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Triple Regulation of Water Molecules Behavior to Realize
High Stability and Broad Temperature Tolerance in Aqueous
Zinc Metal Batteries via a Novel Cost-Effective Eutectic

Electrolyte

Wensong Lv, Yi Tan, Chengyue Guo, Xin He, Lingxing Zeng, Jinliang Zhu, Le Yang,

Zhengjun Chen, Xucai Yin, Jing Xu, and Huibing He*

The high activity of water in aqueous electrolyte causes drastic side reactions
on the Zn anodes, severely limiting the electrochemical performance of aque-
ous zinc metal batteries (AZMBs) under extreme conditions. Herein, levulinic
acid is developed as the hydrated deep eutectic solvent (DES), to build a novel
non-flammable and cost-effective ZnSO,-based eutectic electrolyte with triple
regulation of water molecules behavior, enabling highly stable AZMBs over a
wide temperature. In situ experiments, molecular dynamics simulations, and
spectroscopy analysis jointly reveal that the DES is capable of comprehensively
lowering the water activity by simultaneously controlling the behavior of the
free, solvated, and interfacial water molecules within the eutectic electrolyte
system. Consequently, the Zn anodes exhibit ultralong cycling stability (4500 h
at 1 mA cm~2/1 mA h cm~2), decent Coulombic efficiency of 99.39%, and
excellent temperature tolerance (—20-50 °C). Notably, the designed 2.0 Ah
Zn//VOX pouch cell exhibits a recorded actual energy density of 37.46 Wh Kg™!
and 95.38 Wh L~ at the whole cell level, with a remarkable capacity retention
of 81.01% after 150 cycles, demonstrating the potential for scale-up into real
AZMBs. This work provides an in-depth understanding of the correlation be-
tween the water molecule behavior and electrochemical properties of AZMBs.

1. Introduction

The development of low-cost, environ-
mentally friendly, and safe large-scale en-
ergy storage technologies is particularly
important for the popularization of green
renewable energy.l'l Due to the supe-
rior capacity of Zn anode (820 mAh g~!
and 5855 cm™?), moderate operating po-
tential (—=0.76 V vs SHE), inherent safety,
and particularly the adoption of water-
based electrolytes, aqueous Zn metal
batteries (AZMBs) have emerged as a
promising candidate for grid-scale en-
ergy storage, which has attracted more
and more attention in recent years.!?]
However, the water plays a double-edged
sword role in manipulating the AZMBs
performance. Just as an old saying goes,
water can carry a boat but also cap-
size it. On the one hand, the water-
based electrolytes with high ionic con-
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ductivity enable superior electrochemical

performance in AZMBs. On the other

hand, the large amount of free water
with strong hydrogen bonds, the abundant bound water in the
Zn ions solvation structure, and the rampant absorbed water on
the Zn electrode interface collectively contribute to the high ac-
tivity of water molecule, which also triggers the persistent and
deep-rooted issues, such as the detrimental Zn dendrites, sponta-
neous corrosion and by-product aggregation on the Zn electrodes
(Figure 1a,c), posing a significant threat to the further develop-
ment of AZMBs.l*! Therefore, reducing the water activity in the
aqueous electrolyte system by manipulating the water molecules
behavior is the key to stabilizing the Zn anode interface for sus-
tainable and reversible AZMBs.

Up to now, numerous efforts for regulating the behavior of
water molecules have been devoted to modulating the interface
chemistry in AZMBs, including electrolyte design, anode sur-
face modification, and separator development. Among these
strategies, the straightforward and cost-effective electrolyte engi-
neering, which saturates all the components within the cell, has
proven to be a highly efficient and practical method for inducing
reversible and stable Zn stripping/plating performance.”]
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Figure 1. a, b) Schematic illustration of the different behavior characteristics of water molecules in aqueous electrolytes with or without the addition
of AEV. c) The effect of triple regulation of water molecules behavior on the electrolyte environment and Zn electrode interface evolution. d) Price of
the zinc salts based on the Sigma price list. ) LUMO and HOMO energy values of H,0, CsHgO3; molecules. The corresponding molecular structures
and geometry structures are shown in the insets. f) DSC curves of the DES-X electrolytes. g) The ionic conductivity and viscosity of DES-X electrolytes.
h) Comparison of the nucleation overpotential (1,) and growth overpotential (,) of DESO, DES30, DES50, and DES70 electrolyte. i) Photographs of the
ignition test of the glass fiber after immersing them into the DES50 solution.
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In the conventional aqueous electrolytes, the term “water
molecule” can be subdivided into three distinct categories: free
water, solvent water, and adsorbed water. In general, the in-
troduction of hydrogen bonding acceptor or donor substances
into aqueous electrolytes can effectively inhibit the activity of
water molecules and lower the freezing point of aqueous elec-
trolytes, which is achieved by breaking the initial H,0-H,O hy-
drogen bonding networks, coordinating with water molecules
and restricting the contact of absorbed water molecules. Based
on this theory, the introduction of high-concentration electrolytes
can effectively reduce the number of free water molecules and
effectively break the original hydrogen bonding network be-
tween water molecules. The use of high-concentration elec-
trolytes has been demonstrated to effectively alleviate the issues
on the zinc anode side, which is achieved by the reduced per-
centage of free H,O molecules and alteration in the interfacial
ion concentration.[®! For example, Fang et al. developed a high-
concentration (30 M) ZnCl, “water-in-salt” electrolyte,l’] driv-
ing the solvation structure of Zn?* shifted from [Zn(H,0)¢]**
to [ZnCl,)** and [ZnCl,(H,0),]** when the concentration rises
from 5 to 30, resulting in the weakened hydrogen evolution and
widened electrochemical window from 1.6 to 2.3 V.[®) Unfortu-
nately, highly concentrated salts are usually expensive and harm-
ful to the environment. Besides, the high viscosity and poor
ionic conductivity of the high-concentration solution largely re-
strict the ion transportation kinetics and further degrade the bat-
tery performance.®) In addition, by adding organic co-solvent to
the aqueous solution, the hybrid aqueous electrolyte can offer
extremely low freezing points. Most organic functional groups
can act as hydrogen bonding acceptors and/or donors, forming
strong coordination interactions with water, which allows hy-
brid aqueous electrolytes to regulate the coordination behavior
of bound water in the Zn?** solvation sheath. Despite their low
viscosity, organic solvents often present a low boiling or flash
point, posing a potential fire hazard. To date, the exploration of
novel electrolyte designs combining low concentrate, economic
salts, low viscosity, non-flammability and minimal water activity
for a wide-temperature operating range, represents a highly ur-
gent and challenging endeavor.

