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A B S T R A C T

Metallic zinc (Zn) is one of the most promising anodes for aqueous batteries, but so far its applicability for
rechargeable systems remains elusive, mainly owing to the free water-induced parasitic reactions. Here, we
report a new “water-in-deep eutectic solvent (water-in-DES)” electrolyte (~30mol.% H2O in a eutectic mixture
of urea/LiTFSI/Zn(TFSI)2; TFSI, bis(trifluoromethanesulfonyl)imide), in which all water molecules participate in
DES's internal interaction (H-bonding and coordinating) network, leading to a suppressed reactivity with Zn
anode from both thermodynamic and electrochemical aspects. Inheriting characteristics from aqueous and DES
media, this electrolyte enables stable and reversible Zn plating/stripping with over twentyfold enhancement in
cycling life compared to routine aqueous electrolytes, even at low rates. With these merits, a desirable re-
chargeability (> 90% capacity retention after 300 cycles at 0.1 C) is achieved for a 1.92 V (average dicharge
voltage) Zn/LiMn2O4 battery, together with a practical energy density of 52Wh/kg (pouch cell, 2 Ah, ~9.8×
excess Zn on anode).

1. Introduction

Zn metal battery (ZMB) family has a rich history as an important
area in the electrochemical power supply [1–5]. Primary ZMBs (e.g.,
Zn/MnO2, Zn/Ag and Zn/air batteries) are still commercially viable
[6–10]. Although lithium-ion batteries (LIBs) with high efficiency and
energy density currently dominate energy-storage landscape, their im-
plementation at large scale faces a huge challenge because of the lim-
ited lithium availability, high cost and safety risk [11–13]. Hence, the
century-old ZMBs have been revisited and made rechargeable in recent
years, in view of the huge global reserves of Zn and the innate safety
arising from applying aqueous electrolytes [14–17]. Different from
traditional ZMBs, several ion-storage materials are now chosen as
cathodes to couple with Zn anodes for improving energy outputs
[18–24]. Among these, the Zn/LiMn2O4 (Zn/LMO) cell is particularly
favorable because of its high voltage (1.8−2.0 V) and ameliorative
interfacial ion transfer behavior [25–27]. Even with this renewed effort,
the main obstacle that has yet to be overcome lies in the poor

reversibility of aqueous Zn chemistry [6,28,29]. A deep understanding
of the interfacial compatibility between Zn metal and electrolyte is
imperative, especially at the development stage.

It is known that aqueous electrolytes are able to support the Zn2+→
Zn0 process (the electroplating technology) and the Zn0→Zn2+ process
(the primary ZMBs), respectively. As for the rechargeable function,
however, the required thermodynamic and electrochemical stabilities
of Zn metal have been difficult to achieve in the routine metal salt-
containing aqueous environment [3]. The main reason is that free
water, as the dominate component, participates in all the parasitic re-
actions [4,30]. Specifically, unlike organic electrolyte systems that can
form a solid-state interphase by sacrificial electrolyte decomposition at
the initial charging states, a competing H2 evolution reaction (HER)
inevitably occurs in aqueous electrolytes during each recharging cycle
due to the low Zn/Zn2+ potential (−0.76 V vs. NHE) [2,31,32]. Such
irreversible process builds up internal pressure and induces Zn pul-
verization, eventually leading to cell failure even in trace amounts of H2

(Fig. 1a). Some temporary methods, like adopting mild acidic
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electrolyte or relatively high cycling rate can restrain this negative ef-
fect, but non-faradaic reactions, namely corrosion and passiva-
tion [30,33–35] have to be also emphasized (Fig. 1b). These detri-
mental processes also facilitate the electrolyte depletion, reduce the
utilization of Zn, and thus cause the short shelf/cycling life.

Actually, many strategies have been proposed over past decades,
such as adding electrolyte additives, alloying and constructing hier-
archical structures, to alter the electrochemical behavior of Zn anodes
[5,36–40]. Despite this progress, it remains a dilemma for the aqueous
electrolyte design to realize a side reaction-free Zn deposition. Deep
eutectic solvents (DESs), generally obtained by simply mixing Lewis
acids and bases in the eutectic molar ratio, have emerged as attractive
alternatives to ionic liquids [41,42]. Due to the high degree of design
freedom, many types of metal salt-containing DESs were proposed and
applied to electroplating [43–46] and electropolishing [47,48]. No-
tably, coordinating and H-bonding species (ions or molecules) within
DESs make them strongly water-miscible and highly hygroscopic. Al-
though absorbed water significantly affects the physicochemical prop-
erties of DESs, there is an upper limit to this hydration, below which
DES's nature can be retained and water molecules tend to be isolated
from each other [49–52]. This favorable trend could be leveraged for
exploring new aqueous electrolyte systems with tailored adaptability
toward Zn anode.

