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ABSTRACT

Wide operational temperature ranges for energy storage systems are in urgent demand for electric vehicles, aerospace technology,
and military and grid-scale utilization. Recently, Zn metal batteries based on co-solvent electrolyte show great promise for extreme
temperature applications. However, their performance is still remarkably limited by sluggish cationic dehydration kinetics at low
temperatures and poor cycling stability at elevated temperatures. Here, we present a moderately solvated co-solvent electrolyte
design based on the alcohol ether co-solvents. Theoretical calculations and experimental analyses reveal that the ethylene glycol
methyl ether co-solvent significantly suppresses solvated water reactivity by strengthening hydrogen bonding through its strongly
solvated ether group, while its strongly solvated hydroxyl group facilitates cationic dehydration kinetics. Consequently, Zn||PANI
batteries based on this electrolyte demonstrate stable operation across —60°C-100°C. This wide operating range of 160°C surpasses
all of the temperature ranges reported to date. The battery delivers a high capacity of 70.1 mAh g=! at —40°C under a high rate of
5 A g~!. Ultralong cyclability has been achieved over 14 000 (capcacity retention:82%) and 3300 cycles at room temperature and
70°C, respectively. This work provides new insights on moderate solvation chemistry to enable long-life metal batteries operating
across a —60°C-100°C.

scale, power grid energy storage [1, 2]. Although these merits of
aqueous electrolyte, ZMBs generally suffer from hydrogen evo-

1 | Introduction

Electrolytes, referred to as the lifeblood of batteries, function
as the pathway for ion transfer between the paired electrodes
and play a crucial role in battery performance [1]. Especially,
aqueous Zn metal batteries (ZMBs) based on aqueous electrolyte
have attracted more and more research interests owing to their
inherent safety and cost-effectvieness and great promise in large-

lution reaction (HER) and the parasitic side products originated
from the high activity of solvated water [3, 4]. To address this
challenge, recently a series of strategies on electrolyte design have
been developed, such as employing organic/inorganic additives
into aqueous electrolytes to form hydrogen bonds with water,
thereby reducing the reactivity of water [5-7].
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Despite massive efforts, most of the previous studies on elec-
trolyte design just focus on the case at room temperature [7, 8].
In fact, large-scale application of the batteries based on aqueous
electrolyte still faces some extreme operating conditions with
a wide temperature range [9-11]. For example, evaporation of
water and HER at the anode/electrolyte interface are exacerbated
at elevated temperatures over 50°C in deserts environment,
rendering the battery inoperable. One the other hand, the freezing
of aqueous electrolyte below 0°C severely compromises the
mechanical properties and cationic transport kinetics in the
application scenario of high-altitude regions. Undoubtedly, the
current state-of-the-art aqueous electrolyte fails to meet the
requirements on wide operational temperature ranges in extreme
environments [9, 10-12].

Most recently, the addition of organic polar molecules as co-
solvents into aqueous electrolytes, reducing the water solvent
ratio and disrupting the hydrogen-bonds network of water to
decrease the water reaction, has emerged as a promising strategy
to address the challenge in extreme environments [13, 14].
However, this strategy generally leads to sluggish ion transport
kinetics in the electrolye due to the trade-off between the ion
transport ability in the electrolyte bulk and the freezing point.
This drawback further gives rise to poor rate-performance and
cyclability of batteries, also affects the lower limit of the wide
temperature range [14]. Therefore, it remains very challenging to
gain fast ion transport kinetics at ultralow operating temperatures
in a co-solvent electrolyte system. On the other hand, the water
volatilization and HER phenomenon are still server at elevated
temperatures in co-solvent electrolyte due to the presence of a
high amount of solvated active water molecules, causing metal
anode corrosion and a short cycling life [14, 15].

Deep understanding of the solvation chemistry in co-solvent
electrolytes is fundamental and crucial toward wide-temperature
applications in extreme environments. Theoretically, the solvated
cation transport kinetics in co-solvent electrolyte is determined
by the cation-dipole interaction strength and solvation ability
[16-18], and the HER reaction is highly influenced by the
strength of hydrogen-bonds (H-bonds) formed between co-
solvent molecules containing oxygeneous groups and active water
molecules [13-15]. This inspires us to consider to realize superior
wide-temperature performance on aqueous batteries through the
regulation of solvation ability and the H-bond strength in the
co-solvent electrolytes.