Deep eutectic solvents (DES) are unique types of solvents con-
sisting of two or more components mixture that interact with
each other through hydrogen bonding.' The DES are charac-
terized by solidifying at significantly lower temperatures than
their individual constituent,!'*) owing to the remodeled solvation
structure from conventional water or organic solvents. Compared
to the aqueous solvents, DES feature stable and organized sol-
vation structure,'?l which aids in coordinating with Zn?*, and
forms a new HB network with H,O, thereby diminishing ac-
tive H,0 molecules within the solvation layer and extending
the electrochemical window of the electrolytes. As a result, the
Zn deposition becomes more uniform and less side reactions
occur on the electrode surface. Ciucci et al. developed a new
type of DES containing sulfolane (SL) and Zn(ClO,),-6H,0.*3
Such unique water-in-DES structure reduced the water activity,
with expanded electrochemical window and enhanced Zn?* de-
position quality. Although DESs are economically feasible, non-
flammable, and stable, they are characterized by a high binding
energy that brings about substantial electrolyte viscosity, which
can slow down the ion transport and increase the battery polar-
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ization. To address this challenge, researchers are exploring small
molecule cosolvents with strong polarity, low viscosity, and a large
dielectric constant,!'™ which can tightly control the amount of
water molecules to maintain the optimal solvated structure and
ionic conductivity.

Here, due to 2M ZnSO, that has been used in the eutec-
tic electrolyte,*l and levulinic acid (C;H,0;) with its low cost,
moderate Lewis alkalinity, and excellent electrochemical /physical
properties,l>] we have developed a novel DES-based aqueous
electrolyte consisting of x vol % levulinic acid and (1-x) vol
% water as the co-solvent, and 2M ZnSO, as the solute (de-
noted as DES-X). In comparison, the electrolyte in the control
group involves water as the sole solvent (DES-0). As shown
in Figure 1b,c the preferential adsorption of AEV molecule re-
duces the presence of adsorbed water on the Zn surface, result-
ing in suppressing drastic side-reactions.['®] Besides, the eutectic
electrolyte could simultaneously regulate dipolar-molecule (AEV-
H,0) and dipolar-ion (AEV-Zn?*) interactions, thus to reshape
the hydrogen-bond (HB) network and Zn?** solvation sheath.
Subsequently, large amount of the free H,O is captured by AEV-
H, O HB network, thus to broaden the battery operating temper-
ature range. Meanwhile, the solvated H,O is replaced by AEV
molecules to enter into the Zn?* solvation sheath to diminish
the active water number upon Zn plating process. As a result,
the zinc dendrite, HER, and corrosion are largely inhibited. The
fabricated Zn|DES50|Zn symmetrical cells produce outstanding
cyclic performance (over 1800 h at 5 mA cm™2, 650 h even at
a high depth of discharge (DOD) of 80%, and wide operating
temperature range of —20~50 °C). Moreover, the Zn//VOX full
cells demonstrate excellent cycling stability at both high (50 °C)
and low temperatures (—20 °C). Encouragingly, the designed
2.0 Ah Zn//VOX pouch cell harvests an actual energy density of
37.46 Wh Kg ., 7! and 95.38 Wh L ,; 7!, with a considerable capac-
ity retention of 81.01% after 150 cycles. These findings offer new
insights into the development of low-cost and effective eutectic
electrolytes for practical AZMBs.

