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The growing severity of environmental challenges has accelerated advancements in renewable energy technol-
ogies, highlighting the critical need for efficient energy storage solutions. Rechargeable batteries, as primary
short-term energy storage devices, have seen significant progress. Among emerging optimization strategies, high-
entropy electrolytes have garnered attention for their superior ionic conductivity and ability to broaden batte-
ries’ operational temperature ranges. Rooted in the thermodynamic concept of entropy, high-entropy materials,
originally exemplified by high-entropy alloys, have demonstrated enhanced structural stability and advanced
electrochemical performance through the synergistic integration of multiple components. High-entropy liquid
electrolytes, both aqueous and non-aqueous, offer unique opportunities for entropy manipulation due to their
inherently disordered structures. However, their complex compositions present challenges, as minor changes in
formulation can lead to significant performance variations. This review introduces the fundamentals of entropy
tuning, surveys recent advances in high-entropy liquid electrolytes, and analyzes the interplay between entropy
and electrochemical behavior. Finally, it discusses design strategies and future perspectives for the practical
implementation of high-entropy liquid electrolytes in next-generation energy storage systems.

1. Introduction promising newcomer for their superior ionic conductivity and efficient

extension of the batteries’ working-temperature scenario.

Increasingly severe environmental issues are motivating the vigorous
advancements of renewable energy techniques. Meanwhile, the inherent
intermittency of renewable sources places more demands on energy
storage devices. Thus, rechargeable batteries, as the primary short-term
energy storage agents, have also witnessed flourishing developments in
recent decades. Many researchers have devoted much effort to advanced
materials development, configuration upgrades, and management sys-
tems tuning for batteries to improve their overall performance. Among
these strategies, the evolution of materials is the most rapid, and elec-
trolytes, which interact with both electrodes, have been optimized
continuously. Advanced electrolyte matrices with effective additives, >
refined salts/solvents ratios,3 or fine-tuned (quasi)-solid hosts*® have
emerged. Within them, high-entropy electrolytes are becoming a

Entropy (S) was first formalized by Rudolf Clausius in the 1850s to
describe the randomness of the system.® As the core concept of the
second law of thermodynamics, entropy, combined with enthalpy (H),
can be used to describe the thermodynamic properties of an electrolyte
system.7’8 As described in the Gibbs free energy calculation (G = H-TS),
the increase in entropy could significantly decrease the overall Gibbs
free energy.® Thus, entropy tuning has been comprehensively employed
for materials research, and the most successful representative is the
high-entropy alloy.'®!! By incorporating multiple metals, the entropy of
the system can be elevated to a level sufficient against the enthalpy for
forming undesired metallic compounds, and the lattice can be finely
tuned.'>'® As a result, the alloy can provide favorable structural sta-
bility and rich electroactive sites.*"'® Meanwhile, the synergistic effect
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among diverse elements integrates all of their electrochemical advan-
tages. Inspired by high-entropy alloys, high-entropy sulfides,'” ni-
trides,’® and oxides'®?' were subsequently proposed, and the
employment of high-entropy materials in electrochemical storage de-
vices started with the high-entropy oxides. Berardan et al. first proposed
the (MgCoNiCuZn);..,GayA,O (where A = Li, Na, or K) high-entropy
oxide as the solid-state electrolyte for Li-ion batteries.'® Then, Sarkar
et al. reported a (Cog.2Cup 2Mgg oNip2Zng2)O anode in 2018,%? and
Wang et al. reported a Li,(Cog2Cug2Mgo 2Nig 2Zng 2)OF, cathode in
2019,%® for advanced Li-ion batteries.

Given the highly disordered structure of electrolytes, especially
liquid ones, the manipulation of entropy can be more convenient.
Meanwhile, challenges remain under the complicated composition of
high-entropy electrolytes. Besides the view from entropy, the single
element within the matrix can exert influence independently, and its
intercorrelated functions are highly interactive and overlapped. Thus,
even a minimal change of electrolyte composition or the stoichiometric
ratio will result in significant discrepancies. As the development of high-
entropy electrolytes is just at the beginning stage, the underlying
mechanism between the entropy and electrochemical behavior needs
further explanation. Herein, starting from the introduction of funda-
mentals of entropy tuning, a comprehensive review of recent de-
velopments of high-entropy liquid electrolytes, including both aqueous
and non-aqueous electrolytes, will be carried out. The role of entropy in
electrolytes and design strategies of high-entropy liquid electrolytes will
be analyzed. Then, a perspective regarding the future practical imple-
mentation and development routines of high-entropy liquid electrolytes
will be provided.

2. Mechanism and advantages of entropy tuning

As an abstract description, the entropy can be quantified through
diverse routines, and these quantifications are closely related to the
physicochemical properties of electrolytes. These indices do not exist
independently. Instead, the increase of the overall entropy causes the
parallel tendency for all these different descriptions of entropy, causing
corresponding variations in electrolyte characteristics. Major entropy
concepts related to liquid electrolytes mainly include the systematic
entropy change (AS), which influences the Gibbs free energy change
(AG), the configuration entropy (Sconfig), the excess entropy (Sex), the
migration entropy (Sp), and the tetrahedral entropy (Sqtet)-

The common formation process of a liquid electrolyte includes two
ordered procedures: the dissociation of the lattice existing in the original
solutes, and the recombination of solutes with solvent molecules, which
is also called the solvation process.>* This process is governed by the
second law of thermodynamics and can be evaluated through the Gibbs
energy change, calculated with Equation (1).

AG=AH — TAS (@)

In this equation, AG is the Gibbs free energy change; AH is the enthalpy
change; T is the temperature of the system, and AS is the change of
entropy. The enthalpy can be calculated through the summation of the
internal energy of system (U) and the product of the pressure (p) and
volume (V) of the system. Meanwhile, the entropy of this process can be
simplified as the combination of the entropy for dissociation and sol-
vation. Thus, the dominant equation can be rewritten into Equation (2).

AG = U + pV — T(ASgs + ASsr) 2

The Gibbs free energy gap is typically used to describe the possibility
of the spontaneous initiation, and a process with a negative Gibbs free
energy gap can be expected to happen without the requirement of any
external inputs to overcome the energy barrier. Thus, the AG of the
solution fabrication should be less than 0.%° As a negatively contributing
factor, the elevation of entropy can significantly compensate for the
potential increase of the systematic enthalpy.?® Thus, the entropy tuning

Materials Reports: Energy 5 (2025) 100376

makes the Gibbs free energy change more negative, making the elec-
trolyte more stable and facilitating the overall electrochemical reaction
rate.

The degree of chaos can be described by the randomness of the
distribution of different compositions. The concept regarding the posi-
tion of constituent particles can be described with the Sconfig, Which can
be calculated with Equation 3.7

w
Seontie = —ks Y _ P, In P, ©)
n=1

In this equation, kg is the Boltzmann constant, and P, represents the
possibility for the system to be in the state n. The summation is carried
out with a total of W possible configurations. Thus, with a more
complicated matrix, by introducing diverse solutes and solvents, the
number of states can be significantly increased to elevate the configu-
rational entropy. From the physicochemical view, the higher Sconfig
makes the degree of freedom of ions more advanced, reducing their
inclination to crystallization.>” Consequently, the solubility of all these
salts increases, and the more complicated solute-solvent interactions can
be established.?®%°

The ionic conductivity, as the core criterion for evaluating an elec-
trolyte, is also related to entropy through the calculation of the ion
diffusion coefficient. Equation (4) describes the logarithmic relationship
between the excess entropy (Sex) and ion diffusion coefficient (D).>°

bSex

D =ae’s 4

The excess entropy represents the difference between the actual
entropy of the system and the entropy of the ideal mixture at the same
temperature and density. Furthermore, as a and b are all empirical
fitting constants, the ion diffusion coefficient will be directly improved
with the growth of the excess entropy. By promoting ion movement in
the electrolyte and at the electrolyte/electrode interface, the energy
barrier for the electrochemical reactions can be reduced.®!*?

