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Exploring new electrolyte chemistry beyond conventional single-phase battery electrolytes is needed to

fulfill the heterogeneous requirements of anodes and cathodes. Here, we report a biphasic liquid

electrolyte (BLE) based on the kosmotropic effect. The key underlying technology for the BLE is phase

separation of its electrolyte couples using a principle of ‘‘demixing the miscible liquids’’. Kosmotropic/

chaotropic anions affect the ion coordination structures and the intermolecular interactions of

electrolyte couples, enabling on-demand control of their immiscibility/miscibility. Despite the intrinsic

miscibility of water (in aqueous electrolytes) and acetonitrile (in nonaqueous electrolytes), the structural

change of the aqueous electrolyte induced by kosmotropic anions allows demixing with the

nonaqueous electrolyte. The resultant BLE facilitates redox kinetics at cathodes and Zn plating/stripping

cyclability at anodes. Consequently, the BLE enables Zn-metal full cells to exhibit a long cyclability

(86.6% retention after 3500 cycles). Moreover, Zn anode-free full cells with the BLE exhibit a higher

energy density (183 W h kg�1) than previously reported Zn batteries.

Broader context
Battery electrodes require optimal operating environments to facilitate individual electrochemical activities. To address this issue, new electrolyte chemistry
should be explored in addition to electrode material development. Most electrolytes reported to date have been based on single-phase characteristics, resulting
in difficulties for simultaneously fulfilling the heterogeneous requirements of anodes and cathodes. Herein, we report a biphasic liquid electrolyte (BLE) based
on the kosmotropic effect. The key underlying technology for the BLE is phase separation of its electrolyte couples (aqueous and nonaqueous electrolytes) using
a principle of ‘‘demixing the miscible liquids’’. The BLE improves redox kinetics at cathodes and Zn plating/stripping cyclability at anodes, resulting in long
cycling and a high energy density (183 W h kg�1 for a Zn anode-free cell). This BLE strategy holds promise as a versatile electrolyte synthesis platform that can
address long-unresolved performance limitations of battery electrodes.

Introduction

The ongoing surge in demand for advanced batteries with
fully-fledged electrochemical performance spurs us to explore
new vistas of electrochemistry and materials chemistry.1 In
principle, anodes and cathodes of batteries, which are, respec-
tively, designed to undergo different types of electrochemical
reactions, necessitate their own optimal operating environ-
ments (e.g., redox potentials and electrolyte polarity) in order
to ensure individual electrochemical activities.2 These chemical
and electrochemical challenges in the electrodes strongly rely
on electrolytes which serve as an ionic medium in batteries,
thus inspiring the pursuit of new electrolyte systems that
enable stable interfaces with electrodes and provide facile ion
transport.3
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a high specific capacity (299 mA h gCVO
�1) and a long cyclability

(86.6% retention after 3500 cycles). Moreover, the BLE enables
a Zn anode-free full cell to exhibit a high energy density
(183 W h kg�1) along with a stable capacity retention (76.7% after
100 cycles), which lie beyond those achievable with previously
reported Zn batteries.

Results and discussion
Effects of kosmotropic/chaotropic anions on the electrolyte
structure

We investigated the effects of kosmotropic/chaotropic anions
on the electrolyte structure, with a focus on the intermolecular
interactions between the aqueous and nonaqueous electrolytes.
The water structure in aqueous electrolytes, which refers to
the degree of intermolecular interactions, local packing, and
orientation of water molecules and their surroundings, is
described in terms of chaotropes (Greek meaning ‘‘disorder’’)
or kosmotropes (Greek meaning ‘‘order’’) in the Hofmeister
series.19,20 The chaotropes (structure-breaker), which are large
ions with low charge density, show weaker interactions with
water compared to those of water molecules themselves,
thereby disrupting the water structure. In contrast, small ions
with high charge density are classified as kosmotropes
(structure-maker), which favor the development of structured
water with reduced free water. It is known that the water
structure is more affected by anions than cations.21

The structural change of water in aqueous electrolytes was
theoretically investigated by varying anion species (e.g., TFSI�,
trifluoromethanesulfonate (OTf�), chloride (Cl�), acetate
(OAc�), and SO4

2�). Electrostatic potential (ESP) values of the
anions, which are used as an indicator representing their affinity
with water, were evaluated using density functional theory (DFT)
calculations (Fig. 1a). Water can interact preferentially with anions
having more negative ESP values. The ESP values of the anions are
decreased in this order: TFSI�4 OTf�4 Cl�4 OAc�4 SO4

2�.
This tendency was verified by the results of water–anion inter-
action energy, H-bond numbers, H-bond distance (Fig. S1, ESI†),
and hydration structure of anions (Fig. S2, ESI†). TFSI�, which is
known as a strong chaotropic anion, showed the weakest inter-
action with water. The opposite behavior was observed at SO4

2�,
which was the strongest kosmotropic anion examined herein.

