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Rational design of aqueous zinc-ion battery electrolytes based on 
intermolecular interactions between co-solvents and anions 

Jaehong Lim  ‡,a,b, Hongjun Chang  ‡,c, In Young Jeong c, Minji Jeong a, Yiseul Yoo a,b, Haeun Baeg a,b, 
Taeeun Yim d, Dongjin Byun b, Kyung Yoon Chung a, Hyung-Seok Kim a, Janghyuk Moon *,c, and Si 
Hyoung Oh *,a,e 

Despite their great promise as a sustainable alternative to lithium-ion batteries for stationary energy storage systems, 

aqueous zinc-ion batteries (AZIBs) continue to suffer from interfacial instability between metal anodes and electrolytes, 

stemming from the high activity of free water molecules in the electrolyte. Incorporating chaotropic co-solvents or additives 

with a strong affinity toward Zn has long been recognized as a viable and cost-effective approach to mitigate these issues, 

yet such strategies often face intrinsic miscibility limitations. To address this issue, we employed tetrahydrofuran (THF) to 

rationally design fully miscible electrolytes by balancing kosmotropic and chaotropic interactions among THF and anions in 

THF-H2O solutions. In these systems, THF not only disrupts hydrogen-bonding network in water clusters, but also forms 

robust adsorbate layers on the zinc surface, suppressing Zn metal corrosion, and promoting uniform and compact Zn 

deposition, thereby leading to excellent long-term electrochemical performance. Further, the spontaneous phase separation 

into THF-rich and sulfate-rich phases, driven by salting-out effect among THF, triflate and sulfate in aqueous solution, was 

exploited to prepare biphasic electrolytes capable of providing tailored electrolyte environments for the cathode and anode, 

respectively, in Zn-I2 batteries. This study offers new insights and opportunities to design advanced electrolytes to tackle 

longstanding challenges with various AZIBs.

Introduction 

Driven by rising global demand for green energy sources, safe and 

affordable stationary energy storage systems (ESSs) have recently 

attracted considerable attention to address their intermittency, a 

major roadblock that limits the stability of power generation and 

large-scale deployment of renewable energy [1, 2]. To date, Li-ion 

batteries (LIBs) have thus far met this demand, especially as they are 

approaching their practical limitation with respect to cost-

competitiveness and safety, highlighting the urgent need for 

alternative solutions [3, 4].  

Aqueous zinc-ion batteries (AZIBs) represent viable alternatives to 

LIBs, employing battery chemistries (e.g., MnO2-Zn, V2O5-Zn, and I2-

Zn) that provide unique benefits in terms of cost, safety and 

environmental sustainability [5, 6]. Despite these apparent advantages, 

commercial adoption of AZIBs is still plagued by several key technical 

challenges from persistent interfacial instability between zinc metal 

and aqueous electrolyte [7-9]. This often leaves metal surface 

unevenly passivated by build-up of corrosion products, which in turn 

leads to non-uniform areal impedance growth, local hotspots for 

dendritic proliferation of metal deposits, and the accumulation of 

hydrogen gas – all of which pose serious risk to battery performance 

and safety [10-12]. To cope with these critical issues, numerous 

attempts have been made so far to protect vulnerable surface of Zn 

metal such as reducing the excessive fraction of free water molecules 

in the electrolyte, while forming ion-conducting protective film on 

the metal surface by elaborately controlling the interface via easily 

scalable electrolyte engineering [13-15]. The participation of co-solvent 

molecules, anions or additives into the inner coordination sphere of 

cations to alter electronic structure and higher surface adsorption 

energies over water molecules was typically considered important 

factors to secure high efficiency as well as surface uniformity. For 

instance, co-solvents like polyethylene glycol (PEG) [16], formamide 

(FA) [17], dimethylacetamide (DMAC) and trimethyl phosphate (TMP) 
[18, 19], or additives like tetraazamacrocycle derivatives [20], and 

disodium maleate molecules [21] were introduced in the aqueous 

electrolytes to adjust interface dynamics to obtain well-controlled 

(002)– textured Zn deposit and reduced corrosion rates. 

Meanwhile, it is important to finely adjust the combination of salts 

and solvents to make the most of beneficial effect of the co-solvent 

addition as it often leads to phase separation or precipitation due to 

nuanced changes in the intermolecular interactions among the 

configured electrolyte components. In the aqueous solution, the 

kosmotropic or chaotropic properties are considered as a primary 
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factor to determine the miscibility of co-solvent, where kosmotropic 

agents contribute to enforcing strong water-water interactions, 

while chaotropic ones disturb the structure [22, 23]. In contrast, other 

studies deliberately utilized this spontaneous immiscibility among 

electrolyte species, as biphasic electrolytes have garnered much 

attention as a promising strategy to improve battery performance by 

providing a tailored electrolyte for each electrode [24].  

In this work, we utilized the tetrahydrofuran (THF) as a co-

solvent of the aqueous electrolyte to address various interfacial 

issues between the aqueous electrolyte and the Zn metal anode. 

Recently, tetrahydrofuran (THF) has been investigated as an 

electrolyte additive to mitigate these interfacial issues. For 

instance, He et al.[25] introduced 5 vol% THF into a 2 M ZnSO4 

electrolyte and You et al.[26] utilized a THF-water hybrid system 

containing Zn(OTf)2 salt. These works demonstrated that THF 

lowers water activity through strong hydrogen-bonding 

interactions, thereby optimizing the solvation structure 

particularly for enhancing stability at low temperatures [26]. 