In the present work, we present that a stable and effective aqueous
electrolyte, which involves incorporating controlled amounts of water
(~6wt%, ~30mol.%) into a urea-based DES matrix, endows Zn anode
with unusual reversibility and durability (Fig. 1c). A combination of the
spectroscopic analysis and theoretical modelling reveals that the in-
tensified water-DES interactions significantly suppress the water re-
activity while the merits of aqueous system on the ionic conducitvity
and viscosity are inherited. Along with the retaining eutectic feature,
this “water-in-DES” electrolyte brings a stable cycling property with
high capacity retention (> 80% after 600 cycles at 0.5 C,> 90% after
300 cycles at 0.1 C) for high-voltage Zn/LMO batteries. The reliability
on long-term cycling has been further ascertained by pounch-cell (2 Ah)
assembly and testing.

2. Experimental

2.1. Electrolyte preparation

The pristine DES samples (defined as LZ-DES) were formed by
mixing the three components (LiTFSI, Zn(TFSI)2 and urea; TFSI, bis
(trifluoromethanesulfonyl)imide) with the required molar ratios (the
LiTFSI/urea molar ratio between 1:3 and 1:3.8, and the LiTFSI/Zn
(TFSI)2 M ratio kept at 20) in an argon-filled glove box (Table S1). Clear
and colorless liquids can be obtained directly after heating the mixtures
at around 90 °C overnight with gentle stirring. These LZ-DES samples
were further purged under vacuum for 24 h at a temperature of 60 °C.
The water-in-DES electrolytes (defined as LZ-DES/nH2O; n refers to the
H2O/Li molar ratio; n≤ 2; Table S2) were prepared by adding ultra-
pure water (> 18.0MΩ) to the above LZ-DES samples, followed by
shaking and standing for approximately 24 h at room temperature.

Subsequently, the electrolytes were stored in an inert atmosphere for
further use. The samples of L-DES and L-DES/nH2O were prepared by a
similar procedure, except for the absence of Zn(TFSI)2.

2.2. Material characterizations

The morphology of the samples was characterized by a field emis-
sion scanning electron microscope (SEM, Hitachi S-4800). X-ray dif-
fraction (XRD) patterns were recorded in a Burker-AXS Micro-dif-
fractometer (D8 ADVANCE) with Cu-Kα1 radiation (λ=1.5405 Å). The
fluorescence and optical images of the samples were obtained using a
BX51 Fluorescence Microscope (Olympus). Raman spectra were re-
corded at room temperature using a Thermo Scientific DXRXI system
with excitation from an Ar laser at 532 nm. A differential scanning
calorimeter (TA, dsc250) is used to evaluate the thermal properties of
the electrolytes. Samples are scanned from − 80–40 °C at a rate of
5 °Cmin−1 under a nitrogen atmosphere. Fourier transform infrared
spectroscopy (FTIR) measurements were carried out on a Perkin-Elmer
spectrometer in the transmittance mode. An attenuated total re-
flectance (ATR) attachment with a diamond crystal was used to obtain
IR spectra. A small volume of the electrolyte solutions (less than 5 μL)
was needed to cover the surface of the diamond crystal. During mea-
surements, an alumina lid was utilized to isolate samples from the at-
mosphere, so as to minimize the influence of moisture. The 17O NMR
analyses were conducted with a Bruker AV400 spectrometer
(25 ± 0.1 °C), using 5mm tubes.

2.3. Differential electrochemical mass spectrometry tests

The differential electrochemical mass spectrometry (DEMS) ex-
periments were done with an ECC-Air cell (EL-CELL GmbH, Germany).
The in situ cell was equipped with a gas inlet and outlet (Fig. S3) and
connected to an HPR-20 QIC Benchtop Gas mass spectrometer with a
backing and bypass scroll pump. The electrochemical measurements
were tested with a LAND CT2001A system. During the electrochemical
measurements, a constant stream of argon (flow rate of 0.5 mL/min)
can take any gas products from the DEMS cell to the mass spectrometer.
Electrodes (Zn foil and LMO) and separators were 18mm in diameter.

2.4. Fabrication of coin cells and pouch cells

Cathode electrodes comprised LMO (80wt%) or LiFePO4 (LFP,
80 wt%), Super P carbon (10 wt%), and polyvinylidene fluoride (10 wt
%). Slurries containing these components in N-methyl-2-pyrrolidone
were cast onto stainless steel (SS) foils (5 µm in thickness) by the doctor
blading method. The active mass loading for cathode materials was
~5.0 mg/cm2 for coin cells and ~9.6 mg/cm2 for pouch cells (both
sides of SS foils). Coin cells were assembled in open atmosphere by
sandwiching a glass fiber paper soaked with electrolyte between the
prepared cathode electrodes and Zn foils (~13.6 mg/cm2). The pouch-
type ZMBs (2 Ah) were further assembled by the multilayered stacking
configuration with the cellulose nonwoven membrane (50 µm in
thickness) as the separator.