The structural state of the aqueous electrolytes was investigated
as a function of anion species and salt concentration using the
Fourier-transform infrared spectroscopy (FTIR) analysis (Fig. 1b).
The O–H stretching (3000–3700 cm�1) vibrational band of water is
often deconvoluted into three Gaussian components, depending
on the strength of the intermolecular force (IMF) between water
and environment (e.g., weak IMF at B3600 cm�1, moderate IMF at
B3400 cm�1, and strong IMF at B3200 cm�1).22 As the chaotropic
effect was intensified in the order of 0.5 m Zn(OTf)2, 0.5 m
Zn(TFSI)2, and 1.0 m Zn(TFSI)2, the FTIR spectra showed lower
absorbance of strong/moderate IMF and higher absorbance of
weak IMF compared to the results of pure water, indicating that
the chaotropic effect can hinder the water structuring in the

Numerous approaches have been implemented to develop 
new electrolytes, with a focus on synthesis and engineering of new 
salts/solvents,4 6 functional additives,7 high-salt-concentration 
electrolytes,8 and composition optimization.9 Unfortunately, most 
of these electrolytes reported to date have been based on single-
phase characteristics, resulting in difficulties for simultaneously 
fulfilling the ever-intensifying heterogeneous requirements of 
anodes and cathodes. To resolve this challenge, biphasic electro-
lytes composed of two different electrolytes have been 
proposed,10 17 including the use of solvent pairs with opposite 
polarities10 15 and the introduction of thick ion-conducting bar-
riers (e.g., lyophobic polymeric membranes16 and solid-state 
inorganic electrolytes17) to physically isolate two miscible electro-
lytes. However, a biphasic electrolyte incorporating a nonpolar 
solvent shows low ionic conductivity because of its insufficient 
dissociation ability. In addition, the ion-conducting barriers often 
require complex cost-consuming synthetic processes, and their 
large thickness causes the inevitable loss of cell energy density 
as well as inferior rate performance. These limitations of the 
previous studies are mainly attributed to their biased approaches 
to bulk properties of biphasic electrolyte constituents. Therefore, a 
bottom-up design of biphasic electrolytes is needed based on the 
understanding of their molecular chemistry and intermolecular 
interactions.

Here, we present a class of biphasic liquid electrolytes 
(BLEs) based on the kosmotropic effect as a facile and versatile 
electrolyte strategy. Kosmotropic/chaotropic anions play a 
viable role in manipulating ion coordination structures and 
intermolecular interactions of electrolyte couples involved in 
the BLE, thus enabling customized control of their miscibility/
immiscibility. As a proof-of-concept, rechargeable zinc (Zn)-
metal batteries are selected owing to naturally abundant/low-
cost Zn with a high theoretical capacity (820 mA h gZn

�1), safety, 
and simple cell fabrication.18 Conventional Zn-metal batteries use 
aqueous or organic electrolytes; however, this single-phase electro-
lyte fails to simultaneously fulfill the heterogeneous requirements 
of anodes and cathodes. To resolve this longstanding problem, we 
prepare a BLE by coupling a cathode-customized aqueous electro-
lyte (3.4 m zinc sulfate (ZnSO4) in water, m represents molality 
[mol kg�1]) and an anode-customized nonaqueous electrolyte 
(0.5 m zinc bis(trifluoromethanesulfonyl)imide (Zn(TFSI)2) in  
acetonitrile (AN)).

The key underlying technology for the BLE is the phase 
separation of its electrolyte couples using a principle of ‘‘demixing 
the miscible liquids’’. Despite the intrinsic miscibility of water 
(in the aqueous electrolyte) and AN (in the nonaqueous electro-
lyte), the structural change of the aqueous electrolyte induced by 
kosmotropic SO4

2� allows the demixing (i.e., phase separation) 
with the nonaqueous electrolytes. The resulting BLE exhibits an 
exceptionally high ionic conductivity (37.0 mS cm�1 at 25 1C), 
which far exceeds those of previously reported biphasic electro-
lytes. The phase-separated, aqueous and nonaqueous electrolytes 
in the BLE facilitate redox kinetics at CaV6O16�3H2O (CVO)  
cathodes and Zn plating/stripping reversibility at Zn anodes. 
Driven by this electrode-customized electrochemical viability 
and high ionic conductivity of the BLE, a Zn8CVO full cell exhibits



electrolytes. In contrast, as the kosmotropic effect increased in the 
order of 0.5 m Zn(OAc)2, 1.0  m ZnSO4, 2.0 m ZnSO4, and  3.4 m  
ZnSO4, the FTIR spectra showed higher absorbance of strong IMF 
and lower absorbance of weak IMF than those of pure water, 
revealing that the kosmotropic anions are strongly hydrated owing 
to their structure-making ability. Meanwhile, the intermediate Cl� 

negligibly affected the structural state of water. These tendencies 
were quantitatively confirmed by analyzing the relative portion of 
three IMFs in the O–H stretching bands (Fig. 1c and Fig. S3, ESI†). 
As additional evidence, the Hildebrand solubility parameter (d) 
values of the electrolytes were estimated by calculating the mole-
cular dynamics (MD) trajectory (Fig. 1d and Table S1, ESI†). The 
electrolytes with kosmotropes showed higher d values than those 
with chaotropes at a fixed anion concentration. In addition, the d 
value was increased with increasing the ZnSO4 concentration. To 
confirm the effects of kosmotropic/chaotropic anions on electrolyte 
structure, the comparison between the aforementioned different 
anions was repeated at a low salt concentration of 0.5 m (Fig. S4, 
ESI†). These results demonstrate the chemical viability of kosmo-
tropic/chaotropic anions in controlling intermolecular interactions, 
eventually affecting the water structure of the aqueous electrolytes.

Relationship between electrolyte structure and phase separation

The structure change of the aqueous electrolytes described 
above could affect phase separation with nonaqueous solvents.