Another entropy concept describing ionic conductivity is the
migration entropy (Sm). The Sy, arises from the vibration generated
during the migration of the charge carriers, which differ in different
batteries. The connection between Sy and ionic conductivity can be
established with the bridge of Arrhenius pre-factor, and the whole
calculation includes two equations shown below.>3

Ea
oT = coe T 5)
ng* s
6y = ——¢ "5 oWy 6)
kg

In Equation (5), ¢ is the ionic conductivity; o¢ is the Arrhenius pre-
factor, and E, is the activation energy. Therefore, the ionic conductiv-
ity is proportionally related to 69, and oo can be obtained through
Equation (6), with z as the geometrical factor, n as the concentration of
the charge carrier, q as the charge, a¢ as the migration distance, and
o as the attempt frequency. These factors are commonly settled once
the electrochemical system is fabricated. Therefore, once ASy is
elevated, oy will become higher, leading to an enhanced ionic conduc-
tivity of the electrolyte.'?

The last one is the tetrahedral entropy (Sq), representing solvent
molecules' local tetrahedral orderliness.>* It can be described by Equa-
tion (7). In this equation, g is the tetrahedral parameter, and Sy can be
calculated through Equation (8).

3 "Jtet,max
Sge = S0 + EkB / In (1 = giet) P(Grer ) dGiet 2]

Gret,min

In Q, + 21n8
So = ke % ®)
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The influence of Sqi on the properties of electrolytes cannot be
identified directly from the calculation. Instead, the description of the
physical property of Sqi implies that the increase in the value con-
tributes to reducing the freezing point and improving dynamics. The
tetrahedral configuration is closely related to the H-bond network, so
the higher Sqi breaks the ordered network, effectively lowering the
freezing point.>> Meanwhile, the loose tetrahedral configuration means
the enlargement of both the translational and rotational entropy of
solvent molecules, indicating facilitated kinetics.

In summary, entropy is an objective physical property related to the
randomness of the system. For the electrolyte, the superposition of
diverse components can significantly improve the systematic entropy.
By separating different concepts from the overall entropy, and estab-
lishing their connections to the physicochemical properties of the elec-
trolyte, it can be concluded that high-entropy liquid electrolytes
typically obtain a higher ionic conductivity and a broader range of
working temperature. Meanwhile, considering the synergetic effects of
these functional constituent parts, high-entropy liquid electrolytes are
extremely attractive for rechargeable batteries (Fig. 1). However, the
complexity not only confers advantages but also casts a shadow over the
underlying mechanism. Thus, a comprehensive review of recent prog-
ress of high-entropy electrolytes consisting of both aqueous and non-
aqueous ones becomes necessary to bridge the gap between those
traditional entropy theories and the practical projection of these merits
into electrolyte design.

3. Aqueous high-entropy liquid electrolytes

Aqueous electrolytes employ water as the basic solvent, so the
inherent safety can be ensured. Meanwhile, the higher degree of
freedom of molecules' movement in aqueous agents and an abundant
reservoir of water endow them with additional advantages of the
favorable ionic conductivity and economic effectiveness.>® However,
compared to organic solvents, water maintains a high freezing point
(T¢ = 0 °C), so the ions' movements are significantly restricted when the
temperature drops.’” As a result, the low-temperature application of
aqueous batteries becomes challenging. Meanwhile, due to the water
electrolysis, the electrochemical stability window (ESW, 1.23 V) is
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narrow for the aqueous electrolyte.>® Once the voltage exceeds this
range, the hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) will happen. Taking the aqueous zinc metal battery as an
example, for the HER, which is the major competing reaction to the Zn**
reduction process, will plunder electrons to cause damage to the overall
capacity. Furthermore, the electrolysis of the water will continuously
consume electrolytes. Noticeably, these parasitic reactions are interac-
tive, and they will exacerbate the dendrite formation. Specifically, the
HER will decrease the content of protons, which results in the elevation
of local OH™ concentration. This alkaline micro-environment favors the
reaction with zinc to form the insulating products like Zn(OH)5, ZnO,
Zn4(OH)S04-xH20, etc. These side-products will passivate the zinc
anode surface to cause a more non-homogeneous local electric field,
resulting in the promotion of dendrite growth.>® Fortunately, because
these two drawbacks are both derived from the water activities, the
H-bond network trimming brought by the entropy tuning mentioned in
Section 2 can effectively solve these issues.

Once aqueous batteries are mentioned, electrodes employing tran-
sition metals like Zn, Mg or Al with acceptable inertness to water are
commonly discussed. Different from Li, Na, and K metals, which are
extremely active in water, these metals are relatively stable, and only
moderate water-induced side reactions will happen. Thus, unlike Li-ion
batteries, these batteries usually utilize metal directly as the anode
material, so many Zn, Mg, and Al-ion batteries can also be classified as
metal batteries.** On the contrary, once aqueous electrolytes are utilized
in batteries with alkali metal (Li, Na, K) ions as charge carriers, only
ion-containing compounds can be used to avoid the explosion. At the
same time, the excessive redox potential for these types of ions will be
wasted because of the narrow ESW of the aqueous electrolyte. Thus,
research regarding aqueous high-entropy electrolytes is still focusing on
the rechargeable aqueous zinc-ion batteries (AZIBs).

Besides the merits associated with aqueous electrolytes, zinc anodes
brought additional advantages, including the favorable theoretical ca-
pacity (820 mAh g1, or 5855 mAh cm %), acceptable redox potential
(—0.763 V versus standard hydrogen electrode (SHE)), and abundant
storage amounts.*>*? To the best of our knowledge, the first attempt to
design high-entropy electrolytes in AZIBs was reported by Yang et al.*®
They added 2 M LiCl salts into the 2 M ZnCl; to form the high-entropy
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Fig. 1. Scheme of the strategies, the underlying mechanism, and the influence of entropy tuning.
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electrolytes. With the duplication of the constituent elements, the sys-
tematic entropy was significantly increased. At low concentration of
LiCl, water remained as free solvent. As more LiCl was added, water
molecules increasingly coordinated with Li*. Meanwhile, the C1™ anions
preferentially replace water molecules from the solvation sheath of
Zn2+, and then help form ZnClﬁ’ anions or [ZnCl4,,2n”"]n anion clusters
as shown in Fig. 2a. As a result, the content of free water was reduced to
avoid water-induced parasitic reactions (Fig. 2b). At the same time, the
increasing concentration of Li salts resulted in less chemically bound
water in the LizZnCly-xH20 complex, so the length of anion clusters was
restricted, resulting in less movement resistance and facilitated trans-
portation kinetics. The strong adsorption of water molecules by Li* can
cause continuous stretching and breaking of H-bonds, avoiding the
crystallization of water even at low temperatures, which is represented
by a decreased Tt. Combining all these merits, as indicated in Fig. 2c, this
pioneering high-entropy aqueous electrolyte contributed to a stable
operation of the zinc-air batteries for more than 800 h within a broad
range of temperatures from —60 °C to 80 °C.

