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Aqueous zinc metal batteries often encounter uncontrollable failure or per-
formance decay under thermal environments, primarily due to the severe side
reactions caused by aqueous electrolytes. Here, an organic-inorganic-H,O
multiphase aqueous soggy sand electrolyte is reported to enhance high-
temperature performance of aqueous zinc metal batteries. Soggy sand com-
ponents form strong interactions between the heterogeneous phases, recon-
structing hydrogen-bond networks and forming water-deficient solvation
structures, which greatly limits water activity and improves thermal stability,
eliminating parasitic reactions and inspiring a uniform Zn deposition at ele-
vated temperatures. As a result, multiphase aqueous soggy sand electrolyte
enables aqueous zinc metal batteries to achieve an operating temperature of
140 °C, a lifespan of 1700 cycles, and a current density of 8 Ag™. More
importantly, the application of this electrolyte allows the stable cycling of Zn
metal pouch cells under continuous operation at elevated temperatures. This
work paves the path towards electrolyte design that enables aqueous batteries

to cycle stably under thermal environments.

The exponential growth of modern industrial systems has created an
urgent demand for high-temperature (HT) resilient energy storage
devices with intrinsic safety across mission-critical sectors, particularly
in aerospace engineering, oil drilling and extraction, and geophysical
exploration operations'?. Compared with organic Li/Na ion batteries,
aqueous zinc metal batteries (AZMBs) exhibit nonflammability, high
theoretical capacity (820 mAhg™ or 5855 mAh cm™), and cost-effec-
tiveness, making them highly promising for intrinsically safe electro-
chemical energy storage systems>*. However, the performance of
current AZMBs is hampered by side reactions inherent to aqueous
electrolytes, such as hydrogen evolution reaction (HER) and zinc cor-
rosion at the negative electrode, as well as positive electrode material
dissolution®®. These issues are kinetically accelerated at elevated
temperatures due to enhanced ionic mobility and reaction kinetics’. In
addition, when the working temperature rises close to the boiling

point of water, gas evolution intensifies, leading to battery pack
swelling and significantly curtailing the cycle life of AZMBs®. Therefore,
there is an urgent need to develop long-life AZMBs capable of oper-
ating under thermal conditions.

To date, extensive research endeavors have been dedicated to
enhancing the electrochemical performance of AZMBs under elevated
thermal conditions, involving electrode structure modification®™,
interface coatings construction®, and HT-resilient electrolytes
engineering®*", Among these methods, improving the thermal stabi-
lity of aqueous electrolytes represents a highly effective strategy to
optimize the HT performance of AZMBs. Recent advancements in
electrolyte formulation demonstrate that gel-based electrolytes®'®,
eutectic electrolytes™”, and cosolvent-modified electrolytes*™® effec-
tively mitigate the detrimental side reactions in AZMBs, enabling
stable cycling performance at elevated temperatures. For instance, Liu
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et al. have constructed a multi-component gel electrolyte with multiple
advantages of “liquid-like” high conductivity, “gel-like” robust inter-
face, and “solid-like” high Zn** transfer number, enabling a lifespan of
5000 cycle lifetimes with 91.3% capacity retention at 50 °C%. Yan et al.
have reported a ternary deep eutectic electrolyte, effectively inhibiting
water activity and promoting the interfacial stability of the electrolyte/
electrode, thereby enabling long-term operation across a wide tem-
perature range from —20°C to 70 °C". Han et al. have designed a
temperature self-adaptive electrolyte by introducing tetraglyme (TG)
with high thermal stability as a cosolvent, forming a carbonate-
containing SEI layer conducive to inhibiting HER and electrode cor-
rosion at elevated temperature, leading to an enhanced cycling stabi-
lity at 75 °C'®. Previous reports demonstrate that although traditional
electrolyte design strategies have made some progress, the perfor-
mance of AZMBs remains unsatisfactory at high operating tempera-
tures, especially at temperatures close to or even exceeding the boiling
point of water. It is necessary to develop an electrolyte strategy to
promote the application of AZMBs under thermal conditions.

