvation structure. This 
tailored solvation environment enables Zn//δ-MnO2 cells using Zn 
(BF4)2 electrolyte to maintain stable capacity even at –60 ◦C (Fig. 7g), 
highlighting the potential of fluorinated anions in enhancing 
low-temperature battery performance[117].

In general, the effectiveness of anions in suppressing water activity 
within electrolytes is constrained by their solubility and coordination 
capacity. Highly soluble, hydrophilic anions—such as NO3

− , BF4
− , 

OTf− [122], bis(trifluoromethylsulfonyl) imide (TFSI− )[123], F− , and 
ClO4

− —possess abundant hydrogen bond donor/acceptor (HBD/HBA) 
sites and are widely employed in high-concentration electrolytes to 
suppress water activity[124]. In such systems, anions such as TFSI− , Cl− , 
and F− form stable HB networks with water molecules, effectively 
"locking" them in place and disrupting intermolecular H₂O–H₂O 
hydrogen bonding. This interaction lowers the chemical activity of 
water and suppresses its tendency to form an ordered HB network. 
Simultaneously, nearly all water molecules are strongly coordinated 
with cations and confined within their solvation shells, resulting in a 
complete breakdown of the intermolecular HB network among water 
molecules. This dual effect contributes to the significantly reduced 
freezing point observed in high-concentration electrolytes, thereby 

enhancing their suitability for low-temperature battery applications. For 
instance, a Li3V2(PO4)3//LiTi2(PO4)3 battery using 21 m (mol kg− 1) 
LiTFSI electrolyte delivers a reversible capacity of 111 mAh g− 1 at –20 
◦C, retaining 92.5 % of its capacity at 25 ◦C[123]. Similarly, saturated 
LiCl electrolytes enable LiCoO2 electrodes to maintain ~72 % of its 
room-temperature capacity at –40 ◦C[125]. Given the cost and con
centration requirements of such systems, the concept of locally 
high-concentration electrolytes has been proposed. In these systems, the 
hydrophobic nature of TFSI− promotes preferential hydrogen bonding 
between water and cations (e.g., Li⁺), rather than with TFSI− itself. This 
competitive coordination creates localized high-concentration zones 
around cations, further weakening the bulk HB network and enhancing 
low-temperature stability.

In summary, anion regulation strategy is primarily applied to con
ventional dilute electrolyte systems, offering advantages such as high 
ionic conductivity, low viscosity, and cost-effectiveness. However, its 
applicability is constrained by the limited selection of salts that meet 
anti-freezing requirements, resulting in a relatively narrow operational 
temperature range. In contrast, high-concentration electrolyte systems 
significantly extend the usable temperature range into ultra-low regions, 
while also broadening the electrochemical stability window and sup
pressing cathode dissolution. Nevertheless, these systems face chal
lenges including increased viscosity, crystallization and precipitation 
risks, reduced ionic conductivity, and higher material costs, which 
collectively hinder their scalability for practical applications.

Fig. 7. Anion regulation: a) Average hydrogen bond number of Zn(ClO4)2, ZnSO4 and Zn(Cf3SO3)2 systems [104]. b) Comparison of ionic conductivity of Zn(ClO4)2 
aqueous solutions of different concentrations at different temperatures [104]. c) ESP of different selected anions and their binding energy with H2O [11]. d) 
Schematic diagram of the possible mechanism by which perchlorate anion interaction affects hydrogen bonds in Zn(ClO4)2 aqueous solution [104]. e) Types of 
hydrogen bonds present in BF4

− solution [117]. f) BF4
− breaks the hydrogen bonds between water molecules [118]. g) Battery performance [118].
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3.1.2. Additive introduction
The incorporation of trace amounts (typically <10 % by weight, 

molar, or volume) of organic or inorganic substances into aqueous 
electrolytes—commonly referred to as additives—can effectively sup
press ice crystallization, thereby lowering the freezing point and 
enabling low-temperature operation of water-based batteries. Organic 
additives interact with water molecules via HBA/HBD groups, disrupt
ing the original HB network and forming a new stabilized additive–
water HB network. This reconstructed structure effectively inhibits the 
formation of continuous HB network among freely mobile water mole
cules, thus suppressing ice crystallization. The effectiveness of organic 
solvents in controlling the water–ice phase transition is governed by 
their intrinsic properties, including polarity, freezing and boiling points, 
dielectric constant, and concentration. In contrast, inorganic additives 
achieve similar freezing point depression by modulating the proportion 
of strong HBs within the electrolyte.

For example, the polyhydroxy organic compound 1,4-dioxane-2,5- 
diol (DOL) forms strong HBs with water molecules (Fig. 8b), disrupt
ing the native weak HB network among free water molecules (Fig. 8c) 
and effectively regulating free water content. An electrolyte containing 
100 mM DOL maintains high ionic conductivity (20.86 mS cm− 1) at − 10 
◦C, whereas the DOL-free counterpart freezes[126]. To achieve optimal 
coordination with water molecules, the solvent–water binding energy 
must exceed that of water–water interactions. Similarly, in order to 

effectively converts active water molecules in the solvation shell to less 
reactive bulk water by adding DOL, the binding energy between DOL 
and zinc needs to be greater than that between zinc and water mole
cules.(Fig. 8a). Inspired by the molecular crowding effect in biological 
systems, which reduces free H2O activity, small-molecule crowding 
environments can similarly disrupt HB structures[130]. Additives that 
induce molecular crowding reduce free water content, suppress 
hydrogen evolution reactions (HER), and lower the freezing point. For 
instance, hydroxyl‑rich galactomannan polysaccharides (q-GPA), 
capable of inducing such effects, enable battery operation at − 30 ◦C. A 
q-GPA-modified Zn–Na2V6O16⋅1⋅5H2O (NVO) full cell demonstrates 
exceptional low-temperature performance, with 99.2 % capacity 
retention over 5000 cycles at − 30 ◦C. Mechanistic studies (Fig. 8f) 
reveal that the polyhydroxy galactomannan framework reconfigures the 
HB network, significantly reducing water activity and inhibiting ice 
formation below zero degrees[127]. At low temperatures, the original 
HB network (Fig. 8d) readily transitions into an ice lattice, but q-GPA 
disrupts this structure through strong interaction between q-GPA and 
water. By balancing HB and ionic interactions, electrolytes with critical 
q-GPA concentrations remain functional at subzero temperatures. In-situ 
variable-temperature FTIR spectroscopy confirms that, unlike the Zn 
(OTf)2 electrolyte, the Zn(OTf)2–q-GPA system maintains stable O–H 
stretching vibrations across − 30 to 30 ◦C (Fig. 8e), further validating 
q-GPA’s role in structural regulation and ice suppression. In addition to 