The entropy can be further increased through integrating more
cationic constituents. For example, Wang et al. proposed a ternary
electrolyte containing Zn(ClO4)2, LiClO4, and NaClOy4 to take advantage
of their different solvation structures.** With varying solvation sheaths
and distinctive binding strengths with molecules, ion clusters can be
formed to keep ions at a favorable distance (Fig. 2d). Thus, the aggre-
gation of ions and solvents can be avoided to facilitate both the ion
transportation and desolvation kinetics. Meanwhile, an optimized
H-bond environment also reduces the water activity to suppress para-
sitic reactions and ensure the stable operation at low temperatures
(Fig. 2e). Notably, most of the cathodes adopted in AZIBs, like
vanadium-based oxides and manganese-based oxides, also suffer from
water-induced active materials loss because of their non-negligible
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dissolution in water. Therefore, the restricted water network in
high-entropy electrolytes also contributes to the cathode stability. Thus,
as shown in Fig. 2f, this ternary electrolyte presented no capacity decay
in both Zn||NaVO and Zn||PANi full batteries for over 30000 and 20000
cycles, respectively, at —20 °C.

Another design strategy besides employing multiple cations to
disrupt the H-bond network is to introduce diverse anions. The anions
possess an intrinsic attraction to cations, so the universal existence of
anions will make them highly likely to substitute water molecules in the
solvation sheath of Zn®". As a result, the reconstruction of the water
environment and the trimming of interfacial water contents can be
achieved (Fig. 2g). For instance, Wang et al. fabricated the aqueous
electrolytes containing five kinds of Zn salts, including ZnSO4, Zn(Ac),,
Zn(O0Tf),, Zn(ClO4)3, and Zn(BF4)2.45 As depicted in Fig. 2h, their cal-
culations based on the density functional theory and molecular dy-
namics simulation confirmed that only 50 mM of these salts can exclude
water from the solvation sheath of most Zn?*, and all anion-substituted
solvation structures presented a higher binding energy compared to the
original Zn[H,012" complex. Attributed to the highly disordered sol-
vation structure, both the anode and cathode stabilities were highly
improved. Consequently, an exceptionally long operation of symmetric
cells for over 2000 h and a high capacity retention of 70.4% after 10000
cycles in Zn||PANi full cells were exhibited. These anions are catchers for
Zn?* to interrupt the pristine water-dominated electrolyte environment.
Therefore, the position of catchers can also be occupied by polar organic
contents with a stronger binding force compared to water. Thus, Zheng's
group prepared a series of electrolytes containing salts, water, and
‘tentacles’ like Ethylene glycol, propylene glycol, glycerol, etc.® These
additives presented a stronger tendency to substitute water in the sol-
vation sheath compared to anions, and their inherent low freezing
temperature further expanded the range of working temperature,
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conjugated to the entropy tuning.

These design strategies can also be applied to alkali metal (Li, Na, K)
ion batteries. Even though a zinc metal battery can be described as a kind
of zinc ion battery, these alkali-metal ion batteries can only use ion-
containing materials instead of pure metal as electrodes due to their
active performance in water. In 2022, Xu et al. developed a ternary
eutectic aqueous electrolyte containing LiTFSI, KOH, and CO(NH3),,
suitable for LiMnyOy4||LigTisO12 Li-ion battery.47 The firm H-bond be-
tween CO(NHj), and H5O stabilized the free water and reduced the
interfacial water contents; as a result, an astonishing ESW of over 3.3 V
was achieved in this aqueous electrolyte (Fig. 3a). This wide ESW makes
the formation of a solid electrolyte interphase (SEI) more feasible in the
aqueous electrolyte. The SEI is a thin film that is conductive for ions and
insulating for electrons. This robust layer can effectively protect the
electrode from the corrosion of the electrolyte and make the distribution
of charge carriers more uniform. This layer can be formed at the beginning
when the electrode is in contact with the electrolyte or during the char-
ging/discharging process. In the latter case, the major components of the
SEI are generated through the decomposition of the electrolyte. Therefore,
in aqueous electrolytes, if the decomposition voltage exceeds the basic
ESW of 1.23 V, water consumption will happen, and corresponding
parasitic reactions will be severe. Thus, an extended ESW of aqueous
electrolyte is favorable for the SEI establishment. Just as demonstrated in
Fig. 3b and c, this wide ESW of 3.3 V ensured a two-step SEI formation.
The addition of KOH created an alkaline environment that promoted the
precipitation of F~ to form the inner LiF SEI layer. Meanwhile, CO(NHz)2
can be polymerized into polyurea at low voltages to form a double SEI
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structure. This reconstructed H-bond configuration and more stable
electrode/electrolyte interfaces contributed to an outstanding capacity
retention of 92% for over 470 cycles in a LiMnyO4||Li4TisO12 pouch cell
(Fig. 3d and e). This deep eutectic electrolyte engineering was also applied
to aqueous Na- and K-ion batteries by Zheng et al. They chose TFSI™,
OTf, and PTFSIT anions to fabricate Na(PTFSI).e5(TFSI)o.14
(OTf)g.21-3H20, and K(PTFSI)( 12(TFS)g 0g(0Tf)g.g-2H,0 ternary electro-
lytes (Fig. 3f).*® As depicted in Fig. 3g and h, the introduction of asym-
metric PTFSI-salts with the favorable solubility in water significantly
increased the cations/H50 ratio and strengthened the fragile S-F bond. As
a result, the ESW was significantly expanded.

In summary, the entropy tuning in aqueous electrolytes can be
described as regulating H-bonds by disrupting the original water map-
ping. Effective strategies can be divided into two clusters: the employ-
ment of water-catchers (other cations) to form diverse solvation sheaths
to avoid the aggregation of ions and solvents, and the introduction of
cation-catchers (anions, polar organic molecules, etc.) to exclude water
from the solvation sheath for reducing interfacial water contents. Both
routines can reduce free water to improve the stability of both elec-
trodes, and once the temperature decreases, a free-water-lean environ-
ment can retard the crystallization of water to lower the freezing point.
The decreased freezing point means an improved ionic conductivity at
low temperatures. As a result, not only the expansion of working sce-
narios is achieved, but also the performance of batteries is improved at
feasible but not favorable conditions, like temperature higher than the
freezing point but much lower than the ambient temperature.
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4. Non-aqueous high-entropy liquid electrolytes

Most commercially successful rechargeable batteries, like Li-ion and
Na-ion batteries, still employ organic electrolytes to take full advantage
of their high voltage output. Meanwhile, because Li, Na and K are stable
in organic solvents, it is becoming a trend to use pure Li, Na, and K
metals as electrodes to maximize the energy density. These burgeoning
batteries are called Li-, Na-, and K-metal batteries.

Instead of water, solvents such as ethylene carbonate (EC), diethyl
carbonate (DEC) and other linear carbonates, including dimethyl car-
bonate (DMC) and ethyl methyl carbonate (EMC), are typically
used.**>! Even though these organic solvents typically obtain a much
lower T compared to water, the precipitation of salts generally happens
once an extremely low working temperature is required.>? Furthermore,
the higher ionic conductivity should be consistently pursued, especially
at low temperatures. Similar to aqueous high-entropy electrolytes, en-
tropy tuning for non-aqueous electrolytes is summarized as two clusters:
introduction of multiple salts or solvents. Because organic additives are
heterogeneous to aqueous base, but are homogeneous to organic solu-
tions, the strategy to add organic catchers mentioned in Section 3 can be
classified as a multiple-solvent strategy here. As the most successful
representative, the Li-ion battery will be mainly discussed, and the
mapping from the Li-ion battery to other organic batteries will be
followed.