Herein, we propose an electrolyte strategy of constructing an
organic-inorganic-H,O multiphase aqueous soggy sand electrolyte
(MASSE), which endows a high operating temperature of 140 °C for
AZMBs. The dual fixation of diethylene glycol solvents and Al,O3
nanoparticles greatly limits the activity of free water, as evidenced by
molecular dynamics (MD) simulations, Raman, and Fourier transform
infrared (FTIR). The multiphase interactions induce water-deficient
solvation structures, leading to an improved thermal stability in
MASSE, as confirmed by density functional theory (DFT) calculations,
extended X-ray absorption fine structure (EXAFS), and in situ tem-
perature Raman. Furthermore, MASSE effectively inhibits water-
induced side reactions and facilitates uniform Zn plating/stripping
behavior at elevated temperatures, as supported by in situ electro-
chemical impedance spectroscopy (EIS), differential electrochemical
mass spectrometry (DEMS), scanning electron microscopy (SEM), and
laser scanning confocal microscope (LSCM). As a result, Zn||PANI full
cells exhibit a cycling lifespan of 1700 cycles, an operating tempera-
ture of 140 °C, and a high current density of 8 A g™. Noticeably, MASSE
enables the Zn metal pouch cells stable cycling at an HT of 80 °C. This
work presents an electrolyte design paradigm enabling AZMBs to
operate stably under thermal conditions.

Results

Limited water activity and thermally robust solvation structure
in MASSE

The impact of Al,O5; particle size on electrolyte stability was first
investigated. The zeta potential of MASSE containing different-sized
Al,Oj3 particles was utilized to assess the stability between the solid and
liquid phases (Supplementary Fig. 1). The absolute value of the zeta
potential gradually increases with decreasing Al,O5 particle size, indi-
cating the enhanced charge density on the particle surface, which
hinders Al,05; sedimentation and phase separation through electro-
static repulsion. Optical images of MASSE further confirm that no
observable phase separation occurs when the particle size is reduced
to 30 nm, validating the uniformity under actual operating conditions
(Supplementary Fig. 2). In addition, the ionic conductivity and visc-
osity of MASSE electrolytes with different sizes of Al,O; were mea-
sured. The viscosity of Zn(OTf),-DEG and MASSE is greatly increased
compared to Zn(OTf),-H,0 due to the introduction of a large amount
of DEG and Al,O5 nanoparticles, which leads to enhanced polarization
at room temperature (Supplementary Fig. 3a). This phenomenon is
closely related to particle size: as particle size decreases, the viscosity
of MASSE electrolytes continuously increases, owing to the greater
number of surface hydroxyl groups (-OH) (Supplementary Fig. 3b). The
ionic conductivity reaches a maximum when 10 nm Al,O; is added, as
excessively small particles increase viscosity while overly large parti-
cles impede ion migration (Supplementary Fig. 4). Based on a

comprehensive consideration of conductivity, viscosity, and stability,
subsequent studies selected 10 nm Al,O; as the standard additive
component.

Water molecules exhibit three-dimensional hydrogen-bond (HB)
networks characterized by diverse O-H-O geometric configurations.
Elevated temperatures induce anomalous HB activation in the
Zn(0Tf),-H,0, which manifests as accelerated side reactions. In con-
trast, our fabricated MASSE demonstrates physical and chemical sta-
bility with abundant strong HB formations (Supplementary Fig. 5). To
elucidate this phenomenon, DFT calculations were performed. Elec-
tron density maps reveal the formation of HB bridges between the
components (Fig. 1a and Supplementary Data 1). The H,0-H,0 HBs in
bulk water exhibit a binding energy of —0.314 eV. Introducing DEG or
AlO;5 creates significantly stronger interactions with a more negative
energy difference for H,O-DEG (-0.364eV) and H,0-Al,O;
(-0.704 eV). These computational results demonstrate that weak
H,0-H,O HBs can be effectively disrupted through competitive
binding, preferentially forming robust HB networks between additives
and water molecules. This synergistic interaction mechanism sub-
stantially suppresses water activity by disrupting the original HB fra-
mework. The HB populations and interaction strengths in various
electrolytes were systematically investigated via MD simulations. Our
analysis framework defines HBs geometrically based on two critical
parameters: HB angle and HB length, with bond strength exhibiting an
inverse correlation with length and direct proportionality to angle.
Notably, all simulated systems demonstrate remarkably stable HB
configurations, suggesting both thermodynamic and structural con-
vergence of the systems. As illustrated in Fig. 1b, the Zn(OTf),-H,O
exhibits the highest density of H,O-H,O HBs, quantitatively correlat-
ing with the maximum water activity observed. In contrast, the
Zn(OTf),-DEG demonstrates significantly reduced HB counts between
water molecules, attributable to DEG establishing additional HBs with
water species. Notably, in the MASSE, Al,O5 introduces strong polar
interactions with water, effectively eliminating H,O-H,O HB networks
while promoting the formation of structurally optimized HB config-
urations. Figure 1c, d demonstrates a paradoxical phenomenon in the
MASSE: While H,0-H,O HBs exhibit both elongated bond distances
(increasing from ~0.262 nm in Zn(OTf),-H,O to 0.277 nm) and con-
tracted bond angles (reducing from 101.8° to 97.4°), these structural
modifications correspond to a significant weakening of intermolecular
interactions. These results reveal that introducing Al,O; and DEG
effectively establishes strong HBs with water molecules (Supplemen-
tary Figs. 6-8). This interaction disrupts the original HB networks
among water molecules, ultimately leading to a marked suppression of
water activity.

