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Abstract 

The potential increase in cost of lithium-ion batteries owing to the 

limited supply of lithium has prompted investigations into alternative 

and complementary rechargeable batteries that use post-lithium 

charge carriers with higher elemental abundance. However, achieving 

highly reversible post-lithium meta! anodes with sufficient kinetics 

remains challenging. The addition of co-solvents to conventional 

electrolytes is emerging as an important strategy to resolve these 

issues. In this Perspective, we discuss the progress of the eo-solvent 

strategy for sodium, potassium, magnesium, calcium, zinc and 

aluminium post-lithium meta! batteries. The coordination ability of 

co-solvents with post-lithium charge carriers is presented as a useful 

guide for selecting co-solvents for the respective battery electrolytes, 

owing to its correlation with several influential factors that affect the 

electrochemical performance of the meta! anodes, such as solvation 

structure, de-solvation process and solid electrolyte interphase 

formation. Additionally, a discussion is provided on the importance of 

unravelli ng the effects beyond the solvation sheath of cationic eh arge 

carriers and for the development of sustainable electrolytes. 
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beyond cation solvation, chemical side reactions at electrode surfaces 
and environmental impact.

Co-solvents for post-lithium alkali and aluminium 
metal anodes
For non-aqueous post-lithium alkali and aluminium metal batteries, 
coordination (or interactions) between the cationic charge carrier and 
anion is required to enable highly reversible metal anodes. As such, 
co-solvents exhibiting lower solvation ability towards the cationic 
charge carriers with respect to the original solvent of the conventional 
electrolytes, even non-solvating co-solvents, are adopted.

Sodium metal anodes
The electrolytes developed to enable highly reversible sodium metal 
anodes with stripping and plating Coulombic efficiencies (CEs) above 
99.0% are mostly based on ether solvents. The optimal molar ratio of 
sodium salts versus solvating solvents (r) depends on the anion.

When sodium bis(fluorosulfonyl)imide (NaFSI) is used as the 
salt, a high salt concentration in the NaFSI/ether binary electrolytes 
is required, that is, a high r value. The increased salt concentration 
pushes the equilibrium between FSI– and solvent in the Na+ solva-
tion sheath towards FSI–, promoting the participation of additional 
FSI– in forming an SEI that is more abundant in protective inorganic 
species19,33. As a consequence, sodium stripping and plating CEs higher 
than 99% can be reached in ether electrolytes with high NaFSI con-
centration, for example, 4 M equalling to r = 0.625 (refs. 19,34,35). 
However, the strengthened ion–ion and ion–solvent interactions 
in these high-concentration electrolytes (HCEs) reduce the fluidity 
and ion conductivity19,33, limiting both the wettability of electrolytes 
towards the porous separator and electrodes and the rate capability of 
the cells. Subsequently, hydrofluoroethers with low viscosity, for exam-
ple, bis(2,2,2-trifluoroethyl) ether, are introduced as co-solvents for 
the HCEs, and the newly obtained electrolytes are known as localized 
HCEs (LHCEs)25,36–38, which are of use for lithium metal batteries39,40. 
The low viscosity of hydrofluoroethers decreases the viscosity of the 
HCEs, whereas it increases the ionic conductivity. Meanwhile, the 
fluorinated groups with strong electron-withdrawing effects consid-
erably weaken the solvating ability of the molecules towards Na+ and 
thus introduce a non-solvating character to the co-solvent, which 
preserves the local Na+ solvation and anion-derived SEI in the native 
HCEs (Fig. 1a–c). Furthermore, it has been observed that these ‘inert’ 
co-solvents reduce not only the electrolyte resistance but also, more 
importantly, the interfacial resistance of sodium metal anodes25,36. As 
a result, LHCEs effectively promote the rate capability and reduce the 
polarization while maintaining the high CE (>99%) of sodium metal 
anodes. Nonetheless, the facilitated interfacial kinetics of the sodium 
metal anodes aided by co-solvents was not well understood. In 2022, 
Zhou et al.41 revisited this gap in our understanding and conducted a 
comprehensive experimental and computational study of a similar 
LHCE. It was demonstrated that although hydrofluoroether co-solvents 
do not interact with Na+, their interaction with 1,2-dimethoxyethane 
(DME) solvents reduces the concentration of DME and increases FSI– 
in Na+ solvation sheaths. This leads to the formation of an SEI with an 
abundance in the inorganic species derived from FSI– and therefore 
reduces the energy barrier of Na+ migration across the SEI for enhanced 
interfacial kinetics. In addition, highly fluorinated co-solvents are not 
always inert, with some of these species susceptible to defluorina-
tion reactions, resulting in the formation of metal fluorides in the 
inorganic-rich, protective SEI42,43.

Introduction
The consideration of rechargeable batteries as convenient energy 
storage media plays crucial roles in our society, which is increasingly 
powered by renewable energy sources. The state-of-the-art battery 
technology, rocking-chair, lithium-ion batteries (LIBs), using graphite 
(372 mAh g−1) anodes and transition-metal-based cathodes, has gov-
erned the market of portable electronics and is now rapidly penetrating 
the electric vehicle and stationary energy storage sectors1. However, 
the low abundance and uneven distribution of lithium resources and 
other critical materials (graphite, nickel and cobalt) have led to con-
cerns over the future supply and rising cost to fulfil the vast demands 
of LIBs2,3. Consequently, efforts are underway to explore complemen-
tary and even alternative battery technologies using more sustain-
able elements (Table 1) as the charge carriers, known as post-lithium 
batteries4,5. By contrast, the replacement of Li+ with alternative metal 
ions would weaken the energy density of the rocking-chair batteries 
where insertion-type negative electrode materials are used. The larger 
ionic radius and/or higher charge density of non-lithium metal cations 
affect the insertion kinetics and, therefore, reduce the specific capacity 
of the electrode materials6. Also, the redox potential of post-lithium 
couples is higher than that of Li/Li+, which limits the possible output 
voltage of batteries7. In this context, adopting metal electrodes with 
high specific capacity (Table 1) and low redox potential is a viable pro-
tocol to enhance the energy density of post-lithium metal batteries4,8,9. 
For instance, Li et al.10 reported a sodium metal battery with an energy 
density of more than 200 Wh kg−1 at the cell level, which is even higher 
than that of the commercial graphite||LiFePO4 LIBs.