Fig. 8. Additive: a) H2O and DOL on the Zn (002) crystal surface [126]. b) The Raman spectra of the strong, medium and weak hydrogen bond vibration regions were 
fitted [126]. c) Comparison of strong, medium and weak hydrogen bond contents [126]. d) Schematic diagram of the original hydrogen network between water 
molecules with q-GPA at low temperatures [127]. e) In-situ variable-temperature FTIR spectra of the typical O–H tensile vibration mode of Zn(OTf)2-q-GPA 
electrolyte within the range of 30 to − 30 ◦C [127]. f) The influence of Zn(OTf)2 and Zn(OTf)2-q-GPA electrolytes on the cycling performance of Zn//NVO batteries 
[127]. g) Schematic diagram of possible supramolecular interactions among LITFSI, DMSO and water [128]. h) Area ratio of strong, medium and weak HBs of H2O 
molecules [129]. i) Cycling stability [129].
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hydrophilic hydroxyl groups, dimethyl sulfoxide (DMSO, CH3)2SO) is 
widely employed as a low-temperature additive due to its high polarity, 
elevated boiling point, and excellent thermal stability. As a 
sulfur-containing compound, DMSO functions exclusively as a HBA in 
mixed DMSO–H₂O systems[131], owing to the two lone electron pairs on 
the oxygen atom of the sulfoxide group. In this configuration, water 
molecules act as HBDs, reconstructing the original H–O⋅⋅⋅H HB network 
into a new structure characterized by S = O⋅⋅⋅H–O interactions (Fig. 8g) 
[128]. This restructured network significantly depresses the freezing 
point, allowing the electrolyte to remain in a liquid state down to − 40 
◦C. In addition, the electrolyte obtained by adding DMSO to a 2 M 
NaClO4 aqueous solution achieved the performance of an ionic con
ductivity of 0.11 mS cm− 1 even at an ultra-low temperature of − 50 ◦C 
[132].

Inorganic additives such as calcium chloride (CaCl2) and heteropoly 
acids (e.g., ammonium phosphomolybdate, APM) also serve as effective 
low-temperature modifiers. CaCl2 interacts strongly with water mole
cules, altering the HB distribution within the electrolyte and thereby 
lowering its freezing point[120]. When incorporated into an optimized 
electrolyte formulation (3.86 m CaCl2 + 1 m NaClO4), an all-inorganic 
Na2CFe(CN)6//activated carbon battery achieves a high discharge ca
pacity of 74.5 mAh g− 1 at 1 C and demonstrates ultra-stable cycling 
performance over 6000 cycles at − 30 ◦C and 10 C. Additionally, the 
inclusion of APM in Zn(OTf)2-based electrolytes attenuates water–water 
interactions, decreasing the proportion of strong HBs while increasing 
the fraction of weaker ones (Fig. 8h). As the temperature drops from 0 ◦C 
to − 40 ◦C, the APM-1.3 electrolyte maintains superior cycling stability 
and capacity (Fig. 8i). Upon returning to room temperature, the specific 
capacity of the APM-1.3 electrolyte is largely restored, highlighting its 
reversible structural modulation and robust low-temperature perfor
mance[129]. Some "non-conventional" electrolyte additives such as 
graphene oxide quantum dots have also been proven to effectively 
inhibit the growth of ice crystals[133].

In summary, the incorporation of additives into aqueous electrolytes 
effectively weakens intermolecular interactions among H₂O molecules, 
reduces the proportion of strong HBs, and enhances ionic conductivity. 
Additionally, additive adsorption on the electrode surface contributes to 
a more uniform electric field distribution, promoting homogeneous zinc 
ion deposition while suppressing dendrite formation and corrosion. 
Future research should focus on the synergistic regulation of the elec
trolyte’s operational temperature window and the protective mecha
nisms at the zinc anode interface, aiming to further improve the long- 
term cycling stability of aqueous zinc-based batteries.

3.1.3. Co-solvent strategy
A key requirement for co-solvents in aqueous electrolytes is their 

miscibility with water. The introduction of the organic co-solvent and 
molecular crowding agents can effectively establish a HB network 
within the electrolyte. Such substances (e.g., sulfone sulfolane (SL)[12], 
succinonitrile (SN)[134], acetonitrile (AN)[135], acetone[136], urea 
[137], etc.) usually contain highly polar functional groups that enable 
strong dipole-dipole interactions with water molecules. The higher the 
binding energy between additive molecules and free water molecules, 
the stronger the HB force established[138]. By forming a dense HB 
network, these additives can transform water molecules that are origi
nally in a long-range ordered and freely moving state into a localized 
bound state. This microstructure transformation significantly reduces 
the freezing point of aqueous electrolytes[139]. Moreover, the intro
duction of substantial amounts of co-solvent increases the entropy value 
of the entire electrolyte system, thereby synergistically hindering the 
transition of the system to a low-entropy solid state.