2. Results and Discussion

The high cost of the Zn salts in the DES electrolyte has been a
significant obstacle to the advancement of AZMBs. In order to
reduce the cost of electrolytes, the cheapest zinc sulphate salts
are selected (Figure 1d). To demonstrate the electrochemical sta-
bility of different solvent molecules of AEV and H,O, we cal-
culated their lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) energies. AEV ex-
hibits both a higher LUMO (0.74 vs. 0.55 eV) and lower HOMO
(=9.01 vs. —8.81 eV) value compared to H,O, suggesting that
AEV molecule is more resistant to accept/lose electrons from
the Zn anode than free H,O (Figure 1e), which may be benefi-
cial for broadening the electrochemical stability window of the
electrolyte.l'”] Most importantly, an AEV molecule contains two
dipoles (—COOH and —C=0) that can both act as the hydrogen
bond acceptor, which is expected to effectively disrupt the origi-
nal HB network by forming enhanced hydrogen bonding inter-
actions with water (water acts as a hydrogen bond donor). Thus,
aqueous hybrid electrolytes with AEV as co-solvent can attain a
low freezing point (Figure S1, Supporting Information).!8]
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Considering the adverse effect of the high viscosity and low
ionic conductivity of eutectic electrolytes at room temperature,
we prepare a series of aqueous DES electrolytes with varied vol-
ume ratios of water to AEV. All the DESs are homogeneous and
colorless liquid at room temperature. As shown in Figure 1f,
the freezing point of DES-X decreases gradually as the propor-
tion of AEV increases due to the ability of DES electrolyte to
intensify AEV-H,O HB getting stronger. Notably, the molar ra-
tio of these two substances significantly influences the hydro-
gen bond network within the liquid, as demonstrated by the
temperature difference in the freezing point. Specifically, the
optimized AEV ratio was determined by the physical and elec-
trochemical properties. Among all the DES-X electrolytes, the
DES50 has the highest ion conductivity (4.51 mS cm™) with
moderate viscosity (100.37 cp) (Figure 1g; Figure S2, Support-
ing Information). Meanwhile, the introduction of organic AEV
co-solvent also affects the zinc nucleation overpotential (1,) and
growth overpotential (1,) on the Zn electrode. Both the #, and
n, gradually decrease when the AEV ratio increases from DESO
to DES50 (Figure 1h; Figure S3, Supporting Information), which
is beneficial for the uniform plating/stripping process.[®] How-
ever, limited by the low ionic conductivity and high viscosity,
the 7, and 7, in DES70 turns to increase. Therefore, the DES50
is selected for the optimized eutectic electrolyte in the follow-
ing study. In addition, the Fourier transform infrared (FT-IR)
spectra show that the stretching vibration of carbonyl group in
DES50 presents red shift compared with the pure AEV (Figure
S4, Supporting Information), indicating the coordination of Zn?*
with oxygen in AEV and the successful construction of eutec-
tic electrolyte system. As AEV is a flammable organic solvent, it
is necessary to conduct ignition testing on the DES electrolytes
(Figure 1i). The DES50-soaked glass fiber separators did not catch
fire after 9 s ignition tests, which identified the non-flammable
nature and high security of the AEV-containing eutectic
electrolytes.

The mechanism of dendrite growth and side reaction inhibi-
tion by DESS50 was systematically investigated through theoret-
ical calculations and experimental characterizations. Within the
eutectic system, hydrogen bond donors and acceptors are neces-
sary to create a stable H-bond network. The electrostatic poten-
tial calculations (ESP) map of an AEV molecule reveals that C=0
group is much attractive to hydrogen atoms because of its prime
negative charge distribution, providing more strong nucleophilic
sites for cationic and hydrogen bond donors (Figure 2a).l'5 The
interaction of hydrogen bonds and solvation structures in various
electrolytes was explained. The O—H stretching modes of water
molecules (bending vibration 1600-1700 cm™' and stretching vi-
bration 3000-3500 cm™!) were detected in the FTIR spectra,?!
showing a noticeable shift to lower wavenumbers with increased
AEV concentration (DES0: 3613.02 cm™', DES50: 3611.02 cm ™!,
and DES70: 3602.93 cm ™) (Figure 2b). The result illustrates that
the carbonyl group of the AEV molecule tends to coordinate with
Zn?*, replacing the H,0 molecule. Generally, the decrease of
free water molecules suppresses the formation of [Zn(H,0)¢]**
and slows down the water decomposition. Additionally, local Ra-
man spectroscopy of the electrolytes (O—H stretching vibration
at 3200-3500 cm™!) further verified the solvation behavior of the
AEV co-solvent in the DES solution. As the AEV concentration
increases, the peaks of the O—H stretching band in Raman spec-
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tra (Figure S5, Supporting Information) shifted to higher posi-
tions, indicating that AEV co-solvent has effectively altered the
coordination environment around Zn** and reduced the num-
ber of active H,O molecules (free water molecules). To further
analyze the H-bond states in different electrolytes, their percent-
ages were calculated based on the areas of the three fitted peaks
(Figure S6a,b, Supporting Information). As presented, the ratios
of strong H-bond are gradually increased while the weak H-bond
decreased with the increased concentration of AEV, suggesting
the progressive devastation of the H-bond structure by increas-
ing the AEV content. Furthermore, the decreased availability of
free water was also supported by the nuclear magnetic resonance
(NMR) spectroscopy (Figure 2c). The 'H peak of DESO was cen-
tered at 4.7174 ppm, which gradually shifted to a lower field (a
higher chemical shift) at 4.7207 and 4.7246 ppm with 50 and
70 vol% of DES, respectively. The spectroscopic results suggest
the strong coordination between Zn?* and AEV, which results in
the decreased electron cloud density around the free H,O with a
de-shielding effect.[?"]