In this work, we provide new insights on the correlation between
the strong, weak, and moderate solvation strength for cations of
co-solvents with abundant oxygenous groups and the cationic
dehydration kinetics as well as HER suppression. Moderately
solvated co-solvent electrolyte (labeled as MSol-CE) based on
ethylene glycol methyl ether (EGME) co-solvent mixed with H,O
was developed to enable Zn metal batteries operating across
an ultra-wide temperature range of —60°C-100°C. Theoretical
calculations and experimental results reveal that the moderately
solvated alcohol ether co-solvents with both hydroxyl and ether
groups, effectively inhibits HER and anode corrosion by reducing
active water (via strong hydrogen bonding between ether groups
and solvated water), simultaneously accelerating the cationic
transport kinetics through efficient dehydrate solvation (via
strong ion-dipole interaction between the hydroxyl group and

cation), as schematically illstrated in Figure 1b. Significantly,
the ZnIMSol-CEIPANI batteries demonstrate outstanding per-
formance from —60°C to 100°C, which surpasses all of the
temperature ranges reported up to date. Zn//PANI cell delivers
a high capacity retention of 82% following 14 000 cycles at 10 A
g~! at room temperature. Superior cyclability was achieved over
3300 cycles at 70°C. At extremely —60°C, the battery delivers an
ultrahigh capacity of 131.2 mAh g™! at 30 mA g'. Even at a high
current rate of 5 A g~! at —40°C, it can still maintain a capacity of
701 mAh g

2 | Results and Discussion
2.1 | Theoretical Calculation

To identify the solvation abilities of oxygen-containing co-
solvents added to aqueous electrolytes to form co-solvent elec-
trolytes, we have conducted a series of theoretical investigations
based on density functional theory (DFT) calculations and molec-
ular dynamics (MD) simulations. Notably, to avoid the influence
of steric hindrance arising from excessive differences in molecu-
lar functional groups or structures on the investigation of cationic
solvation abilities [17, 18], alcohols, ethers, and alcohol-ethers
solvents were selected as co-solvents in aqueous electrolytes. The
solvation ability of a solvent can be inferred from the intensity
of ion-dipole interactions with cations [16-18]. Molecules with
high polarity parameter ET(30), high dielectric constant, and
strong dipole moments (e.g., alcohol solvents containing hydroxyl
groups (HO-R) exhibit strong ion-dipole interactions, leading to
strong cation solvation, while ether solvents containing ether
groups (R-O-R), with lower ET(30), dielectric constant and dipole
moment, interact more weakly (Figure 2a-c). Alcohol-ether
solvents containing both hydroxyl and ether groups (HO-R-O-R)
are expected to exhibit moderate solvation strength, combining
the benefits of both functionalities (Figure 2a-c). Particularly
in Figure 2d, three different solvent molecules with similar
structures but differing functional groups were employed in
our co-solvent electrolyte design: ethylene glycol (EG), ethy-
lene glycol dimethyl ether (DME), and ethylene glycol methyl
ether (EGME). To evaluate the solvation capability of these
co-solvents, we first performed DFT calculations to determine
their electrostatic potential (ESP) distributions. The negative
regions of the ESP indicate electron-donating zones, where the
oxygen atoms in EG, EGME, and DME serve as nucleophilic
sites capable of coordinating with the Zn?** ions. The minimum
ESP values (ESP,,;,) reflect the strength of solvation coordination
with cations, where a more negative ESP,;, indicates stronger
coordination ability [19, 20]. Conversely, the maximum ESP
value (ESP,,,) is associated with molecule polarity, a lower
ESP,.. corresponds to a lower charge separation degree and
lower polarity, thus a weaker solvation [19]. Based on these
parameters, EG (ESP,,;, = —1.97, ESP,,,,, = 2.49), EGME (ESP,;,
= —1.56, ESP,,« = 2.62), and DME (ESP,,;, = —1.51, ESP,,,, =
0.87) were classified as strongly, moderately, and weakly solvating
solvents, respectively. Furthermore, the structural influence of
functional groups on coordination was considered. Compared to
hydroxyl groups, ether linkages introduce a larger steric effect and
reduced coordination efficiency, weakening the overall solvation
effect. DFT-calculated binding energies between the solvent
oxygen atoms and Zn?* support this conclusion (Figure S1).
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FIGURE 1 | Schematic diagram of electrolyte operating mechanisms. (a) Electrolyte-electrode interface reactions in aqueous electrolyte during

the battery charging process. (b) Electrolyte—electrode interface reactions in moderately solvated co-solvent electrolyte (MSol-CE) with alcohol ether
co-solvent featuring both strongly solvated hydroxyl group and weakly solvated ether group. During the battery charging process, the alcohol ether co-
solvent disrupts the water H-bond network to inhibit water freezing, and its hydroxyl group promotes the Zn?* cation dehydrate solvation kinetics via

strong ion—dipole interaction at low temperatures. Simultaneously, the HER is significantly inhibited through the strong H-bond interaction between

the ether group of the co-solvent and solvated water at elevated temperatures.