The reshaping effect of Al,O5; and DEG on the HB networks of H,O
molecules was demonstrated by Raman spectra and FTIR spectra. The
stretching vibration of O-H in the range of 3000-4000cm™ is
deconvoluted into two peaks, corresponding to the strong H,0-H,O
HBs (=3230cm™) and the medium H,0-H,O HBs (=3480cm™),
respectively (Supplementary Fig. 9). The introduction of Al,O3 and
DEG greatly attenuates the peak intensity of O-H stretching, revealing
a weak water activity. In addition, with the incorporation of Al,03 and
DEG, the population of strong HBs decreases by 19% concomitantly
with an 81% enhancement in medium HBs, demonstrating strong
interaction between the MASSE components and water molecules
(Fig. 1e). In the FTIR spectra (Fig. 1f), the O-H stretching vibration of
H,0 in electrolytes within the range of 3000-3800 cm™ is deconvo-
luted into three peaks, assigned to “network water” (NW, 3205 cm™),
“intermediate water” (IW, 3433cm™), and “multimer water” (MW,
3560 cm™). The NW depicts water molecules with strong HBs, while the
MW reveals a weak HB and a poor link to the surrounding water®’. The
impact of the MASSE components on the HB network can be quanti-
tatively analyzed by comparing the areal ratios of NW, IW, and MW, as
displayed in Fig. 1g. The MASSE exhibits the highest proportion of MW

Nature Communications | (2026)17:309


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67020-z

L I e B Bl B Stttk 1
1 1 1
i H,0-H,0 ! H,0-DEG ! H,0-Al,0,
: - T e
1 1 ’ 1
B O E>d A T
1 X 1 . ¢ S : ‘ e
: : 2 ™ 1 4 '
' » ¢ ' - AN | 2
; N o = =
1 @ ' 1 Sy ' i"' ¥ Jo )
I 1 1 ! il |
1 1 1
1 1 1
i AE =-0.314 eV : AE =-0.364 eV : AE =-0.704 eV
oC ' H 0O o Al 27¢v IIRTEE 27V
b c doos
1600] — Zn(OTf),-H,0 H,0-H,0 40] —2Zn(OTN)-H,0 H,0-H,0 H,0-H,0 — Zn(OTf),-H,0
€ 14001 Z -y
£ PR | 3 =
g .§ 201 @ 0.041
@ 2254 & &
150 {
, , 0.001— . . .
0 10 20 30 40 50 0.20 0.25 0.30 0.35 90 100 110 120
Time (ns) Distance of HB (nm) Angle of HB (degree)
e f ; g NW w MW
Medium HB B Zn(OTf),-H,0
s Strong HB n MW 100
() T
£ S '
5 ; . 75
s g g
= 2 5 50
= o ©
£ § o 25
:¢¢J> 2 B 0
Zn(OTf),-H,0 4000 3500 3000 2500 Zn(OTf),-H,0

Fig. 1| The inhibition of water activity in MASSE. a Electron density maps and
energy difference of hydrogen-bond (HB) complexes between H,0-H,0,
H,0-DEG, and H,0-Al,05; MD simulation results of the H,O-H,0 HBs in different
electrolytes: b counts, ¢ distances, d angles of the HBs; e The intensity of strong

Wavenumber (cm™')

H,0-H,0 HBs and medium H,0-H,O HBs in different electrolytes, obtained by
Raman spectra; f The FTIR spectra of O-H stretching vibration of water molecules
in different electrolytes; g Comparison of the areal ratios of network water (NW),
intermediate water (IW), and multimer water (MW) in different electrolytes.

and the lowest proportion of NW component among all electrolytes,
which indicates a drastically decreased water activity and, conse-
quently, an improved thermal stability.