Fig. 1. (a,b) Schematic diagrams of interfacial reactions on Zn anode in the presence of traditional aqueous electrolytes: (a) the Zn plating process companied by the
electrochemical H2 evolution, and (b) passivation and corrosion due to the thermodynamic instability. (c) Reversible Zn electrochemistry in the water-in-DES
electrolyte.
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3. Results and discussion

To demonstrate the availability of our strategy, a DES system con-
taining two active ions (Li+ and Zn2+), denoted as LZ-DES, was first
prepared, in which urea, LiTFSI and Zn(TFSI)2 served as main compo-
nents. TFSI− was chosen as the anion because of its plasticizing effect
and weak Lewis basicity [53,54]. These LZ-DESs are liquid at ambient
temperatures and remain stable without any heat treatment when
components were mixed in an appropriate molar ratio range (the Li/
urea molar ratio between 1:3 and 1:3.8, and the Li/Zn molar ratio kept
at 20; Fig. 2a and Table S1). Note that the eutectic system without Zn
(TFSI)2 (L-DES) is also the liquid state. The Li/urea ratio of 1:3.8 gives
LZ-DES the highest conductivity of 0.084 mS/cm at 30 °C (Fig. 2b).
After the addition of small amounts of water, homogenous and clear
solutions (described as LZ-DES/nH2O; molar ratio: n=H2O/Li=0.5, 1
and 2; Table S2) were further obtained with significantly reduced
viscosity (0.139 Pa s for LZ-DES/2H2O at 30 °C) and enhanced con-
ductivity (1.85 mS/cm for LZ-DES/2H2O at 30 °C; Fig. 2b−c). This LZ-
DES/nH2O system is much lower in terms of the vapour pressure (1.04
kPa for LZ-DES/2H2O at 30 °C) than the common aqueous solutions
(4.25 kPa for pure water at 30 °C), which deviates from Raoult's law
[55]. This observation presents a thermodynamically decreased water
activity in a manner somewhat analogous to the hydrate-melt electro-
lytes [54].

Differential scanning calorimetry (DSC) measurement detected an
approximately 20 °C decrease in the freezing points for LZ-DES/nH2O as
compared to LZ-DES (Fig. 2d). This is naturally related to the increase
in degree of disorder (lower entropic difference of phase transition) and
consequent sluggish crystallization for eutectic mixtures [51,56];
namely, water molecules are more likely to participate in forming
stronger bonds with DES components rather than appearing as a se-
parate phase. For the pristine LZ-DES, the interplay among the com-
ponents is clearly indicated by obvious changes throughout the Raman
spectra (Fig. S1). Upon closer examination, the introduction of water
only induces a negligible redshift in characteristic bands of urea and
TFSI− (Fig. 2e), demonstrating that the eutectic nature of LZ-DES re-
mains intact under the conditions of relatively low water contents.

Thus, the water-in-DES definition can reasonably apply to these solu-
tions, as the water state and chemical environment (i.e., solvating ions,
H-bonding) are significantly altered from those in diluted aqueous
electrolytes (shown later). After comprehensive considerations of phy-
sicochemical properties, the LZ-DES/2H2O with Li/urea ratio of 1:3.8
was chosen as the electrolyte to investigate its potential application in
ZMBs unless otherwise noted.

Zn anode is widely used in primary aqueous batteries but has hardly
functioned reversibly because of the intensive parasitic reactions during
recharging [57]. For an overall understanding, the chemical stability of
Zn in different electrolytes was first investigated (Fig. 3a). As compar-
ison, after immersion in the typical aqueous electrolytes (0.25M Li2SO4

+ 0.5M ZnSO4 and 0.5M LiTFSI + 0.5M Zn(TFSI)2) for 15 days, Zn
foils tarnished and formed complex coatings, apparently associated
with the non-faradaic reactions. In LZ-DES/2H2O, however, no visible
change was observed. Fig. 3b−j summarizes the results of post-mortem
Zn surface morphology characterization by a combination of fluores-
cence microscope, optical microscope and SEM. It is evident from the
figure that the most remarkable difference was observed when the
comparison aqueous electrolytes were used, where micron-scale passive
aggregates were accumulated on Zn (corresponding XRD results are
shown in Fig. S2). This unstable interface behavior restricts conven-
tional aqueous electrolytes available to rechargeable ZMB applications
despite their various advantages.