Molecular dynamics (MD) simulations coupled with density
functional theory (DFT) calculations were employed to investi-
gate the solvation structure and hydrogen bond state of DESO and
DES50 (Figure 2d,g). As depicted in Figure 2h,e, the coordination
number (CN) for Zn?*-H, 0 in the DES50 (CN = 5) is lower than
that in DESO (CN = 6), implying that the AEV successfully en-
ters the first solvation sheath of Zn?*, with approximately one
AEV molecule with an average distance of 2.10 A. Meanwhile,
the state of hydrogen bond structure in different electrolytes is
analyzed (Figure 2f,i). The addition of AEV destroys the weak hy-
drogen bond structure between H,O molecules, reducing the av-
erage hydrogen bond ratio from 78.20% to 45.4%. Instead, a new
kind of stable hydrogen bond structure with intensity of 14.1%
is created between AEV and H,O. The MD simulation results
align with the DFT calculation, which shows the binding en-
ergy of AEV-H, 0 (16.260 kcal mol™!) is higher than that of H,O-
H, 0 (3.552 kcal mol™!). Due to the introduction of AEV, the H,0
of Zn?* solvation shell and the content of weak hydrogen bond
of H,0--H,0 are significantly reduced, which tremendously in-
hibits the corrosion of the Zn anode. The Tafel plots further sup-
port this conclusion, demonstrating that the addition of AEV
leads to the decreased corrosion current density (I,,,) and more
positive corrosion potential (Figure S7 Supporting Information).
Within the eutectic electrolyte system, the binding energy of AEV
to Zn?* is greater compared to those of AEV-H,0 and H,0-Zn?*
(Figure 2j). The larger binding energy also leads the lower forma-
tion energy of the solvated molecules of [(Zn(H,0)sAEV]**, as
shown in Figure 2k.1?2] In addition, the electrochemical stability
window (ESW) of electrolyte was evaluated using electrochem-
ical linear sweep voltammetry (LSV). As the altered hydrogen
bonding structure of DES50, the formation of a stronger hydro-
gen bond structure between AEV and H, O molecules inhibits the
transfer of protons/hydroxides and the separation of ionic prod-
ucts in the Volmer step.!?!3] With the increase of AEV content, the
ESW of electrolyte is expanded from 1.31 to 2.52 V and hydrogen
evolution overpotential increases from 0.38 to —0.19 V (Figure
S8, Supporting Information).*) Meanwhile, DES50 owns the
highest Zn?* transference number (t,,>* = 0.68, Figure 2I;
Figure S9 Supporting Information) among the DES-X electrolyte
system.
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Figure 2. a) The electrostatic potential map of an AEV molecule. b) FTIR spectra of O-H bending vibration peaks between 1500-1800 cm~" and 3000~
3600 cm~". c) "H NMR spectra of different solutions. d,g) Molecular dynamics (MD) calculation simulation diagrams for ZnSO, and ZnSO, -AEV. e,h)
Simulated radial distribution functions (RDFs) and coordination number (CN) of Zn?*in DESO and DES50 electrolyte. f,i) different types of hydrogen
bonds ratio collected from the MD simulation of DESO and DES50. j) Binding energies for Zn?* with AEV, Zn?* with H,0O, AEV with H, 0, and H,O with
H,0. k) Free energy changes the solvation structure of from [(Zn(H,0)¢]** to [(Zn-(H,0)sAEV]?*. ) The Zn?* transference number of DES-X.

The optical images revealed that the zinc anode soaked in
DES50 remained clean over seven days. In contrast, the zinc
anode submerged in DESO was severely corroded, resulting in
a rough and uneven surface (Figure S10, Supporting Informa-
tion). The enhanced anti-corrosion performance of Zn anode in
DES50 electrolyte could be ascribed from the absorption behav-
ior of AEV molecules on the Zn anode, which was investigated
by using energy dispersive X-ray spectroscopy (EDS) (Figure 3a,b;
Figure S11, Supporting Information). The uniform distribution
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of C, O, S and Zn elements suggests that AEV molecules fully
cover the Zn metal surface, thus protecting the Zn anode from
the water-induced erosion. XRD analysis was performed to an-
alyze the crystal phase composition of Zn foil after immersion
in DESO and DES50 electrolytes (Figure 3c). The characteristic
peaks of the Zn,SO,(OH),xH,0 (ZSH) by-product appear in
the XRD pattern of the Zn foil after immersion in DESO, but no
obvious ZSH-related peaks were observed in the DES50. Gener-
ally, in the pure ZnSO, solution (DESO0), the corrosion reaction
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Figure 3. a) SEM image and the corresponding EDS mappings of b) C, O, and S, Zn element on the Zn metal foil after immersing into the DES50
solution. c) XRD patterns of the Zn anode after immersing into the different electrolytes for 7 days. d) ATR-FTIR spectrum of the pristine Zn foil and the
Zn foil in DES50. e) Zeta potentials of Zn anodes in DESO/DES50 for one day. f) XPS spectra of C 1s for the Zn foil after immersion in DESO/DES50.
g) Comparison of the absorption energy of H,O and AEV molecules on the Zn (002), Zn (101), and Zn (100) plane with the optimized recumbent
adsorption mode. h) Change in contact angle of DESO and DES50 over time. i) Side view of ELF results for Zn (002) slab with AEV and the planar average

potential from Zn (002) surface to the interface adsorbing AEV.

generates the by-products ZSH (PDF#39-0688) on the Zn foil, as
shown in the following Equation (1-3):24

Zn — Zn** + 2e” (1)
2H,0 +2e” - H, + 20H" ()
4Zn** + 60H™ + SO.™ + xH,0 — Zn,SO,(OH); - xH,0  (3)

As shown in the SEM images and EDS spectrum (Figure S12,
Supporting Information), abundant irregular hexagonal ZSH
nanosheets randomly grew and distributed on the Zn surface af-
ter immersion in the DESO electrolyte for 7 days, with the propor-
tion of O and S content reaching 41.21%, confirming the genera-
tion of plentiful ZSH by-products. As anticipated, the surface of
the zinc foil remained smooth and flat after being immersed in
the DES50 electrolyte, with a much lower percentage of S signal
detection, suggesting the suppressed ZHS formation. The pres-
ence of C and O may be attributed to a portion of AEV that was
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adsorbed onto the Zn metal, confirming that AEV could be firmly
adhered onto the Zn anode.