The HT performance of AZMBs is fundamentally governed by the
thermal robustness of the solvation structures in the electrolyte.
Structural instability within these solvation complexes can trigger a
cascade of detrimental electrochemical processes, including electro-
lyte decomposition, interfacial impedance escalation, and uncontrol-
lable side reactions, ultimately leading to thermal runaway scenarios?.
MD simulations were conducted to investigate the Zn** solvation shells
at 80 °C (Supplementary Data 2-4). As shown in Fig. 2a-c, 3D snap-
shots from the MD simulations demonstrate homogeneous spatial
distribution of all constituent species, especially Al,03. To quantify the
local environment around Zn*, the radial distribution function (RDF)
with respect to Zn** and the coordination number (CN) were calculated
(Supplementary Table 1). Figure 2d illustrates that H,O and OTf" in the
solvation sheath are located at 1.92 A and 1.86 A away from Zn?, with
an average CN of 5.05 and 0.95 for Zn*', which generates H,O-rich Zn*
solvates for Zn(OTf),-H,0. In the Zn(OTf),-DEG, the CN of H,0O

decreases to 0.86, and DEG appears at 1.9 A away from Zn* with an
average CN of 3.75 (Fig. 2e). Notably, as evident from Fig. 2f, Al,O5
species with a CN of 0.68 exhibit preferential spatial association with
Zn*'. The emergence of the Al,O; RDF peak stems from the DEG-
induced electrostatic interaction, which effectively bridges the inter-
facial gap between Zn?" and Al,O5, enabling the periodic arrangement
of Al,O5 within the Zn** solvation shells, thereby generating specific
spectral signals characteristic of coordination (Supplementary Fig. 10).
The same phenomena are also observed in SiO, inorganics®. The pri-
mary solvation shell of Zn* exhibits a marginal depletion of OTf
ligands (CN=121) alongside a significant displacement of water
molecules (CN = 0.61), manifesting a water-deficient solvation struc-
ture. The representative Zn*" solvation structures and their corre-
sponding percentages were extracted, as shown in Supplementary
Fig. 11 and Supplementary Tables 2-4. We identify the particular sol-
vation structures in different electrolytes for subsequent discussion.
X-ray absorption fine structure analysis was carried out to investigate
the solvation sheath of Zn*. The Zn K-edge X-ray absorption near-edge
structure (XANES) spectra of different electrolytes are displayed in Fig. 2g.
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The near-edge absorption energy of MASSE shifts to lower regions, indi-
cative of enhanced electron donation from Al,O; ligands, which effectively
lowers the Zn?* oxidation state”. As illustrated in Fig. 2h, the contraction of
the Zn-O bond length observed in MASSE correlates with enhanced
ligand coordination stability, suggesting a more robust solvation
network®. Additionally, the wavelet-transformed EXAFS was carried out to
further elucidate the local solvation structure of Zn*. The pink regions
refer to the locations where the peaks of R-space and k-space coincide. In
three electrolytes, these regions are located at low k and R values,
reflecting similar Zn-O coordination, whether it involves the Zn-H,0,
Zn-DEG, Zn-OTf", or Zn-Al,Oj3 (Fig. 2i). These findings are consistent with
FTIR and Raman spectra (Supplementary Figs. 12 and 13). The dominant
solvation configuration (Zn(H,0)s(OTf")y in Zn(OTf),-H,O was compu-
tationally modeled. The incorporation of Al,Os induces structural reor-
ganization. This leads to the replacement of the primary solvation
structure, from Zn(H,0),(DEG)s in the Zn(OTf),-DEG electrolyte to
Zn(OTf")(DEG)4(AL05); in MASSE. Notably, three other solvation config-
urations remain consistent throughout this process. The binding energies
corresponding to these three characteristic solvation structures were
calculated (Fig. 2j and Supplementary Fig. 14) (Supplementary Data 1). The

distinctive solvation structure in the MASSE exhibits the highest binding
energy (-32.4 V) compared to the Zn(OTf),-H,O (-22.68 V) and the
Zn(OTf),-DEG (-20.57 eV), demonstrating enhanced structural stability
and preventing structural damage at elevated temperatures.