Additionally, in a 2M ZnSO4-based electrolyte, Qiang et al. [27] 

highlighted the role of THF adsorption on the Zn anode in 

regulating crystal orientation and suppressing dendrite growth. 

However, these studies primarily utilized THF as a functional 

additive without fully addressing the fundamental 

physicochemical interactions—specifically the chaotropic 

nature of THF—that dictate its miscibility with various salts. 

Consequently, a comprehensive framework that utilizes these 

molecular interactions to rationally design electrolytes, 

including the creation of biphasic systems for simultaneous 

cathode and anode protection, has yet to be established. Herein, 

we present a study on this strategy, offering new insights and 

opportunities to tackle longstanding challenges with various 

AZIBs.  

Results and discussion 

Design of electrolytes based on kosmotropic and chaotropic 

interactions between THF and anions 

THF is a water-miscible chaotropic solvent with a low viscosity 

(0.55 mPa∙s at 20 oC) [28], and a high electrochemical stability 

towards many metal plating–stripping reactions with low 

electrode potentials (e.g., Li, Na, Mg), which was often 

employed as one constituent of the common solvents or 

versatile additives to many rechargeable batteries [28-30]. These 

properties are particularly effective to mitigate the unique 

hydrogen bonding structure in water clusters, and thus to 

relieve the recurring issues related with metal corrosion and 

hydrogen evolution in the aqueous electrolytes. However, 

introducing ionic metal salts to the co-solvents for constituting 

the electrolyte system often leads to prompt phase separations 

or eventual precipitation of insoluble adducts. These are often 

closely linked to the kosmotropic/chaotropic features of the co-

solvents or ions in the aqueous solution [31-33]. If anions and co-

solvents with significant different physicochemical properties 

are mixed, large repulsive intermolecular interactions (ΔHmix>0) 

can result in large positive Gibbs free energy of mixing (ΔGmix>0) 
[34], thereby causing immediate phase separation. As shown in 

Fig. 1a, aqueous solution containing SO4
2- anions (ES) which 

have a high charge density (high electrostatic potential, ESP), Fig. 

1b) and thus strong kosmotropic character make a distinct 

phase boundary with THF solvent (termed as ES-THF-0.5) as 

they decrease the solubility of nonpolar solvents. In contrast, 

aqueous solution containing chaotropic bulky OTf- (triflate) 

anion (ET) with a low charge density was readily miscible with 

THF as chaotropic OTf- (ET-THF-0.5 ~ 3.5) breaks down water 
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Fig. 1. Design of electrolytes for AZIBs based on intermolecular interactions between THF and anions. (a) Miscibility test of THF-H2O solution depending on the type of zinc salt 

anions. (b) Estimated ESPs of the solvents and salts used in this study. (c) Hildebrand solubility parameters estimated from MD trajectory analysis of various electrolyte solutions. 

(d) FT-IR spectra of the different electrolyte solutions considered, and (e) analysis on the fractions of intermolecular forces in each electrolyte system.
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clustering structure and increase the solubility of THF. Such a 

trend can also be inferred from the results of the Hildebrand 

solubility parameters for THF-H2O-Zn(OTf)2 solutions in Fig. 1c. 

As THF fraction increases, the total energy associated with 

molecular interactions gradually decreased, reflecting the much 

lower solubility parameter of THF (19.5 MPa0.5) compared to 

pure H2O (47.9 MPa0.5) [35]. Therefore, bulky OTf- anion with a 

low charge density is readily soluble in THF-H2O solution, while 

SO4
2- with a high charge density tend to form separate phase 

immiscible with THF-H2O solution. Therefore, to make full 

advantages of beneficial effect of THF mixing, chaotropic anions 

with low charge density such as OTf-, TFSI- and ClO4
- are required 

to make a homogeneous electrolyte solution that do not trigger 

a phase separation or precipitation. The detailed compositions 

of the electrolyte considered and the miscibility were 

summarized in Table S1. The changes in the portfolios of the 

intermolecular forces (IMF) in the electrolyte solution upon the 

addition of increasing amount of THF was investigated by FT-IR 

spectroscopy (Fig. 1d, 1e, Fig. S1). The fraction of strong IMFs, 

which is associated with hydrogen bonds in water clusters [36-38] 

decreases as the fraction of THF increases in the electrolyte 

solution containing chaotropic OTf- anions (e.g., 50.3% for ET-

THF-3.5) compared to pure aqueous solution (58.7% for ET), 

while the solution containing SO4
2- (ES) intensifies the fraction 

(73.9%). This suggests that the activity of water can be 

substantially reduced in THF-H2O electrolytes with OTf- anions, 

which would suppress undesired parasitic side reactions on zinc 

metal surface. Raman spectroscopy further corroborates the 

FT-IR results by showing a consistent weakening of strong 

hydrogen bonding and an increase in weakly hydrogen-bonded 

water with increasing THF fraction (Fig. S2). 