Achieving high reversibility of metal anodes is an essential 
requirement for practical high-energy-density and long-lifespan 
post-lithium metal batteries, which relates to not only anodes but 
also electrolytes11–13. The early exploration of electrolytes targeting 
highly reversible post-lithium metal anodes revealed the importance 
of optimizing the electrolyte solvation structure and its specific cor-
relation with the resultant solid electrolyte interphase (SEI) and strip-
ping and plating reversibility of the metal anode14–18. However, it was 
observed that the use of a sole solvent in these conventional electro-
lytes is insufficient to obtain the most functional solvation structure 
and a compromise of relevant electrolyte properties is a requisite,
such as viscosity and ionic conductivity, which limits the cyclability 
and/or rate capability of the anodes and batteries14,19–23. The addition 
of co-solvents to these conventional electrolytes has emerged as an 
effective method to promote electrochemical performance through 
strengthening the solvation and/or compensating for compromised 
properties24–29. This co-solvent strategy facilitated the use of graphite 
anodes for the development of the current LIBs30–32. Therefore, this 
proposed approach — of considering the selection of co-solvents for 
the respective battery system — is expected to considerably boost the 
progress of post-lithium metal batteries.

In this Perspective, we present the advances of the co-solvent strat-
egy in promoting the development of metal anodes for rechargeable 
post-lithium metal batteries. It has been shown that the solvation ability 
of the co-solvent with respect to the solvent in the original electrolytes 
provides valuable guidance for the primary co-solvent selection of 
different post-lithium metal anodes, as its correlation to various fac-
tors greatly affects the electrochemical performance of metal anodes, 
such as solvation structure, de-solvation processes and SEI forma-
tion. Moreover, for future electrolyte design of the post-lithium metal 
anodes, the importance of several aspects of co-solvent selection is 
emphasized, such as ion–solvent and solvent–solvent interactions 



Unlike NaFSI, when sodium salts based on PF6
– (refs. 15,44), 

BF4
– (refs. 15,45), SO3CF3

– (refs. 15,46) and bulky carborane47 or 
tetraphenylborate48 anions that do not preferentially coordinate 
to Na+ are used to pair linear ethers, highly reversible sodium metal 
stripping and plating with CE of 99.5–99.9% and low polarization can 
already be achieved in conventional 1 M and even lower salt concentra-
tions (r < 0.2) — that is, low concentration electrolytes49. Nonetheless, 
Na+ solvation sheaths in these electrolytes contain a large amount of 
ether solvents particularly at low salt concentrations50, whereas the 
sluggish de-solvation of strongly coordinating linear solvents at low 
temperatures results in dendritic growth and severe polarization of 
sodium metal anodes. To overcome this issue, cyclic ether solvents, 
such as 1,3-dioxolane and tetrahydrofuran, with relatively weaker sol-
vation abilities than the linear ether solvents are used as co-solvents 
for these electrolytes26,51–53. Owing to their weaker solvation ability, the 
proportion of cyclic ethers entering Na+ solvation sheaths is lower than 
that of linear ethers. As the overall salt concentration is unchanged, 
the use of a co-solvent decreases the amount of linear ether molecules 
in the Na+ solvation sheaths and increases the proportion of anions 
coordinating to Na+ (Fig. 1d). Owing to the electrostatic repulsion 
effect of negatively charged anodes on anions during sodium plat-
ing, the de-solvation barrier of the anion is negligible compared with 
solvents54. In addition, the de-solvation energy of weakly coordinated 
cyclic ethers is much lower than that of strongly coordinated linear 
ethers51 (Fig. 1e). Therefore, the de-solvation kinetics is effectively 
promoted with cyclic co-solvents. Moreover, it has been reported that 
the increased number of anions in the Na+ solvation sheath enriches 
the inorganic species of the SEI26,51. Consequently, these co-solvent-
aided electrolytes enable high sodium stripping and plating CEs of 
up to 99.9% at –40 °C and stabilize the cycling of Na||Na cells even  
at –80 °C (refs. 26,52).

As LHCEs exhibit a similar anion-rich solvation of Na+, they also ena-
ble the operation of sodium metal anodes at sub-zero temperatures55. 
Nonetheless, their generally lower ionic conductivity at low tempera-
tures, compared with the electrolytes using linear and cyclic dual 
solvents, results in inferior low-temperature performance26,52,55. By con-
trast, the considerably reduced content of free solvating solvent mol-
ecules in LHCEs expands their potential compatibility with cathodes. 
Given that ether solvents are known for their poor anodic stability, 
LHCEs with a lower content of free solvating solvent molecules dem-
onstrate improved anodic stability36,45, allowing for the use of cathode 
materials with higher operation voltage. Additionally, the presence of 

the free solvating solvents increases the solubility of polysulfides in 
electrolytes, making LHCEs more commonly used for sodium-sulfur 
batteries37,38,55.

Potassium metal anodes
Owing to the chemical similarity of sodium and potassium, both the 
mentioned electrolyte strategies for sodium metal anodes have been 
investigated for potassium metal anodes as well. Despite the extensive 
exploration on various salts and solvents, the CEs of potassium strip-
ping and plating in electrolytes adopting solvating solvents solely and 
1 M or lower salt concentration cannot attain 99% (refs. 56–59). None-
theless, when a KFSI salt is paired with ether or phosphate ester solvents 
for HCEs, the CE of potassium metal anodes has been reported to exceed 
99%, such as with 2 M KFSI in triethyl phosphate and [KFSI]0.6[DME]1 
(with KFSI and DME in a molar ratio of 0.6:1)60,61.