The configurational stability of electrolytes was systematically
investigated using in situ Raman spectra under different temperatures.
The Zn(OTf),-H,0 demonstrates restricted thermal stability, as evi-
denced by the initiation of Zn(OTf), crystallite precipitation at 80 °C,
owing to salt precipitation caused by electrolyte evaporation
(Fig. 2k)*. Figure 2l demonstrates a thermo-responsive behavior of
Zn(OTf)>-DEG through O-H stretching band broadening as tempera-
ture rises from 20 to 140 °C. For MASSE, the O-H stretching intensity
increases between 20 and 60°C and then remains stable without
obvious enhancement as the heating temperature increases to 140 °C.
In addition, the O-H band in the MASSE electrolyte maintains much
lower intensity compared to the Zn(OTf),-H,O and Zn(OTf),~-DEG
electrolyte, attributable to Al,Os-induced ligand cross-linking that
stabilizes the solvation network against thermal fluctuations (Fig. 2m).
Thermogravimetry curves of different electrolytes were employed in
Supplementary Fig. 15. The MASSE possesses enhanced thermal
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stability, retaining 99.1% of its weight at 150 °C, compared to 82.1% for
Zn(OTf),-DEG and 43.7% for Zn(OTf),— H,0, which is consistent with
the DFT calculations.

Suppressing parasitic reactions and Zn dendrites under elevated
temperature

The thermally robust solvation structure in MASSE plays a crucial
inhibitory role in the rampant parasitic reactions at HT. As shown in

Fig. 3a, the corrosion behavior of the Zn negative electrode in different
electrolytes was compared by Tafel plots. Compared to the
Zn(0Tf),-H,0 and Zn(OTf),-DEG, the MASSE exhibits the smallest
corrosion current and the highest corrosion potential at 80 °C. As
displayed in Fig. 3b, the potential of the Zn@Cu electrode grows
dramatically once the electrolyte corrodes all of the metallic Zn". The
corrosion rate of Zn in the MASSE is 0.41 mg h™, much slower than that
in the Zn(OTf),-H,0 (3B.66mgh™) and in the Zn(OTf),-DEG
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(0.67 mgh™), indicating a lower Zn corrosion reaction in MASSE. The
protection of the Zn negative electrode from side reactions was also
verified through X-ray diffraction (XRD) patterns. As shown in Fig. 3c,
there are obvious characteristic peaks related to zinc triflate hydroxide
hydrate (Zny.,(OTf),,(OH),,, ZOTH) in the Zn(OTf),-H,O and
Zn(OTf),-DEG after 50 cycles. In contrast, the intensity of these by-
products on the cycled Zn negative electrode in MASSE is significantly
diminished. Subsequently, 3D Raman mapping (30 x 30 area) was used
to spatially resolve ZOTH by-products distribution on cycled Zn
negative electrodes. Characteristic strong peaks emerge in
Zn(0Tf),-H,0 and Zn(OTf),-DEG, whereas MASSE displays a complete
absence of these signatures, confirming effective suppression of
parasitic reactions (Fig. 3d-f and Supplementary Fig. 16)*%.