The solvation structure of Zn2+ in ET-THF electrolytes was also 

investigated using molecular dynamics studies (Fig. 2a). As the 

THF fraction increased in the THF-H2O electrolytes, the number 

of coordinated water molecules gradually decreased (Fig. 2b), 

while a fraction of THF molecules as well as OTf-anions enter the 

coordination sphere of Zn2+ in THF-rich solutions (Fig. 2c, 2d), 

for example, forming an average solvation environment of 

approximately [Zn(H2O)5.0(THF)0.1(OTf-)0.9]2+ in case of ET-THF-

2.5. This mixed but still water-dominated solvation 

environment is accompanied by a reorganization of the 

hydrogen-bonding network, characterized by reduced water–

water connectivity and a weakened, more fragmented 
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hydrogen-bonded structure (Fig. S3). These trends are 

consistent with the FT-IR and Raman spectroscopic analyses. 

Particularly, the binding energy between Zn2+ and THF was 

estimated to be much higher than that of Zn2+-H2O, as well as 

the interactions between solvent molecules of the same kind 

(Fig. 2e), thereby facilitating the incorporation of THF molecules 

as well as OTf- into the Zn2+ solvation shell. This substitution 

could affect diffusion kinetics of Zn2+ by the bulkier THF/OTf- 

molecules compared to H2O. Moreover, the stronger Zn2+-THF 

binding may increase the activation energy barrier required for 

de-solvation during Zn plating, resulting in higher overpotential. 

Consequently, the altered coordination environment is 

expected to influence the dynamics of key interfacial processes, 

such as adsorption behaviour, surface stability and charge-

transfer kinetics of Zn2+ at the anode. 

 

Protection of electrode surface via co-solvent addition 

Fig. 3a compared estimated HOMO and LUMO levels of H2O and 

THF solvent. The higher LUMO level of THF indicated the higher 

reductive stability of THF solvent during the metal plating-

stripping compared to water as mentioned earlier. Moreover, 

the adsorption energy of THF on major crystal facets of interest 

in zinc metal was evaluated (Fig. 3b), exhibiting that THF may 

preferentially preside on (101), and (002) facets of Zn metal 

deposits over water molecules, protecting the pristine surface 

as described in Fig. 3c, d, while on (100) facets (Fig. 3e), water 

and THF might compete for the adsorption. These adsorbate 

layers of THF may hinder active free water molecules to contact 

directly with pristine Zn surface as snapshots after the 

relaxation step on Zn (101) surface from MD studies predicted 

thick THF-rich protective layers of ~3.5 nm on Zn metal (Fig. S4). 

Moreover, as previously noted, stronger hydrogen bonds 

between THF and water (Fig. 2e) may leave water molecules 

bound to THF to some extent, reducing the activity of water. 

Therefore, it is likely that the addition of THF co-solvent will lead 

to reduction in H2O decomposition rate on Zn surface. 

The actual corrosion behaviour of zinc metals in ET-THF 

electrolyte series was monitored by assembling Zn∥Cu 

asymmetrical cells, carrying out Zn plating-stripping for 29 

cycles to achieve stable high efficiency over 99% (Fig. 4a), 

plating 0.5 mAh cm-2, which was subject to resting period for 48 

h before stripping (Fig. 4b). Then, spontaneous corrosion was 

allowed to occur at open circuit potential (OCV) during the idle 

period, so that the Coulombic efficiency (CE) of the final cycle 

would reflect the extent of zinc metal corrosion [39, 40]. The 

efficiency was observed to be 75~85% for ET-THF electrolyte 

series as opposed to almost 0% for pure aqueous solution (ET). 

This reflects the reduced activity of water molecules in ET-THF, 

resulting from the disruption of the hydrogen bonding network 

in water clusters and the protective character of THF adsorbed 

on zinc metal.  To further confirm these beneficial effects, fresh 

zinc metals were put into the electrolytes containing ET and ET-

THF-1.5, respectively for a period of 2 days. For zinc metal in ET, 

the surface of zinc metal was severely corroded (Fig. 4cii, Fig. 

S5), being covered with white, thick, porous corrosion product 

of Zn(OH)x(OTf)y (ZOT, identified from the XRD patterns) [41-44]. 

In contrast, zinc metal in ET-THF-1.5 maintained an initial, 

smooth, shiny surface, indicating the surface was well-

protected (Fig. 4ciii, Fig. S6). XPS depth profiling analysis of Zn 

foils soaked in each electrolyte (Fig. S7, Fig. S8) also confirmed 

Fig. 4. Corrosion characteristics of zinc foil in ET-THF electrolyte series. (a) CEs for plating-stripping for initial 29 cycles, and the 30th cycle that has a 48 h intermediate idle period 

between plating and stripping, and (b) the associated voltage profiles. (c) XRD patterns for (i) pristine Zn foil and those i mmersed in the electrolytes, (ii) ET, (iii) ET-THF-2.5 for 48 h 

with inset figures showing the respective surface morphology. (d) Amount of H2 evolution for Zn foil immersed in the ET-THF series measured by DEMS. (e) Potentiodynamic 

polarization curves of zinc foil in ET-THF series with estimated corrosion current density.
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that ET-THF-1.5 formed much thinner surface SEI film, 

indicating reduced Zn corrosion rate. Furthermore, the 

significantly reduced intensity of major crystal planes like (002), 

(100), (101) peaks for the zinc metal in ET may indicate that the 

surface of zinc metal was severely corroded and covered with 

corrosion products. Moreover, the amount of H2 was monitored 

for the electrochemical cells, where zinc metal was in contact 

with the electrolytes for 12 h at OCV. As the amount of THF 

increases, sharp decline in H2 gas evolution was observed (Fig. 