Diethyl ether (DEE), which is intrinsically immiscible with
water, was coupled with various aqueous electrolytes (Fig. S5
and Table S2, ESI†). Notably, DEE was miscible with 1.0 m
Zn(TFSI)2 aqueous electrolyte having a disordered water structure,
playing the role of strong chaotropic TFSI�. This result was
verified by examining the interaction energy (DEint) between
aqueous electrolytes and DEE through MD simulations (Fig. S6,
ESI†). The more-developed chaotropic anions in the disordered
aqueous electrolytes showed a stronger DEint with DEE due to
the weakened water–water interactions, indicating the facilitated
mixing with DEE.

As an opposite case, AN, which shows good miscibility with
water, was coupled with various aqueous electrolytes (Fig. 2a).
1.0 m Zn(TFSI)2 aqueous electrolyte was miscible with AN due
to the weakened water–water interactions by strong chaotropic
TFSI�. In addition, 0.5 m Zn(OAc)2 aqueous electrolyte was
miscible with AN, indicating insufficient structure-making
ability by OAc�. By comparison, ordered aqueous electrolytes
having kosmotropic SO4

2� were phase-separated from AN.
Positions of AN-aqueous electrolyte interfaces gradually shifted
upwards with increasing salt (ZnSO4) concentration from 1.0 to
3.4 m. This result was theoretically verified using the MD
simulation (Fig. 2b). AN was mixed with aqueous electrolytes
having the disordered and insufficiently ordered structures
(1.0 m Zn(TFSI)2 and 0.5 m Zn(OAc)2). By comparison, the

Fig. 1 Effects of kosmotropic/chaotropic anions on electrolyte structure. (a) Schematic depicting electrostatic potential values of anions (TFSI�, OTf�, Cl�,
OAc�, and SO4

2�) which are used as an indicator representing their affinity with water. Gray, blue, white, red, yellow, cyan, and light green balls represent
carbon, nitrogen, hydrogen, oxygen, sulfur, fluorine, and chlorine respectively. (b) FTIR spectra of various aqueous electrolytes as a function of anion species
and salt concentration under the same anion concentration. (c) Comparison in the relative portion of the three (strong, moderate, and weak) IMFs obtained
from O–H stretching bands in the FTIR spectra. (d) Hildebrand solubility parameter (d) values of the electrolytes calculated from the MD trajectory.



ZnSO4 aqueous electrolytes tended to segregate from AN-rich
phases because the kosmotropic SO4

2� tightly holds water
molecules. By increasing the ZnSO4 concentration to 3.4 m,
the amount of water bound to SO4

2� considerably increased,
thus promoting the phase separation with AN. To theoretically
interpret this phase separation behavior, DEint between water
(in the aqueous electrolytes) and AN was calculated (Fig. 2c)
and discussed in terms of its relative comparison between the
target mixtures. With respect to DEint (–10.6 kJ mol�1) for the
pure water–AN mixture, an aqueous electrolyte of 1 m Zn(TFSI)2

showed a slightly larger negative DEint (–11.9 kJ mol�1), indicat-
ing the enhanced intermolecular interaction between AN and
water. In contrast, the absolute values of DEint were smaller
as the kosmotropic effect became stronger (0.5 m Zn(OAc)2:
–9.4 kJ mol�1, 1.0 m ZnSO4: –9.1 kJ mol�1, and 3.4 m ZnSO4:
–5.9 kJ mol�1). This result exhibits the viable role of kosmo-
tropic SO4

2� in enabling the phase separation with AN that is
intrinsically miscible with pure water. The universality of
kosmotropic/chaotropic anions-driven phase separation

control was further explored: dimethyl carbonate (DMC) and
ethyl acetate (EA) as water-immiscible solvents (Fig. S7, ESI†),
and trimethyl phosphate (TEP), diglyme (G2), and propylene
carbonate (PC) as water-miscible solvents (Fig. S8, ESI†).

The structural change of aqueous electrolytes induced by the
kosmotropic/chaotropic anions and its influence on the mis-
cibility/immiscibility with nonaqueous solvents are schematically
depicted in Fig. 2d. Chaotropic anions disturb intermolecular
interactions in aqueous electrolytes, thus rendering the water
structure disordered. As a result, the interaction energy between
water in the disordered structure and nonaqueous solvents could
be enhanced, eventually promoting their miscibility.23,24 In con-
trast, kosmotropic anions are strongly hydrated, contributing to
ordering the water structure in aqueous electrolytes. Conse-
quently, interaction energies between water and nonaqueous
solvents become weakened, resulting in phase separation even
with polar solvents. Manipulating ion coordination structures and
intermolecular interactions of liquid couples through kosmotro-
pic/chaotropic anions can be suggested as a versatile technology

Fig. 2 Relationship between electrolyte structure and phase separation. (a) Photograph of various aqueous electrolyte/AN (1/1, v/v) mixtures at ambient
temperature. (b) Snapshots of various aqueous electrolyte/AN (1/1, v/v) mixtures after 5 ns of MD simulation. H2O, AN, Zn2+, TFSI�, OAc�, and SO4

2�

molecules are depicted as blue, orange, cyan, green, teal, and red colors, respectively. (c) Time evolution of the interaction energy (DEint) between water
(in the aqueous electrolytes) and AN, in which DEint is normalized by the number of water molecules. (d) Schematic depicting the structural change of
aqueous electrolytes induced by the chaotropic/kosmotropic effects and its influence on the miscibility/immiscibility with nonaqueous solvents.



for Zn metal anodes to achieve chemical stability/electrochemi-
cal reversibility with Zn metals and high ionic conductivity. An
optimum Zn(TFSI)2 concentration of the organic electrolytes was
determined to be 0.5 m by considering both their ionic con-
ductivity (Fig. S9, ESI†) and phase separation with the AE
(Fig. S10, ESI†). Eventually, 0.5 m Zn(TFSI)2 in AN (‘‘OE’’, as an
anode-customized organic electrolyte) was combined with the AE
to produce the BLE (Fig. 3a).