Similar to aqueous electrolytes, the utilization of multiple salts can
bring diverse solvation structures to the system to avoid the aggregation
of salts and solvents, ensuring the boosting of the transportation kinetics
of charge carriers. These merits contribute to a suitable ionic conduc-
tivity under low temperatures, and the corresponding elevation of sol-
ubilities relieves the salting-out issue. Furthermore, the entropy tuning
strategy makes the adjustment of the SEI formation possible. Firstly, the
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entropy tuning can increase the solubility of the necessary sources of SEI
formation. Secondly, variation and expansion of constituents can change
interfacial reactants. Thirdly, the expansion of ESW also makes the
decomposition of potential SEI contributors possible. For example,
Wang et al. designed a high-entropy organic electrolyte by dissolving
LiFSI, LiDFOB, LiTFSI, and LiNO3 with 0.1 M of each in a commercial
1.0 M LiPF EC/DMC solution to form a 1.4 M electrolyte.”> As depicted
in Fig. 4a and b, the diverse components improve the homogeneous
distribution of different constituent ions. The most noteworthy
advancement here is the increased solubility of LINO3. LiNO3 is now one
of the most prevailing additives because it is the main contributor to the
multiple stable SEI compositions, like LisN or LiNO,. Therefore, the
elevation of entropy improves the content of these sacrificial additives,
leading to the formation of a more extensive and homogeneously
distributed SEI. As a result, both anode and cathode interphase stabil-
ities were improved, and a capacity retention was kept at 82% after 400
cycles at 0.5 C (Fig. 4c). More encouragingly, the fast charge/discharge
at 9 C in the Li||[NCM811 battery (Fig. 4d), and a favorable discharge
capacity at an extremely low temperature of —50 °C (Fig. 4e) were
realized. Different from aqueous electrolytes, for which SEI is hard to
establish due to the narrow ESW of water, the SEI formation in organic
batteries is always a key topic. Thus, in the later work, the SEI formation
with the same constituent salts was investigated in more detail. Wang
et al. used the five kinds of salts with different anions, but they kept the
concentration of all these salts at 0.2 M instead of making the LiPFg
excessive.” They proposed that the diversity of salts stimulated the
participation of anions in the solvation sheath. Because the organic
solvent was replaced with anions, as illustrated in Fig. 4f, more salt
content instead of solvents would arrive at the electrode/electrolyte
interface. Consequently, SEI would be mainly derived from the decom-
position of salts instead of solvents. For traditional SEI established from
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the decomposition of both solvents and salts, the final film will be a
mixture of organic and inorganic compositions, with organics domi-
nating. Instead, for this anion-rich interfacial reaction process, an
inorganic-dominated SEI can be formed. This type of SEI was commonly
believed to be more robust because of its advantageous resistance to
dissolution in organic solvents and its higher Young's Modulus. Addi-
tionally, ion transportation kinetics were also facilitated in this inor-
ganic SEI (Fig. 4g).55 As a result, a superior capacity retention of 94%
after 600 cycles at 1C was exhibited in the NCM811||graphite battery.
Besides multiple salts, the multiple solvents strategy has also been
explored. For traditional electrolytes using only one or two types of
solvents, two extreme cases may happen. One is when the solvation
strength is very low, the cation-solvent complex will be very large, and
the ionic conductivity is reduced. On the contrary, if the solvation
strength is high, even though the ions become easier to mobilize, the
extremely incompact distribution will result in poor stability.® Once
one or two solvents and the salt are chosen, the solvation strength is
fixed because of the inherent binding energy. Therefore, the balance
between stability and ionic conductivity is difficult to establish in the
low-entropy electrolyte. To solve this issue, Kim et al. designed
high-entropy electrolytes with five solvents.>” They dissolved 1 M LiTFSI
in a complicated solvent matrix consisting of dimethoxyethane (DME),
1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE), dieth-
oxyethane (DEE), diethylene glycol dimethyl ether (DEGDME), and bis
(2,2,2-trifluoroethyl) ether (BTFE). By incorporating solvents with
different binding forces for Li ions, the solvation sheath was adjusted to
a moderate size, allowing for the formation of small clusters. Thus, the
aggregation of ions and solvents was avoided to ensure a high ionic
conductivity. Meanwhile, the clusters can improve the stability. They
also conducted the component-exclusion study to elucidate the necessity
of each solvent. By dividing these five solvents into two clusters, which
are solvents and co-solvents, they designed electrolytes with 2, 4, and 5
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constituents. Among these, DME, DEGDME, and DEE are solvents
because they function to dissociate ions and directly participate in the
solvation sheath. On the other hand, TTE and BTFE are defined as the
co-solvents, and they function to regulate the viscosity to ensure the fast
ion transportation kinetics and provide an anion-rich solvation envi-
ronment at high concentrations. Therefore, by combining one co-solvent
with one or three solvents, they fabricated electrolytes with 2 or 4
components. By adding one additional co-solvent, they settled on the
optimal high entropy electrolyte with five constituents. As a result, the
ionic conductivity increased from 1.7 mS cm ™! to 3.6 mS cm ! as the
number of solvents increased from 2 to 5. Consequently, the anode-free
Cu||NMC532 pouch cell exhibited a high capacity retention of 70% after
80 cycles at 2C.

These two design routines can also be mapped to other non-aqueous
rechargeable batteries. As shown in Fig. 5a, Li et al. prepared a single
solvent electrolyte containing NaPFg and NaBF, salts.”® Yang et al. used
the single NaPFg salt in binary solvents with the combination of dieth-
ylene glycol dimethyl ether (DIG), tetrahydrofuran (THF), DME, 2-meth-
yltetrahydrofuran (mTHF), and Triglyme.® All these electrolytes
presented a more robust electrode interface to ensure the stable opera-
tion of Na-ion batteries. Meanwhile, these electrolytes enabled opera-
tion at progressively lower temperatures (Fig. 5b and c). Even though
the high-entropy electrolyte has not attracted much attention in K-ion
batteries, pioneering work using multiple solvents for comprehensive K
salts has shown efficacy for improving stability, especially for the per-
formance at low temperatures.®’

The diversification of salts and solvents has been confirmed for their
efficacy, so entropy tuning through introducing both multiple salts and
solvents seems promising. Wang et al. designed an electrolyte with two
different cations, anions and solvents.’ They dissolved LiOTf and Mg
(TFSI); into DME and trimethyl phosphate (TMP). As depicted in Fig. 5d,
the solvation sheath (Mg?*-2DME-OTf-Li*-DME-TMP) became highly
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Table 1
Performance comparison of different high-entropy electrolytes.
Electrolyte formula Anode Cathode Performance summary Ref.
Aqueous LiCl and ZnCl, in water with a molar ratio of 2:1 Zn Zn,VOPO4-2H,0  Capacity retention of 90.0% and 81.1% 43
electrolyte after 200 cycles at —70 °C and —80 °C
Zn(Cl04),, NaClOy, LiCl0O4, and H,0 were mixed with a molar ratio of ~ Zn NavO No capacity decay after 1500 cycles at 44
0.2:0.4:0.4:7 1Ag!
Zn PANi No capacity decay after 1500 cycles at 44
1Ag!
ZnSO04, Zn(Ac),, Zn(OTf),, Zn(ClO4), and Zn(BF,), dissolved into Zn PANi Capacity retention of 70.4% at 1I5A g 1 45
water with a concentration of 50 mM after 10,000 cycles
Different Zn salts in EG/PG/glycerol/NMA/SN/glyme/diglyme with Zn NVO Capacity retention of 80% at 0.5C after 46
designated salts, organics, and water molecules at a molar ratio of 400 cycles in the pouch cell at —40 °C
1.5:4:24
4.5 M LiTFSI, 0.1 M KOH, and 0.1 M CO(NH,), in water LisTisO12 LiMn,0y4 Capacity retention of 92% after 470 47
cycles at an areal capacity of
2.5 mAh cm 2
Non-aqueous 0.1 M LiFSI, 0.1 M LiDFOB, 0.1 M LiTFSI, 0.1 M LiNOg in the Li NCMS811 Capacity retention of 82% after 400 53
electrolyte commercial 1.0 LiPFs EC/DMC (1:1 in volume) electrolyte with 5% cycles at 0.5C
FEC Graphite NCMS811 Capacity retention of 90% after 1000 53
cycles at 2.0C
0.2 M LiFSI, 0.2 M LiPFg, 0.2 M LiDFOB, 0.2 M LiTFSI, 0.2 M LiNO3 in Graphite NCMS811 Capacity retention of 94.0% after 600 54
PC with 5% FEC cycles at 1.0C
Si/Graphite NCM811 Capacity retention of 94.5% after 300 54
cycles at 1.0C
1 M LiFSI in DME, DEE, DEGDME, TTE, and BTFE mixture (volume Cu (anode NCM532 Capacity retention of 70% after 110 57
ratio = 5:2.5:2.5:45:45) free) cycles at 0.2C charging and 0.5C
discharging
Cu (anode NCM532 Capacity retention of 70% after 80 57
free) cycles at 2C in the pouch cell
1.2 M NaFPg and 0.6 mM NaBF, in D2 Al/C (anode ~ NFM Capacity retention of 83% after 100 58
free) cycles in the pouch cell
0.5 M LiDFOB, 0.2 M LiPO,F5, and 0.3 M LiPFg in EMC and DMC Li NCMS811 Capacity retention of 80% after 500 62
(volume ratio = 7:3) cycles
0.15 M LiFSI, 0.10 M LiTFSI, 0.10 M LiBFTI, 0.10 M LiDFOB and Li NCMS811 Capacity retention of 80% after 600 63
0.15 M LiNO3 in DME cycles at 6C
1 M NaPFg into DIG: THF (DME: THF) binary solvents with a volume Hard carbon =~ NNCM Capacity retention of 90.6% over 400 59
ratio of 2:8. cycles at —40 °C
0.2 M Mg(TFSI); in DME mixed with 1 M LiOTF in TMP with a volume Mg MoeSs Capacity retention of 98.4% after 200 60
ratio of 9:1 cycles
2 M KFSI in TMP/TEP-TTE-HFME-OTE K KFeHCF Capacity retention of 87.5% after 2000 61