In situ analysis of electrolyte compatibility with Zn was conducted
by differential electrochemical mass spectrometry (DEMS), known as
one of the most effective techniques to detect gas evolution. It is worth
noting that the weak acidity of dilute aqueous electrolytes leads to
spontaneous chemical H2 evolution once being in contact with metallic
Zn. This issue can be directly reflected in the open-curcuit voltage
(OCV) step of a Zn||Zn cell assembled by 0.5M LiTFSI + 0.5M Zn
(TFSI)2 (Fig. 3k and S3). When current pulses of 0.05 and 0.1mA/cm2

were applied, the electrochemically induced H2 peaks appeared along
with the ionic current track from OCV process. As for LZ-DES/2H2O, no
H2 evolution was observed during the entire operando testing. Such a
difference is more discernible from in situ optical microscopy of Zn
deposition in a home-made cell (Fig. S4), and the time-lapse images are

Fig. 2. Preparation and characterization of the water-in-DES solutions. (a) Stoichiometric amounts of urea, LiTFSI and Zn(TFSI)2 used to prepare L-DES, LZ-DES and
LZ-DES/2H2O. (b) Temperature-dependent ionic conductivity for (top) LZ-DES with various Li/urea ratios and (bottom) LZ-DES/nH2O with different water contents.
(c) Variation of viscosity and conductivity for the LZ-DES/nH2O solutions with increasing the water content (30 °C). (d) DSC and (e) Raman results for the LZ-DES/
nH2O and the pristine LZ-DES (the Li/urea ratio of 1:3.8).
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shown in Fig. 3l−m. The dilute aqueous electrolyte suffers from gas
(i.e., H2) bubbling, significantly interrupting Zn deposition. In contrast,
a dendrite-free Zn layer was achieved for cell using LZ-DES/2H2O after
40mins at 0.2mA/cm2. This situation can be also detected by naked
eyes in the case of Zn deposition onto Ti (Fig. S5). Hence, both chemical
and electrochemical stabilities of Zn are significantly increased in the
present water-in-DES electrolyte.

Further galvanostatic plating/stripping measurements were carried
out to investigate the effects of electrolytes on reversible Zn deposition.
Fig. 4a exhibits the results of cycling experiments in Zn||Zn cells at a
rate of 0.1 mA/cm2. In stark contrast to the sudden voltage fluctuation
in 0.5 M LiTFSI + 0.5M Zn(TFSI)2 after ca. 120 h, the cell with LZ-DES/
2H2O initially experienced an induction period of 30 h, and then cycled
steadily over 2400 h (3.3 months) without pronounced overpotential
build-up. Stable cycling performance is also observed using a pure LZ-
DES electrolyte, despite a slight amplified polarization (Fig. S6). Noted
that the reversibility of metallic anodes also depends on the charge-
discharge rate; side reactions at the electrolyte/electrode interface are
believed to be more competitive at relatively low rates [13,58]. Thus,
the voltage evolution was further examined at a low rate of 0.02mA/
cm2 with the charge/discharge interval being extended to 10 h
(Fig. 4b). It is apparent from figure that traditional aqueous electrolytes
are quite sensitive to the rate, and their cells exhibit premature failures,
in as little as 20 h of operation (i.e., first cycle), which is consistent with
the unstable interface and the resulting hindrance of Zn2+ transport.
Surprisingly, for LZ-DES/2H2O, the Zn plating/stripping cycling re-
mains remarkably stable even after 400 h, with symmetrical voltage
response observed in each cycle. This nearly twentyfold enhancement

in cycling life achieved by the water-in-DES electrolyte underscores its
suitability in rechargeable ZMB applications. Post-mortem SEM analysis
indicates that the electrolyte of 0.5M LiTFSI + 0.5M Zn(TFSI)2 forms
thick, loose dendritic structures/by-products on Zn while LZ-DES/2H2O
provides a finer and more compact surface (Fig. S7a–b). Furthermore,
the marked difference in the interfacial charge-transfer behavior upon
cycling in Zn||Zn cells can be verified by the electrochemical im-
pedance spectroscopy (EIS; Fig. S7c–f).

Given the fact that Zn source is limited in full cells, Coulombic ef-
ficiency (CE) is significative for evaluating how long the metallic anode
would survive. CEs in these electrolytes were measured in Zn||SS cells
at a practical deposition capacity of 0.5mAh/cm2 and a current density
of 0.5 mA/cm2 (Fig. 4c−f). The erratic stripping signals seen in cells
based on the routine aqueous electrolytes can be undoubtedly attrib-
uted to the water decomposition and resulting competitive gas evolu-
tion [13]. LZ-DES/2H2O shows a smooth and regular voltage profile as
well as much higher CEs (96.2%, 11th cycle) compared to those of
routine aqueous electrolytes (< 50%, 11th cycle). This factor can be
further optimized by choosing other substrates (for example, Au, Cu or
Ti). Besides, the relatively high overpotential of Zn plating/stripping in
water-in-DES electrolyte could be alleviated by reducing its viscosity
using non-aqueous additives or tailoring the DES composition [46,51].