Alcohols, due to their abundant hydroxyl groups, establish a 
strengthened HB network with free water molecules[142]. Among them, 
polyethylene glycol (PEG 200) has shown remarkable effects in 
improving the low-temperature performance of aqueous electrolytes 
due to its unique molecular structure. Studies reveal that the ether 

oxygen atoms (C–O-C) in PEG 200 possess a higher negative charge 
density than the O atoms in H2O[143], resulting in weaker HBs between 
PEG and water (bond energy ≈ − 0.072 eV; bond length ≈ 2.26 Å) 
compared to the stronger water–water HBs (bond energy ≈ − 0.199 eV; 
bond length ≈ 1.8 Å), as shown inFig. 9a[140]. As a HBA, PEG forms a 
global weak hydrogen bond with H2O when introduced as co-solvent 
[140]. In particular, the incorporation of PEG 200 into a 2 m ZnCl2 
aqueous electrolyte enables battery operation at extremely low tem
peratures, down to − 40 ◦C. This enhanced anti-freezing performance is 
closely linked to the ability of co-solvent to modulate the local envi
ronment of water molecules. Differential scanning calorimetry (DSC) 
analysis (Fig. 9b) demonstrates that increasing the concentration of PEG 
200 significantly lowers the freezing point of the electrolyte. Notably, 
the molecular weight of PEG plays a critical role in its ability to suppress 
free water activity. Low-molecular-weight PEGs, such as PEG 100, 
possess shorter chain lengths that are insufficient for effectively encap
sulating water molecules, resulting in limited inhibition of water crys
tallization. In contrast, the optimized PEG co-solvent system exhibits 
superior anti-freezing performance, attributed to its enhanced capacity 
to regulate the water molecule environment and disrupt long-range HB 
network. Conductivity measurements (Fig. 9c) reveal that all electro
lytes exhibit a similar decline in ionic conductivity as the temperature 
decreases from 30 ◦C to 0 ◦C. However, below 0 ◦C, mixed electrolytes 
containing PEG demonstrate significantly higher conductivity compared 
to the pure 2 m ZnCl2 system. Notably, the optimized 7:3 hybrid elec
trolyte maintains an ionic conductivity of 5.6 × 10− 5 S cm− 1 at − 40 ◦C, 
whereas the ZnCl2-only electrolyte drops sharply to 2 × 10− 7 S cm− 1. 
This superior physicochemical stability directly endows enhanced bat
tery performance under extreme low-temperature conditions.

Beyond PEG, other types of organic co-solvents also effectively 
improve the low-temperature behavior of electrolytes through different 
mechanisms. As the lightest nitrile organic solvent by molar mass, 
acetonitrile (AN) is widely used due to its high miscibility with water 
and low freezing point. The -C–––N group in its molecule can act as a HBA 
and electrostatically interact with the hydrogen atoms in water that act 
as HBD, thereby reconstructing the HB network around the water 
molecule[144]. For instance, the introduction of AN as a co-solvent into 
a conventional high-concentration (21 m) LiTFSI electrolyte results in 
the formation of an “acetonitrile/water-in-salt” (AWIS) electrolyte. At 
an optimal concentration of 5 m, the AWIS system exhibits markedly 
improved physicochemical properties, including enhanced ionic con
ductivity, reduced viscosity, and a lowered freezing point compared to 
the original 21 m water-in-salt (WIS) electrolyte. Importantly, the wide 
electrochemical stability window of the electrolyte is preserved, and its 
operational temperature range is extended down to − 30 ◦C[145]. 
Similarly, formylamine (FA), a highly polar solvent, has been reported to 
improve the low-temperature behavior of aqueous sodium-ion batteries 
[141]. FA contains both HBA (carbonyl C = O) and HBD (amino –NH₂) 
groups, enabling coordination with the hydroxyl groups of water to form 
H2O–FA clusters. This coordination effect effectively inhibits the for
mation of water clusters with tetrahedral HB structures between water 
molecules, significantly altering the chemical environment of water 
molecules. The vibration evolution is shown in Fig. 9d [141]. In the 
optimized mixture, both the carbonyl stretching vibration and the amine 
bending vibration of FA move towards the higher wave-number side, 
confirming the change in the intermolecular interaction[146]. Conse
quently, the freezing point of the electrolyte drops below − 50 ◦C. These 
improvements highlight the potential of co-solvent engineering in 
advancing the low-temperature performance of aqueous battery 
systems.

3.1.4. Eutectic electrolyte design
The formation of deep eutectic electrolytes (DES) arises from the 

intricate coordination of interactions among metal salts, ligands, and 
additives[147,148]. These systems exhibit eutectic points significantly 
lower than those of their individual components and even below the 
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theoretical values predicted for ideal mixtures, indicating a strong 
negative deviation (ΔT2 > 0), as shown in Fig. 7a[149]. This pro
nounced depression in melting point makes DES highly suitable for 
antifreeze electrolyte applications. The bifunctional nature of DES plays 
a pivotal role in disrupting the original HB network among water mol
ecules[150]. Specifically, the HBA components in DES interact with 
hydrogen atoms of water as HBD, while the HBD components form 
additional HBs with the oxygen atoms in water as HBA, collectively 
reconstructing the HB architecture and enhancing low-temperature 
stability[149]. This dual interaction mechanism allows DES to act as 
an efficient “HB disruptor”, reshaping the HB network, reducing mo
lecular order, and significantly lowering the freezing point of the elec
trolyte. Moreover, by weakening strong HBs, DES also mitigates water 
decomposition at elevated temperatures—such as suppressing the 
hydrogen evolution reaction (HER)—thereby broadening the electro
lyte’s electrochemical stability window. Additionally, DES systems are 
often environmentally benign, further supporting their application in 
sustainable energy storage technologies.