The phase separation behavior of the BLE was investigated.
The Raman spectra (Fig. 3b) showed that characteristic peaks of
water (3234 and 3412 cm�1) and SO4

2� (985 cm�1)27 were
observed exclusively at the bottom layer of the BLE, whereas
the peaks of AN (917, 2253, and 2289 cm�1)28 and TFSI�

(742 cm�1)29 were detected at the top layer. This phase separation
of the BLE was further elucidated by comparing the Hildebrand
solubility parameter (d) of the solvents and electrolytes (Fig. 3c).
From the principle of ‘‘like dissolves like’’, two different
systems tend to be immiscible when they have larger Dd.30

For the solvent mixture of water and AN, Dd (d (water) – d (AN))
was 21.8 MPa1/2. By comparison, the electrolyte mixture showed
larger Dd (d (3.4 m ZnSO4 in water) – d (0.5 m Zn(TFSI)2 in AN))

Fig. 3 Biphasic liquid electrolytes for Zn-metal full cells. (a) Photographs of the miscible solvent mixture (water/AN = 1/1 (v/v)) and immiscible electrolyte mixture
(3.4 m ZnSO4 in water/0.5 m Zn(TFSI)2 in AN = 1/1 (v/v)). (b) Raman spectra of the top/bottom layers in the BLE along with solvents (water and AN). Raman
vibrational modes are denoted as follows: C–C stretching (nCC), C N stretching (nCN), C–H bending (dCH), O–H stretching (nOH), symmetric stretching mode of
SO4

2� (n1(SO4
2�)), and S–N–S bending mode of TFSI� (dSNS(TFSI�)). (c) Hildebrand solubility parameter (d) values of the solvents and electrolytes. Dd denotes the

difference in the solubility parameter between the two components. MD simulations describing the (d) miscible solvent mixture and (e) immiscible electrolyte
mixture. H2O, AN, Zn2+, SO4

2�, and TFSI� molecules are depicted as blue, orange, cyan, red, and green colors, respectively. (f) Time evolution of the demixing
index (wdemix) and the interaction energy (DEint) of the solvent and electrolyte mixtures, in which DEint is normalized by the number of water molecules.

platform to enable customized control of their miscibility/
immiscibility.

Biphasic liquid electrolytes for Zn-metal full cells

A challenge facing rechargeable Zn-metal full cells is the 
absence of suitable electrolytes that can simultaneously fulfill 
the heterogeneous chemical/electrochemical requirements of 
anodes and cathodes. Aqueous electrolytes allow fast Zn2+

redox kinetics at cathodes,25 however, they undergo vigorous 
interfacial side reactions with Zn metal anodes. On the other 
hand, non-aqueous electrolytes tend to display good chemical/
electrochemical stability toward Zn metal anodes.26 However, 
sluggish electrochemical reactions at cathode–electrolyte inter-
faces often cause poor rate performance.25

To address this challenging issue, we designed the BLE 
based on a cathode-customized aqueous electrolyte and a Zn 
anode-customized organic electrolyte. As a cathode-customized 
electrolyte, 3.4 m ZnSO4 aqueous electrolyte (denoted as ‘‘AE’’) 
was chosen to allow fast reaction kinetics at cathodes and phase 
separation with anode-customized electrolytes. Meanwhile, an 
organic electrolyte comprising AN and Zn(TFSI)2 was prepared



(immiscibility). Moreover, DEint of the electrolyte mixture was
lower than that of the solvent mixture, verifying the kosmo-
tropic effect-driven phase separation of the BLE. Meanwhile,
the AE and OE in the BLE stably maintained the phase separa-
tion even after vigorous shaking (Video S1, ESI†), indicating the
potential use of the BLE in various operating conditions.

Ion transport phenomena

The ionic conductivity of the BLE was compared with those of
previously reported biphasic electrolytes (Fig. 4a, Fig. S11, and
Table S4, ESI†). Most of the biphasic electrolytes have suffered

Fig. 4 Ion transport phenomena. (a) Comparison in ionic conductivities between the BLE (including its electrolyte couples (AE and OE)) and previously
reported biphasic electrolytes. N/A (not available) indicates no experimental data in the references. (b) Temperature-dependent ionic conductivities of
the BLE, its electrolyte couples (AE and OE), and theoretical ionic conductivities were calculated based on the assumption of neglecting OE–AE interfacial
resistance. (c) MD simulation depicting the ion transport phenomena in the BLE with a focus on the OE/AE phases and OE–AE interface. H2O, AN, Zn2+,
SO4