The electrochemical window (EW) of water-in-DES electrolytes was
evaluated in a three-electrode cell with a SS foil as working electrode
(Fig. 4g). In a typical aqueous electrolyte (0.5 M LiTFSI), the hydrogen
and oxygen evolution reactions (HER and OER) are clearly indicated by
two irreversible processes, one cathodic below 0 V and one anodic
above 2.2 V, respectively. Because the operation potentials of Zn and

Fig. 3. Chemical and electrochemical compatibilities of aqueous electrolytes with Zn metal. (a) Reactivity of Zn foils with (1) LZ-DES/2H2O, (2) 0.25M Li2SO4

+ 0.5M ZnSO4 and (3) 0.5M LiTFSI + 0.5M Zn(TFSI)2 at room temperature (left: initial state; right: 15 days later). The surface morphology of Zn foils after
immersion in (b,e,h) LZ-DES/2H2O, (c,f,i) 0.25M Li2SO4 + 0.5M ZnSO4 and (d,g,j) 0.5 M LiTFSI + 0.5M Zn(TFSI)2 using a combination of (b−d) fluorescence
microscope, (e−g) optical microscope and (h−j) SEM. (k) Online DEMS data for Zn||Zn cells with 0.5M LiTFSI + 0.5M Zn(TFSI)2 and LZ-DES/2H2O, respectively
(inset: the profile of applied current densities). Before being connected to the DEMS, the cells experienced a prolonged standing of 20mins to check the chemical H2

evolution. Then, the currents of 0.05 and 0.10mA/cm2 were applied to monitor the electrochemical H2 evolution. In situ optical microscopic images of the Zn
electrodeposition process in (l) 0.5 M LiTFSI + 0.5M Zn(TFSI)2 and (m) LZ-DES/2H2O at 0.2 mA/cm2.
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LMO locate near these stability limits [20], the active materials un-
fortunately exhibit low CEs as well as obvious capacity fading (Fig. S8
and S9). By contrast, the L-DES/nH2O electrolytes exhibit significantly
expanded EWs (> 2.5 V), affording valid coupling of Zn and LMO. LMO
has been considered to be one of the most promising cathode materials
for aqueous batteries due to its high redox potential and structural
stability. With the LZ-DES/2H2O electrolyte, the two pairs of redox
peaks shown in the range between 1.85 and 2.2 V (cyan CV curve in
Fig. 4g) are consistent with the typical two-phase lithiation/de-lithia-
tion inherent to LMO [20,29]. No other processes, like co-intercalation
of Zn2+ and electrolyte decomposition, were detected (Fig. S21). More
importantly, the extension for the cathodic limit can be also obtained
on the metallic Zn substrate (blue dashed line in Fig. 4g). Despite a
slight narrowing of EW with adding water in pristine LZ-DES (insets in
Fig. 4g), both HER and OER are pushed well beyond the thermo-
dynamic stability limits of routine aqueous electrolytes, validating
DEMS results (Fig. 3k). Moreover, as either a dilute or an additive,
water is beneficial in reducing the viscosity and consequently, in re-
fining metallic species diffusion, as demonstrated by the reduced po-
larization (Fig. 4a and S6) and increased current response upon Zn/
Zn2+ reactions (Fig. S10). For practical applications, a balance between
the reduction in EW and the enhancement in electrochemical kinetics
must be maintained by regulating the water content and identifying the

specific water state in the DES.
FTIR was applied for monitoring the molecular state of water. For

bulk liquid water, the typical broad band of stretching modes located at
3000−3800 cm−1 has been found to be sensitive to the environment
and intermolecular interactions. Although the stretching bands of urea
unavoidably interfere with refined analyses in this area (Fig. 5a), a
distinct band at ~3600 cm−1 appears with the addition of water and
becomes increasingly obvious for the water content up to 6.18 wt% (LZ-
DES/2H2O). The new band is characteristic of chemically bonded water
(the νas mode) [59–61], in sharp contrast to the observations from
common aqueous solutions. This finding suggests that adding reason-
able amounts of water in LZ-DES does not lead to aggregates or pools of
free water, but the isolated water molecules possibly interacting with
DES components, in line with the depressed freezing points in DSC
results (Fig. 2d). No obvious change was found for the bands of urea
and TFSI– (Fig. S11), further verifying the eutectic network is largely
retained. However, with further increasing the water content, the bands
from 3100 to 3500 cm−1 and around 1640 cm−1 gradually broaden,
indicative of the presence of free water clusters (Fig. S12). Thus, the
water-in-DES definition is only suitable for present LZ-DES/nH2O
electrolytes with water contents below 6.18 wt% (n≤ 2).