Hydroxyl groups (-OH) of EG and EGME exhibited more negative
binding energies than ether groups (-O-) of EGME and DME,
indicating stronger Zn** coordination. Accordingly, EG with two
hydroxyl groups shows the strongest Zn** coordination, DME
with two ether groups has the weakest coordination effect to Zn?*,
and EGME with one hydroxyl and one ether group displayed a
moderate solvated coordination effect to Zn?*. Notably, all three
solvents exhibit stronger binding to Zn** than H,0, suggesting
their potential to replace H,O in the inner solvation shell
of Zn?*.

To further validate the theoretical predictions and elucidate
the solvation structure of Zn>* in the presence of co-solvent,
MD simulations were performed for four electrolytes: pure
aqueous electrolyte (AE(H,0) and three co-solvent electrolytes
(CE(H,0/EG), CE(H,0/DME), CE(H,0/EGME) or Msol-CE),
each with an equimolar ratio of EG, EGME and DME co-solvents
(Figure 2e; Figure S2a-c). The radial distribution functions
(RDFs) of Zn?* obtained from MD are presented in Figure
S3, while representative Zn?* solvation structures are shown in
Figure S2. For the control electrolyte of AE(H,0) (Figure S3a),
the RDF shows an average coordination number (CN) of 5.59 for

Zn**—0(H,0) and 0.39 for Zn**—0(Cl0,~), indicating a primary
Zn**—(H,0), solvation structure, with minimal ClO,~ coordi-
nation. In contrast, the co-solvent molecules are incorporated
into the inner solvation shell due to their stronger affinity for
Zn?**, In CE(H,0/EG) electrolyte (Figure S3b), the CNs are 4.06
for Zn**—0(H,0), 0.59 for Zn**—0O(Cl0O,~) and 1.35 for Zn?*-
O(EG), suggesting the formation of a Zn**—(H,0),(C10,~)(EG)
solvation structure. This reflects the strong solvation capa-
bility of EG. For the CE(H,O/DME) electrolyte (Figure S3c),
the CNs are 4.47 for Zn**—O0(H,0), 1.34 for Zn**—0(ClO,"),
and 0.16 for Zn**—O(DME), indicating that DME is weakly
involved in Zn** coordination, consistent with its low solvation
strength. In the case of CE(H,0O/EGME) (Figure S3d), the CNs
are 4.13 for Zn**—0(H,0), 0.93 for Zn>*—0(Cl0O,~), 0.84 for
Zn>*—0O(EGME(-OH) and 0.08 for Zn**—O(EGME(-0-), indi-
cating a Zn’**—(H,0),(C10,~)(EGME(-OH) solvation structure.
The moderate contribution of EGME’s hydroxyl group supports
its intermediate coordination strength. In summary, both DFT
and the MD results demonstrate that EG, EGME, and DME co-
solvents have strong, moderate, and weak solvation capabilities
toward Zn?*, respectively. These differences significantly influ-
ence the Zn*" inner solvation structure, which is expected to
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impact Zn** deposition kinetics and electrochemical behavior—
topics explored in the subsequent sections.