2�, and TFSI� molecules are depicted as blue, orange, cyan, red, and green colors, respectively. (d) Potential of mean force (PMF) profiles of Zn2+.
Starting configurations for the PMF sampling simulation were generated by placing a representative Zn2+ solvation shell from the reference point along
the z-axis, with a sampling window of 0.2 nm. (e) Snapshots depicting the change in the first solvation shell of Zn2+ at OE-rich region (z o �1.0 nm),
interface region (�1.0 nm o z o 1.0 nm) and AE-rich region (z 4 1.0 nm).

of 81.5 MPa1/2, exhibiting the thermodynamic phase separa-
tion. Furthermore, MD simulations were conducted to eluci-
date the molecular states of the solvent and electrolyte mixtures 
(Table S3, ESI†). The solvent mixture became homogeneous 
just after a mixing time of 50 ns (Fig. 3d), whereas the electro-
lyte mixture maintained the phase separation (Fig. 3e). This 
difference in the phase separation was quantified by calculat-
ing the demixing index (wdemix) and DEint as a function of the 
elapsed time (Fig. 3f). wdemix of the solvent mixture promptly 
reached 1 (complete miscibility) after a mixing time of 10 ns, 
whereas the electrolyte mixture maintained low wdemix



This result demonstrates that the BLE undergoes stepwise
desolvation/solvation while maintaining the phase separation
between the OE and AE phases.

Electrode-customized electrochemical characteristics

The effects of the electrolyte couples (OE and AE) in the BLE on
the electrochemical performances of anodes and cathodes were
investigated. The OE showed a lower static contact angle (26.61)
on the Zn metal compared to that (90.61) of the AE (Fig. S13,
ESI†), revealing the superior wettability that can beneficially
affect Zn plating/stripping reversibility.31 In addition, the Zn
metal remained almost intact after being soaked in the OE
(Fig. S14, ESI†) and did not generate any gas bubbles in the OE
during Zn plating/stripping cycling (Fig. S15, ESI†), exhibiting
the chemical/electrochemical stability of the OE against the Zn
metal. Moreover, the Tafel plots revealed that the OE showed a
significantly lower Zn corrosion current density than the AE
(Fig. S16, ESI†). These results verify the high anti-corrosion
property of the OE against the Zn metal.

The coulombic efficiency (CE) of Zn plating/stripping was
measured using a Zn8Ti cell (Fig. 5a and S17, ESI†). The cell
employing the OE showed a high CE of 99.6% after 300 cycles,
in comparison to a cell with the AE that failed to operate after
63 cycles. This advantageous effect of the OE on Zn metals was
verified by long-term cycling of Zn8Zn symmetric cells (Fig. 5b).
The cell with the OE showed stable cycling performance over
800 h owing to high chemical/electrochemical stability toward
Zn metal electrodes, despite the slightly larger voltage hysteresis
which often arises from the relatively high Zn2+ desolvation
energy25 and low ionic conductivity32 of nonaqueous electrolytes.
In contrast, the cell with the AE showed a sudden failure of
cycling just after 100 h. Moreover, such superior cyclability of the
cell with the OE was also observed at higher areal current density
(1.5 mA cm�2) and areal capacity (1 mA h cm�2) (Fig. S18, ESI†).
This stable Zn plating/stripping cyclability with the OE was
elucidated by electrochemical/structural analysis of the cycled
Zn electrodes without Zn dendrites (Fig. S19, S20, and S21, ESI†)
and Zn corrosion (Fig. S22, ESI†).

As a cathode material for Zn-metal batteries, CVO, which has
a layered structure suitable for reversible Zn2+ insertion/extrac-
tion, was synthesized according to the previous study33 and its
structure was analyzed by X-ray diffraction (XRD) (Fig. S23,
ESI†) and scanning electron microscopy (SEM) (Fig. S24, ESI†).
To examine the compatibility of the CVO toward the AE (or OE),
EIS analysis of pre-zincificated CVO (ZnxCVO, 50% depth of
discharge (DOD)) symmetric cells was conducted in the tem-
perature range of 25–50 1C (Fig. S25, ESI†). The cell with the AE
showed lower charge transfer resistance (Rct) and Ea for charge
transfer reaction compared to that of the OE (Fig. 5c). This result
demonstrates that the AE can facilitate interfacial charge trans-
fer reaction at CVO cathode, which is mainly attributed to a low
energy barrier of Zn2+ desolvation in aqueous electrolytes.25

Galvanostatic intermittent titration technique (GITT) analy-
sis of a Zn8CVO cell with the AE showed a substantial decrease
in the polarization during the repeated current stimuli com-
pared to the cell with the OE (Fig. 5d). From the GITT profiles,

from low ionic conductivity because of a large gap in the ion 
conduction capability between their two electrolyte constitu-
ents containing solvent pairs with opposite polarities.10 16 

Specifically describing, a nonpolar solvent-containing electro-
lyte constituent in the biphasic electrolyte tended to show low 
ionic conductivity due to the insufficient dissociation capability 
of the nonpolar solvent, whereas the other electrolyte constituent 
with a polar solvent could provide decent ionic conductivity. 
In contrast, the two electrolyte couples in the BLE contained the 
polar solvent pairs (i.e., acetonitrile and water), thus beneficially 
contributing to high ionic conductivity. We note that manipulat-
ing the ion coordination structures and intermolecular interac-
tions of the electrolyte couples (based on the miscible polar 
solvent pairs of acetonitrile and water) enabled their phase 
separation, while simultaneously achieving the high ionic con-
ductivity of the BLE. As result, the BLE showed higher ionic 
conductivity (s) of 37.0 mS cm�1 at 25 1C due to two major 
contributions: (1) high ionic conductivities of its electrolyte 
couples based on polar solvent pairs, i.e., AE  s(  = 
46.8 mS cm�1 at 25 1C) and OE (s = 30.9 mS cm�1 at 25 1C) 
and (2) negligibly low energy barrier for ion conduction across 
the OE–AE interface.