The surface chemistry evolution after immersion was inves-
tigated using Attenuated Total Reflection Fourier Transform In-
frared Spectroscopy (ATR-FTIR) spectrum (Figure 3d). The board
peak locating at 3445 cm™ is attributed to the O—H asymmetric
stretching vibration. Besides, the peak at 1416 cm™ is assigned to
the O—H asymmetric bending vibration. The characteristic peaks
at 1563, 1059 cm™' can be assigned to the in-plane bending vibra-
tion of C=0, and the asymmetric stretching vibration of —-C-0O
of AEV molecule, respectively.[?*] The coordination between AEV
and Zn** was also clearly verified by the increased Zeta poten-
tial of Zn anode from —2.17 mV (DESO0) to 8.65mV (DES50),
(Figure 3e), indicating that the O-rich functional group in AEV
can capture Zn”* in the electrolyte through the coordination with
Zn?*. The regulated Zn?* coordination environment not only re-
stricts the random diffusion of Zn?*, to induce rearrangement
of ion distribution,[?®! but also reduces the quantity of coordi-
nated water molecules, thereby suppressing the H,O-induced
side reactions.[””] Moreover, the XPS results further confirmed
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the AEV molecules adsorption. As shown in Figure 3f, the C 1s
peak can be deconvoluted into three species originating from the
—C=0, —C—0 and —C—C/C—H bonds, respectively.?®] Due to
the AEV molecules have strong polar functional groups (—C=0),
the XPS spectrum of Zn foil immersed in DES50 electrolyte
shows that the characteristic peak intensity of C=0 (288.57 eV)
is higher than that of the corresponding peak (C=0) (288.86 eV)
immersed in DESO0. Additionally, for the Zn foil after immersion
in DES50 electrolyte, the distinct signals at 510.10 eV for C=0 in
the O 1s spectrum are detected, which is attributed to adsorbed
AEV molecule (Figure S13, Supporting Information). In contrast,
due to the presence of a by-product (Zn,SO, (OH),-xH,0), a char-
acteristic O 1s peak of OH™ (529.68 eV) appears after immersion
in the DESO electrolyte.[?]

DFT calculations were further carried out to excavate the un-
derlying adsorption mechanisms of AEV and H,O molecules on
Zn metal anode. As presented in Figure 3g, AEV delivers signifi-
cantly more negative adsorption energies than the H,O molecule,
no matter on which crystal planes and surface sites of Zn crystal,
confirming the preferential adsorption of AEV on the surface of
Zn metal. Specifically, the absorption mode of AEV with different
states on the Zn (002), (101), and (100) plane was also investigated
to find out the optimized absorption configurations between the
Zn anode and AEV molecules (Figure S14, Supporting Informa-
tion). The AEV placed in a recumbent position exhibits a lower
absorption energy compared to that of AEV placed vertically or
parallelly on both the Zn (002) and (100) planes. Besides, the ver-
tically placed AEV owns the lowest absorption energy than the
recumbent and parallel mode on Zn (101) plane. The DFT calac-
ulations results suggest that AEV is preferentially adsorbed on
the Zn anode whether in a recumbent state on the Zn (002) and
(100) planes or a parallel state on the Zn (101) plane.>"

To support the priority adsorption of AEV, the dynamic con-
tact angle was measured to determine the wettability of DESX
(X=0and 50) on the surface of the Zn substrate. DESO displays a
larger contact angle of 87.24° than DES50 (44.73°). The difference
of ~25° in the contact angle was maintained as evidenced by the
contact angle of 46.64° in DES0 and 21.88° in DES50 after 10 min
of rest (Figure 3h).3!l Preferentially adsorbed AEV exists in the
electric double layer (EDL), which is advantageous for occupying
the reactive sites to avoid the hydrogen production and homoge-
nize the zinc electrodeposition. The electron transfer from the Zn
metal to the interface is simulated using the electron localization
function (ELF). As shown in Figure 3i, a shielding buffer layer
is constructed on the (002) of Zn with enriched electrons, which
will decrease the deposition rate of the fast-moving cations.['!
The distribution of ELF was confirmed by the decrease in planar
average potential for the Zn slab with parallelly adsorbed AEV.
Additionally, the shielding buffer layer with different states on the
Zn (101) and (100) plane was also measured by ELF, and the pla-
nar average potential for the Zn slab also reduced when AEV was
adsorbed parallelly (Figures S15 and S16, Supporting Informa-
tion). Therefore, it is predicted that the preferentially adsorbed
AEV molecules could effectively inhibit the dendrite growth
to protect the Zn anode by adjusting the localized electronic
structure.

Moreover, the electric double-layer capacitance (EDLC) of Zn
anodes was also investigated to demonstrate the absorption ef-
fect of AEV molecule on the EDL structure. The larger calculated
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EDLC in the DES50 (67.43 pF cm™2) compared with that of the
control sample (31.77 uF cm™2) confirms the thickened EDL by
AEV adsorption (Figure S17, Supporting Information).*?! The
AEV molecules will replace the absorbed H,O dipoles to reduce
the water content at the EDL layer, thus suppressing the various
side reactions. To further show the inhibition of the side reactions
enabled by the AEV molecules adsorption, dynamic measure-
ment of Zn//Zn symmetric cells with alternative cycling and rest-
ing measurement was carried out under rigorous conditions that
repeat the step of cycling and resting at 1 mA cm™2, 1 mAh cm—2
(Figure S18, Supporting Information). The DES0O symmetric cells
exhibit short-circuit after only two restarts, while the DES50 sym-
metric cells show extremely long and stable voltage hysteresis for
cycling more than 4500 h. The above results strongly confirm the
superior performance of AEV molecules adsorption and inhib-
ited water-related side reactions, which are substantially impor-
tant to guarantee the long-lasting ZIBs in aqueous system.[>’]

A classical EDL model is composed of a Helmholtz plane (HP)
layer and a diffusion layer. (Figure S19, Supporting Information)
illustrates the evolution of the EDL structure before and after
the introduction of AEV co-solvent. Water dipoles tends to ab-
sorb on the anode surface rather than the hydrated Zn?* ions
(Zn(H,0)4**) with large dehydrate energy.** Therefore, a H,O-
rich interface has been constructed on the surface of Zn in the
DESO electrolyte. And the zinc metal surface acquires a negative
charge, which is expected to repel anion molecules primarily to
the region outside the outer Helmholtz plane (OHP). However, in
the DES50 electrolyte, the preferentially absorbed AEV molecules
would replace free H, O to absorb on the Zn anode surface, recon-
structing an H,O-poor HP layer. Besides, in the diffusion layer of
EDL, a large amount of H,0-H,0 HB is broken, with building
of a brand new AEV-H,O HB network. Throughout the EDL, the
activity of a large quantity of free water is significantly reduced,
which definitely suppresses the water-induced side reactions.*’]