To illustrate Zn?** solvation structure and coordination state
with regard to experimental analysis, we further performed
Zn K-edge XAFS measurements on the MSol-CE electrolyte at
room temperature, with the EXAFS fitting results shown in
Figure 2f,g and Figure S4. The MSol-CE shows a shift in near-
edge absorption energy toward a higher region compared with
Zn foil in the insert of Figure S4a, signifying that the electrolyte
structural clusters exist as the solvated structures of valence-
state Zn ([Zn(H,0),(EGME),(C10,7),]**) [21, 22]. Figure 2fg
show the Fourier-transformed k?-weighted EXAFS spectra of the
electrolyte and fitting analyses in the R and K spaces (The fitting
range was set as follows: 3.0 < k(A-1) <12.0and 1.0 < R(A) <2.5),
as well as the wavelet transform spectra (Figure S4b), illustrating
the coordination state of Zn-O in the Zn?* solvated structure.
The coordination numbers (CNs) of Zn—O(H,0), Zn—0O(Cl10,),
and Zn—0(ClO,) were evaluated as 4.15 + 0.2, 0.95 + 0.2, and
0.9 + 0.2 (Figure 2f), respectively, with bond distances (R(A)) of
2.04 + 0.01, 2.11 + 0.01, and 2.15 + 0.01, respectively, based on
the following acceptable fitting parameters: Debye-Waller factor
o2 = 0.0085 + 0.0028> 0 A2, inner potential correction AE, =
5.14 + 1.91 < 15 eV, and goodness of fit R-factor = 0.0013 < 0.02
[21-23]. The CNs and bond distance results of Zn—O coordination
fitted from EXAFS are broadly consistent with the RDF of
molecular dynamics simulations in Figure 2e and Figure S3d.

The desolvation steps and desolvation energies of the typical
inner Zn** solvation structures in CE(H,0/EG), CE(H,0/DME)
and CE(H,O/EGME) or Msol-CE electrolytes were investi-
gated through DFT calculations (Figure 2h; Figure S5). As
shown in Figure 2h, the Zn?*(H,0),(Cl0,”),(EG(-OH), and
Zn**-(H,0),(C10,7),(EGME(-OH), solvation structures exhibit
lower desolvation energies for the removal of H,O molecules,
compared to the Zn**-(H,0)s(C10,~),(DME), structure in the
CE(H,0/DME). This suggests that EG and EGME co-solvents
containing hydroxyl groups with strong coordination affin-
ity to Zn?>*—facilitate the dehydration process during Zn**
desolvation by participating directly in the inner solvation
shell. Summarizing the desolvation behavior, the CE(H,0/EG)
(with the strongly coordinating EG co-solvent, bearing two
hydroxyl groups) demonstrates the fastest desolvation kinetics.
The CE(H,0/EGME) (with moderately coordinating EGME,
having one hydroxyl and one ether group) exhibits intermediate
desolvation kinetics, while the CE(H,O/DME) (with the weakly
coordinating DME, containing two ether groups) shows the
slowest desolvation kinetics.

In addition to desolvation kinetics, suppression of water activity
is critical to mitigate Zn anode corrosion, which is commonly
caused by the decomposition of active water in the Zn?* solvation
shell [13, 24]. To evaluate this, DFT calculations were performed
to determine the binding energies between H,0 molecules in the
7Zn?* inner solvation shells and the EG, EGME, or DME molecules
in the outer shell across the three electrolytes (Figure 2i; Figure
S6). Results reveal that the ether-containing co-solvents (EGME
and DME) exhibit more negative binding energies with H,O
compared to the hydroxyl-only EG co-solvent (Figure 2i), indi-
cating stronger interactions with water. This suggests that ether
groups are more effective than hydroxyl groups in inhibiting H,O

activity in the Zn?* solvation structure. Further analysis (Figure
S6) confirms that the ether group of EGME exhibits stronger
binding to H,O than either the hydroxyl group of EGME or H,O
itself. This is attributed to the higher lone-pair electron density
of the ether oxygen, which enhances unidirectional hydrogen
bonding with H atoms of H,O. Furthermore, the adsorption
energy calculations (Figure S7) show that EGME can reduce the
reactive water adsorption on the Zn electrode surface, thereby
suppressing the parasitic water-induced corrosion.