4d). The corrosion potential and the current density based on 

mixed potential theory was estimated from the 

potentiodynamic polarization curves of zinc metal in each 

electrolyte (Fig. 4e). While the corrosion potential remained 

relatively unaltered (showing only a marginal positive shift) due 

to simultaneous reduction in the exchange currents for both 

Zn/Zn2+, and H2/H+, the corrosion current density was 

significantly reduced in the THF-containing electrolytes, 

reflecting a substantial decrease in the kinetics of H2 evolution 

in the co-solvent solution. These experiments shared a common 

result of the effectiveness to mitigate corrosion of zinc metal of 

ET-THF electrolyte series. 

 

Zn plating-stripping behaviour in THF-H2O electrolytes 

Zn plating-stripping behaviour in single- (ET) or co-solvent (ET-

THF) electrolytes was investigated with Zn∥Cu asymmetrical 

configurations in 2 mA cm-2/2 mAh cm-2 (Fig. 5, Fig. S9). 

Generally, a bit higher overpotential (by 10~20 mV) was 

recorded for ET-THF electrolyte series (Fig. 5a). This can be likely 

ascribed to the slightly reduced ionic conductivity of ET-THF 

electrolytes (Fig S10) as well as the presence of a THF adsorbate 

layer on Zn deposits, which slightly impedes the surface 

transport of Zn2+. However, while short-circuiting occurred after 

only 20 cycles in the cells with pure aqueous electrolyte (ET), 

stable cycling was maintained for more than 1,000 h with ET-

THF co-solvent electrolyte (Fig. 5b), during which the associated 

overpotential increased just slightly. This suggests that dendritic 

growth of Zn deposits occurred readily during the early cycles 

with the ET electrolyte, due to spatial heterogeneity in the areal 

impedance caused by uneven accumulation of corrosion 

products (Fig 4cii, Fig. S5, Fig 6a). Conversely, in the ET-THF 

electrolyte series, morphological regulation was effectively 

controlled by the protective THF adsorbate layer, as further 

evidenced by the actual morphological observation in Fig. 6b, c. 

In ET electrolyte, Zn deposit (obtained after 20 cycles) looked 

like a highly irregular, porous heap of corrosion products. This 

implies that fast corrosion rate of Zn metal and pileup of ZOT 

precipitates on the surface in ET electrolyte created uneven 

impedance growth on Zn metal that led to local current spike 
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and dendritic growth of Zn metal. On the other hand, in ET-THF 

electrolyte series, uniform Zn platelets with well-developed 

crystal facets were densely packed, likely aided by the compact 

THF adsorbate layer that helped maintain a clean and uniform 

surface condition. Slightly larger crystallites were observed for 

the electrolyte with a higher fraction of THF in co-solvent, 

indicating that particle growth was kinetically favoured over 

nucleation in THF-rich solution. This could be attributed to the 

incorporation of bulky THF molecules in solvation shells, which 

could modify the diffusion and adsorption behaviour of Zn2+ on 

the anode. The comparison of XRD patterns for the Zn deposits 

after cycling in ET or ET-THF electrolyte (Fig. S11) showed that 

the (002) peak was particularly intense in ET-THF electrolyte 

series. This indicates a preferential orientation, consistent with 

a high RTC value estimated for (002) plane (Fig. S12), and the 

observation that platelets with (002) facets in ET-THF generally 

expose their (002) facets upward (Fig. 6b, c). Such behaviour 

can be ascribed to the strong adsorption of THF molecules on 

the (002) surface.  

The average CE for Zn plating-stripping remained 99.47 % for 

ET-THF-2.5 (Fig 5b), indicating that parasitic reactions were well 

suppressed in this electrolyte. Then, the cycling stability of 

Zn∥Zn symmetrical cells was subsequently evaluated under a 

stringent controlled depth of discharge (DOD) condition. For a 

DOD of 25% (i.e, 3 mA cm-2/3mAh cm-2), stable cycling was 

achieved up to 400 h (200 cycles), whereas at milder DOD of 20% 

(i.e, 2 mA cm-2/2 mAh cm-2), cycling could be maintained for 

over 600 h (300 cycles), demonstrating the high efficiency and 

well-controlled morphology in the ET-THF series. On the 

contrary, in ET, short-circuiting occurred at very early cycle, i.e., 

at the 30th and 50th cycle, respectively, likely due to unregulated 

dendritic growth on the zinc surface. The performance was 

compared with previously reported systems in terms of DOD 

and cumulative capacity achieved (Fig. S13). Notably, this work 

exhibits a higher cumulative capacity at moderate DOD range of 

ES
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Fig. 6. Morphology of Zn deposit and contact angles in ET and ET-THF series. Morphology of Zn deposit obtained after 20 cycles of plating-stripping in (a) ET, (b) ET-THF-1.5, (c) ET-

THF-2.5, respectively. The contact angle measurement in Zn substrate with ES, ET, and ET-THF series.
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20~25%. The reaction kinetics associated with Zn plating-

stripping was evaluated by calculating the exchange current 

density, io, associated with the reaction in varying electrolyte 

conditions. As shown in Fig. 5d, io decreased substantially with 

increasing THF fraction in the ET-THF series, likely due to both 

the reduced conductivity of the electrolyte and the higher 

desolvation energy cost of Zn2+ caused by the stronger Zn2+-THF 

binding as more THF molecules enter the solvation shell. 