In this context, non-solvating and low-viscosity co-solvents 
are adopted for K+-based HCEs, which is equally effective (as for the 
Na+-based ones) in promoting fluidity, ionic conductivity and anode 
reversibility24,62–64. Nonetheless, the higher reactivity of potassium 
compared with sodium leads to some restrictions on the design of the 
LHCEs. Chen et al.65 compared the compatibility of alkali metal anodes 
with ether-based LHCEs using DME as the solvent, FSI– as the anion and 
2,2,2-trifluoroethyl 1,1,2,2-tetrafluoroethyl ether as the co-solvent, 
displaying a previously unnoticed degradation mechanism in these 
systems. Specifically, the ether solvent reacts with these alkali met-
als to generate solvated electrons that attack the hydrofluoroether 
co-solvent (Fig. 2a). This degradation is limited for sodium and, in par-
ticular, lithium. However, this process severely hinders the formation of 
a stable SEI on potassium metal, leading to the continuous degradation 
of both electrolytes and potassium metal — although the CE of potas-
sium stripping and plating can still reach 97.4%. This degradation is 
supported by the gas evolution (Fig. 2b) and colour change of the metal 
(Fig. 2c–e), which is accompanied with the reactions when the metal is  
stored in the LHCE. As shown in Fig. 2e, a piece of potassium metal 
immersed in the tested ether-based LHCEs fully corroded and formed 
black products. Nonetheless, this degradation occurs only when ether 
solvents are used. For instance, such degradation of potassium metal 
is not observed in carbonate ester-based or phosphate ester-based 
LHCEs, owing to the inability to generate solvated electrons in these 
ester solvents65–67.

Developing LHCEs that do not rely on solvating ether solvents is a 
feasible approach to avoid this degradation, such as phosphate ester 

Table 1 | Abundance and properties of lithium with the most promising post-lithium candidates

Element (M) Li Na K Mg Ca Zn Al

Relative atomic mass 6.94 22.99 39.10 24.31 40.08 65.38 26.98

Metal density (g cm−3) 0.53 0.97 0.86 1.74 1.55 7.14 2.70

Concentration in the Earth’s crust (ppm) 20 28,300 25,900 20,900 36,300 75 81,300

Ionic charge carrier (Mx+) Li+ Na+ K+ Mg2+ Ca2+ Zn2+ Al3+

Ionic radius (Å) 0.76 1.02 1.38 0.72 1.00 0.74 0.54

Ionic charge density (e Å−3) 0.544 0.225 0.091 1.279 0.477 1.178 4.548

Redox potential of M/Mx+ versus SHE (V) −3.04 −2.71 −2.93 −2.36 −2.84 −0.76 −1.68

Gravimetric speciic capacity (mAh g−1) 3,860 1,166 685 2,206 1,337 820 2,980

Volumetric speciic capacity (mAh cm−3) 2,046 1,131 589 3,838 2,072 5,855 8,046

SHE, standard hydrogen electrode.
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Flg.1I Co-solvent strategyfor sodium metal anodes. a, Illustration of 

the dilution from a high-concentration electrolyte (HCE) to a iocalized 

high-concentration electrolyte (LHCE) via the addition of non-solvati ng 

co-solvents. In the LHCE, the non-soivatingco-solvent not coordinating with 

Na' retains the initial solvation structureofNa' in the parental HCE as weil as 

the anion-derived solid electrolyte interphase (SEI) on sodium metal anodes. 

Viscosity (part b) and ionic conductivity (part c) of[NaFSll t[DME] i (a typical 

HCE) and [NaFSl] 1[DME]1[BTFE]2 (a typicai LHCE) at room temperature. NaFSI, 

DME and BTFE represent sodium bis(fluorosuifonyl)imide, 1,2-dimethoxyethane 

and bis(2,2,2-trifluoroethyi) ether, respectively. The eo-solvent effectively 

decreases the viscosity and promotes the ionic conductivity. The data of 

solvents66
. By contrast, the observed degradation does not mean that 

ether-based HCEs cannot be used in LHCE strategies. lnstead, this 
suggests that a rational design of the electrolyte formulation and 
careful compatibilityvalidation ofthe derived LHCEs towards potas­
sium metal anodes is required. When non-solvating co-solvents that 
can tolerate the attack from the solvating electrons are used, and/or 
the derived SEI is sufficiently robust to isolate the potassium metal 
anode from contact with the electrolytes, this degradation can be 
terminated. 

Aluminium metal anodes 
The earliest electrolytes proposed for rechargeable aluminium metal 
batteries were inorganic chloroaluminate melts, such as the binary 
NaCI-AIC'3 or the ternary KCI-NaCI-AICl3, which strip and plate alu­
minium metal via the conversion between AICl4- and AliCl7- (ref. 68) 
(equation (1)). However, the high melting points ofthese electrolytes 
(above 80 °C) limittheir useat room temperature69•70• To fit the require­
ment ofroom-temperatureapplications, bulky organic ions (M'), such 
as 1-ethyl-3-methylimidazolium cations (Emim•), are used as alterna­
tives to Na' and K' ofthe inorganic chloroaluminates, which effectively 
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parts b andc are from ref.25.d, Illustration ofthe effectof cyclicetherco­

solvents on the low-concentration electrolytes with linear ether solvents. With 

sodium sait concentration unchanged, cyclicether co-soivents exhibitingweaker 

solvation ability with respect to the linear ether solvents decrease the amount of 

linearether molecules in the Na' solvation sheathsand increase the proportion 

of anions coordinating to Na', which leads to anion-derived SEI and promoted 

the de-solvation process ofNa' upon sodium deposition. e, De-solvation energy 

ofNa' -(solvent), complexes with various linear and cyclic ethers. DOL and THF 

represent 1,3-dioxolane and tetrahydrofuran, respectively. The data of part e are 

from ref. 51. 

reduces the melting point to room temperature71
• The obtained 

MCI-AICl3 binary electrolytes are considered as room-temperature ionic 
liquid electrolytes (ILEs). Subsequently, the high cost of the organic 
chloride (MCI) pushed the development ofalternative low-cost, deep 
eutectic liquid-based electrolytes (DELEs) prepared via mixing AICl3 

as a Lewis acid with a Lewis basic ligand, such as urea and acetamide, 
in which the heterolytic cleavage of AICl3 generates AICl4-, Al2Cl7-

and [AICl2-(ligand).l' for stripping and plating12•74, as described by
equation (2): 