cycles at a current density of 0.5 A g~*

chaotic. As a result, the desolvation kinetics were boosted, and the
electrode stability was improved. The resulting superior battery per-
formance provided strong proof of the effectiveness of the entropy
tuning strategy in chlorine-free magnesium metal batteries (Fig. 5e).

In summary, entropy tuning in non-aqueous electrolytes can be
achieved through introducing diverse solvents, anions, or cations.
Similar to aqueous electrolytes, the stability of batteries can be effec-
tively improved (Table 1). Furthermore, the solvation structure is also
modified. As a result, suitable solvation clusters can be achieved to reach
a high ionic conductivity, and the SEI formation process can also be
tuned due to the altered interfacial reactants. Meanwhile, the low-
temperature performance can also be improved. Besides the full crys-
tallization of solvents, which is commonly considered in aqueous elec-
trolytes, the mitigation of salt precipitation is the main reason for low-
temperature performance optimization. However, because of the much
lower inherent freezing point of organic solvents, the bottom line of
working temperature in non-aqueous high-entropy electrolytes is very
low, which may not match any possible applications. Therefore, the
trade-off between the cost of the electrolyte formula and maximum
performance is necessary to make the non-aqueous high-entropy elec-
trolytes more practical.

5. Conclusion

As one of the most versatile energy storage devices, rechargeable
batteries require continuous improvements in stability and energy effi-
ciency. Thus, many efforts have been made to design advanced elec-
trolytes, which may solve issues for both electrodes. Among diverse

electrolyte design strategies, entropy tuning has shown potential. The
entropy can be elevated by introducing more components, including
solvents, salts, and additives, into the electrolytes. Especially for liquid
electrolytes, which exhibit inherent disorderliness, entropy tuning can
be easily achieved. Based on the solvent type, liquid electrolytes are
divided into aqueous and non-aqueous electrolytes. For aqueous elec-
trolytes, entropy can be increased by adding multiple salts, solvents, and
additives. Due to their different binding forces, the free water can be
reduced, and the H-bond network is regulated. As a result, the fast ion
transportation kinetics can be ensured with a suppression of water-
induced parasitic reactions and a decrease in the freezing point. For
non-aqueous electrolytes, entropy tuning can be achieved through
similar strategies. Besides the advantages mentioned above, diverse
components in non-aqueous electrolytes can also be employed to opti-
mize the formation of the SEI layer. However, multiple challenges still
remain for the practical application of high-entropy electrolytes. The
first one is that the complicated components make the synthesis and
characterization of the electrolytes extremely challenging. Meanwhile,
the exploration of their individual function is also difficult. Furthermore,
computational methods for high-entropy electrolytes are also complex.
Unlike computations for traditional electrolytes, which involve three or
four distinct molecules, the diverse components make the modeling and
computing process more complicated. Secondly, the homogeneity of
electrolytes cannot be ensured. For organic electrolytes, different
organic solvents may cause microphase separation because of their
compatibility. This may cause the inhomogeneous distribution of elec-
trolytes on electrodes. This issue may be more pronounced for aqueous
electrolytes. Many aqueous high-entropy electrolytes introduce organic
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contents, which show poor compatibility with water. As a result, water-
in-oil emulsions may form. Despite reported successful cases, incom-
patible contents can damage the solubility or ionic conductivity.
Thirdly, high-entropy electrolytes may sacrifice some merits inherent in
traditional electrolytes. For both aqueous and organic electrolytes, high-
entropy tuning may result in a rise in cost. Furthermore, for aqueous
ones, a large amount of organic co-solvents may make the electrolyte
flammable. Herein, based on these challenges, we proposed several
perspectives about the future standardization of high-entropy liquid
electrolytes design.

1. Machine learning can be employed for filtering the proper compo-
sitions of high-entropy electrolytes. The experimental evaluation for
high-entropy electrolytes is inconvenient and complicated due to
their diverse constituents. However, some theoretical characteristics,
like the coordination number or electronegativity, can be obtained
through modeling and calculations. Thus, machine learning can
efficiently process these properties to identify suitable combinations.
This also consolidates the logic for designing the high-entropy
electrolyte.

2. Compatibility between high-entropy electrolytes and current battery
production lines is crucial for overcoming their practical application
bottlenecks. Even though the synthesis of a high-entropy electrolyte
is straightforward, the mass production still requires careful
consideration of the capital cost related to the production line
adjustment. If the order of adding different constituents is critical, it
will be difficult to just supply the pre-mixed materials in the current
manufacturing line. As a result, the cost for supplementing parallel
beltlines will further damage the cost-effectiveness of high-entropy
electrolytes. Meanwhile, if additional compositions make the stor-
age or transportation of high-entropy electrolytes more challenging,
the practical value of such a formula is also undermined.

3. One specific successful formula of a high-entropy electrolyte cannot
be viewed as an improvement on the entropy tuning strategy. For one
high-entropy electrolyte, the substitution of each component is
necessary to confirm the proposed mechanism. For example, if
multiple solvents are chosen depending on their molecular structure,
other solvents with similar structures should also be tested to ensure
that the synergetic improvement comes from integration of struc-
tures. Meanwhile, a thorough study with the constituent part sub-
traction is also necessary to determine the necessity of each
component. Both studies can be combined with machine learning to
advance efficiency.

Overall, the ongoing development of rechargeable batteries puts a
higher demand on their stability and energy efficiency. The electrolyte
engineering has been confirmed effective for both key characteristics.
Meanwhile, by introducing diverse salts, solvents, and additives, the
high-entropy liquid electrolytes seem a promising and convenient so-
lution among the electrolyte engineering strategies. However, they are
still far from the practical application unless a systematic sorting of
components can be established and the cost performance can be care-
fully evaluated. In this review, we summarized recent research on high-
entropy liquid electrolytes and analyzed their design strategies and
underlying mechanisms. We sincerely hope that this review can provide
some insights into the future design of high-entropy electrolytes and
motivate their advancement to industrial applications.