Accordingly, the THF content in the electrolyte should be 

carefully adjusted by balancing interfacial stabilization and 

electrochemical activity, with ET-THF-2.5 showing a favourable 

balance in this study. The contact angles of the electrolytes on 

the zinc metal foil was investigated, exhibiting the superior 

zincophilic character of THF-containing electrolytes (Fig. 6d). As 

the THF content in the electrolyte increased, the contact angles 

decreased sharply, which may reflect stronger adsorption of 

THF over water on the major crystallographic facets of zinc. This 

feature is expected to provide a kinetic advantage in Zn anode 

reactions.  

 

Battery performance with co-solvent electrolytes  

To verify the practical applicability of ET-THF electrolytes to 

AZIBs, their oxidative stability was first evaluated by linear 

sweep voltammetry (LSV, 25 mV s-1) measurement, which 

revealed no significant differences with normal simple aqueous 

electrolyte (Fig. S14). Then, full cells were manufactured based 

on the ammonium vanadate (NH4V4O10, NVO) cathode and zinc 

metal anode. NVOs are common layer-structured insertion 

cathode materials for Zn2+ with a reversible capacity around 400 

mAh g-1. In this work, NVO nano-rods (Fig. S15) were 

synthesized via hydrothermal route [45, 46]. Fig. 7a showed the 

cycling performance of the full cells with various electrolyte 

conditions at 1 C current rate (1 C = 400 mA g-1) between 0.2 

and 1.6 V. NVO delivered an initial discharge capacity of ca. 400 

mAh g-1 with a sloping potential around 0.4 and 1.2 V regardless 

of electrolyte type (Fig. S16). However, for ES or ET electrolyte 

with no THF addition, the sharp capacity fading was observed 

during the initial 300 cycles, which could be mostly attributed 

to corrosion and impedance rise of the zinc anode. On the 

contrary, the full cell with ET-THF co-solvent electrolytes 

showed much improved capacity retention and maintained 

original voltage profiles for more than 1,000 cycles as THF 

efficiently protects Zn anode surface. The reversible capacity 

and voltage profiles at high current rates (Fig. 7b, Fig. S16), also 

showed that ET-THF series enabled stable cycling even at high 

current rate of 10 C (=4 A g-1). The slow capacity decay during 

the initial cycles, regardless of electrolyte type (Fig. 7b), is likely 

attributed to structural reorganization of NVOs, such as Zn2+ 

trapping (Fig. S17) and interlayer expansion (Fig. S18) [47], as 

well as transient interfacial effects before complete 

stabilization by THF adsorption. 

 

Biphasic electrolytes based on immiscibility between kosmotropic 

and chaotropic species  

The distinct kosmotropic and chaotropic interactions among 

SO4
2-, THF, OTf- in ES and ET-THF series, and consequent mutual 

immiscibility of the electrolyte solutions provide an interesting 

opportunity of designing biphasic electrolyte system consisting 

of ES as an anolyte and ET-THF as a catholyte. The design of 

biphasic electrolytes has recently emerged as a promising 

strategy to improve battery performance, as it allows tailoring 

electrolytes to the specific requirements of individual 

electrodes [48, 49]. The salting-out effect of aqueous ZnSO4-based 

solution containing THF can offers a simple route to construct a 

biphasic electrolyte system [50-52]. In this work, a sharp phase 

boundary was instantly formed even when they were blended 

thoroughly, where ET-THF-2.5 with lower liquid density was 

spontaneously placed above ES as described in Fig. 8a. 

Interestingly, this phase boundary showed a slight downward 

shift during the first 10 min. after mixing, but remained stable 

Fig. 8. Preparation of a biphasic electrolyte via THF salting-out effect from a sulfate solution and its application in Zn/I2 battery. (a) Photograph of biphasic electrolyte composed of 

ES (lower layer) and ET-THF-2.5 (upper layer) electrolytes. (b) Stability of the phase boundary over time. (c) Discharge-charge profiles of Zn-I2 cells employing (i) ET, (ii) ET-THF-2.5, 

and (iii) ES|ET-THF-2.5 biphasic electrolytes, and (d) corresponding cycling performance up to 500 cycles. (e) Iodine solubility from the I2@ACC cathode depending on the location 

within the biphasic electrolyte.
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thereafter (Fig. 8b). This was likely caused by upward mass 

transfer of water molecules across the phase boundary, which 

served as a semi-permeable membrane, allowing selective 

transport of water molecules as in a reverse osmosis system [53], 

under the pressure exerted by the ET-THF solution. The ionic 

conductivity of the biphasic solutions (denoted as ES|ET-THF) 

was measured to evaluate ion transport across the phase 

boundary, yielding 27.4 mS cm-1 (compared to 50.5 for ES and 

31.7 for ET-THF-2.5, Fig. S10). The moderate decrease, likely 

due to the water-dominated Zn2+ solvation structure across the 

phase boundary, does not significantly compromise its function 

as electrolyte for AZIBs. The actual applicability of this biphasic 

electrolyte to zinc-ion batteries was evaluated by using a Zn-I2 

system – as a proof-of-concept study – in which the electrolyte 

must meet distinct and often conflicting requirements for each 

electrode. Herein, ET-THF was utilized as an anolyte to regulate 

the anode reactions as described in previous sections, while ES 

was served as a catholyte to suppress I2 dissolution and 

polyiodide (I3
-, I5

-) shuttle effectively, which was one of main 

technical challenges on the cathodes in Zn-I2 battery [54, 55]. 