2.2 | Ultrahigh-Efficiency Zn Deposition at all
Temperatures

To further verify the enhancement of efficiency and stability for
Zn anodes through different co-solvent electrolytes, the ZnlICu
asymmetric cells were assembled with ZC10-AE, CE(H,0/EG),
CE(H,0/DME), and CE(H,O0/EGME) or Msol-CE electrolytes
(Figure 3; Figures S9-S11). The as-assembled ZnlZClO-AEICu
cells show poor cycling stability (Figure S8h,i) with only 19
cycles and an average coulombic efficiency (ACE) of 94.91% at
3 mA cm~2/3 mAh cm~2 (19.2% DODy,,). This limited lifespan
is attributed to severe HER and Zn corrosion by active water
in an aqueous environment [6, 25]. Remarkably, introducing co-
solvents significantly enhances Zn anode stability at room tem-
perature. The ZnICE(H,0/EG)ICu cells demonstrated extended
cycling with 362 cycles with ACE 0f99.15% at 19.2% DODy,, (Figure
3a; Figure S10a-c). The CE(H,O/DME) further improved the
reversibility, achieving 493 cycles with an ACE of 99.27% at 19.2%
DODy, (Figure 3b; Figure S10d-f). Most notably, CE(H,O/EGME)
enabled the highest reversibility with 500 cycles (ACE = 99.59%)
at 19.2% DODg, (Figure 3c; Figure S10g-i). The superior per-
formance of DME and EGME co-solvent incorporated elec-
trolytes compared to EG highlights the role of ether groups
in suppressing HER and mitigating Zn corrosion. The trend
is further corroborated by storage efficiency testing (Figure
S11), surface morphology (Figure S12), and XRD characteriza-
tions of cycled Zn anodes (Figure S13). Beyond stability, Zn
anode reaction kinetics were evaluated through charge/discharge
polarization voltages [6]. Electrolytes with EG and EGME co-
solvents (bearing hydroxyl groups) exhibited lower polarization
voltages—indicative of faster Zn deposition/dissolution kinet-
ics, compared to the DME-based systems. Specifically, polar-
ization voltages were 100 mV for CE(H,0O/EG), 158 mV for
CE(H,0/DME), and 132 mV for CE(H,0/EGME) (Figure 3a-
c). These results were well supported by the electrochemical
impedance spectroscopy testing (Figure 3d; Figure S14). The
activation energies (E,) for Zn*>* charge transfer corresponding
to the three electrolytes are 32.05 KJ mol™ for CE(H,0/EG),
32.84 KJ mol™ for CE(H,0/EGME), and 33.67 KJ mol™! for
CE(H,0/DME) (Figure 3d). A low E, indicates fast ion charge
transfer kinetics, confirming the polarization voltage patterns
observed in the above cell with three electrolytes. Further-
more, ZnlICu asymmetric cells utilizing the CE(H,0/EGME)
electrolyte were tested under various high current densities
(5 and 10 mA cm™) and high DOD,, values (5 and 10 mAh
cm~2) to assess Zn metal anode utilization [26, 27] (Figure S15).
These results demonstrate that the CE(H,O/EGME) electrolyte
enables stable and efficient Zn plating/stripping even under high
current densities and high DOD;,, conditions. This performance
isattributed to the use of a moderately solvated co-solvent, EGME,
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featuring hydroxyl and ether functional groups. This solvent
environment effectively reduces Zn corrosion and promotes fast
Zn reaction kinetics, contributing to extended cycling life and
high Coulombic efficiencies.

Subsequently, the water activity/HER suppression capability by
the three co-solvents at high temperature and the Zn deposi-
tion/dissolution kinetics at low temperature were evaluated. The
ZnlICu cells assembled with aforementioned three electrolytes
shows Zn plating/stripping CE at 60°C, 29 cycles with ACE
of 94.95% for CE(H,0O/EG), 50 cycles with ACE of 96.70%
for CE(H,0/DME), and 50 cycles with ACE of 97.15% for
CE(H,0/EGME), indicating that EG co-solvent is not as effective
as DME and EGME in suppressing water activity (Figure 3e;
Figure Sl6a-c). As shown in Figure 3f; Figure Sl6d-f, the
ZnlICu cells with three electrolytes shows the reversible Zn plat-
ing/stripping at —40°C as follows: 13 cycles with ACE of 77.30% for
CE(H,0/DME), 50 cycles with ACE of 96.57% for CE(H,0/EG),