(1) 

2[AICl2°(1igand)it + 3e- tt Al+ AICI� +4(1igand). (2) 

ILEs and DELEs have been the most commonly used electrolytes 
for rechargeable aluminium metal batteries. However, the strong 
Coulomb force between the cations (M' and [AICl2°(1igand)it) and 
anions (Al

2
c1; and AICIJ leads to high viscosity and limited ionic con· 

ductivity for ILEs and particularly DELEs20• lnspired by the strategy of 
LHCEs, non-solvating and low-viscosity 1,2-difluorobenzene (dFBn) 



was reported as a co-solvent for ILEs and DELEs27,75. The addition of 
dFBn effectively promotes the fluidity and ionic conductivity. In par-
ticular, it does not change the relative intensity or position of the Raman 
peaks originating from AlCl4

– and Al2Cl7
–, which demonstrates that the 

solvation structure is maintained, as well as the equilibrium between 
these two species27,75. Therefore, the reversible stripping and plating 
of aluminium is attained with promoted overall kinetics. For example, 
[AlCl3]1.3[Urea]1 exhibits a viscosity of 316 mPa s and an ionic conductiv-
ity of 0.5 mS cm–1 at room temperature, whereas these values for a 
diluted electrolyte, such as [AlCl3]1.3[Urea]1[dFBn]0.4, are 42.5 mP s and 
1.95 mS cm–1, respectively27. The polarization of Al||Al symmetric cells 
at 0.5 mA cm–2 decreases from 0.57 V to 0.2 V with the aid of co-solvents. 
The non-solvating and inert features of the co-solvent are important 
when selecting the co-solvent; otherwise, the change in the equilibrium 
of the chloroaluminates and the reaction between the co-solvent and 
the electrolytes would destroy the stripping and plating of aluminium 
metal. In fact, when dimethyl carbonate — a conventional solvating 
organic solvent for battery electrolytes — is used as the co-solvent for 
[AlCl3]1.3[Urea]1, the obtained electrolyte does not allow the operation 
of Al||Al symmetric cells27. Moreover, it has been reported that the CE 
of aluminium stripping and plating is improved from ~80% for 
[AlCl3]1.3[Urea]1 to 88% for [AlCl3]1.3[Urea]1[dFBn]0.4 (ref. 27). Although 
the reversibility of aluminium stripping and plating processes still 
needs to be improved, this result demonstrates the benefits of adding 

non-solvating co-solvents to the electrolytes for aluminium metal 
batteries.

Co-solvents for alkaline-earth metal anodes
For non-aqueous magnesium and calcium metal batteries, co-solvents 
exhibiting strong coordination ability to the divalent alkaline-earth 
cations are used for the more traditional electrolytes, to improve the 
kinetics and reversibility of the alkaline-earth metal anodes.

Magnesium metal anodes
Several chloride-based electrolytes have been reported to enable 
highly reversible magnesium stripping and plating with low polariza-
tion — electrolytes such as ethereal solutions of Grignard reagents 
(RMgX, R: organic group; X: halogen ligand)76, binary complex of 
MgR2 and AlCl3−nRn (R: alkyl group)77 and ‘all-phenyl’ complex of 
PhMgCl (Ph: phenyl) and AlCl3 (ref. 78). However, their limited 
electrochemical stability window and/or high corrosivity associ-
ated with the chloride initiated the investigation into chloride-free 
electrolytes79.

Various conventional and commercial Mg2+-based salts and sol-
vents have been paired to prepare electrolytes for magnesium metal 
batteries79. Among them, electrolytes using magnesium bis(trifluo
romethanesulfonimide) (Mg(TFSI)2) salt and ether solvents, such 
as DME, are the few candidates that enable stripping and plating of 
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magnesium16. However, this process still suffers from low CE and
high polarization in these types of electrolytes, which is caused by 
the decomposition of the electrolytes including both anions and 
solvents, and the derived thick passivation layer, that is, an SEI inca· 
pable of transporting Mg2+ (ref. 80). Computational studies have 
also confirmed that the ion pair, [Mg2+-TFsn+ , obtains one electron 
initially on the Mg2+ centre and forms the transient [Mg+-TFsn, which 
activates the decomposition ofTFSr and the formation ofthe passiva· 
tion layer21. To resolve these issues, a family of methoxyethyl-amine 
co-solvents were used as co-solvents for the conventional Mg(TFSl}i­
DME binary electrolyte, for example, 2-methoxyethylamine (MOEA) 
and 1-methoxy-2-propylamine29. These co-solvents exhibit stronger 
coordination ability than DME and replace part of the DME in the 
solvation sheaths of Mg2+ (Fig. 3a). Compared with DME, the asym­
metric co-solvents lead to a less compact and more polarizable Mg2+ 

solvation sheath, reducing the energy of the solvation reorganiza­
tion for Mg2+ to accept electrons (Fig. 3b). Therefore, the reduction 
of Mg2+ to Mg is more favourable than the decomposition of solvent
and anions in the solvation sheath, promoting the kinetics of mag­
nesium deposition, and leads to the formation of a thinner SEI with 
fewer species from the electrolyte decomposition. As a result, the 
overpotential of MgllMg symmetric cells at 1.5 mA cm·2 decreases 
from above 2 V for blank electrolytes (0.5 M Mg(TFSl)i in DME) to 
lower than 0.1 V, and the CE of the Mgllstainless steel cells increases 
from 0% in the blank electrolyte to more than 99.5% (ref. 29). lnspired 
by this breakthrough, more electrolytes using commercially avail· 
able salts and solvents for reversible magnesium meta! anodes have 

been developed, accompanied with the insights from the role of the 
methoxyethyl·amine co·solvents81-s4_