The ion conductivity and activation energy (Ea) for ion 
conduction of the BLE were positioned between those of AE 
and OE (Fig. 4b). Moreover, the experimental ionic conductivity 
of the BLE appeared similar to the theoretical ionic conductivity 
which neglected OE–AE interfacial resistance (detailed infor-
mation for the calculation is provided in the Fig. S12 and 
Table S5, ESI†). This result indicates that the resistance at the 
OE–AE interface may be negligibly small, thereby minimally 
impairing the ion conduction of the BLE.

The ion transport phenomena in the BLE were investigated 
using MD simulation (Fig. 4c). The potential of mean force 
(PMF) of Zn2+ was calculated to investigate the energy barrier of 
ion conduction in the BLE and its electrolyte couples (Fig. 4d). 
The pristine OE showed a smooth and flat profile at PMF of 
B2.5 kJ mol�1. Meanwhile, a larger fluctuation of the PMF 
profile was observed in the pristine AE, which is attributed to a 
strong interaction with neighboring concentrated ions. For the 
BLE, the PMF profile was flat in the OE phase and fluctuated 
while moving into the AE phase, which appeared similar to 
those of the pristine OE and AE, respectively, exhibiting the 
phase separation between the OE and AE phases. In addition, 
the PMF at the OE–AE interface showed minor fluctuation, 
indicating that the ion conduction across the interface is not 
sluggish.

The change in the solvation structure of Zn2+ across the OE–
AE interface was traced under an electric field of 0.5 V nm�1 

that acts as a driving force for ion migration (Fig. 4e). In the OE 
phase (z o �1 nm), Zn2+ is solvated with AN to form a solvated 
complex of Zn2+(AN)6. As the solvated Zn2+ moves toward the 
OE–AE interfacial region (�1 nm o z o 1 nm), desolvation of AN 
and subsequent solvation of water continuously occur. The ratio 
of water in the solvation sheath increases while Zn2+ further 
migrates into the AE phase. Eventually, Zn2+ is completely 
solvated by water and sulfate ions in the AE phase (1 nm o z).



the corresponding Zn2+ diffusion coefficients (DZn2+) into the 
CVO cathode and internal resistance were calculated as a 
function of DOD (see Table S6 in the ESI† for calculation 
details). The cell with the AE presented higher DZn2+ and lower 
internal resistance than the cell with the OE (Fig. 5e), verifying 
that the AE can facilitate Zn2+ diffusion kinetics at the cathode–
electrolyte interface. In addition, cyclic voltammetry (CV) profiles 
of the Zn8CVO cells showed that the AE facilitates the multi-step 
process of Zn2+ insertion/extraction with diffusion-controlled 
behavior34 compared to the OE (Fig. S26, ESI†). The above-
described results demonstrate that the AE can promote both 
Zn2+ diffusion and charge transfer reaction kinetics, underscor-
ing its beneficial contribution as a CVO-customized electrolyte.

Application to Zn-metal full cells

Application of the BLE to Zn-metal full cells was investigated. 
The CV profiles of a Zn8CVO cell with the BLE showed two pairs 
of characteristic redox peaks assigned to the multi-step process 
of Zn2+ insertion/extraction (Fig. S27, ESI†). In addition, the 
Zn8CVO cell showed a specific capacity of 299 mA h g�1 and 
stable charge/discharge profiles even at 1000 mA g�1 (Fig. S28, 
ESI†). This fast rate performance of the cell with the BLE was 
comparable to that of the AE (Fig. S29, ESI†), whereas the poor 
rate performance was observed at the OE, exhibiting that Zn2+

insertion/extraction kinetics at the CVO cathode governs the
rate capability of the cell.

The cycling performance of the Zn8CVO cell was examined
(Fig. 6a and S30, ESI†). The cell with the OE presented a
discharge capacity of only 76 mA h g�1 in the 1st cycle at a
current density of 500 mA g�1 because of sluggish reaction
kinetics at the CVO cathode. Furthermore, the cell with the OE
suffered from severe capacity decay with cycling, which is
mainly attributed to the structural instability35 of the CVO in
contact with the OE (Fig. S31, ESI†). Meanwhile, the cell with
the AE showed high specific capacities during initial cycles.
However, the capacity with cycling continuously decreased due
to water-triggered unwanted side reactions and Zn dendrite
growth. In contrast, the cell with the BLE showed a high initial
capacity of 160 mA h g�1 and a stable cyclability (86.6%
retention after 3500 cycles), which exceeded those of 2.0 M
(B2.0 m) ZnSO4 aqueous electrolyte that is commonly used in
Zn-metal batteries.18 This superior cycling performance of the
Zn8CVO cell with the BLE was verified by analyzing the EIS
profiles after 3500 cycles (Fig. S32, ESI†) and conducting post-
mortem analysis of the cycled Zn anodes with a focus
on surface morphology and distribution of oxidized species
(Fig. S33 and S34, ESI†). The long-term cyclability of the BLE
was attributed to the combined effect of the AE (enabling facile