and 50 cycles with ACE of 98.19% for CE(H,0/EGME), indicating
that DME co-solvent is not as effective as EG and EGME
in Zn deposition/dissolution kinetics. Consequently, similar to
the results at room temperature, the CE(H,O/EGME) exhibits
the most stable cycling both at 60°C and —40°C low temper-
ature compared to CE(H,O/EG) and CE(H,O/DME) samples.
Consequently, the CE(H,0/EGME) electrolyte, containing a co-
solvent with hydroxyl and ether groups, effectively promotes Zn
deposition at low temperature and inhibits the water-induced side
reaction at elevated temperature. This bi-functional effect leads to
reduced corrosion, uniform Zn deposition, and outstanding long-
term cycling performance, as evidenced by the longest cycling life
and highest ACE among all tested electrolytes. As summarized
in Figure 2g-i, compared to CE(H,O/EG) and CE(H,0/DME)
electrolytes, the CE(H,O/EGME) (the following is represented
by MSol-CE) formulation offers an optimal balance between
inhibiting Zn anode HER/corrosion and enabling rapid Zn**
deposition.
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2.3 | Enhanced Ion Transport Ability at —60°C
Guided by the aforementioned theoretical calculations and half-
cell test results, we make sure that the Msol-CE can maintain
rapid ion transport kinetics for Zn-metal batteries at low tempera-
tures. First, the Msol-CE co-solvent electrolyte and pure aqueous
electrolyte (ZClO-AE) were subjected to a —60°C environment
(Figure 4a). While the ZCIO-AE was completely frozen, the
Msol-CE remained in a liquid state, confirming its excellent
low-temperature resistance. To evaluate the long-term cycling
performance of the Zn anode under low temperature, a ZnllZn
symmetric cell was assembled. The Znl|Zn cells using Msol-CE
co-solvent electrolyte demonstrated stable cycling performance
over 2050 h at —40°C low temperature (3 mA cm~2, 3 mAh cm~2,
displaying impressive low-temperature adaptability (Figure 4b).
These long-term cycling results are further supported by SEM
surface and 3D optical profilometry. The Zn anode surface cycled
in the Msol-CE displayed uniform morphologies in both surface
and 3D profiles (Figure 4c,d), resulting from the rapid zinc
deposition kinetics in this co-solvent electrolyte.

The enhanced ion transport kinetics in Msol-CE co-solvent
electrolyte were further evaluated by assembling full cells under

various charge-discharge current densities at —40°C. The rate-
performance of ZnlIPANI batteries using Msol-CE at varied
current densities is shown in Figure 4e, which delivered spe-
cific capacity of 116.9, 103.3, 89.5, 70.1 mAh g! at 0.5, 1, 2,
5 A g™ respectively, and remained at 109.2 mAh g~! when
reduced to 0.5 A g~'. The as-achieved rate capability is much
superior to that of other co-solvent electrolytes reported in the
literature previously [12, 27-29] (Figure 4f). For instance, the
Zn(CH,CO,)-500D, Zn(BF,),-AN/H,0, Zn(BF,),-EMIMBF,IL,
and Zn(CF;S0;)-H,0/TG electrolytes release about 80, 70, 50,
and 35 capacities at a current of 1 A g7, respectively. On the other
hand, the ZnlIPANI batteries using pure ZCIO-AE electrolyte
cannot operate effectively at —40°C due to the electrolyte freezing
(Figure 4e).

Very stable cycling was achieved in our Zn|Msol-CEIPANT full
cells with an extra-long 12 000 cycles at 1000 mA g at —40°C
(Figure 4g; Figure S17a), and 800 cycles at 200 mA g~ with a
remaining high capacity of 110.2 mAh g~! (Figure S17¢,d). Even
at —60°C, our cell cycled stably over 550 cycles at 100 mA gt
(Figure S17e,f), and over 130 cycles at 30 mA g~ with a capacity
retention of ~78% (Figure S17f,g). The improved rate-performance
and cyclability are ascribed to the maintained high rate Zn
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plating/stripping kinetics at low temperature caused by the
Msol-CE containing EGME co-solvent.

2.4 | Superior Long-Term Cyclability at
25°C-100°C

Owing to the merits of the strong H-bond between EGME and
water, which reduces the evaporation of bulk water for Msol-
CE with EGME co-solvent, we comprehensively investigated
the effects of electrolytes on anode Zn stability and battery
performance at elevated temperatures. First, to investigate the
HER and corrosion of Zn metal anode, Zn foils were immersed
for over one month in the Msol-CE co-solvent electrolyte and
conventional aqueous electrolytes as a comparison (Figures S18
and S19). The results indicate that, in contrast to conventional
aqueous electrolytes (such as ZClO-AE), Zn metal does not
undergo corrosion by water in Msol-CE, thereby preventing
the generation of by-products and HER. Electrochemical mea-
surements, including Tafel plots (Figure 5a) and linear sweep
voltammetry (LSV, in Figure 5b; Figure S20), further confirm that
our Msol-CE co-solvent significantly enhances electrochemical
stability by reducing the corrosion current (I,,) and the HER
reaction current for Zn metal anodes, as compared to ZClO-AE
electrolyte. This result is further illustrated by Fourier-transform
infrared (FTIR) spectra (Figure 5c; Figure S21). The EGME,
capable of forming strong H-bonds with water, can reduce the
amount of bulk water and break the H-bond network of water in
Msol-CE, thereby avoiding corrosion and HER on the Zn metal
surface. The H,O/EGME mass ratio in the Msol-CE is 4:6, and a
higher ratio of EGME resulted in flammability concerns, posing
safety and environmental risks [30] (Figure 5d).