Based on the above mechanism, various DES systems have been 
developed to enhance the low-temperature performance of aqueous 
batteries. For example, acetylpropionic acid (AEV), which contains two 
dipolar groups (–COOH and –C = O), serves as an effective HBA, dis
rupting the original HB network by forming enhanced HB interactions 
with water molecules [150]. In a DES-x electrolyte composed of x vol % 
AEV, (1–x) vol % water, and 2 M ZnSO4, the freezing point is 

significantly reduced. This is attributed to both dipole–dipole in
teractions between AEV and H₂O and dipole–ion interactions between 
AEV and Zn²⁺, which collectively reshape the HB network (Fig. 10e) 
[151]. At an optimal composition of 50 vol % AEV (DES50), the elec
trolyte exhibits excellent ionic conductivity (Fig. 10d) and outstanding 
low-temperature performance. Specifically, a Zn//Zn symmetric cell 
demonstrated stable cycling for over 720 h at − 20 ◦C under 0.25 mA 
cm⁻² and 0.25 mAh cm⁻² (Fig. 10c), while a full cell achieved nearly 650 
h of deep cycling at 80 % depth of discharge (DOD) (Fig. 10b). Similarly, 
a mixed electrolyte containing 40 vol % ethylene glycol (EG) in 2 m 
ZnSO4 retains high ionic conductivity (6.9 mS cm⁻¹) at − 40 ◦C [152], 
facilitated by enhanced HB between EG and water (Fig. 10f). Further
more, the polyeutectic electrolyte HEE30, composed of Al(OTf)3, glyc
erol (Gly), β-sodium glycerophosphate pentahydrate (SG), and water in 
a 1:8:1:30 ratio, exhibits a significant shift towards a higher wave
number of the H–O bending vibration peak (1600–1700 cm⁻¹) in FTIR 
spectra compared to the base electrolyte (Fig. 10g), confirming reduced 
water activity[153]. The unique eutectic network formed in HEE30 
strengthens the HB between Gly and H₂O, thereby lowering the freezing 
point of the electrolyte (Fig. 10h), expanding the electrochemical win
dow, and suppressing the HER[153].

In summary, strategies such as anion type modification, high- 
concentration salt formulation, incorporation of HBA/HBD-rich addi
tives, and the design of eutectic electrolytes have proven effective in 
disrupting the original HB network and regulating the types of HB. These 

Fig. 9. Co-solvent: a) Schematic diagram of hydrogen bond interaction between PEG and water molecules [140]. b) Freezing point data obtained from DSC curves 
[140]. c) Ionic conductivity of mixed electrolytic substances at different temperatures [140]. d) Vibration evolution of different functional groups in the H2O-FA 
cluster calculated by QC in the optimization scheme [141].
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modifications inhibit the phase transition of water from liquid to solid, 
thereby lowering the freezing point of aqueous electrolytes. A key aspect 
of optimizing high-concentration salt electrolytes lies in reducing the 
structural order of the HB network in H2O and modulating the HB co
ordination between anions and water molecules. However, the limited 
availability of HBAs (anions) in high-concentration systems means that 
reducing salt concentration can significantly impair electrolyte regula
tion. In contrast, additives—often rich in HBA/HBD functional group
s—can exert substantial influence on the hydrogen evolution reaction 
(HER) and freezing behavior even at low concentrations. Future 
research should focus on integrating multiple approaches—combining 
the benefits of additives, high-concentration electrolytes, and eutectic 
systems—to develop advanced electrolytes with broad low-temperature 
operability and high safety.

3.2. Solvation structure design

The solvation structure of an electrolyte plays a pivotal role in 
determining its electrochemical stability, interfacial behavior, and 
overall battery performance. Modulating this structure can alter the 

highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) levels of the solvent, thereby enhancing both 
its oxidative and reductive stability. The transport, deformation, and de- 
solvation dynamics of solvated species—within both the bulk phase and 
at the electrode interface—are governed by intermolecular interactions 
and are critical to battery operation under low-temperature conditions. 
These processes are influenced by the competitive interactions among 
cations, anions, and solvent molecules that constitute the solvation 
structure. Consequently, extensive research has focused on designing 
intermolecular interactions in solvated structures to enhance low- 
temperature performance by exploring the charge transfer process at 
the molecular level.

3.2.1. Salt selection
The solvation structure of aqueous electrolytes is primarily governed 

by the relative strengths of cation–anion and cation–solvent in
teractions. When the interaction between cations and anions exceeds 
that between cations and solvent molecules, anions can partially replace 
solvent molecules within the solvation shell. This substitution alters the 
physicochemical properties of electrolytes and can be strategically 

Fig. 10. Eutectic electrolyte: a) simple ideal eutectic mixture (red line) and deep eutectic mixture (blue line) [149]. b) The cycling performance of symmetrical zinc 
cells when the zinc utilization rate (ZUR) is 80 % [151]. c) Cycling performance of Zn//Zn symmetrical cells at − 20 ◦C (0.25 mA cm− 2 and 0.25 mAh cm− 2) [151]. d) 
The ionic conductivity and viscosity of DES-X electrolyte [151]. e) Schematic diagram of different behavioral characteristics of water molecules in aqueous solutions 
with or without AEV addition [151]. f) Schematic diagram of possible mechanisms by which the solvation interaction of Zn2-EG affects the chemical properties of 
hybrid electrolytes [152]. g) Different water contents of electrolytes between 1500 and 1800 cm− 1 The FTIR spectrum [153]. h) Cycling performance of Al/Al 
symmetrical cells using BE and HEE30 electrolytes at 0.05 mA cm− 2 and 0.05 mAh cm− 2 at − 20 ◦C [153].
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controlled through two main approaches: selecting different zinc salts or 
adjusting their concentrations. These methods enable precise tuning of 
the solvation environment, which is critical for optimizing electro
chemical stability and enhancing battery performance, particularly 
under low-temperature conditions.

The physicochemical properties of anions, such as ionic size[157], 
asymmetry, hydrophobicity[158], position in the Hofmeister series 
[159], alongside the characteristics of cations, jointly exert a decisive 
influence on the solvation structure of the electrolyte. Anions, typically 
derived from salt dissociation, play a central role in shaping the solva
tion environment through their interactions with cations[160–162]. 
Strong anion-cation interactions lead to the formation of ion pairs, 
which in turn slow down the migration rate of cations. These ion pairs 
can further aggregate into ion clusters, resulting in compact solvation 
shells around cations and significantly increasing the de-solvation en
ergy barrier of cations. As illustrated in Fig. 11a, the electrostatic po
tential (ESP) values of anions reflect their binding tendencies[154]. 
Additionally, the dissolution of different zinc salts alters HB interactions 
and pH levels, thereby affecting the stability and solvation structure of 
the electrolyte (Fig. 11c)[155] . Generally, anions with higher electro
negativity and smaller ionic radii exhibit stronger binding affinities to
wards cations. Therefore, selecting or designing anions that weaken 
strong interactions between ions and optimize the solvation structure (i. 
e., reducing the formation of compact ion pairs or clusters) is an effective 
strategy to lower de-solvation barriers and enhance ion transport ki
netics, particularly under low-temperature conditions.