Considering the high cost of Mg(TFSl)i, some researchers have 
used the economical Mg(SO3CF3)2 as the aforementioned ternary 
electrolytes84•85. Despite the replacement of TFSr with SO3CF3-, the 
methoxyethyl·amine co·solvents display similar effects on Mg2+ solva· 
tion regulation and on the kinetics, with CEs up to 99.3% of the mag· 
nesium meta! anode84•85• More importantly, a relation between the 
solvation sheath and the SEI structure was revealed in electrolytes 
using Mg(SO3CF3)i as the salt, ethers as the solvents and MOEA as the 
co-solvent84. In the Mg(SO3CF3)2-DME electrolyte, the high percent· 
age of aggregate rich in [Mg2+-SO3CF3-r induces the formation of 
inorganic Mgf 2, MgO and Mg(OH)i in the inner layer ofthe SEI, whereas 
the ethereal solvents involved in contact-ion pair (in which oneanion 
coordinates toone Mg2') and solvent-separated ion pair (in which Mg2' 
does not directly interact with anions) decompose into organic species 
in the outer layer of the SEI. The inner SEI layer abundant with inor· 
ganic compounds prevents Mg2• transport. As MOEA is added, MOEA 
involved in contact-ion pairand solvent-separated ion pair undergoes 
faster decomposition reactions than the ethereal solvents to produce 
organic N-containingspecies in the inner SEI, which-togetherwith the 
decomposition ofSO3CF3- in aggregate -leads to a concentration gra· 
dient of organic-inorganic species in the SEI. This effectively induces 
the transport of Mg2•, thus reducing the overpotential and promotes 
the reversibility of magnesium meta! anodes. 

Apart from the methoxyethyl-amineco-solvents, other co-solvents 
have also been proposed for Mg(TFSl)2-DME electrolytes, such as 
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trimethyl phosphate (TMP) and amine81,86,87. As the phosphorus–oxygen 
bond with extreme electron richness competes with carbon–oxygen 
groups for the coordination with Mg2+, TMP partially replaces the DME 
in Mg2+ solvation sheaths, which not only softens the solvation sheath 
deformation but also generates an SEI with increasing Mg2+ transport 
and electrical resistance81. With the addition of TMP co-solvent to the 
Mg(TFSI)2–DME blank electrolyte, the overpotential of Mg||Mg cells 
at 0.1 mA cm–2 is decreased from over 2 V to around 0.15 V, and the 
ignorable CE of magnesium stripping and plating in Mg(TFSI)2–DME 
is improved to 78% (ref. 81). Primary amines have been mentioned 
as the co-solvent for Mg(TFSI)2-diglyme electrolytes, for example, 
3-dimethylaminopropylamine (DMAPA or R-NH2, R: (CH3)2N(CH2)3)86. 
Apart from the mechanism that is similar to the reorganization of 
Mg2+ solvation sheaths, a beneficial trace ionization of amine and 
ether co-solvents was proposed86 (Fig. 3c), leading to the formation 
of protonated DMAPA (R-NH3

+) and diglyme ((diglyme)H+) generated 
through the intermolecular hydrogen exchange of DMAPA–DMAPA 
and DMAPA–diglyme. These protonated compounds can chemically 
associate with TFSI– to form neutrally charged species, which mitigates 
the decomposition of TFSI– on magnesium metal anodes as these neu-
tral charged species are more difficult to transport to the surface of 
magnesium metal anodes under the electric field during charging and 
discharging with respect to the [Mg2+–TFSI–]+ ion pairs. Moreover, the 
protonated DMAPA and diglyme can release active hydrogen species, 
facilitating the formation of protective MgH2 species in the SEI. The 
effect of this trace ionization of amine or ether co-solvents has been
further verified with a few primary, secondary and tertiary amines as 
the co-solvent for Mg(TFSI)2–diglyme electrolytes. Owing to the highest 
ionization degree, the primary amines lead to the lowest overpotential 
(0.14 V) and best CEs (>90%) of Mg||Cu cells. The tertiary amines without 
a transferable proton improve neither the kinetics nor the CE. It was 
observed that methoxyethyl-amine co-solvents also contain primary 
amine groups. Hence, the trace ionization should also occur in elec-
trolytes using methoxyethyl-amine co-solvents and contribute to the 
enhanced electrochemical performance of magnesium metal anodes.

Calcium metal anodes
Early exploration of calcium metal in conventional organic electrolytes 
revealed that the electrochemical behaviour is surface-film-controlled, 
which is similar to that of lithium, but the poor mobility of Ca2+ in the 
SEI blocks the deposition of calcium metal88. The investigation of 
electrolytes for calcium metal anodes was revitalized by the report  
of calcium metal stripping and plating in 0.45 M Ca(BF4)2 in a mixture 
of ethylene carbonate and propylene carbonate89. Despite the limited 
CE and high operation temperature (100 °C), this work demonstrated 
the feasibility of calcium stripping and plating using rationally opti-
mized electrolytes. Several electrolytes have since been reported to 
enable stripping and plating of calcium metal at room temperature, 
including those based on BH4

– (ref. 90), alkoxy-functionalized ionic 
liquids as solvents18 and/or bulky carborane91 or fluorinated alkoxybo-
rate anions23,92 such as tetrakis(hexafluoroisopropyloxy)borate anion 
([B(hfip)4]–)23,92. It is worth noting that both the strategies of using the 
alkoxy-functionalized ionic liquids and the bulky anions are designed 
to decrease the number of anions in the solvation shell of Ca2+. The 
alkoxy group with strong coordination ability is tethered to the organic 
cations of the ionic liquids, enabling the coordination of the organic 
cations towards Ca2+ and thus decreasing the TFSI– in Ca2+ solvation. 
The delocalized negative charge and large size of the carborane or 
fluorinated alkoxyborate anions lead to a weak interaction with Ca2+, 

thereby making Ca2+ preferentially coordinate to the solvent rather than 
the anions. Hou et al.93 revealed the correlation between the solvation 
of Ca2+ and the SEI for reversible calcium metal anodes. The anion in the 
solvation of Ca2+ leads to the formation of impermeable SEIs rich in inor-
ganic species, such as CaF2 and CaCO3, whereas the solvent-dominated 
solvation structure results in organic-rich and inorganic-poor SEIs, 
facilitating Ca2+ transport for reversible calcium stripping and plating93. 
Therefore, the strategies promoting the formation of a solvent-rich 
solvation of Ca2+ are capable of reversible calcium stripping and plat-
ing at room temperature. By contrast, CEs ranging from 30% to 92% 
require improvement, which could be attributed to the insufficient 
coordination of the solvent towards Ca2+ (refs. 18,23,90–92).