CRediT authorship contribution statement

Mingcong Tang: Writing — original draft, Conceptualization. Xiao-
hong Zou: Writing — review & editing, Investigation. Lizhen Wu:
Writing - review & editing, Investigation. Gang Liu: Writing — review &
editing. Rong Chen: Writing — review & editing. Liang An: Writing —
review & editing, Supervision, Conceptualization.

Materials Reports: Energy 5 (2025) 100376

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The work described in this paper was supported by a grant from the
Research Grants Council of the Hong Kong Special Administrative Re-
gion, China (N_PolyU559/21), a grant from the National Natural Science
Foundation of China (52161160333), and a grant from the Research
Institute for Smart Energy at The Hong Kong Polytechnic University
(CDB2). This work was also supported by the Hong Kong PhD Fellowship
Scheme (PF21-65328).

References

1. Tang M, Liu Q, Yu Z, et al. Bi-functional electrolyte additive leading to a highly
reversible and stable zinc anode. Small. 2024;20(42):2403457. https://doi.org/
10.1002/smll.202403457.

2. Wang D, Li Q, Zhao Y, et al. Insight on organic molecules in aqueous Zn-ion batteries
with an emphasis on the Zn anode regulation. Adv Energy Mater. 2022;12(9):
2102707. https://doi.org/10.1002/aenm.202102707.

3. Liu X, Dong X, Adenusi H, Wu Y, Passerini S. Co-solvent strategy for rechargeable
post-lithium metal batteries. Nat Rev Chem. 2025;9:415-426. https://doi.org/
10.1038/541570-025-00714-6.

4. Liu Q, Yu Z, Zhuang Q, Kim J-K, Kang F, Zhang B. Anti-fatigue hydrogel electrolyte
for all-flexible Zn-ion batteries. Adv Mater. 2023;35(36):2300498. https://doi.org/
10.1002/adma.202300498.

5. Liu Q, Yu Z, Zhang B. Tackling the challenges of aqueous Zn-ion batteries via
polymer-derived strategies. Small Methods. 2024;8(6):2300255. https://doi.org/
10.1002/smtd.202300255.

6. Cropper WH. Rudolf clausius and the road to entropy. Am J Phys. 1986;54(12):
1068-1074. https://doi.org/10.1119/1.14740.

7. Wehrl A. General properties of entropy. Rev Mod Phys. 1978;50(2):221-260. https://
doi.org/10.1103/RevModPhys.50.221.

8. Wang X, Chen J, Su Y, et al. Reaction and reactor designs for improving
electrochemical CO; capture. Device. 2025:100837. https://doi.org/10.1016/j.
device.2025.100837.

9. Alberty RA. Standard gibbs free energy, enthalpy, and entropy changes as a function
of pH and pMg for several reactions involving adenosine phosphates. J Biol Chem.
1969;244(12):3290-3302. https://doi.org/10.1016/50021-9258(18)93127-3.

10. Bérardan D, Franger S, Meena AK, Dragoe N. Room temperature lithium superionic
conductivity in high entropy oxides. J Mater Chem A. 2016;4(24):9536-9541.
https://doi.org/10.1039/C6TA03249D.

11. Rost CM, Sachet E, Borman T, et al. Entropy-stabilized oxides. Nat Commun. 2015;6
(1):8485. https://doi.org/10.1038/ncomms9485.

12. Ye Y, Wang Q, Lu J, Liu C, Yang Y. High-entropy alloy: challenges and prospects.
Mater Today. 2016;19(6):349-362. https://doi.org/10.1016/j.mattod.2015.11.026.

13. Xia Q, Gao X, Wu J, et al. Efficient synthesis of organosulfur compounds via
electrochemical biomass conversion. Nature Synthesis. 2025;4(6):765-775. https://
doi.org/10.1038/544160-025-00755-1.

14. George EP, Raabe D, Ritchie RO. High-entropy alloys. Nat Rev Mater. 2019;4(8):
515-534. https://doi.org/10.1038/541578-019-0121-4.

15. Bai Y, Deng D, Wang J, et al. Inhibited passivation by bioinspired cell membrane Zn
interface for Zn-air batteries with extended temperature adaptability. Adv Mater.
2024;36(40):2411404. https://doi.org/10.1002/adma.202411404.

16. WangY, Li Q, Wang M, et al. Pumping electrons from oxygen-bridged cobalt for low-
charging-voltage Zn-air batteries. Nano Lett. 2024;24(43):13653-13661. https://
doi.org/10.1021/acs.nanolett.4c03510.

17. LinL, Wang K, Sarkar A, et al. High-entropy sulfides as electrode materials for Li-ion
batteries. Adv Energy Mater. 2022;12(8):2103090. https://doi.org/10.1002/
aenm.202103090.

18. Dippo OF, Mesgarzadeh N, Harrington TJ, Schrader GD, Vecchio KS. Bulk high-
entropy nitrides and carbonitrides. Sci Rep. 2020;10(1):21288. https://doi.org/
10.1038/541598-020-78175-8.

19. Aamlid SS, Oudah M, Rottler J, Hallas AM. Understanding the role of entropy in
high entropy oxides. J Am Chem Soc. 2023;145(11):5991-6006. https://doi.org/
10.1021/jacs.2¢11608.

20. Zhai F, Yang P, Zhang W, et al. Creative high-entropy strategy: a booster to the
design of anode materials for high-energy lithium-ion batteries. Rare Met. 2025.
https://doi.org/10.1007/512598-025-03309-8.

21. Zhang H, Meng Y, Fang L, et al. A thermal evaporation-trapping strategy to
synthesize flexible and robust oxygen electrocatalysts for rechargeable zinc-air
batteries. Energy Environ Sci. 2024;17(23):9375-9382. https://doi.org/10.1039/
D4EE03005B.

22. Sarkar A, Velasco L, Wang D, et al. High entropy oxides for reversible energy
storage. Nat Commun. 2018;9(1):3400. https://doi.org/10.1038/s41467-018-
05774-5.


https://doi.org/10.1002/smll.202403457
https://doi.org/10.1002/smll.202403457
https://doi.org/10.1002/aenm.202102707
https://doi.org/10.1038/s41570%2D025%2D00714%2D6
https://doi.org/10.1038/s41570%2D025%2D00714%2D6
https://doi.org/10.1002/adma.202300498
https://doi.org/10.1002/adma.202300498
https://doi.org/10.1002/smtd.202300255
https://doi.org/10.1002/smtd.202300255
https://doi.org/10.1119/1.14740
https://doi.org/10.1103/RevModPhys.50.221
https://doi.org/10.1103/RevModPhys.50.221
https://doi.org/10.1016/j.device.2025.100837
https://doi.org/10.1016/j.device.2025.100837
https://doi.org/10.1016/S0021%2D9258%2818%2993127%2D3
https://doi.org/10.1039/C6TA03249D
https://doi.org/10.1038/ncomms9485
https://doi.org/10.1016/j.mattod.2015.11.026
https://doi.org/10.1038/s44160%2D025%2D00755%2D1
https://doi.org/10.1038/s44160%2D025%2D00755%2D1
https://doi.org/10.1038/s41578%2D019%2D0121%2D4
https://doi.org/10.1002/adma.202411404
https://doi.org/10.1021/acs.nanolett.4c03510
https://doi.org/10.1021/acs.nanolett.4c03510
https://doi.org/10.1002/aenm.202103090
https://doi.org/10.1002/aenm.202103090
https://doi.org/10.1038/s41598%2D020%2D78175%2D8
https://doi.org/10.1038/s41598%2D020%2D78175%2D8
https://doi.org/10.1021/jacs.2c11608
https://doi.org/10.1021/jacs.2c11608
https://doi.org/10.1007/s12598%2D025%2D03309%2D8
https://doi.org/10.1039/D4EE03005B
https://doi.org/10.1039/D4EE03005B
https://doi.org/10.1038/s41467%2D018%2D05774%2D5
https://doi.org/10.1038/s41467%2D018%2D05774%2D5

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Tang et al.