Increasing salt concentration can effectively reduce the likelihood of 
contact between cations and water molecules, thereby enhancing cati
on–anion interactions and promoting the formation of a distinct cation 
coordination environment[163]. Additionally, reducing water content 
in aqueous electrolytes can effectively suppress parasitic reactions at the 
electrode interface, which are typically driven by highly active solvent 
molecules[164]. High-concentration "water-in-salt" (WIS) electrolytes 
induce the formation of unique solvation structures by significantly 

increasing the salt concentration and limiting the water content, In such 
electrolytes, the number of free water molecules is significantly reduced, 
while the anion-water HB pairings becomes widespread. And anions 
directly participate in cation coordination, forming contact ion pairs CIP 
and aggregates AGG[165]. This solvation sheath dominated by anions 
and a small amount of water molecules[166] has a relatively low 
de-solvation energy barrier and thus facilitate the formation of a stable, 
inorganic-rich solid electrolyte interface (SEI) layer [167]. Zinc ions 
(Zn²⁺) are selected to serve as a representative case for studying cation 
solvation in aqueous electrolytes. In dilute solutions, strong electrostatic 
interactions between Zn2+ and polar water molecules form a 
well-defined [Zn(H₂O)6]2+ solvation sheath[168]. However, at elevated 
ZnCl2 concentrations (e.g., 7.5 m), anions partially replace water in the 
primary solvation shell, forming mixed [Zn(anion)ₘ(H₂O)ₙ] clusters 
[169]. This structural reorganization enables aqueous zinc-ion batteries 
(ZIBs) to operate at ultra-low temperatures (Fig. 11b), though high salt 
concentrations introduce trade-offs, including increased viscosity, 
reduced ionic conductivity, and impaired rate performance[40]. Similar 
solvation dynamics are critical for other cations (e.g., Na⁺, K⁺, NH₄⁺, and 
multivalent ions). For instance, density functional theory (DFT) simu
lations reveal that [Mg(H2O)6]2⁺ exhibits a smaller hydration radius (2.1 
Å vs. 2.2 Å of [Zn(H2O)6]2+) and higher binding energy (− 4.14 eV vs. 
− 1.72 eV for Zn2⁺), highlighting the role of cation-water interactions in 
low-temperature kinetics, as shown in Fig. 11d [156]. Modifying the 
coordination environment between cations and water—specifically by 
weakening their interaction strength—is a critical strategy for tailoring 
the solvation structure. This adjustment lowers the energy barrier for 
de-solvation of cations, thereby enhancing ion transport kinetics and 
improving electrochemical performance under low-temperature 
conditions.

Reconstructing the solvation structure by selecting appropriate zinc 
salts and increasing salt concentration has been shown to positively 
influence the electrochemical performance of zinc-based batteries. 
High-concentration electrolytes, in particular, offer notable advantages 

Fig. 11. Salt selection: a) ESP mapping of the selected anions [154]. b) Ionic conductivity of different electrolytes within the temperature range of − 100 to 60 ◦C 
[40]. c) pH values of different zinc salts at the same concentration [155]. d) Formation energy and hydration radius of the solvation configuration of Zn2+ and the 
solvation configuration of Mg2+ were calculated [156].
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such as enhanced ionic conductivity and improved low-temperature 
stability under low-temperature conditions. However, their practical 
implementation is often constrained by elevated viscosity, increased 
materials cost and processing complexity. Therefore, while high- 
concentration systems hold significant promise, further optimization is 
required to balance electrochemical performance with economic and 
operational feasibility, especially for scalable applications.

3.2.2. High entropy electrolyte
In conventional aqueous electrolytes, cation solvation is predomi

nantly governed by water molecules, resulting in a high abundance of 
free water that adversely affects ionic conductivity at low temperatures. 
While increasing the salt concentration to create a high-concentration 
electrolyte can effectively depress the freezing point, this approach 
promotes the formation of extended anion-cation clusters that risk salt 
precipitation at subzero temperatures. In contrast, high-entropy elec
trolytes (HEEs) address these limitations through the strategic incor
poration of supporting salts, which disrupt long-range ion aggregates 
and promote shorter, more mobile solvation structures. This structural 
modification significantly enhances low-temperature ion transport ca
pabilities while maintaining solution stability.

For example, by introducing lithium bromide (LiBr) as a supporting 
salt into an aqueous ZnBr2 electrolyte, a high-entropy electrolyte with 
the composition Li2ZnBr4⋅9H2O was successfully formulated[170]. The 
bromide ions contributed by LiBr facilitate the tetrahedral coordination 
of Zn2⁺, thus effectively suppressing the formation of extended 
[ZnBr4-m