To evaluate the long-term cycling stability of Zn anodes, ZnllZn
symmetric cells were assembled. Znl|Zn cells with ZCl1O-AE elec-
trolytes exhibit a short cycle life of 31 h at 19.2% DOD,,,, indicating
the presence of HER and Zn anode corrosion (Figure S22). In
sharp contrast, the EGME incorporated co-solvents drastically
improved the cycling stability over 2150 h at 5 mA cm™/10
mAh cm™2 (64% DODy,,, Figure S23e). Moreover, as displayed
in Figure 5e and Table S1, the Msol-CE with EGME co-solvent
outperforms other representative reported electrolyte systems
[10, 27, 29-36], offering a clear advantage in simultaneously
achieving high areal capacity, high DODy,, and ultra-long cell
life for Zn anodes. The as-observed superior performance should
be attributed to the EGME co-solvent lowering water activity,
HER and Zn corrosion, as demonstrated by characterization of
the Zn surface after 100 cycles (Figures S24-S26). At an elevated
temperature of 60°C, the ZnIMsol-CEIZn symmetric cells also
demonstrated stable cycling performance for over 980 h at 60°C
high temperature (Figure 5f). Also, the Zn surface after cycling in
Msol-CE at 60°C shows no signs of Zn metal corrosion, which is
similar to that at room temperature (Figure 5g,h). These features
contribute significantly to the extended cycle life and enhanced
stability of Zn-based cells. Building on these promising results,
the performance of the Msol-CE was further evaluated in full
ZMBs.

The stability of the Zn anode in the Msol-CE was further evalu-
ated by assembling full cells using a PANT cathode under various

charge-discharge current densities. First, at room temperature,
the cell achieves approximately 14 000 stable cycles with a
capacity retention of 82% at 10 A g™! (Figure 5i; Figures S27 and
S28). The superior cycling stability and high capacity retention
in the Msol-CE system can be attributed to its effect on the
suppression of Zn corrosion. Furthermore, compared with the
other state-of-the-art electrolyte systems reported in the literature
[10, 29, 34-40], our Msol-CE electrolyte demonstrates merits in
both high capacity retention and long cycle life (Figure S28f
and Table S2). More importantly, beyond room temperature,
the ZnlIPANI batteries with Msol-CE demonstrate exceptional
cycling stability under harsher conditions, which delivered stable
cycling at current densities of 1, 5, and 10 A g~ up to 60°C (Figure
S29). Notably, under extreme conditions of 70°C, the ZnlIPANI
batteries achieved ultralong cycling stability of 3300 cycles at
10 A g™ (Figure 5j; Figure S29g). Even at a higher temperature
up to the boiling point of water of 100°C, the as-assembled cell
maintained a discharge capacity of 97.3 mAh g! after 380 cycles
(Figure 5k; Figure S29h). Note that such a lifespan is more than
three times longer than that in 100°C-operared Zn//Te batteries
using Zn(OTf),-H,O/PD co-solvent electrolyte [23]. The self-
discharge tests were performed to assess the high-temperature
stability of the Znl|PANI battery under 24, 48, and 72 h calendar-
aging conditions (Figure S30a-f). These tests indicate that,
compared to ZClO-AE, MSol-CE enables ZnlIPANI batteries to
exhibit superior self-discharge and capacity storage performance
at high temperatures of 70°C and even 100°C (Figure S30a-
d). Moreover, the ZCIO-AE system causes the Znl|[PANI pouch
battery to swell substantially due to HER after resting for 24 h at
70°C, whereas this deleterious swelling is markedly diminished
for the MSol-CE system over periods of 24, 48, or 72 h (Figure
S30e,f). The above results can be largely ascribed to the fact
that MSol-CE is capable of effectively suppressing the HER side
reaction and zinc corrosion caused by the decomposition of active
water in aqueous electrolytes. In addition, the Znl|IPANT battery
with MSol-CE is still subject to self-discharge during long-term
cycling at 100°C ultra-high temperatures, leading to irreversible
capacity loss (Figure S30g).