In this context, co-solvents with strong solvating ability towards 
Ca2+ would be beneficial for the electrochemical performance of cal-
cium metal anodes. Following the successful application for magnesium 
metal anodes, methoxyethyl-amine co-solvents with strong coordina-
tion ability towards metal cations have also been used for Ca2+-based 
electrolytes29. Owing to the similar effect for magnesium metal anodes, 
adding 4-methoxybutan-2-amine co-solvent to 0.5 M Ca[B(hfip)4]2 in 
DME effectively improves the CE from ~80% to 96% (ref. 29). Dissolv-
ing 0.5 M Ca(TFSI)2 in a 1:1 volume mixture of ionic liquid EmimBF4 
and dimethyl sulfoxide (DMSO) is designed for room-temperature
rechargeable Ca-oxygen batteries94. Owing to its lower viscosity with 
respect to ionic liquid electrolytes and strong solvation towards Ca2+, 
the addition of DMSO not only reduces the viscosity and improves the 
ionic conductivity but also decreases the coordination between the 
anions and Ca2+. As a result, the CE of calcium stripping and plating is 
improved from ~11% to ~92%. Although further investigation is neces-
sary, these results have shown that using co-solvents with strong solvat-
ing ability to adjust the solvation sheath of Ca2+ is an effective tool for 
promoting the reversibility of calcium metal anodes29,94.

Co-solvents of aqueous electrolytes for zinc  
metal anodes
Owing to the high redox potential of zinc metal anodes (Table 1), 
zinc metal batteries struggle to compete with other metal batter-
ies requiring non-aqueous electrolytes in terms of energy density. 
By contrast, this character, together with a high hydrogen evolution 
overpotential, makes zinc metal the only candidate in Table 1 to be 
reversibly stripped and deposited in aqueous electrolytes95. Compared 
with conventional anode materials for aqueous ion batteries, such as 
LiTi2(PO4)3 (~130 mAh g−1 and −0.72 V versus a standard hydrogen elec-
trode (SHE)) and NaTi2(PO4)3 (~110 mAh g−1 and −0.82 V versus SHE)96,97, 
zinc metal is garnering interest with a comparable redox potential of 
−0.76 V versus SHE and higher specific capacities of 840 mAh g−1 and 
5,854 mAh cm−3. Various neutral or mildly acidic aqueous electrolytes
using commercially available zinc salts can facilitate reversible strip-
ping and plating of zinc at conventional salt concentrations of ~1–2 M, 
but the notorious corrosion of zinc metal by H+/H2O and electrochemi-
cal reduction of H+/H2O remain, limiting the CE and long-term stability
of zinc metal anodes98. Introducing organic co-solvents to aqueous 
Zn2+-based electrolytes has proven effective in suppressing these side
reactions and promoting the CE of zinc metal anodes to up to 99.8% 
(refs. 28,99–103), which benefits from the effects of electrolyte bulk 
and an electrolyte/zinc metal electrode interface.

Solvation and hydrogen bond reorganization
The addition of organic co-solvent to aqueous Zn2+-based electrolytes 
exerts two effects in the electrolyte bulk: reorganizing the solvation 
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and hydrogen bond network, both oF which can lower the activity oF 
H2O; and to promote the reversibility oFzinc meta) anodes. 

Reducing H2O in Zn2+ solvation sheath is initially considered to 
limit the activity oF H2O, and both high-polarity co-solvents with strong 
coordination ability and low-polarity co-solvents with weak coor· 
dination ability have been reported to achieve these eFFects28•102•104 

(Fig. 4a-c). For instance, high-polarity Formamide is reported as a 
low-cost eo-solvent For aqueous zinc acetate (Zn(OAc)i) electrolytes28. 
Compared with HP, Formamide possessing a higher dielectric constant 
(111 versus 80, respectively) hasa stronger coordination with Zn2+, thus 
replacing H2O in the Zn2• solvation sheath. The low dielectric constant 
oF DME (6.9) is also considered as an organic eo-solvent to modiFy 
the Zn2• solvation sheath in aqueous electrolytes 102. Considering 
1 M Zn(SO3CF3)2 in a HP and DME solvent and when the molar Fraction 
oFDME in the solvent is lower than 0.15, the DME is not involved in the 
inner solvation sheath oFZn2•, owing to its relatively weaker solvation 
ability compared with H2O towards Zn2•. Nonetheless, the addition 
oFDME pushes SO3CF3- anions into the solvation sheath orzn2•, thus 
reducing H2O coordinated to zn2•. 

The added organic solvents mostly contain one or more groups 
actingas a hydrogen bond acceptor and thereFore can attract Free H2O 
via the Formation oF hydrogen bonds (Fig. 4d), such as the -OH groups 
in alcohols105, -SO2• in suIFones106, -SO· in suIFoxide107,-CN in nitriles108,
·O· in ethers102, -CO3• in carbonate esters22, -CO· in amides28, among
others. The consequent interruption oFthe original hydrogen-bonded 
network in aqueous electrolytes suppresses the reduction oF hydro· 
gen involved in the network, which helps to increase the hydrogen 

evolution overpotential, decreases interFacial side reactions and pro· 
motes reversibility oFzinc meta) anodes28•102•103•105•107•108• In addition to a
homogeneousdistribution oF organic solvents in the hydrogen·bonded 
network, a unique 'reverse micelle' core-shell architecture was uncov· 
ered in 3 M Zn(SO3CF:i)2 in [H2O1.[suIFolane] 1 - in which Free H2O with 
its hydrogen·bonded network is segregated into nanodomains by 
suIFolane106. The added sulFolane preFerentially coordinates to Zn2+; 
however, when the coordination oF zn2+ tends towards saturation 
with the increasing oF sulFolane, the extra sulFolane coordinates with 
H2O. The hydrophilic group (0 = S = 0) in sulFolane interacts with the 
H atoms in H2O, whereas the hydrophobic alkane ring oF the sulFolane 
assembles outside the nanodomains. As the Zn2• coordinated by sul­
Folane is located outside the nanodomains, the reverse micelle struc­
ture does not block the transport oFZn2• - but it limits H2O and proton 
transport - which eFFectively suppresses the side reactions on the 
electrode surFace. 

lnterfacial adsorption and the SEI 
In addition to the electrolyte bulk, the beneficial eFFect orthe organic 
co-solvents on the interFace between electrolytes and zinc meta) anodes 
has received increasing attention. 