Herein, I2@active carbon cloth (ACC) composite cathodes were 

manufactured with areal capacity of ~2.3 mAh cm-2 via melt-

impregnation in a closed plastic container. Fig. 8c, d exhibited 

the voltage profiles and cycling performance of Zn-I2 cells with 

ET, ET-THF-2.5, and ES|ET-THF, respectively. With ET 

electrolyte, the cells delivered a large capacity of ~180 mAh g-1 

with a relatively good CE (97.91%), but faded rapidly during the 

incipient cycles, since Zn anode was prone to corrosion with this 

electrolyte. On the contrary, the cells with ET-THF-2.5 were 

featured with slightly reduced reversible capacity of ~150 mAh 

g-1, and much lower CE of ~ 80%. The lowered capacity and CE 

were primarily caused by higher solubility of I2 from the cathode 

in ET-THF solution (Fig. 8d), which could trigger a polyiodide 

shuttling and a self-discharge. It is likely that much more stable 

cycling performance was ascribed to the well-protected anode 

by THF adsorbates, despite those serious issues at the cathode. 

Fig. 8ciii shows the electrochemical performance of the cell with 

ES|ET-THF biphasic electrolyte. Remarkably, the cell exhibited a 

distinct synergistic effect, accomplishing both high efficiency 

and long-term cyclic stability of I2 cathode. As shown in Fig. 8e, 

I2/ACC cathode immersed in ES region in ES|ET-THF biphasic 

electrolyte maintained transparent solution, while the cathode 

in ET-THF showed unique coloring by the dissolved I2 species [56]. 

Therefore, the excellent performance was likely attributed to 

the tailored solution at each electrode in the biphasic 

electrolyte. The increased voltage hysteresis observed with a 

biphasic electrolyte can be attributed to additional polarization 

arising from ion transport across the phase-boundary and from 

liquid junction potentials involving iodine species. 

Conclusions  

In this study, we have demonstrated that the rational design of 

the electrolyte systems based on intermolecular interactions 

among electrolyte components can offer a promising strategy 

to address various challenges in AZIBs. By considering the 

kosmotropic and chaotropic properties of co-solvent (THF) and 

anions (triflate, sulfate), we designed a fully miscible electrolyte 

system that reduces water activity and forms protective 

adsorbate layers on metal surface that effectively mitigate 

various interfacial instabilities. Moreover, intentional 

immiscibility can be utilized to constitute biphasic customized 

to each individual electrode in AZIBS, offering new insights and 

opportunities to tackle longstanding challenges with various 

AZIBs. 

 

Material and methods 

Material preparation 

Synthesis of ZOT  

Zinc hydroxide triflate compound (Zn(OH)x(OTf)y, ZOT) was prepared 

by precipitation method. 10 mL of 0.5 M NaOH aqueous solution was 

slowly added into 10 mL of 1.0 M Zn(OTF)2 aqueous solution with 

stirring at 300 rpm at room temperature. The precipitate powder was 

filtered, followed by drying in an oven for 24 h at 80 °C. 

 

Synthesis of NVO  

Ammonium vanadate (NH4V4O10) was synthesized by hydrothermal 

method. 1.170 g of ammonium metavanadate (NH4VO3) was 

dissolved in 50 mL of deionized water at 80°C. Then maintaining the 

solution temperature at 80 °C, 1.891 g of oxalic acid dihydrate 

(H2C2O4·2H2O) was slowly added to solution with magnetic stirring at 

200 rpm for 30 min. The resulting solution was moved into a 50 mL 

Teflon-lined stainless-steel autoclave and heated at 140 °C for 48 h. 

After cooling to room temperature, the products were collected by 

centrifugation (5,000 rpm, 7 min.) and washed several times with 

deionized water. Finally, the obtained solids were dried at 80 °C 

overnight to collect the NH4V4O10 powder. 

 

Electrochemical measurements 

To prepare NH4V4O10 cathode electrode, an NH4V4O10 slurry was 

mixed with 70 wt.% of the active material (NH4V4O10), 20 wt.% 

Super P carbon as a conductive agent, and 10 wt.% 

polyvinylidene fluoride (PVdF) as a binder in N–methyl–2–

pyrrolidone (NMP). To homogenize these materials, a ball-

milling system (Mini-Mill Pulverisette 23, Fritsch) was used for 

40 min. at 40 Hz. Then, the homogenized slurry was coated onto 

titanium foil (99.7% metals basis) by 150 μm doctor blade, 

targeting an active material loading of approximately 1.2 mg 

cm-2. Subsequently, the electrode was dried in a convection 

oven at 80 °C for 24 h. 

To prepare I2@ACC electrode, iodine powder was dispersed 

uniformly in ACC, which was transferred to a closed plastic 

container, being subject to a heat treatment at 90°C for 6 h. The 

typical loading of I2 on ACC was 9~11 mg cm-2. 