The water state was further determined by 17O NMR spectroscopy,
as shown in Fig. 5b. For a 0.5 M LiTFSI control with free water being the

Fig. 4. Electrochemical reversibility and stability of Zn anodes in different electrolytes. (a) Voltage profiles in a Zn||Zn symmetrical cell at 0.1 mA/cm2 (each half
cycle lasting for 0.74 h). (b) Voltage profiles in a Zn||Zn symmetrical cell at 0.02mA/cm2 (each half cycle lasting for 10 h). The inset in (b) is zoomed-in segment of
the first cycle. The cells made with dilute aqueous electrolytes show a sudden polarization and then fail during the first cycle, whereas the LZ-DES/2H2O-based cell
performs prolonged cycles with an over 20-fold improvement. (c−e) Voltage profiles and (f) Coulombic efficiency (CE) of Zn plating/stripping using a Zn||stainless
steel (SS) cell (0.5 mAh/cm2). (g) The electrochemical stability window of the pristine L-DES and L-DES/nH2O electrolytes on the non-active SS (insets are the
enlarged views on cathodic and anodic sides) and cyclic voltammograms (CVs) of Zn/Zn2+ deposition/stripping processes (SS as the working electrode) and LMO
(coated on SS) in LZ-DES/2H2O. The blue dashed line represents the cathodic potential window of L-DES/2H2O on Zn.
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dominant species, a distinct water 17O resonance was clearly detected
around 0 ppm. However, this signal shifts to lower frequency (i.e.,
upfield) as the LZ-DES content increases. This remarkable change is
ascribed to a gradual transition from free water to bound water and the
resulting varied charge distribution on water oxygen [29,61]. In other
words, the introduction of DES likely breaks the water-water H-bonded
network, and simultaneously traps the water molecules by intensified
O−H (water)···DES and H−O (water)···DES interactions.

To theoretically elucidate the electrolyte structure, density func-
tional theory based molecular dynamics (DFT-MD) simulations were
performed. All the equilibration structures were obtained at 300 K. For
the water-free L-DES (molar ratio: urea/LiTFSI = 18:5), a highly or-
dered interaction network can be found (Fig. S13): each Li+ is co-
ordinated by four or three carbonyl oxygen atoms from urea while all
TFSI− anions are hydrogen bonded to urea. This theoretical structure of
the eutectic liquid is in agreement with the observation from the Raman
spectra (Fig. S1). As water is introduced (molar ratio: LiTFSI/H2O =
1:1 and 1:2), this network is slightly reorganized. It is clear from
Fig. 6a−d that all water molecules are confined in the DES matrix via
H-bonding with urea and TFSI− (cyan dashed lines), and intruding into
the Li+-coordination structure. Meanwhile, no free water molecules
were detected in both L-DES/1H2O and L-DES/2H2O. The resulting
radial distribution functions (rdfs; also called pair correlation functions)
between different molecules/ions describes probability distributions of
nearest-neighbor molecules at a certain distance, as displayed in
Fig. 6e−f. Despite of anticipated weakening of the DES-DES interac-
tions (urea-TFSI and Li-urea) by water [41,50,52], the electrolyte
system retains most of the eutectic essence. This unique electrolyte
structure supports the spectroscopy results described in Fig. 5 and ra-
tionalizes the suppression of free water-induced parasitic reactions on
Zn anode as discussed above. Nevertheless, the present water-in-DES
system is clearly distinct from pure DES, since water contributes to the
new bonding structures and introduces features of aquoeus system.
Further analysis of H2O-Li, H2O-urea and H2O-TFSI rdfs demonstrates
the water's preference for interplaying with metal cations over other
species (Fig. S14). This feature may be beneficial to the interfacial
charge transfer [25,26] and also accounts for the decreased polarization
of Zn/Zn2+ reactions [62–65].

The available potential ranges of electrolytes were compared in a
Zn/LMO cell by a galvanostatic method (Fig. 7a). For the electrolyte of
0.5 M LiTFSI + 0.5M Zn(TFSI)2, the charging limits are shown to be
1.91 V, 1.95 V and 2.00 V at 0.06 C, 0.12 C and 0.3 C (based on the mass
of LMO), respectively. As expected, LZ-DES/2H2O increases the

available voltage limit positively by> 0.3 V at each rate. It is known
that parasitic reactions could be kinetically hidden at high rates,
causing an overestimated reversibility [58]. Thus, a low rate would
more accurately reflect what electrolytes perform in an actual ZMB.
Below 0.2 C, the water decomposition observed in 0.5M LiTFSI
+ 0.5M Zn(TFSI)2 dramatically interrupts the LMO redox reactions, as
exhibited by in situ observation by DEMS (Fig. S15). As for LZ-DES/
2H2O, typical plateaus related to the LMO de-lithiation with highly
suppressed gas production are starkly visible at all applied rates. DEMS
further lends support to this electrochemical reliability (Fig. S16).