2-m]n (n > 3) networks, as illustrated in Fig. 12a. This configura
tion promotes the dissociation of LiBr and intensifies competition among 
Zn-Br aggregates, resulting in a predominance of short-chain species (n 
≤ 3). Consequently, the HB network of free water is disrupted, and water 
molecules are effectively excluded from the zinc solvation shell. Radial 
distribution function (RDF) analysis was employed to quantify the co
ordination numbers within the solvation structure of Zn²⁺. In a 2 M 
ZnBr2 electrolyte, Zn²⁺ exhibits a coordination number of 6 with water 
and nearly 0 with bromide (Fig. 12c), indicating a fully water-based 
solvation shell. As salt concentration increases, the Zn–H₂O coordina
tion number decreases to 3.8, while Zn–Br coordination rises to 2.2 
(Fig. 12d), signifying bromide incorporation into the solvation structure. 
Upon addition of LiBr, the Zn–H2O coordination number further 

declines to 2, and Zn–Br coordination increases to 4 (Fig. 12e), con
firming that high-entropy electrolytes facilitate water exclusion and 
anion integration. Meanwhile, Li⁺ additionally binds free water mole
cules, further reducing the amount of free water in the electrolyte. 
Density functional theory (DFT) calculations were conducted to evaluate 
the LUMO energies of representative solvated structures across the three 
electrolytes. As shown in Fig. 12b, higher LUMO energy levels correlate 
with the improved reduction stability. The [Zn(H2O)6]2⁺ in the 2 M 
ZnBr2 electrolyte exhibits the lowest LUMO energy, whereas the 
[ZnBr4]2⁻+4H2O complex in Li2ZnBr4⋅9H2O shows the highest, indi
cating enhanced electrochemical stability. These modifications yield 
exceptional low-temperature performance, with Zn// NaV3O8⋅1⋅5H2O 
batteries maintaining 71.2 % capacity retention after 800 cycles at –30 
◦C using the Li2ZnBr4⋅9H2O electrolyte.

The high-entropy electrolyte (HEE) strategy represents a significant 
and innovative advancement in the development of aqueous zinc-ion 
batteries. Its principal strength lies in the rational design of a disor
dered solvation structure, which effectively addresses multiple long
standing challenges, including water activity, freezing point depression, 
salt precipitation, and zinc dendrite formation, within a unified frame
work. However, the practical implementation of this approach faces 
hurdles related to cost, scalability, and the handling of bromide-based 
chemistries. To enhance the commercial viability of HEEs, future 
research should investigate whether the underlying principles of 
entropy-driven solvation modulation can be extended to more abundant 
and cost-effective salt systems, such as chlorides or sulfates. Such efforts 
could pave the way for broader adoption of this promising strategy in 
large-scale energy storage applications.

3.2.3. Construction of solvation sheaths
Regulating the solvation structure of electrolytes is a pivotal strategy 

for ensuring their stable performance under low-temperature condi
tions. By introducing targeted additives or co-solvents, the coordination 
environment surrounding cations can be strategically modified, result
ing in a reduced concentration of active water molecules. This structural 
modification inhibits ice nucleation and lowers the energy barrier for 
cation de-solvation, thereby significantly enhancing ion transport ki
netics and electrochemical stability under low-temperature conditions.

Additives with polar functional groups play a central role in tailoring 

Fig 12. High-entropy systems: a) Schematic diagrams of solvation structures of salt-electrolytes in water, salt-in-water electrolytes, and high-entropy electrolytes 
[170]. b) Calculation of LUMO energy levels of different cation-water clusters using DFT [170].c) Radial distribution functions (RDFs) and coordination numbers 
(CNs) of Zn2+-H2O (O) and Zn2+-Br in 2 m ZnBr2 electrolyte [170]. (d) RDFs and CNs of Zn2+-H2O (O) and Zn2+-Br in ZnBr2⋅3H2O electrolyte [170]. (e) RDFs and 
CNs of Zn2+-H2O (O), Zn2+-Br, Li+-H2O (O) and Li-Br in the Li2ZnBr4⋅9H2O electrolyte [170].
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the solvation structure and are broadly categorized into hydrophilic and 
zinc-philic types in zinc-ion battery system[174]. Hydrophilic additives, 
such as those containing hydroxyl groups, form HBs with water mole
cules, disrupt the bulk H₂O network, and compete with Zn²⁺ for coor
dination, thereby reducing the number of water molecules in the Zn²⁺ 
solvation shell [175–176]. For instance, the incorporation of 40 vol % 
diethylene glycol monoethyl ether (DG) into a non-concentrated Zn 
(OTf)₂ aqueous electrolyte leads to the formation of a modified solvation 
sheath involving both DG and OTf⁻ anions (Fig. 13f)[171]. This structure 
disrupts the hydrogen-bond network, reduces free water content, and 
significantly lowers the electrolyte’s freezing point. Moreover, DG pro
motes the formation of Zn2⁺–OTf− contact ion pairs (CIP), as evidenced 
by Fourier transform infrared (FTIR) spectra (Fig. 13a), where redshifts 
and peak enhancements at 1028 cm− 1 (free OTf− ) and 1057 cm− 1 (co
ordinated OTf− ) indicate strong interactions between OTf− , DG, and 
Zn2⁺. Similar vibrational trends in –CF₃ and –SO₃ groups (Fig. 13b) 
further confirm DG’s role in regulating the coordination environment of 
OTf− anions. Notably, at –35 ◦C, the DG40-based battery exhibits 
exceptional performance, achieving over 1000 cycles with ~99.9 % 
Coulombic efficiency and 99.8 % capacity retention at a current density 
of 2 A g− 1 (Fig. 13c). Additionally, carbonyl-containing compounds, 
such as carboxylate salts and amides, possess a high donor density and 
are frequently employed as zinc-philic additives to coordinate with Zn2⁺ 
ions[175]. These additives can integrate into the primary solvation shell 
of Zn2⁺ by replacing water molecules or adsorb onto the anode surface, 
thereby modulating the de-solvation process of solvated Zn2+. A repre
sentative system, ZN-1–3, is synthesized using Zn(ClO4)2⋅6H2O and 
N-methylacetamide (NMA) in a 1:3 molar ratio [173]. In this electrolyte, 
Zn2+ forms complexes with NMA, H2O, and ClO4

− , resulting in a reduced 
hydration number compared to conventional aqueous electrolytes. This 

decrease in active water molecules effectively suppresses side reactions 
and expands the electrochemical stability window from approximately 
2.4 V to 2.8 V. Molecular dynamics simulations (Fig. 13h) reveal that 
NMA replaces a water molecule in the primary solvation sheath, forming 
the [Zn(ClO4)2(NMA)(H2O)3] complex. This structural transformation 
underpins the enhanced electrochemical performance of the ZN-1–3 
electrolyte.