To assess the impact of DES50-regulated EDL structure on the
Zn deposition behavior, Figure 4a displays the cyclic voltamme-
try (CV) curves of the Zn//Cu asymmetric cells tested in different
electrolytes. The nucleation overpotential was denoted as the gap
between the crossover point B and the point A/A’ where Zn?*
ions was first to be reduced.*®! Notably, the Zn nucleation over-
potential was smaller in the DES50 electrolyte than that in the
DESO electrolyte, suggesting a higher Zn deposition kinetics and
alower nucleation barrier in the DES50 electrolyte system. More-
over, the Zn//Zn symmetric cell with DES50 electrolyte exhibits
larger integrated peak areas compared with the cell with DESO
electrolyte (Figure S20, Supporting Information), demonstrating
the improved interfacial activity enabled by the AEV molecules
absorption, which leads to a rapid transfer of Zn?** and acti-
vates more nucleation sites for Zn?>* deposition.”! The increas-
ing nucleation sites and distinct zinc deposition patterns were
also proved through the chronoamperometry (CA) measurement
(Figure 4b). In the DESO electrolyte, the current density of the
cell continuously increases, indicating an uncontrolled 2D diffu-
sion of zinc ions. In contrast, the cell in the DES50 electrolyte
achieves a steady current density only after initial 50 s, reflecting
the constant 3D diffusion of Zn?* after Zn nucleation,!*®! which
helps mitigate the “tip effect”, and finally induces uniform Zn
deposition. In addition, the linear sweep voltammetry (LSV) test
showed a negative shift in HER onset potential in the DES50
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Figure 4. a) Cyclic voltammetry (CV) curves of the Zn//Cu asymmetric cells. b) CA curves at —150 mV overpotential. Insets are the schematic illustrations
of the 2D diffusion and 3D diffusion of Zn?*. c) Hydrogen evolution reaction (HER) performance of the Zn anode in the DESO/DES50. d) In situ optical
microscope observation of Zn deposition in the DESO/DES50 at 10 mA cm~2. e) XRD patterns of the Zn electrodes after 50 cycles in DESO and DES50.
Top-view and side-view SEM images of the Zn anode cycled in DESO (f, g) and DES50 (h, i). 3D CLSM images and the corresponding surface roughness
curves of Zn anodes cycling in DESO (j) DES50 (k) after plating.

electrolyte compared with DESO electrolyte, indicating the bet-
ter ability of DES50 to suppress hydrogen evolution reaction
(Figure 4c). SEM images were captured for the cycled Zn foil in
DESO or DES50 electrolytes (Figure S21a,b, Supporting Informa-
tion). After 10 cycles in the DESO electrolyte, a few by-products
and Zn dendrites were formed on the surface of the Zn metal.
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With the increased number of cycles beyond 50, numerous sharp
and irregular ZSH particles, as well as Zn dendrites and depo-
sition holes, appeared on the Zn anode. The phenomenon be-
comes more noticeable after 100 cycles. However, the Zn foil cy-
cled in the DES50 electrolyte remained smooth and flat as the
number of cycles increased, with no dendrites or by-products
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observed. The results indicate the effective inhibition of Zn den-
drite formation and harmful reactions induced by the DES50
electrolyte.

In situ optical microscope was utilized to visually highlight
the regulated zinc deposition behavior on the Zn foil electrode.
In the DESO electrolyte, obvious Zn corrosion emerges on the
Zn surface after 10 min plating and constantly expands in the
later 20 min. As the deposition time prolongs, the zinc deposi-
tion layer becomes much thicker on the Zn metal. Furthermore,
the deposited layer of Zn appeared to be flufty in the form of den-
drites, which could potentially lead to a poor Coulombic efficiency
(CE), battery performance degradation, and further the internal
cell short-circuits (Figure 4d). In sharp contrast, during the en-
tire 30-min plating process, the surface of the Zn electrode in the
DES50 maintains a dense and uniform deposition morphology,
without any dendritic protrusions. Based on the excellent perfor-
mance of the DES50 electrolyte in inhibiting Zn dendrite forma-
tion and detrimental reactions, the Zn//Zn symmetric cell exhib-
ited a cycle life of over 1600 h (1 mA cm~2, 1 mAh cm™2), 350 h
(1 mA cm™2, 10 mAh cm™) and 720 h (5 mA cm™2, 2.5 mAh
cm™2), as shown in Figures S22-S24 (Supporting Information),
respectively. However, in the DESO electrolyte, the Zn//Zn sym-
metric cell failed after cycling of only 80 h (1 mA cm™, 1 mAh
cm™2), 50 h (1 mA cm™2, 10 mAh cm~2) and 40 h (5 mA cm~2,
2.5 mAh cm=2. Crystal phase and surface morphology characteri-
zations for the cycled Zn anodes were implemented to figure out
the reasons behind the exceptional Zn stripping/plating perfor-
mance. Figure 4e shows the XRD patterns of the Zn foil after
cycling in DESO/DES50 electrolytes. There is no XRD peaks for
ZHS by-products detected on the surface of the Zn anode after
200 cycles at 1 mA cm~2 and 1 mAh cm~2 in DES50 electrolyte.
Similar conclusions can also be drawn from the SEM observa-
tions and confocal laser scanning microscopy (CLSM) images. In
the DESO electrolyte, the surface of the cycled Zn electrode was
covered with irregular flake-like dendrites and by-products, dis-
playing a highly uneven deposition of Zn (Figure 4f,g). In stark
comparison, the Zn electrode in the DES50 electrolyte exhibits a
dense and smooth surface without any observed Zn protrusions
or dendrites, suggesting the uniform electrochemical Zn plating
and stripping during repeated cycles (Figure 4h,i).*) Conspic-
uously, the surface of cycled Zn anode in the DESO electrolyte
exhibits an undulating protrusion with a maximum roughness
of 29.931 um (Figure 4j), while a relatively flat and dense sur-
face with a value of only 11.337 um can be found in the 3D con-
focal image of the Zn anode operating in the DES50 electrolyte
(Figure 4k).