The compatibility of LZ-DES/2H2O with both cathode and anode
has been witnessed by voltage profiles of ZMB (Fig. 7b). At 0.06 C, the
cell delivers a discharge capacity of 117 mAh/g, based on the mass of
the LMO only. The profile in the initial cycle slightly differs from the
followed ones, corresponding to the gradual activation of the electrodes
and the electrode-electrolyte interfaces. Upon closer comparison with
the redox plateaus in different electrolytes (Fig. 7a−b), an apparent
positive shift of ∼0.11 V occurred at the cell utilizing LZ-DES/2H2O,
which produces an unprecedented average discharge voltage of 1.92 V,
substantially higher than those in traditional aqueous electrolytes
[11,66,67]. The redox behaviors of LMO in different electrolytes were
analyzed by using a Ag/AgCl reference electrode (Fig. 7c). Compared
with those in 0.5M LiTFSI + 0.5M Zn(TFSI)2, two cathodic peaks of
LMO show a positive shift by ~0.10 V in LZ-DES/2H2O. This value is
close to the change of the operation voltage range for Zn/LMO cell
between dilute aqueous and water-in-DES electrolytes. For faradic Li+-
insertion electrode materials, the modulation of redox processes to-
wards positive potentials caused by the Li+ activity change (according
to the Nernst equation) has been observed in previous works on highly
concentrated electrolytes [54,68]. Due to the synchronous upward
shifts on both cathode and anode, the voltages of resulting full cells
with single active ion (Li+) remain unchanged. Nevertheless, the pre-
sent LZ-DES/2H2O electrolyte contains a much higher concentration of
Li+ compared with that of Zn2+ (molar ratio of Li/Zn = 20), and these
two ions support their respective redox possesses without interference
from each other, which leads to a distinct difference in potential shift
between Zn and LMO (Fig. 7d). More direct evidence was obtained from
the charge-discharge comparison by using a Zn/LFP analogue (Fig.
S17), in which LZ-DES/2H2O indeed realizes a 0.12 V increase in op-
erating voltage. This nonsynchronous modulation is unique for hybrid
ion-based battery chemistries, and also offers a promising strategy for
engineering high-voltage energy storage devices.

Thanks to the high voltage output, an energy density of 224.6Wh/

Fig. 5. Spectrum analysis of water state. (a) Progression of IR bands observed in the range of 2900–3900 cm−1 with increasing water content in LZ-DES. (b) The
chemical shifts for 17O nuclei (water) in LZ-DES/nH2O and 0.5M LiTFSI.
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kg is achieved based on LMO. The cell capacity only decreases by 30%
when the rate increases from 0.06 C to 1.0 C (Fig. S18). After over 30
cycles upon continuously varied rates, a considerable capacity of 114
mAh/g is still maintained, indicating a desirable rate performance
supported by LZ-DES/2H2O. Fig. 7e compares cycling performance of
Zn/LMO cells with various electrolytes, and corresponding CEs are
shown in Fig. 7f. Not surprisingly, abnormal charge-discharge response,
inefficient charge process and huge capacity loss signify the limitation
of routine aqueous electrolytes for rechargeable ZMBs (Fig. S19–S20).
As for LZ-DES/2H2O, much higher CEs and lower capacity fading rate
are achieved; for example, 90.8% (after 300 cycles), 82.7% (after 600
cycles) and 86.6% (after 600 cycles) of the discharge capacities have
been retained at 0.1 C, 0.5 C and 2 C, respectively. Corresponding
morphology change of LMO cathode after cycling is shown in Fig.
S21a–b. Note that the pure LZ-DES can also act as an electrolyte for
ZMBs (Fig. S22–S24). However, due to its relatively high viscosity, the
polarization of Zn/LMO and Zn/LFP cells was amplified and capacities
slightly decreased.

Aside from the laboratory-scale coin cells, we also assembled pouch-
type ZMBs with a capacity of 2000 mAh to further demonstrate the
efficacy of our water-in-DES electrolyte (Fig. 8d). It has to be noted that
a truly ideal ZMB should employ just bare current collector (0× excess
of Zn) at the beginning. However, to maintain the contact surface area
and balance the electric field, thin Zn foils (13.6 mg/cm2, 11.2 mAh/

cm2, ∼9.8× excess) were still used with the sacrifice of a large part of
energy density. Besides, the estimation of energy density has to take the
electrolyte into account if in a practical manner. Contrary to the typical
“rocking-chair” mechanism in LIBs, all the active Zn on the anode
comes from the pristine electrolyte for the present Zn/LMO system
[67]. Thus, the full-cell energy density is overly dependent on the
electrolyte weight and the Zn salt solubility. To alleviate this limitation,
the partially delithiated LixMn2O4 (x≈ 0.5) was applied for the pouch-
type ZMBs.