Beyond the above-mentioned compounds, other polar molecules 
have also been investigated as electrolyte additives to regulate the sol
vation structure. A notable example involves the incorporation of low- 
polarity 1,2-dimethoxyethane (DME) into a diluted 1 M Zn(OTf)2 
aqueous solution, resulting in a distinctive "core–shell" solvation sheath 
[172], as shown in Fig. 13g This configuration features an OTf− -rich Zn²⁺ 
primary solvation sheath (PSS, core) surrounded by a DME-modulated 
outer sheath. Although DME does not directly participate in Zn²⁺–PSS 
coordination, its presence enhances the Zn–OTf− interaction, thereby 
optimizing the solvation structure for improved reaction kinetics at 
ultra-low temperatures. The resulting 1 M–D0.15 electrolyte enables 
exceptional performance, achieving 3500 h of cycling stability at –40 ◦C 
and 3 mAh cm− 2, with a depth of discharge (DOD) of 51.3 % (Fig. 13e) 
[172]. Furthermore, in Zn||Cu cells, the Coulombic efficiency remains 
stable at 99.1 % under –40 ◦C, and after 500 cycles, the voltage polar
ization is maintained at approximately 325 mV at 0.2 mA cm− 2 

(Fig. 13d)[172].
Overall, electrolyte additives serve as powerful tools for solvation 

regulation in high-performance zinc-based batteries. The incorporation 
of hydrophilic and zinc-philic compounds not only reduces the number 
of solvated water molecules around Zn²⁺ but also suppresses parasitic 
reactions and modifies the solid–electrolyte interphase (SEI). These 
changes influence the deposition morphology, nucleation behavior, and 

Fig. 13. Construction of solvation sheaths with additives: The Raman spectrum of the electrolyte is between (a)1140 and 1320 cm− 1 [171]. b) Between 1020 and 
1070 cm− 1 [171]. C) Cycling stability of Zn//PANI coin cells under 2 A g− 1 at –35 ◦C [171]. d) Zn plating/stripping CE and voltage curves (inset) of Zn|1M-D0.15|Cu 
half-cell at –40 ◦C (0.2 mA cm− 2 and 0.2 mA h cm− 2) [172]. e) Cycling performance of Zn//Zn cells (0.3 mA cm− 2 and 3 mA h cm− 2) at –40 ◦C [172]. f) Schematic 
diagram of the solvation structure of Zn2+ in hybrid electrolyte and DG40 electrolyte [171]. g) Schematic diagram of the electrolyte design for the nuclear structure 
of low-temperature water-zinc batteries [172]. h) The three-dimensional snapshot obtained by MD simulation and the solvation structure of Zn2+in the ZN-1–3 
electrolyte [173].
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electron transfer kinetics, collectively contributing to enhanced battery 
performance under extreme conditions.

3.2.4. Regulation of solvent environment
While aqueous electrolytes are essential for enabling ion transport 

and electrochemical reactions in zinc-ion batteries (ZIBs), the high 
reactivity of solvent molecules—particularly water—can compromise 
the stability of electrode-electrolyte interfaces, ultimately leading to 
parasitic reactions and degradation of battery performance[177,178]. A 
central challenge, therefore, lies in optimizing the solvent environment 
to support both fast ion transport and stable interfacial electrochemical 
processes. Solvent environment regulation involves tailoring the spatial 
arrangement and interactions of solvent molecules within the electrolyte 
to modulate the solvation structure around Zn²⁺ ions. This can be ach
ieved through the strategic introduction of non-polar solvents, amphi
philic salts, or co-solvents that reshape the coordination landscape and 
suppress undesirable water activity.

A notable example is the development of a surface-free micro
emulsion electrolyte (SFMEE) based on a water-in-oil Möbius polar to
pology, as illustrated in Fig. 14a[179]. This system integrates oil, water 
and amphiphilic salts to form a unique solvation structure. The blank 
electrolyte (BE) consists of a 1 M Zn(OTf)2 aqueous solution, while the 
high-concentration electrolyte (HCE) is 3 M Zn(OTf)2 in H2O. In this 
system, the non-polar solvent CPME (–C–O–C–) engages in HBs with 
H2O (–OH), initially orienting the polar head inward. As the interaction 
dynamics evolve, OTf⁻ acts as a molecular bridge to link CPME and H₂O: 
its –SO₃ group forms HBs with H2O, while its –CF3 group engages with 
the non-polar CPME region[180]. This dual interaction induces a po
larity inversion, reorienting the CPME polar head outward and ulti
mately facilitating the formation of a Möbius polarity topological 
solvation structure. A variety of spectral techniques have confirmed the 
unique solvation structure and its evolution of SFMEE. Spectroscopic 
analyses confirm the unique solvation behavior of SFMEE. Infrared 
spectra of C–F and S = O (Fig. 14c) reveal distinct vibrational patterns 
for free and coordinated OTf⁻, with redshifts and peak splitting observed 

in both HCE and SFMEE, indicating OTf⁻ participation in solvation 
across inner and outer sheaths[181]. Nuclear magnetic resonance 
(NMR) further elucidates these interactions: in HCE, OTf⁻ coordination 
increases the electron cloud density around ¹⁹F, causing a high-field shift 
(Fig. 14d), a trend also observed in SFMEE. For ¹H, BE shows a high-field 
shift due to water’s solvation role; in HCE, reduced free water and 
increased solvation lead to further high-field shifts. In contrast, SFMEE’s 
water-in-oil structure confines inner solvated H₂O within an outer CPME 
layer, restricting HB expansion and decreasing ¹H electron cloud den
sity, resulting in a low-field shift (Fig. 14e). The Möbius solvation 
structure enables encapsulation of water molecules within the inner 
layer of the non-polar CPME solvent, while the outer layer remains 
non-polar. Activation energy for de-solvation was determined using the 
Arrhenius equation, revealing that the bilayer configuration does not 
impede de-solvation. In fact, its activation energy (25.34 kJ mol− 1) is 
lower than that of BE and HCE, attributed to the direct interaction be
tween solvated molecules and Zn²⁺ ions[182]. The Zn||NVO battery 
demonstrates excellent low-temperature performance, maintaining 86.5 
% capacity retention over 1000 cycles at − 30 ◦C (Fig. 14g). To assess the 
universality of the SFMEE system, five hydrophobic solvents—methyl 
ethyl carbonate (C4H8O3), diethyl adipate (C10H18O4), benzyl alcohol 
(C7H8O), n‑butyl acetate (C6H12O2), and diethyl carbonate (C5H10O3)— 
were evaluated for their ability to form Möbius-type solvation struc
tures. The Zn||Zn cells assembled with these solvents exhibited consis
tently high performance, confirming the broad applicability of SFMEE in 
ZIBs (Fig. 14f).