The Zn anodes reversibility was evaluated by measuring the
CE of Zn plating and stripping using asymmetric Zn//Cu cells
at0.5 mA cm~? and 0.5 mA h cm~2 (Figure 5a). The CE of Zn//Cu
cell in DESO decayed quickly after 35 cycles with severe voltage
fluctuations, which may be ascribed to the dendrite-induced lo-
calized short circuiting during cycling. On the contrary, the cell
in DESS50 maintained a high average CE of 99.39% for over 300
cycles. Accordingly, the nearly overlapped voltage curves for the
selected cycles of the Zn//Cu cell using the DES50 electrolyte also
indicates the reversible Zn stripping/plating process with much
reduced electrode polarization. (Figure S25, Supporting Informa-
tion). To further verify the outstanding Zn stripping/plating re-
versibility, CE at an area capacity of 1 mA h cm™? with a higher
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current density of 5 mA cm™2 was also investigated in Zn//Ti
cells (Figure S26, Supporting Information), where the Zn//Ti cell
with DES50 also showed higher CE than the controlled DESO.
The cycling properties of the Zn//Zn symmetric cells at a high
current density of 5 mA cm™ are shown in Figure 5b. The
Zn/[Zn symmetric cell in the DESO electrolyte fails after only
50 h of cycling due to the intensive voltage fluctuations, while
the cycle time of the Zn//Zn symmetric cell in the DES50 elec-
trolyte is greatly extended to 1800 h by a factor of 36, indicating
the stable and reversible Zn plating/stripping performance. To
demonstrate the effectiveness of our proposed strategy, we com-
pared the performance of Zn//Zn symmetric cells with other
works focusing on electrolyte engineering (Figure 5c; Table S1,
Supporting Information). The performance of our battery with
DES50 is the state-of-the-art one among the previous works, high-
lighting the positive role of AEV co-solvent in achieving high
cumulative capacity, which is a key index for practical applica-
tions. The cycling stability of Zn anodes under high depth of
discharge (DOD) is regarded as a reliable indicator for evaluat-
ing metal-anode-based battery systems. Surprisingly, the cell as-
sembled with DES50 electrolyte exhibits a deep cycling perfor-
mance for nearly 650 h at a high DOD of 80% (Figure 5d). In
comparison, the cell in the DESO electrolyte happens a short cir-
cuit only after 60 h during the second discharge cycle, indicating
its poor deep-cycling capability in the blank ZnSO, electrolyte.
The step-by-step rate performance provides additional evidence
for the improved reversibility of the Zn anode under various cur-
rent densities ranging from 0.5 to 5 mA cm~2, with a fixed capac-
ity of 1 mAh cm™? (Figure 5e). The cell using DES50 electrolyte
demonstrates a stable voltage hysteresis throughout the exami-
nation time of 120 h. In contrast, the cell with DESO electrolyte
experiences a short-circuit after 39 h when the current density
increases to 1 mA cm™2.

In particular, the hydrated eutectic electrolyte exhibits good
electrochemical properties under extreme conditions due to the
strong hydrogen bonding interactions between the AEV solvent
and water molecules, which extend the battery cycling temper-
ature range.l*"! Even at a low temperature of —20 °C, the sym-
metrical Zn//Zn cells with DES50 maintained good stability for
720 h at a current density of 0.25 mA cm~? and an areal capac-
ity of 0.25 mAh cm~? (Figure 5f). However, DESO electrolyte at
—20 °C prevents the cell from operating normally. Likewise, the
Zn//Zn cell with DES50 exhibited an extended lifespan of over
200 h at 50 °C under the same current density and area capacity
(Figure 5g). In contrast, the cells containing DESO suffered a sud-
den short circuit after only 40 h of plating/stripping maybe due
to the thermo-driven side reactions and severe dendrite growth at
high temperatures. These findings demonstrate the exceptional
stability of the Zn anode facilitated by the DES50 eutectic elec-
trolyte whether the battery operates under normal or extreme
conditions, showing promising prospects in the pursuit of all-
climate aqueous AZMB:s.

To assess the feasibility of the DES eutectic electrolyte in
practical battery applications, the commercial vanadium oxide
xerogel (VOX) powder was synthesized and used as the cath-
ode material to assemble the “rocking-chair” Zn//VOX full cells
(Figure 6a; Figure S27, Supporting Information).*!l In the
rechargeable Zn//VOX battery system, DES50 or DESO, glass
fiber, and Zn foil are used as electrolyte, separator, and anode,
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Figure 5. a) CEs of Zn//Cu cells in DESO and DES50 at 0.5 mA cm™2

Time (h)

and 0.5 mAh cm~2. b) Cycling performance of Zn//Zn symmetrical cells in DESO

and DES50 (5 mA cm™2 and 1 mAh cm™2). ¢) The comparison of the DES50 system with recent reports focusing on eutectic electrolytes. d) Cycling
performance of symmetric Zn cells at a zinc utilization rate (ZUR) of 80%. e) Rate performance of the Zn//Zn symmetric cells with a fixed plating capacity
of 1 mAh cm=2. Cycling performance of Zn//Zn symmetrical cells at f) —20 °C and g) 50 °C (0.25 mA cm~2 and 0.25 mAh cm™2).