Some oFthe co-solvents exhibiting higher adsorption energy than 
H2O on zinc metal anodes are reported tobe preFerentially adsorbed on 
these anodes, such as DMS01°7, acetone109, N,N-dimethyl acetamide"0, 

N-methylacetamidelll and TMPU2, which leads to an organic eo-solvent
adsorption layer on the zinc meta) anode, that is, an inner Helmholtz
layer that is rich in organic eo-solvent molecules (Fig. 4e). Owing to the
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lack of H2O in the inner Helmholtz layer, the side reaction requiring 
H2O to participate is suppressed109,111,112. Moreover, the generated inner 
Helmholtz layer consisting of organic solvent promotes the wettability 
of the electrolyte towards zinc metal anodes, which is beneficial for an 
even nucleation during zinc deposition22,108–110. Apart from experimental 
tests of the contact angle and double layer capacitance to support the 
presence of the layer, Miao et al.22 used molecular dynamic simula-
tions to characterize the interface between zinc metal anodes and  
2 M Zn(SO3CF3)2 in H2O electrolytes with or without 7 M diethyl carbon-
ate (DEC), demonstrating that a hydrophobic DEC layer in close proxim-
ity to zinc metal anodes enables the formation of a H2O-poor electrical 
double layer blocking water from contacting the Zn anode. It has also 
been reported that in the electrolytes of 1 M Zn(OAc)2 in formamide/H2O 
(1:1 in volume) and 2 M ZnSO4 in DMSO/H2O (2:8 in volume), the prefer-
ential adsorption of the organic co-solvents with respect to H2O on the 
(002) plane of zinc metal leads to the (002) preferential orientation of 
zinc deposition upon repeated deposition of zinc. This results in a dense 
and smooth zinc morphology, in contrast to the porous and dendritic 
morphology observed when neat aqueous electrolytes are used28,107.

The electrochemical and/or chemical reduction of anions, H2O 
and organic co-solvent — as well as the consequent chemical reaction —  
at the interface of electrolytes and zinc metal anodes leads to the 
formation of an SEI on the anodes. The reduced activity of H2O 
at the interface (owing to the organic co-solvent) limits the growth 
of the porous layer of basic zinc salts derived from H2O decomposi-
tion, such as Zn4SO4(OH)6 (refs. 99,111,112). Meanwhile, the absence 
of the bulky and irregular basic zinc salts allows the species derived 
from anions and organic co-solvents to form a dense and thin SEI, 
composed of components such as ZnF2, ZnCO3, ZnO, Zn3(PO4)2, ZnP2O6 
and various organic species99,113,114. In turn, this SEI effectively pro-
tects zinc metal anodes from direct contact with the electrolytes and 
inhibits further side reactions (Fig. 4f). Several of the SEI component 
species exhibit Zn2+ transport, but not that of electrons115. Liu et al.113 
compared pre-cycled and bare zinc metal electrodes in a 0.5 M ZnSO4 
aqueous electrolyte. The zinc metal electrodes that were previously 
cycled in a phosphonate-based non-aqueous electrolyte exhibit a 
monolithic phosphate SEI. Such an SEI leads to considerably longer 
lifespans compared with bare Zn electrodes undergoing repeated strip-
ping and plating in the aqueous electrolyte (800 h versus ~70 h), which 
verifies the positive effect of the SEI on the reversibility of zinc metal 
anodes113. Also, the addition of propylene carbonate as co-solvent to 
Zn(SO3CF3)2 aqueous electrolytes resulted in a hydrophobic surface of 
the zinc metal anodes owing to the formation of a hydrophobic SEI upon 
cycling, which further prohibits side reaction between Zn and water100.

Overlaying multiple effects
The co-solvent introduced to the aqueous electrolyte for zinc metal 
batteries typically provides multiple beneficial effects, ameliorating 
the CE of zinc stripping and plating and prolonging the cycle life. For 
instance, DME as the co-solvent added to a 1 M aqueous Zn(SO3CF3)2 
electrolyte modifies the solvation sheath of Zn2+, the hydrogen-bonded 
network and the SEI102. The former two aspects suppress the hydrogen 
evolution originating from the coordinated and ‘free’ water. Nonethe-
less, there are still plenty of water molecules in the solvation sheath and 
hydrogen-bonded network that can participate in hydrogen evolution 
reactions when the water is in contact with the zinc anodes. At the inter-
face of the electrolyte and anode, the anion-rich solvation of Zn2+ leads to 
the formation of a protective SEI rich in inorganic species (such as ZnF2),  
which in turn limits the hydrogen evolution reaction. Benefiting 

from the synergy of these effects, the average CE of Zn||Cu cells can 
be improved from 99.3% for 1 M Zn(SO3CF3)2 in H2O to 99.8% for  
1 M Zn(SO3CF3)2 in [H2O]0.85[DME]0.15.

In addition to these favourable effects, the negative impact of 
organic co-solvents on the ionic conductivity and viscosity of these 
aqueous electrolytes should be considered when optimizing the 
co-solvent content. The original aqueous electrolytes with a zinc salt 
concentration of ~1–2 M usually exhibit an ionic conductivity of up to 
50 mS cm−1 and viscosity <5 mPa s at room temperature101,110,116. The 
addition of organic co-solvent typically decreases ionic conductivity 
and increases viscosity101,110,116,117. Nonetheless, when water constitutes 
the major solvent (for example, >50 vol%), the electrolytes can still have 
a viscosity below 10 mPa s and ionic conductivity above 10 mS cm−1, 
meeting the requirements for battery applications101,110,116.