In summary, the construction of a non-polar solvent environment 
and the regulation of topological solvation structures—such as the oil- 
in-water Möbius configuration—offer a powerful strategy for stabiliz
ing electrode interfaces and enhancing low-temperature performance in 
aqueous ZIBs (Fig. 14b). This dual regulation of solvent polarity and 
solvation architecture represents a promising direction for future elec
trolyte design.

Fig. 14. Solvent environment regulation: a) Schematic diagram of the polar topological solvation structure of the water-in-oil type Mobius [179]. b) Schematic 
diagram of the action mechanism of different electrolytes [179]. c) Infrared spectra of different electrolytes. d) [19]F NMR spectra of different electrolytes [179]. e) 
1H NMR spectra of different electrolytes [179]. f) Performance of Zn//Zn and Zn//NVO batteries at –30 ◦C [179]. g) Performance of Zn// zinc batteries at 1 mA cm− 2 

and different SFMEE [179].
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4. Conclusion and prospect

Understanding the intrinsic physicochemical properties of aqueous 
electrolytes is fundamental to advancing their performance under low- 
temperature conditions. This review elucidates the thermodynamic 
and kinetic alterations in HB networks and solvation structures induced 
by low temperatures, providing a foundation for electrolyte optimiza
tion strategies. Current research efforts predominantly focus on modu
lating HB interactions and tailoring solvation architectures to suppress 
water crystallization and enhance ion transport. The freezing of water is 
widely recognized as a phase transition from a disordered liquid to an 
ordered ice lattice, driven by HB formation. Therefore, lowering the 
freezing point of aqueous electrolytes fundamentally requires disruption 
of the native HB network. Various solvation structures have been shown 
to improve low-temperature battery performance to varying extents. 
Key strategies include the development of high-concentration electro
lytes, eutectic systems, functional additives and co-solvents, structural 
modulation of electrolytes, high-entropy formulations, and solvent 
environment engineering. For instance, ions with high charge density 
and small ionic radii exhibit strong interactions with water molecules, 
which thermodynamically favor a reduction in enthalpy (ΔH), thereby 
contributing to improved low-temperature electrolyte behavior. Addi
tives and co-solvents can modulate the HB network by disrupting, 
reorganizing, or reinforcing HB interactions. Additionally, altering the 
solvation structure through molecular design is a widely adopted 
approach to suppress freezing and enhance electrochemical stability. 
Collectively, these methods address both thermodynamic (e.g., freezing 
point depression) and kinetic (e.g., ion transport) challenges, offering a 
multifaceted pathway to optimize the performance of electrolytes under 
low-temperature conditions.

Despite significant progress, the full potential of electrolyte engi
neering for low-temperature aqueous batteries remains unrealized. 
Several critical challenges must be addressed to bridge the gap between 
laboratory innovation and commercial application: 

I. Elucidating Fundamental Mechanisms: A deeper mechanistic 
understanding is paramount. Advanced theoretical calculations, 
particularly MD simulations and DFT, are essential to decode the 
complex interplay between ion coordination, hydrogen bond 
(HB) network dynamics, viscosity, and transport kinetics. This is 
especially crucial at ultra-low temperatures, where classical 
models like the Arrhenius equation often break down. MD and 
DFT can provide molecular- and atomic-level insights into HB 
length, angle, and coordination patterns in both liquid and solid 
states, guiding the rational design of electrolytes.

II. Probing Dynamic Processes with Advanced Characteriza
tion: Moving beyond static analysis, the integration of in-situ and 
operando characterization techniques (e.g., Raman, NMR, syn
chrotron X-ray) is vital to dynamically track the evolution of 
solvation structures and HB networks during battery operation. 
Coupling these rich datasets with machine learning for high- 
throughput analysis will enable the predictive design of electro
lytes and unravel complex structure-property relationships.

III. Developing Hybrid Electrolyte Systems: Future efforts must 
move beyond single-approach solutions. The next frontier lies in 
designing hybridized electrolytes that synergistically combine 
moderate-concentration salts, low-freezing-point co-solvents, 
and functional additives. This integrated strategy can simulta
neously tackle the interconnected challenges of freezing sup
pression, ionic conductivity enhancement, and interfacial 
stability, holistically addressing both the thermodynamic and 
kinetic hurdles of low-temperature operation.

IV. Ensuring Sustainability and Commercial Viability: To ensure 
commercial viability for large-scale energy storage, performance 
cannot be the sole metric. Research must prioritize the develop
ment of high-performance electrolytes based on earth-abundant, 

non-toxic, and low-cost components. Overcoming the cost and 
environmental scalability of advanced electrolyte formulations is 
an essential step toward translating promising laboratory break
throughs into commercially viable, sustainable low-temperature 
aqueous batteries.

Overcoming these challenges will be pivotal in transitioning low- 
temperature aqueous electrolytes from laboratory innovations to 
commercially viable solutions for energy storage in cold climates and 
extreme environments. Continued interdisciplinary efforts—spanning 
materials science, electrochemistry, computational modeling, and data- 
driven design—will be key to realizing this vision.
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