. Wang Q, Sarkar A, Wang D, et al. Multi-anionic and -cationic compounds: new high

entropy materials for advanced Li-ion batteries. Energy Environ Sci. 2019;12(8):
2433-2442. https://doi.org/10.1039/C9EE00368A.

Klimes J, Bowler DR, Michaelides A. Understanding the role of ions and water
molecules in the NaCl dissolution process. J Chem Phys. 2013;139(23):234702.
https://doi.org/10.1063/1.4840675.

Sarkar A, Wang Q, Schiele A, et al. High-entropy oxides: fundamental aspects and
electrochemical properties. Adv Mater. 2019;31(26):1806236. https://doi.org/
10.1002/adma.201806236.

Chen Y, Fu H, Huang Y, et al. Opportunities for high-entropy materials in
rechargeable batteries. ACS Mater Lett. 2021;3(2):160-170. https://doi.org/
10.1021/acsmaterialslett.0c00484.

Wei Y, Yao R, Liu X, et al. Understanding the configurational entropy evolution in
metal-phosphorus solid solution for highly reversible Li-ion batteries. Adv Sci. 2023;
10(9):2300271. https://doi.org/10.1002/advs.202300271.

Miracle DB, Senkov ON. A critical review of high entropy alloys and related
concepts. Acta Mater. 2017;122:448-511. https://doi.org/10.1016/j.
actamat.2016.08.081.

Amiri A, Shahbazian Yassar R. Recent progress of high-entropy materials for energy
storage and conversion. J Mater Chem A. 2021;9(2):782-823. https://doi.org/
10.1039/DOTA09578H.

Wang M, Zheng M, Lu J, You Y. High-entropy electrolyte toward battery working
under extreme conditions. Joule. 2024;8(9):2467-2482. https://doi.org/10.1016/j.
joule.2024.07.019.

Seki K, Bagchi B. Relationship between entropy and diffusion: a statistical
mechanical derivation of rosenfeld expression for a rugged energy landscape. J Chem
Phys. 2015;143(19):194110. https://doi.org/10.1063/1.4935969.

Dyre JC. Perspective: excess-entropy scaling. J Chem Phys. 2018;149(21):210901.
https://doi.org/10.1063/1.5055064.

Li X, Liu H, Zhao C, et al. Hopping rate and migration entropy as the origin of
duperionic conduction within solid-state electrolytes. J Am Chem Soc. 2023;145(21):
11701-11709. https://doi.org/10.1021 /jacs.3c01955.

Kumar P, Buldyrev SV, Stanley HE. A tetrahedral entropy for water. Proc Natl Acad
Sci. 2009;106(52):22130-22134. https://doi.org/10.1073/pnas.0911094106.

Qiu M, Sun P, Han K, et al. Tailoring water structure with high-tetrahedral-entropy
for antifreezing electrolytes and energy storage at -80 °C. Nat Commun. 2023;14(1):
601. https://doi.org/10.1038/541467-023-36198-5.

Tang M, Liu Q, Zou X, et al. Engineering in situ heterometallic layer for robust Zn
electrochemistry in extreme Zn(BF4); electrolyte environment. Energy Storage Mater.
2025;74:103896. https://doi.org/10.1016/j.ensm.2024.103896.

Zhao B, Hao H, Lei H, et al. An anti-freezing pure inorganic electrolyte for long cycle
life aqueous sodium-ion batteries at -40 °C. Energy Storage Mater. 2024;71:103562.
https://doi.org/10.1016/j.ensm.2024.103562.

Zou X, Tang M, Lu Q, Wang Y, Shao Z, An L. Carbon-based electrocatalysts for
rechargeable Zn-air batteries: design concepts, recent progress and future
perspectives. Energy Environ Sci. 2024;17(2):386-424. https://doi.org/10.1039/
D3EE03059H.

Tang M, Liu Q, Zou X, Zhang B, An L. High-energy-density aqueous zinc-ion
batteries: recent progress, design strategies, challenges, and perspectives. Adv Mater.
2025:2501361. https://doi.org/10.1002/adma.202501361.

Li A, LiJ, He Y, Wu M. Toward stable and highly reversible zinc anodes for aqueous
batteries via electrolyte engineering. J Energy Chem. 2023;83:209-228. https://doi.
org/10.1016/j.jechem.2023.04.006.

Liu Q, Wang Y, Hong X, Zhou R, Hou Z, Zhang B. Elastomer-alginate interface for
high-power and high-energy Zn metal anodes. Adv Energy Mater. 2022;12(20):
2200318. https://doi.org/10.1002/aenm.202200318.

Li A, Zhang X, Xu Z, Wu M. Non-sacrificial additive regulated electrode-electrolyte
interface enables long-life, deeply rechargeable aqueous Zn anodes. Chem Eng J.
2024;494:153240. https://doi.org/10.1016/j.cej.2024.153240.

Yang C, Xia J, Cui C, et al. All-temperature zinc batteries with high-entropy aqueous
electrolyte. Nat Sustain. 2023;6(3):325-335. https://doi.org/10.1038/541893-022-
01028-x.

Wang Z, Diao J, Vaidyula RR, Henkelman G, Mullins CB. High-entropy electrolyte
driven by multi-solvation structures for long-lifespan aqueous zinc metal pouch
cells. Angew Chem Int Ed. 2025;64(4):202416619. https://doi.org/10.1002/
anie.202416619.

Wang H, Deng S, Wang S, et al. High-entropy electrolytes with high disordered
solvation structures for ultra-stable zinc metal anodes. Angew Chem Int Ed. 2025;64
(12):e202422395. https://doi.org/10.1002/anie.202422395.

Wang H, Sun M, Yang Y, et al. Designing multi-tentacle electrolytes to enable fast
and deep cycling of aqueous Zn batteries at low temperatures. Energy Environ Sci.
2025. https://doi.org/10.1039/D5EE01316J.

Xu J, Ji X, Zhang J, et al. Aqueous electrolyte design for super-stable 2.5 V LiMny04
|| LigTisO12 pouch cells. Nat Energy. 2022;7(2):186-193. https://doi.org/10.1038/
$41560-021-00977-5.

Zheng Q, Miura S, Miyazaki K, et al. Sodium- and potassium-hydrate melts
containing asymmetric imide anions for high-voltage aqueous batteries. Angew Chem
Int Ed. 2019;58(40):14202-14207. https://doi.org/10.1002/anie.201908830.

Nitta N, Wu F, Lee JT, Yushin G. Li-ion battery materials: present and future. Mater
Today. 2015;18(5):252-264. https://doi.org/10.1016/j.mattod.2014.10.040.

Qu X, Huang H, Wan T, et al. An integrated surface coating strategy to enhance the
electrochemical performance of nickel-rich layered cathodes. Nano Energy. 2022;91:
106665. https://doi.org/10.1016/j.nanoen.2021.106665.

Yu Z, Qu X, Dou A, Zhou Y, Su M, Liu Y. Carbon-coated cation-disordered rocksalt-
type transition metal oxide composites for high energy Li-ion batteries. Ceram Int.
2021;47(2):1758-1765. https://doi.org/10.1016/j.ceramint.2020.09.001.