Linear sweep voltammetry (LSV) testing exhibits that MASSE
demonstrates the largest electrochemical window (1.81V <2.24 V <2.68 V)
among all electrolytes at 25°C (Supplementary Fig. 17). At an elevated
temperature of 80 °C, all electrolytes exhibit marginally narrowed elec-
trochemical windows, attributable to aggravated side reactions. None-
theless, MASSE maintains the widest electrochemical window (1.93V),
exceeding that of both Zn(OTf),-H,0 (1.21V) and Zn(OTf),-DEG (1.66 V)
(Fig. 3g). In situ pH monitoring over 20 h exhibits that the pH value of
Zn(OTf),-H,0 increases rapidly throughout the entire cycle. This rise is
caused by severe HER, which leads to higher local pH values and
exacerbates the formation of ZOTH by-products at both 25 °C and 80 °C
(Fig. 3h and Supplementary Fig. 18). The pH value of the Zn(OTf),-DEG
shows a slight easing trend but still increases. In sharp contrast, the pH
values of MASSE remain relatively constant under the same conditions,
indicating the substantial inhibitory effect on HER. The suppression of
HER enabled by MASSE is further investigated using in situ DEMS. Fig-
ure 3i and Supplementary Fig. 19 present the quantitative DEMS results of
H, evolution during the OCP and charge process at 25°C and 80 °C.
Significantly reduced H, evolution is observed at the Zn negative elec-
trode surface utilizing the MASSE electrolyte, under room-temperature
and elevated-temperature conditions. Furthermore, in situ EIS was tested
to visually reflect the inhibitory effect of MASSE on parasitic reactions at
80 °C (Supplementary Fig. 20). As shown in Fig. 3j and Supplementary
Fig. 21, Zn(OTf),-H,0 experiences a short circuit after 12 cycles, attribu-
table to progressive electrolyte depletion and by-products accumulation
at HT. The Zn(OTf),~DEG displays escalating electrochemical impedance
during the cycling process, likely stemming from insulating deposit for-
mation under HT (Fig. 3k and Supplementary Fig. 22). Conversely, MASSE
demonstrates progressively diminishing interfacial impedance accom-
panied by marginally attenuated voltage hysteresis throughout cycling
(Fig. 31 and Supplementary Fig. 23). This is attributable to reinforced
ligand coordination frameworks. MASSE effectively inhibits the water
activity at HT. Meanwhile, the effective mitigation of parasitic reactions in
MASSE is also attributed to the stable and ZnF,-enriched electrode/elec-
trolyte interfaces (Supplementary Figs. 24-27).

The Zn morphology of different electrolytes at room temperature
is examined by SEM. As shown in Fig. 4a, d, g, Zn deposited in MASSE
exhibits a more uniform and dendrite-free morphology compared to
that in Zn(OTf),-H,0 and Zn(OTf),-DEG. The morphology of the Zn
negative electrode of different electrolytes was characterized at 80 °C.
After Zn deposition, randomly oriented and porous clusters of Zn
dendrites are observed in Zn(OTf),-H,0 and Zn(OTf),-DEG (Fig. 4b,
e). However, the surface of the Zn negative electrode in MASSE is
densely packed after Zn deposition (Fig. 4h). After 50 cycles, large
amounts of randomly-oriented flakes and dendrites are formed on the
surface of Zn negative electrode in Zn(OTf),-H,0 and Zn(OTf),-DEG
(Fig. 4c, f), while the surface of the Zn negative electrode in MASSE is
compact and relatively smooth (Fig. 4i). LSCM images exhibit a high
roughness with large protrusions in the Zn(OTf),-H,O (Fig. 4j). Despite
exhibiting marginal enhancement in electrodeposition micro-
structure, the Zn(OTf),-DEG retains irregular surface topography with
pronounced defects (Fig. 4k). MASSE preserves a planar morphology

with a low surface roughness at elevated temperature (Fig. 41). These
results demonstrate that a dendrite-suppression plating morphology
is obtained in the MASSE at HT, which is attributed to thermally robust
solvation structures of MASSE. Figure 4m-o systematically elucidates
the underlying mechanisms of the HT stability of the MASSE, inte-
grating the aforementioned experimental and computational insights.
Ligand coordination reinforcement results in the formation of a
temperature-insensitive solvation structure. The optimized HB con-
figurations in the MASSE lead to a low water activity. Therefore, such
advantages effectively inhibit parasitic reactions (HER, Zn corrosion)
caused by excessive free water, and promote a uniform Zn deposition
at elevated temperature.