respectively. As shown in Figure 6D, the shape of the CV redox
peak does not change after the addition of AEV, indicating that
the DES50 electrolyte has little effect on the redox behavior of
VOX cathode. Besides, the Zn//VOX full cell with DES50 shows
superior redox reversibility with a narrower voltage gap between
the redox peaks, which matches well with the charge-discharge
plateaus in the voltage profiles, indicating higher electrochemi-
cal activity in the presence of AEV. The better electrochemical ac-
tivity can be evidenced by the lower charge transfer impedance
(~38.8 Q) in the EIS spectrum results (Figure S28, Support-
ing Information). As a consequence, the Zn//VOX full cell in
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DES50 displays better rate performance than the cell in the
DESO electrolyte at all the current densities ranging from 0.1
to 5 A g7', and back to 0.1 A g~'. Battery storage life is a cru-
cial factor to evaluate battery performance, particularly for aque-
ous rechargeable energy storage systems. As displayed in Figure
S29 (Supporting Information), after 24 h rest, the Zn//VOX
cell using the DES50 electrolyte holds a higher capacity re-
tention (90.3%) than that with the DESO electrolyte (84.30%).
The better storge performance would contribute to a longer
cycling life of the battery. As expected, the cell working in
the DESO electrolyte shows the specific capacity fading from
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Figure 6. a) Schematic illustration of the discharge process in a Zn//VOX full battery with DES50 electrolyte. b) The CV curves of the Zn//VOX cells in

DESO/DESS50. c) Rate performance, and long-term cycling performance at 1

Ag~Tatd) —20°C and e) 50 °C, respectively. f) The photo of the designed

2.0-Ah Zn//VOX pouch cell and illustration of the internal configuration. g) The exhibition of the pouch cells powering a small fan. h) Cycling performance
of the assembled pouch cell. i) Voltage-capacity curves at different cycles of the Zn//VOX pouch cell.

186.7 to 66.65 mAh g=! after 1000 cycles, with a poor capac-
ity reservation rate of 35.5%, which is mainly due to uncon-
trolled zinc dendrite growth and side reactions during cycling.3*!
In sharp contrast, the battery in the DES50 electrolyte pro-
vides a superior capacity retention of 70.5% in the 1000" cy-
cle, with the specific capacity maintained at 125.5 mAh g~!
(Figure S30, Supporting Information). Besides, the battery in the
DES50 electrolyte of the long-term cycling performance at 0.1
A g™! also displays an excellent capacity retention of 80.07% in

Adv. Energy Mater. 2025, 15, 2403689
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the 100" cycle (Figure S31, Supporting Information). The sig-
nificant improvement in the long-term cycle stability is mainly
due to the addition of AEV co-solvents in the electrolyte, which
promotes uniform Zn?* deposition as well as inhibits the water-
related side reactions, thus producing highly reversible Zn plat-
ing/striping performance upon cycling. Notably, the Zn//VOX
cell using DES50 still delivers a capacity retention of 77.92%
(850 cycles) and 84.76% (800 cycles) at the extreme temperatures
of =20 and 50 °C, respectively (Figure 6d,e). The impressive coin
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cell performance with DES50 eutectic electrolyte encourages us
to package a large-capacity pouch cell to demonstrate the poten-
tial commercialization of the DES electrolyte. The pouch cell was
fabricated by a bipolar structure with a size of 50 mm (length) x
40 mm (width) X 10 mm (thickness), which contains eight stacks
of anode-separator-cathode (Figure 6f; Figure S32, Supporting In-
formation). Based on the cell specifications (Table S2, Supporting
Information), the Zn//VOX pouch cell capacity was designed to
be 2.0 Ah, which, to the best of our knowledge, represents the
large capacity family among the Ah-level AZMBs that has been
seldomly reported.[*?] The pouch cell is capable of driving the ro-
tation of a small fan (Figure 6g). Under the practical conditions
of double-side thick electrode (44.6 mg cm~2), and thin Zn foil
(50 um) with a high ZUR of 42.7%, the pouch cell stably operates
150 cycles with a considerable retention of 81.01% of its initial
capacity (Figure 6h,i). The actual energy density of the Zn//VOX
pouch cell was calculated as high as 37.46 Wh Kg~! and 95.38 Wh
L' based on the whole pouch cell, which is almost twice of the
popular all-vanadium flow battery,*! demonstrating its high po-
tential to be scaled up as safe and reliable energy storage devices.

3. Conclusion

In summary, we have designed a novel cost-effective eutectic elec-
trolyte with triple functional regulation of water molecular be-
havior that utilizes small AEV molecules as the eutectic solvent
to improve the overall performance of the AZMBs. First, in the
DES50 eutectic electrolyte, the activity of free water is effectively
reduced due to the strong interaction between AEV and H, O that
reshapes the hydrogen bonds network between water molecules.
Second, the solvation structure of zinc ions is regulated with the
decreased number of coordinated water. Lastly, the preferentially
adsorbed AEV molecules impede the direct contact of the ab-
sorbed water at the Zn electrode interface. As a result, the sym-
metrical Zn cells cycle with DES50 electrolyte cycle for more than
1800 h (5 mA cm~2, 1 mAh cm™2) and 650 h even at a high DOD
of 80%, which can also normally work even within a wide tem-
perature range of —20-50 °C. Furthermore, the Zn//VOX full
cells demonstrate excellent cycling stability and superior temper-
ature tolerance. Most importantly, the packaged 2.0 Ah Zn//VOX
pouch cell exhibits a high-capacity retention of 81.01% after
150 cycles, harvesting a remarkable actual energy density of
37.46 Wh Kg~! and 95.38 Wh L' at the whole cell level. This
work offers a significant reference to advance low-cost and high-
performance aqueous zinc batteries from the perspective of triple
regulation of water activity.
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