Of note, owing to the insensitivity of water-in-DES electrolytes to
moisture and air, the present ZMB system does not require expensive
and strictly controlled assembly procedures and environment, as do
LIBs. As shown in Fig. 8a−b, the pouch cell with LZ-DEZ/2H2O
maintains an average CE of> 96.0% and exhibits an 84.8% capacity
retention after 160 cycles, which are commercially acceptable. On the
basis of the total weight of the present pouch cell, an energy density of
52Wh/kg has been achieved (with room for improvement by opti-
mizing the initial Zn inventory on the anode and by coupling with other
high-voltage cathode materials), which is comparable to Ni–MH
(60−120Wh/kg) and higher than lead–acid (25−50Wh/kg) batteries
[69,70]. Post-mortem SEM analysis demonstrates a dendrite-free sur-
face morphology of Zn anode after cycling (Fig. 8c). By contrast, in the
case of the aqueous electrolyte of 0.5 M LiTFSI + 0.5M Zn(TFSI)2, the
pouch cell suffers from serious capacity decay arising from detrimental

Fig. 6. Theoretical analysis of the water-in-DES electrolyte. (a−d) Snapshots of equilibrated electrolyte systems and representative interaction structures of H2O
molecules (H-bonding with urea and TFSI−, and coordination with Li+) for (a,b) L-DES/1H2O and (c,d) L-DES/2H2O (Li, purple; N, blue; O, red; C, gray; S, yellow; F,
light green; H, white; cyan dashed lines represent the H-bonding) obtained by DFT-MD simulations. All-atom rdfs for (e) urea-TFSI and (f) Li-urea in L-DES, L-DES/
1H2O and L-DES/2H2O at 298 K and 1 bar.
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parasitic reactions, as demonstrated by the formation of complex pro-
ducts on the Zn anode (Fig. 8e) and the drastic expansion of the cell
(Fig. 8f).

4. Conclusions

Extensive research on rechargeable ZMBs has re-emerged recently;
however, the poor compatibility of aqueous electrolytes with Zn metal
remains a huge challenge. Based on the online characterization, we
uncovered that passivation, corrosion and water decomposition

inevitably occur on Zn anode in the presence of mild aqueous electro-
lytes, as exemplified by 0.5 M LiTFSI + 0.5 Zn(TFSI)2 and 0.25M
Li2SO4 + 0.5M ZnSO4. To overcome this issue, we developed a new
water-in-DES electrolyte system by simply regulating the water/DES
ratio, in which the water reactivity maintains a remarkably depressed
level due to the formation of well-defined eutectic network. Featured
with the characteristics (low viscosity and high conductivity, etc.) from
aqueous media and the better stability from DES, this electrolyte is able
to make the Zn anode chemically robust and electrochemically re-
versible, which produces a superior rechargeability for ZMBs

Fig. 7. Electrochemical performance of ZMBs. (a) The available charging limits of Zn/LMO cells with different electrolytes. (b) Charge-discharge profiles (0.06 C
based on LMO) of Zn/LMO cell in LZ-DES/2H2O. (c) CVs of LMO in different electrolytes. (d) The relation between the potential windows (blue bands) and redox
reaction potentials of Zn (red lines) and LMO (green lines) in dilute aqueous electrolyte and LZ-DES/2H2O. The redox reaction potential of LMO is shifted upward
while that of Zn remains steady according to the Nernst equation (blue regions represent the electrochemical stability windows). (e) Cycling performance and (f) CE
of the Zn/LMO cell in LZ-DES/2H2O under various rates, in comparison with those in 0.5M LiTFSI + 0.5M Zn(TFSI)2.

Fig. 8. High-capacity pouch-type ZMBs. (a) Galvanostatic cycling performance and (b) corresponding CE of Zn/LMO pouch cells (with 9.8× excess Zn) using LZ-
DES/2H2O (between 1.5 V and 2.15 V) and 0.5M LiTFSI + 0.5M Zn(TFSI)2 (between 1.5 V and 1.95 V) at room temperature and 0.2 C. Post-mortem SEM analysis of
Zn anodes and digital pictures of pouch cells using (c,d) LZ-DES/2H2O and (e,f) 0.5 M LiTFSI + 0.5M Zn(TFSI)2 after cycling.
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A nonsynchronous Nernst modulation of redox processes, unique for
the hybrid battery chemistry, has been also explored, which realizes a
~0.11 V upward shift in the operating voltage for Zn/LMO cells.
Moreover, based on the water-in-DES electrolyte, a 2 Ah pouch-type cell
was demonstrated to achieve an energy density of 52Wh/kg (based on
the total device mass) and a long lifespan with acceptable capacity
retention (84.8% after 150 cycles). We believe that this strategy of
engineering an internal structure of eutectic system brings about a
promising way to address the intrinsic problems of Zn anodes and pu-
shes rechargeable ZMBs into the realm of practical applications.
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