To evaluate the electrochemical performance of Zn||NH4V4O10 

full cells, CR2032 coin cells were assembled. Each cell consisted 

of a NH4V4O10 cathode (12 mm in diameter), a zinc foil anode 

(14 mm in diameter, 0.1 mm thickness), a glass microfiber filter 

(GF/C, Whatman) as the separator, and each electrolyte. 

Galvanostatic charge–discharge (GCD) tests were performed 
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between 0.4–1.6 V at a rate of 1 C (1 C = 400 mA g⁻¹ based on 

NH4V4O10) by a MACCOR battery cycler. For Zn||I2@ACC full 

cells, charge–discharge was performed similarly between 0.6–

1.6 V at a rate of 1 C (1 C = 211 mA g⁻¹ based on I2) 

For Cu||Zn asymmetric cells, CR2032 coin cells were prepared 

with copper foil (0.02 mm thickness) as the working electrode 

and zinc foil (0.1 mm thickness) as the counter electrode with 

the given electrolytes. GCD was carried out at current densities 

of 1, 2, and 3 mA cm⁻² with a cutoff voltage of 0.8 V. 

Zn||Zn symmetric cells were fabricated in CR2032 coin cells. 

Zinc foils (0.05 mm thickness, Hosen) were used as both 

electrodes with each electrolyte. For depth-of-discharge (DOD) 

testing, a Zn||Cu half-cell was first assembled using Cu foil (0.02 

mm thickness) and then zinc was electrodeposited onto the 

copper with a capacity equal to half of a Zn foil electrode. The 

Zn plated Cu electrode is used with a Zn foil to complete the 

symmetric cell. GCD was conducted at current densities set for 

specific DOD values within –0.8 to 0.8 V. 

To evaluate time-dependent corrosion behavior of zinc in 

different electrolytes, the test was investigated by using Cu||Zn 

asymmetric cells. Zinc foil (0.05 mm thickness, 14 mm diameter) 

was used as the reference/counter electrode and copper foil 

(0.02 mm thickness, 14 mm diameter) as the working electrode. 

The plating/stripping process of Zn on Cu foil was performed 

between –0.2 and 0.8 V at 1 mA cm⁻² for 30 min (0.5 mAh cm⁻²) 

using a MACCOR cycler. After 30 cycles, a 31st plating of Zn on 

Cu foil was conducted followed by resting for 48 h to monitor 

the open-circuit potential (OCP). A final stripping step was then 

carried out to evaluate the extent of Zn corrosion. 

Exchange current density was calculated from simplified Tafel-

equation. The average overpotential value was extracted from 

Zn symmetrical cell by repeating 5 cycles at each current density 

of 1, 2, 3, 4, and 5 mA cm⁻². 

Cyclic voltammetry (CV) was carried out with a potentiostat / 

galvanostat (BioLogic VMP3). The scan was carried out from 

0.25 V (vs. OCP) to –1.2 V (vs Ag/AgCl) at 0.05 mV s⁻¹. Corrosion 

potential (Ecorr) and corrosion current density (Icorr) were 

obtained from the extrapolation of Tafel slopes within ±100 mV 

of Ecorr. 

Ionic conductivity was measured via electrochemical 

impedance spectroscopy (EIS) at 25 oC using two stainless steel 

blocking electrodes in each electrolyte. The measurements 

were conducted using a BIOLOGIC VMP3 over a frequency range 

of 105 to 10-2 Hz with an amplitude of 10 mV. A relative 

comparison method was applied to calculate the ionic 

conductivity of each electrolyte based on the known value of 

2.0 M ZnSO4. 

 

Characterization 

The surface morphologies were observed by field emission 

scanning electron microscopy (FE-SEM, Inspect F50, FEI Corp). 

The crystal structure of samples was investigated by X-ray 

diffraction (XRD, Rigaku d/MAX-2500/PC) using Cu-Kα radiation 

(λCu-Kα =1.5405 Å) by step scanning (2° min-1) in the 2θ range 

of 5°-80°. To evaluate intermolecular force of each electrolyte, 

Fourier transform infrared absorption (FT-IR) analysis was 

carried out (ThermoFisher Nicolet iS10 ATR(Ge), DTGS 

detector). 

XPS measurements were performed using a Nexsa 

spectrometer (Thermo Fisher Scientific) equipped with a 

monochromated Al Kα source (1486.6 eV, 72 W, 12 kV) at a base 

pressure of 2.0 × 10⁻⁸ mbar. The binding energies were 

calibrated against the C 1s peak at 284.8 eV. For depth profiling, 

Ar⁺ sputtering was performed at 2 kV with a rate of ~0.5 nm s⁻¹, 

and surface spectra were acquired after sputtering for 20 s. 

The contact angle of electrolytes on the zinc metal surface was 

measured using a contact angle goniometer (Osilia Co.). A 5 μL 

of electrolyte was dropped onto the zinc surface, and the 

contact angle was measured after 5 second stabilization period. 