Fig. 5 Electrode-customized electrochemical characteristics. (a) CE of Zn plating/stripping using Zn8Ti cells with AE and OE at a current density of
0.1 mA cm�2 and an areal capacity of 0.1 mA h cm�2. (b) Voltage profiles of Zn8Zn symmetric cells with AE and OE at a current density of 0.1 mA cm�2

and an areal capacity of 0.1 mA h cm�2. (c) The activation energy (Ea) for charge transfer reaction of pre-zincificated ZnxCVO (50% DOD) symmetric cells
with AE and OE. (d) GITT profiles of Zn8CVO cells with AE and OE at a current density of 100 mA g�1 and interruption time between each pulse of 1 h.
(e) Change in Zn2+ diffusion coefficients (DZn2+) and internal resistance as a function of DOD, which was calculated from the GITT profiles.
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reaction kinetics at the CVO cathode) and the OE (contributing 
to high reversibility and thermodynamic stability with the Zn 
anode).

Stimulated by the electrode-customized viability and high 
ionic conductivity of the BLE, its application to a Zn anode-free 
full cell, which has zero-excess Zn,36,37 was explored. Despite 
the benefit in cell-energy-density, the practical use of the Zn 
anode-free configuration has been plagued by poor cyclability. 
The Zn anode-free cell was fabricated using a ZnxCVO cathode 
and a Cu foil modified with a graphene monolayer (gr-Cu)38 

which showed high Zn2+ reversibility compared to other current 
collectors (Fig. S35, ESI†). The cell with conventional 2.0 M 
ZnSO4 aqueous electrolyte showed low cycling retention 
because of irreversible Zn consumption (Fig. 6b and S36, ESI†). 
In contrast, the cell with the BLE exhibited a higher capacity 
retention of 76.7% after 100 cycles and a faster rate capability 
(141 mA h g�1 at 1000 mA g�1) (Fig. S37, ESI†), which lie beyond 
those achievable with previously reported anode-free cells 
(Table S7, ESI†). The capacity fluctuation in the initial cycles 
could be due to the activation process of the CVO cathode in 
contact with the AE (i.e., 3.4  m ZnSO  in H2O), which is often 
observed for vanadium-based cathodes with high-concentration 
aqueous electrolytes.39 More notably, the specific energy/power 
densities of the anode-free full cell with the BLE (183/73–87/618 
[W h kg�1/W kg�1], estimated based on the total weight of

electrode active materials) far exceeded the results of previously
reported Zn batteries (Fig. 6c and Table S8, ESI†).40 49

Conclusions

In summary, we presented a biphasic liquid electrolyte (BLE)
based on the kosmotropic effect as a new electrolyte strategy to
fulfill the heterogeneous chemical/electrochemical requirements
of anodes and cathodes, which are difficult to achieve with
conventional single-phase electrolytes. The BLE consisted of a
cathode-customized AE (3.4 m ZnSO4 in water) and an anode-
customized OE (0.5 m Zn(TFSI)2 in AN). Manipulating ion
coordination structures and intermolecular interactions of the
electrolyte couples through kosmotropic/chaotropic anions
enabled on-demand control of their immiscibility/miscibility.
Notably, the structural change of the AE induced by kosmotropic
SO4

2� allowed the phase separation with the OE, despite the
good miscibility of water (in the AE) with AN (in the OE). The
phase-separated, OE and AE in the BLE facilitated redox kinetics
at CVO cathodes and Zn plating/stripping reversibility at Zn
anodes, respectively. As a result, the BLE enabled the Zn8CVO
cell to exhibit a high specific capacity (299 mA h gCVO

�1) and a
long cyclability (86.6% retention after 3500 cycles). Notably, the
Zn anode-free full cell with the BLE exhibited high energy/power

Fig. 6 Application to Zn-metal full cells. (a) Galvanostatic cycling performance of Zn8CVO full cells with AE, OE, 2 M ZnSO4 aqueous electrolyte, and BLE
at a current density of 500 mA g�1. (b) Galvanostatic cycling performance of Zn anode-free full cells with 2 M ZnSO4 aqueous electrolyte and BLE at a
current density of 1000 mA g�1. (c) Ragone plot showing energy and power densities (estimated based on the total weight of electrode active materials)
of this study and previously reported Zn batteries in terms of negative/positive electrode capacity ratio (N/P ratio).



followed by vacuum drying at 60 1C for 12 h. The mass loading
of active materials was 1.5–3.0 mg cm�2. All cells were fabri-
cated into CR2032 coin cells. The Zn8CVO full cells were
fabricated using the CVO cathode, Zn foil (30 mm) as the anode,
glass microfiber filter as the separator and electrolytes (70 mL
per cell), in which the optimal electrolyte amount (70 mL) was
determined by measuring the change in bulk resistance (Rb) of
the Zn8CVO cell as a function of electrolyte amount (Fig. S38,
ESI†). To prepare the ZnxCVO cathode, the CVO electrode was
pre-zincificated using Zn8CVO cells. The Zn anode-free cells
were prepared using the ZnxCVO cathode and the commercial
gr-Cu current collector after electrochemical activation. The
anode-free cells were fully charged up to 1.6 V before cycling.
The galvanostatic charge/discharge measurements were inves-
tigated with a cycle tester (PNE Solution Co., Ltd, Korea) at
ambient temperature under various charge/discharge conditions.
CV, EIS, and GITT analysis were performed with a potentiostat/
galvanostat (VMP-300, Bio-Logic Science Instruments). The EIS
was carried out in the frequency range from 10�2 to 106 Hz with
an applied voltage of 10 mV. The GITT analysis was investigated at
100 mA g�1 with an interruption time between each pulse of 1 h.