10

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Materials Reports: Energy 5 (2025) 100376

Song JK, Kim M, Park S, Kim YJ. LiTFSI salt concentration effect to digest lithium
polysulfides for high-loading sulfur electrodes. J Energy Chem. 2023;78:574-581.
https://doi.org/10.1016/j.jechem.2022.11.038.

Wang Q, Zhao C, Yao Z, et al. Entropy-driven liquid electrolytes for lithium
batteries. Adv Mater. 2023;35(17):2210677. https://doi.org/10.1002/
adma.202210677.

Wang Q, Wang J, Heringa JR, Bai X, Wagemaker M. High-entropy electrolytes for
lithium-ion batteries. ACS Energy Lett. 2024;9(8):3796-3806. https://doi.org/
10.1021/acsenergylett.4c01358.

Yu Z, Fan K, Liu Q, et al. Designing electrolytes with steric hindrance and film-
forming booster for high-voltage potassium metal batteries. Adv Funct Mater. 2024;
34(17):2315446. https://doi.org/10.1002/adfm.202315446.

Liu H, Holoubek J, Zhou H, et al. Ultrahigh coulombic efficiency electrolyte enables
Li||SPAN batteries with superior cycling performance. Mater Today. 2021;42:17-28.
https://doi.org/10.1016/j.mattod.2020.09.035.

Kim SC, Wang J, Xu R, et al. High-entropy electrolytes for practical lithium metal
batteries. Nat Energy. 2023;8(8):814-826. https://doi.org/10.1038/s41560-023-
01280-1.

Li Y, Wang J, Wang Y, et al. Sole-solvent high-entropy electrolyte realizes wide-
temperature and high-voltage practical anode-free sodium pouch cells. Adv Mater.
2025;37(9):2419764. https://doi.org/10.1002/adma.202419764.

Yang C, Liu X, Lin Y, Yin L, Lu J, You Y. Entropy-driven solvation toward low-
temperature sodium-ion batteries with temperature-adaptive feature. Adv Mater.
2023;35(28):2301817. https://doi.org/10.1002/adma.202301817.

Wang S, Wang K, Zhang Y, et al. High-entropy electrolyte enables high reversibility
and long lifespan for magnesium metal anodes. Angew Chem Int Ed. 2023;62(31):
€202304411. https://doi.org/10.1002/anie.202304411.

Yuan Z, Liao J, Song L, et al. Entropy-repaired solvation structure strategy for high-
efficiency phosphate-based localized high-concentration electrolytes in potassium
batteries. Angew Chem Int Ed. 2025;64(5):e202415923. https://doi.org/10.1002/
anie.202415923.

Cheng F, Zhang W, Li Q, Fang C, Han J, Huang Y. High chaos induced multiple-
anion-rich solvation structure enabling ultrahigh voltage and wide temperature
lithium-metal batteries. ACS Nano. 2023;17(23):24259-24267. https://doi.org/
10.1021/acsnano.3c09759.

Wang Q, Zhao C, Wang J, et al. High entropy liquid electrolytes for lithium batteries.
Nat Commun. 2023;14(1):440. https://doi.org/10.1038/541467-023-36075-1.

Mingcong Tang received his BS degree (2020) from the Uni-
versity of California, San Diego, and his MS degree (2022) from
the University of Michigan, Ann Arbor. He is currently pursu-
ing his PhD degree at the Hong Kong Polytechnic University
under the supervision of Dr. Liang An. His current research
focuses on aqueous Zinc metal-based batteries.

Rong Chen received BSc and MSc degrees in Power Engi-
neering and Engineering Thermophysics from Chongging
University in 2000 and 2003, and Ph.D. degree from the
Department of Mechanical Engineering of the Hong Kong
University of Science and Technology in 2007. Then he spent
three years working in the same Department. In 2010, He
joined the School of Energy and Power Engineering of
Chongging University, China. His research interests mainly
cover the solar utilization by photochemistry, optofluidics, new
energy technologies, micro-scale transport phenomena, as well
as the heat/mass transport in porous media.

Liang An received his BS degree from Harbin Institute of
Technology in 2008 and his PhD degree from The Hong Kong
University of Science and Technology in 2012. He is currently
an Associate Professor of Mechanical Engineering at The Hong
Kong Polytechnic University. His research interests include
advanced energy conversion and storage technologies, such as
fuel cells and batteries.


https://doi.org/10.1039/C9EE00368A
https://doi.org/10.1063/1.4840675
https://doi.org/10.1002/adma.201806236
https://doi.org/10.1002/adma.201806236
https://doi.org/10.1021/acsmaterialslett.0c00484
https://doi.org/10.1021/acsmaterialslett.0c00484
https://doi.org/10.1002/advs.202300271
https://doi.org/10.1016/j.actamat.2016.08.081
https://doi.org/10.1016/j.actamat.2016.08.081
https://doi.org/10.1039/D0TA09578H
https://doi.org/10.1039/D0TA09578H
https://doi.org/10.1016/j.joule.2024.07.019
https://doi.org/10.1016/j.joule.2024.07.019
https://doi.org/10.1063/1.4935969
https://doi.org/10.1063/1.5055064
https://doi.org/10.1021/jacs.3c01955
https://doi.org/10.1073/pnas.0911094106
https://doi.org/10.1038/s41467%2D023%2D36198%2D5
https://doi.org/10.1016/j.ensm.2024.103896
https://doi.org/10.1016/j.ensm.2024.103562
https://doi.org/10.1039/D3EE03059H
https://doi.org/10.1039/D3EE03059H
https://doi.org/10.1002/adma.202501361
https://doi.org/10.1016/j.jechem.2023.04.006
https://doi.org/10.1016/j.jechem.2023.04.006
https://doi.org/10.1002/aenm.202200318
https://doi.org/10.1016/j.cej.2024.153240
https://doi.org/10.1038/s41893%2D022%2D01028%2Dx
https://doi.org/10.1038/s41893%2D022%2D01028%2Dx
https://doi.org/10.1002/anie.202416619
https://doi.org/10.1002/anie.202416619
https://doi.org/10.1002/anie.202422395
https://doi.org/10.1039/D5EE01316J
https://doi.org/10.1038/s41560%2D021%2D00977%2D5
https://doi.org/10.1038/s41560%2D021%2D00977%2D5
https://doi.org/10.1002/anie.201908830
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1016/j.nanoen.2021.106665
https://doi.org/10.1016/j.ceramint.2020.09.001
https://doi.org/10.1016/j.jechem.2022.11.038
https://doi.org/10.1002/adma.202210677
https://doi.org/10.1002/adma.202210677
https://doi.org/10.1021/acsenergylett.4c01358
https://doi.org/10.1021/acsenergylett.4c01358
https://doi.org/10.1002/adfm.202315446
https://doi.org/10.1016/j.mattod.2020.09.035
https://doi.org/10.1038/s41560%2D023%2D01280%2D1
https://doi.org/10.1038/s41560%2D023%2D01280%2D1
https://doi.org/10.1002/adma.202419764
https://doi.org/10.1002/adma.202301817
https://doi.org/10.1002/anie.202304411
https://doi.org/10.1002/anie.202415923
https://doi.org/10.1002/anie.202415923
https://doi.org/10.1021/acsnano.3c09759
https://doi.org/10.1021/acsnano.3c09759
https://doi.org/10.1038/s41467%2D023%2D36075%2D1

	High-entropy liquid electrolytes in rechargeable batteries: Merits and challenges
	1. Introduction
	2. Mechanism and advantages of entropy tuning
	3. Aqueous high-entropy liquid electrolytes
	4. Non-aqueous high-entropy liquid electrolytes
	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