Furthermore, we performed XRD, XPS, and Zn K-edge XAFS
analyses on the PANI cathode after full charging and discharging
to elucidate the energy storage mechanism and high-temperature
stability of Zn//PANI batteries (Figures S31a-f, and Tables S5 and
S6). The results indirectly verify the Zn?>"/H* co-intercalation
mechanism in the PANI cathode, and demonstrate that the
Zn** or H* insertion/extraction process is highly reversible
without residual by-products in MSol-CE during the first charge-
discharge cycle at 70°C high temperature (Figure S31a,b). The
Fourier-transformed k?-weighted EXAFS spectra of the fully
discharged PANI electrode show the strong coordination state
of Zn-N (R(A) = ~1.5 A), whereas fully charged PANI fails to
reflect this coordination due to its excessively low Zn content
(Figure S31c,d). These results reveal that the Zn storage process
at the PANI cathode is highly reversible, without the formation
of extensive Zn-based by-products at 70°C high temperature
during the first charge—discharge cycle. Additionally, the results
of infrared spectroscopy on the MSol-CE electrolyte/separator
show the PANI dissolution or degradation is likely absent due
to the co-solvent reduces water reactivity, thereby preventing
polymer hydrolysis (Figure S31f).
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2.5 | Wide Temperature Performance Comparison
Finally, we show a comprehensive performance comparison of
our Msol-CE electrolyte with other state-of-the-art electrolytes
(gel electrolyte, eutectic electrolyte, additive electrolyte, high-
concentration salt electrolyte) reported in the literature [10, 31,
37, 40-52]. At the low temperature limit of —60°C, the ZMBs
based on our designed Msol-CE exhibit a specific capacity of
131.2 mAh g!, which is significantly higher than that of ZMBs
using other state-of-the-art low-temperature electrolytes reported
in the literature (as shown in Figure 6a; Table S3). Benefited

from the accelerated zinc ion transport ability, a superior rate-
capability of 70.1 mAh g has been achieved. Meanwhile, at
elevated temperatures, it undergoes 3300 cycles at 70°C (Figure 6b
and Table S4). This lifespan is much longer than that of ZMBs
with other state-of-the-art high-temperature electrolytes in ZMBs
(Figure 6b). Furthermore, as clearly shown in Figure 6c, the
wide temperature range of 160°C is ahead of other recently
reported electrolyte designs, highlighting the superior thermal
adaptability of the Msol-CE design. The electrolyte exhibits a
high ionic conductivity at —60°C-100°C indicates that it pos-
sesses excellent ionic transport properties and rate performance
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(Figure S32). As a practical application, the Zn//PANI pouch
batteries (high cathode loading mass: 10-18 mg cm~2) with our
designed Msol-CE electrolyte show high rate stability at low and
elevated temperatures and successfully power a light bulb and an
electric fan (Figures S33 and S34).

3 | Conclusion

In summary, this work presents the design of EGME/H,0 mod-
erate solvated co-solvent electrolytes to simultaneously address
the challenges of severe hydrogen evolution at elevated temper-
atures and sluggish dehydration kinetics at low temperatures
for rechargeable ZMBs. The key aspect of this strategy involves
achieving moderate solvation effects by selecting alcohol-ether
solvents, with strongly solvating hydroxyl functional groups and
weakly solvating ether functional groups. The strong solvation
functional groups within moderately solvated co-solvents can
promote cationic dehydration solvation, whilst the weakly sol-
vated functional groups more effectively inhibit HER reactions
involving solvated water dehydrogenation in cationic solvation
structures. Consequently, Znl|[PANI batteries based on this alco-
hol ether co-solvent electrolyte demonstrate stable operation
across —60°C to 100°C, and this wide operating range of 160°C
surpasses all of the temperature ranges reported to date. The

batteries deliver a high rate capacity of 70.1 mAh g! at 5 A
gl in —40°C. Superior cyclability was respectively achieved
over 14 000 (capcacity retention:82%) and 3300 cycles at room
temperature and 70°C. The findings provide broader insights
into co-solvent solvation structure regulation for the development
of next-generation aqueous metal batteries capable of operating
in extreme environments. This electrolyte formulation strategy
can also be applied to other aqueous energy storage systems
(iron metal batteries, Mg metal batteries, etc.) toward wide-
temperature range applications.
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