Density functional theory calculations

Density functional theory (DFT) calculations were carried out
using the Dmol3 program.50 The Becke, 3-parameter, Lee–
Yang–Parr (B3LYP) functional was employed and Grimme’s
method51 was used for correcting the van der Waals interac-
tions. Double numerical basis set with polarization (DNP)
functions were used with a real-space cutoff of 4.4 Å. The core
electrons were explicitly treated as all electrons with relativistic
effects. The self-consistent field calculation was performed with
a thermal smearing of 0.005 Ha, until a convergence criterion of
1 � 10�6 Ha was satisfied. The convergence criteria for geome-
try optimization were set to be 1 � 10�5 Ha for energy change,
0.002 Å�1 for the maximum force, and 0.005 for the maximum
displacement. The solvent environment was described using a
conductor-like screening model (COSMO).

Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out using
the GROMACS 2019.5 program.52 The general AMBER force
field was used to describe the interaction between electrolyte
molecules, which are TFSI�, OTf�, OAc� anions, and AN, DEE
solvents. For these molecules, the antechamber program was
used to automatically generate parameters. In the case of SO4

2�

ions, the parameter developed by Kashefolgheta and Verde was
used.53 The TIP3P water model was used to describe the water
molecules. For Zn2+ ions, the 12-6 Lennard-Jones potential
parameter derived by Li et al.54 was used. The short-range
non-bonding interactions were calculated within a cutoff dis-
tance of 12 Å, and the particle mesh Ewald (PME) summation
method was used to calculate electrostatic interactions. Bonded
interactions with the hydrogen atoms were constrained with the
LINCS algorithm. During the MD simulations, the temperature
and pressure of the system were controlled using a Berendsen
thermostat and a barostat, respectively. The procedures to

densities (183/73–87/618 [W h kg�1/W kg�1]) along with stable 
capacity retention (76.7% after 100 cycles), which far outper-
formed those of previously reported Zn batteries. We envision 
that the BLE approach holds promise as a versatile electrolyte 
platform that can address long-unresolved performance limita-
tions of anodes and cathodes in batteries. Furthermore, the 
kosmotropic/chaotropic effect-driven phase separation control 
can be extended to various electrolyte couples to overcome their 
intrinsic immiscibility/miscibility limitations.

Methods
Materials

ZnSO4�7H2O and Zn(TFSI)2 were purchased from Junsei and 
Solvionic, respectively. Ca(CH3COO)2 (99%), Zn(OTf)2 and 
Zn(OAc)2�2H2O were bought from Sigma-Aldrich. V2O5 was 
purchased from Pechiney. Deionized water was used for pre-
paring aqueous electrolytes using a water purification system 
(Direct Q3, Millipore). Glass microfiber filters and a Cu foil 
modified with a graphene monolayer (gr-Cu) were purchased 
from Whatman and LG electronics, respectively. CVO was 
prepared accordingly using a previously reported microwave-
assisted hydrothermal method.33 1 mmol of Ca(CH3COO)2 was 
dissolved in 20 mL ultrapure water in a glass reactor (30 mL, 
Anton Paar). After dissolution of Ca(CH3COO)2, 2 mmol of V2O5 

powder was added to the reactor. The suspension was heated in 
a ‘‘Monowave 300’’ microwave oven (Anton Paar) up to 180 1C 
using the ‘‘Heat as fast as possible’’ mode and maintaining a 
constant temperature for 2 h at a stirring rate of 300 rpm. The 
obtained product was centrifuged, and the red precipitate was 
thoroughly washed with water and acetone. After evaporation of 
the residual acetone in an oven at 80 1C, the CVO powder was 
obtained.

Characterization

The ionic conductivity of electrolytes was measured with a con-
ductivity meter (SevenCompact S230, METTLER TOLEDO).11 The 
FTIR spectra of the electrolytes were recorded using an FTIR 
spectrometer (670, Varian). The immiscibility of the liquid mix-
tures was experimentally verified using a confocal Raman spectro-
scope (alpha300R, WITec). The electrolytes’ wetting of the Zn 
metal was measured using a contact angle analyzer (Drop Shape 
Analysis System DSA100, Kruss) at room temperature. The surface 
morphologies of the samples were examined using a SEM (S4800, 
Hitachi). The XRD patterns were recorded using a XRD (SmartLab, 
Rigaku) at 45 kV and 200 mA using Cu Ka radiation. The 
distribution of ZnO+ on the Zn anode was investigated by TOF-
SIMS (TOF-SIMS 5, ION TOF Co.) with a Bi+ gun (25 keV, 1.3 pA). 
All electrodes subjected to ex situ analysis after electrochemical 
cycling were rinsed with ethanol and dried.

Electrochemical measurements

The CVO cathode was prepared by casting a slurry mixture 
(CVO/carbon black/polyvinylidene fluoride) = 7/2/1 (w/w/w) in 
N-methyl-2-pyrrolidone onto a stainless steel 304 substrate,
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