To investigate hydrogen evolution under open-circuit 

conditions, in-situ quantitative gas monitoring was carried out 

using a DEMS system (HPR-20 R&D, Hiden Analytical). For this 

purpose, modified coin-type cells were fabricated, in which the 

bottom case contained a 0.5 mm central aperture and a mesh-

type current collector, enabling gas transfer. The cell was 

assembled with a stainless-steel (or nickel) mesh, a glass fiber 

separator (GF/C), and a Zn foil electrode, followed by the 

injection of 200 μL electrolyte. The evolved gases were 

continuously delivered to the mass spectrometer at a constant 

flow of 15 mL min⁻¹, and the accumulated species were 

analyzed every 4 h during resting periods. 

 

Computational details 

Molecular dynamics (MD) simulation 

The MD simulations for high-concentration electrolytes with 

diluent were performed by BIOVIA Material Studio 2021 of 

Accelrys Inc. [57]. All calculations were performed using the 

COMPASSⅢ force field, the latest for simulating liquid species 
[58]. The amorphous structure of aqueous liquid electrolyte was 

set iteratively to construct the stable system using the 

Amorphous cell calculation module. The simulation cell used in 

this simulation contains salt of 1M Zn(OTf)2 and solvent 

molecules of H2O according to the cosolvent concentration of 

THF. The cells of ET, ET-THF-0.5, ET-THF-1.0, ET-THF-1.5, ET-

THF-2.5 have 8, 8, 9, 10, 13 Zn(OTf)2, 300 H2O and 0, 15, 30, 45, 

75 THF cosolvent molecules, respectively, applying with 

periodic boundary conditions. Cell relaxation and production 

runs were conducted using an NPT (isothermal-isobaric) 

ensemble at a pressure of 1 bar, and room temperature through 

the implementation of the Berendsen barostat and Nose-

Hoover thermostat. The pre-relaxation step sequence is 

performed for 50ps and then relaxation for 2ns. For analyzing 

the H2O population and around solvation structure, the Radial 

distribution function (RDF) is calculated for the relaxation step 

divided by 1fs. The coordination number (CN), denoted as n(r), 

for molecules was calculated using RDF, denoted as g(r). The 

RDF and CN are given by: 
 

𝑔(𝑟) =
𝑑𝑛(𝑟)

4𝜋𝑑𝑟𝜌(𝑟)
 

𝑛(𝑟) = ∫ 4𝜋𝑟2𝑔(𝑟)𝜌(𝑟)𝑑𝑟
𝑟

0

 

Page 9 of 13 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 9

:3
9:

23
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5TA08096G

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta08096g


ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 

where the distance between atoms and the local density of 

atoms is denoted by 𝑟 and 𝜌(𝑟), respectively [59]. The following 

equation calculates the Hildebrand solubility parameters 

denoted by 𝛿: 
 

𝛿 = √𝐸𝐶𝐸𝐷  

𝐸𝐶𝐸𝐷 =
∆𝐻𝑣 − 𝑅𝑇

𝑉
 

 

where 𝐸𝐶𝐸𝐷 , ∆𝐻𝑣, 𝑉, and 𝑇 are cohesive energy density, heat of 

vaporization, volume, and absolute temperature [60]. 

 

Density Functional Theory (DFT) calculation 

The DFT calculations are performed using the Dmol3 package 

and Vienna Ab Initio Simulation Package (VASP). The 

electrostatic potential (ESP) value, binding energy, and 

HOMO/LUMO calculation are analyzed with B3LYP functional 

using double numerical plus polarization (DNP) numerical basis 

set [61-63]. The maximum energy and force convergence 

tolerance were set by 1.0×10-5 and 0.002Ha Å-1, respectively. 

The self-consistent field tolerance was set below 1.0×10-6 for 

atomic potential. The following equation calculated the binding 

energy: 
 

𝐸𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝐸𝑇 − ∑ 𝐸𝑖

𝑁

𝑖=1

 

 

where N, 𝐸𝑖 , and 𝐸𝑇  represent a number of components that 

form the total structure, the energy of each molecule, and the 

total energy of the diluent structure, respectively. 

The adsorption energy and interface reaction were calculated 

using VASP [64]. These calculations were based on Perdew-

Burke-Ernzerhof (PBE) functional within the framework of 

generalized-gradient approximation (GGA) and employed 

Projector-Augmented Wave (PAW) pseudopotentials. The k-

point mesh for sampling the Brillouin zone in the 

Monkhorst−Pack scheme was set at 3x3x3, and the energy 

cutoff was set at 520 eV. Optimizing the geometry and energy 

convergence was based on achieving complete atomic 

relaxation and meeting the breaking condition for electronic 

self-consistency loop requirements until the forces and energy 

for every atom were below 10-2 eV Å−1 and 10-4 eV.  
 

𝐸𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝐸𝑇 − 𝐸𝑍𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝐸𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒  

∆𝜌 = 𝜌𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑍𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝜌𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒  

 

The adsorption energy and charge density differences were 

calculated by two equations where 𝐸𝑍𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the energy of 

the Zn surface for (101), (001), (100), 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒  is the H2O and 

THF molecule adsorbed on the surface, and 𝐸𝑇  is the total 

structure, respectively. In the charge density differences 

equation, 𝜌𝑡𝑜𝑡𝑎𝑙 , 𝜌𝑍𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 , 𝑎𝑛𝑑 𝜌𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒  were total, 

absorbate, and substrate charge densities, respectively. The 

calculated charge density differences were visualized using 

VESTA software, with the iso-surface set to 0.005. 
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