Discussion and outlook
The advances in electrolyte design confirm that the addition of 
co-solvents to conventional electrolytes is an effective strategy for 
enhancing the kinetics and/or reversibility of post-lithium metal anodes 
in high-performance batteries. The solvation ability of the co-solvent 
with respect to the solvent in the original electrolytes provides valuable 
guidance for the primary co-solvent selection for different post-lithium 
metal anodes. For instance, the electrolytes for post-lithium alkali and 
aluminium metal anodes require co-solvents, exhibiting lower solva-
tion ability towards the cationic charge carriers to preserve and even 
strengthen the original cationic charge carriers’ anion-rich solvation. 
In this context, the strongly solvating co-solvents entering the cati-
onic charge carriers’ solvation structure to improve the kinetics and 
reversibility of alkaline-earth metal anodes are not suitable for alkali 
and aluminium metal anodes.

This guidance is based on the effect of a co-solvent on the sol-
vation structure and the correlation among the solvation structure, 
de-solvation processes and SEI formation. Therefore, further investiga-
tion into these relationships would clarify the influence of these factors 
for rationally designing electrolytes. For example, the relationship 
between the solvation ability and molecular structure of organic sol-
vents is the cornerstone for designing co-solvents to adjust the equi-
librium between anions and organic solvents in the solvation sheath. It 
should be noted that although the order of solvent coordination ability 
for a certain metal cation can yield useful insights for other cations when 
selecting co-solvents, the characteristics of the metal cation also influ-
ence its coordination with the solvent. For instance, DME has a strong 
coordination ability towards Zn2+ but much weaker coordination with 
Ca2+, as Ca²+ has a larger ionic radius (Table 1), resulting in a less favour-
able geometry for coordination with the short DME molecules118. The 
dynamic process of de-solvation and the accompanying decomposition 
of solvation components for SEI formation need to be examined to 
identify the most effective solvation structure for better information 
on electrolyte design. This is particularly important for systems in 
which the role of the SEI is still unclear, such as aluminium, magnesium 
and calcium. Investigating ion mobility and electronic and mechanical 
properties of the commonly observed SEI components is also crucial 
for the rational design of electrolytes and to optimize the interphase.

Apart from cation solvation, there are other ion–solvent and 
solvent–solvent interactions present in the electrolytes that can affect 
the electrochemical performance. These functional interactions affect 
the fluidity and ionic transport of the electrolytes, as well as the solu-
bility of co-solvents in the parent electrolyte. The interactions beyond 
the solvation of cations can also influence the solvation sheath of 



the cationic charge carriers. For example, it was confirmed that the 
interaction between a hydrofluoroether co-solvent and an ether sol-
vent in LHCEs led to more anions participating in the solvation sheath 
of cations119. Moreover, these components could decompose when 
they are in contact with electrodes, contributing to SEI formation 
and affecting the reversibility of metal anodes. For magnesium metal 
batteries, the trace ionization of amine-ether co-solvents affects the 
mobility and decomposition of TFSI–, as well as the formation of MgH2 
species in the SEI. The reorganized hydrogen-bonded network, with the 
addition of organic co-solvent in aqueous electrolytes, also affects the 
hydrogen evolution reaction of the electrolyte on zinc metal anodes. 
Nevertheless, these interactions have received less focus with respect 
to the solvation of cations. Further research on how to modulate these 
interactions through electrolyte design and how such interactions 
influence functionality is anticipated to ameliorate the electrochemical 
performance of post-lithium metal anodes.

The chemical side reaction at the electrolyte and metal anode 
interface is also of relevance, particularly in systems already exhibiting 
extremely high CEs for more practical applications, such as sodium 
and zinc. The degradation of metal anodes owing to these side reac-
tions is considered for the CE obtained with electrochemical tests, 
but a single stripping and plating cycle of the CE test in the reported 
literature usually takes a few hours, which could mask existing chemical 
degradation of the active metal in the anodes. For instance, the CE of 
potassium stripping and plating in the ether-based LHCE with severe 
chemical corrosion can still reach 97.4% (ref. 65). Although an elevated 
CE approaching 99.8% has been reported for Na and Zn (refs. 26,99), 
chemical degradation of the metal and electrolyte might still persist. 
In practical use, the metal anode in the cells needs to be compatible 
with electrolytes for operation over longer time durations such as 
months and even years. The consumption of the active metal, as well 
as the electrolytes, during the long service time will lead to a consider-
able negative impact on the cyclability of the batteries. In this context, 
stability tests and the study of the degradation mechanism of the 
post-lithium metal anode in the electrolyte during the shelf life will 
optimize the electrolytes for practical applications.

In addition, the environmental impact of the electrolytes should 
be considered. The majority of the non-solvating co-solvents of 
LHCEs for sodium-based, potassium-based and aluminium-based bat-
teries, as well as most anions for magnesium and calcium batteries, 
and some anions for zinc batteries are harmful perfluoroalkyl and pol-
yfluoroalkyl substances (PFAS) — that is, they contain -CF2- and/or -CF3 
groups, leading to environmental and occupational safety concerns. 
Restrictions on the use of PFAS are being introduced worldwide, 
for example, a proposal restricting the manufacture, placement on 
the market and use of PFAS in the European Union was submitted in 
2023 by authorities in Denmark, Germany, the Netherlands, Nor-
way and Sweden to the European Chemical Agency. Moreover, the 
high content of fluorine leads to increasing costs. As a result, a few 
PFAS-free and even fluorine-free non-solvating co-solvents have been 
applied to LHCEs for lithium metal batteries, and these electrolytes 
could be promising candidates for applications in post-lithium metal 
batteries120–123. Therefore, apart from the use of these substances 
to enhance performance, specific steps are required to develop 
PFAS-free and even fluorine-free non-solvating co-solvents to reduce 
the reliance on PFAS-based salts and to ultimately realize PFAS-free 
electrolytes for sustainable post-lithium metal batteries.
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