Enhanced high-temperature performance in MASSE

Asymmetric Zn||Cu cells were assembled to evaluate the Zn plating/
striping reversibility. The applied current density influences the mea-
sured CE, and high current densities can obscure the impact of HER.
Therefore, a low current density of 1mA cm™ was used for testing at
80°C. As shown in Fig. 5a, half-cells using the Zn(OTf),-H,O show
drastic fluctuations and rapid decay in CE, lasting only 50 cycles due to
severe parasitic reactions and the growth of Zn dendrites. For
Zn(OTf),-DEG, Zn||Cu cell exhibits a low average CE of 95.64% and a
short cycle life. In contrast, Zn||Cu cell using MASSE exhibits a high
average CE of 98.60% and a significantly extended lifespan of 1200
cycles. When the current density increases to 2 mA cm™, enhanced
cycle life and CE are also obtained in MASSE (Supplementary Fig. 28).
The Zn plating/stripping behavior was also analyzed by symmetric Zn||
Zn cells. As shown in Fig. 5b, the Zn||Zn cells with MASSE exhibit a
lifespan of 600h, much longer than that of Zn(OTf),-H,O and
Zn(OTf),~-DEG. Elevated-temperature electrochemical cycling pre-
sents intensified hurdles compared to ambient-condition cell opera-
tion, primarily due to accelerated interfacial degradation and thermal-
driven electrolyte decomposition. MASSE with 10% Al,O3 shows the
optimal cycling performance at 80 °C (Supplementary Fig. 29). At alow
current density of 1 mA cm™, cells with Zn(OTf),~H,0 undergo a rapid
short circuit at 9 h at 80 °C. The cells with Zn(OTf),-DEG also experi-
ence a short circuit at 920 h. The Zn||Zn symmetric cells using MASSE
demonstrate stable cycling for at least 1120 h at 80 °C (Supplementary
Figs. 30 and 31). Similarly, at 2mA cm™ and 1 mAh cm™?, symmetric
cells using the MASSE exhibit a stable cycling for over 900 h without
significant fluctuations of overpotential, while cells with the
Zn(0Tf),-H,0 and Zn(OTf),~-DEG exhibit a short lifespan at 80 °C
(Fig. 5¢c and Supplementary Fig. 32). When the current density and the
reversible capacity increase to 4 mAcm and 2 mAh cm™, the Zn||Zn
cells using MASSE manifest a stable cycling for 140 h with a lower
overpotential around 260 mV (Supplementary Fig. 33). Unfortunately,
the cells using Zn(OTf),-H,0 and Zn(OTf),-DEG experience a rapid
increase of polarization voltage and a quick short circuit (14 h and
45h). To verify the advantages of the MASSE under a high current
density, the rate performance of symmetric cells was measured at
80 °C (Fig. 5d). Zn||Zn cells with Zn(OTf),~H,O fail rapidly at 2 mA cm?,
while those with Zn(OTf),-DEG exhibit a large overpotential at
4 mA cm™. The symmetric cells with MASSE exhibit a stable voltage
profile and low voltage hysteresis even at a high current density of
8 mA cm™at 80 °C. The cycling performance of Zn||Zn and Zn||Cu cells
is further evaluated under practical conditions with a depth-of-
discharge (DOD) of 50%, followed by characterization of the post-
cycled negative electrodes (Supplementary Figs. 34 and 35). The sig-
nificantly enhanced performance of MASSE under high current density
is attributed to the rapid migration of Zn** (Supplementary
Figs. 36 and 37 and Supplementary Table 5)*"2%. Even at a boiling point
temperature of 100 °C, the Zn||Zn cells using MASSE demonstrate a
stable cycling over 130 h (Fig. 5e). More intuitively, the wide tem-
perature tolerance under a more stringent external environment,
ranging from 25 to 140 °C, was investigated. Zn||Zn cells using MASSE
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Fig. 4 | Suppressing Zn dendrites in MASSE at elevated temperature. SEM
images of Zn negative electrodes after 50 cycles at room temperature (RT) in

a Zn(0Tf),-H,0, d Zn(OTf),-DEG, and g MASSE. Zn deposition morphology at
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the underlying mechanism of enhanced high temperature (HT) performance

in MASSE.

exhibit normal voltage curves even at operating temperatures of
140 °C without short circuiting, suggesting high thermal stability of
MASSE (Fig. 5f). In contrast, the symmetrical cells with Zn(OTf),-H,O
and Zn(OTf),~DEG fail at 100°C and 120 °C, respectively, demon-
strating inadequate temperature tolerance under elevated thermal
conditions (Supplementary Fig. 38). We compared the reported cycle
life of Zn||Zn cells at elevated temperatures. Notably, this work
demonstrates competitive cycling performance at high current den-
sity, large areal capacity, and a high operating temperature (Fig. 5g and
Supplementary Table 6). Large-scale Zn||Zn pouch cells with an area of
25cm? were assembled to exemplify the practical application feasi-
bility of MASSE at HT. The increase of the negative electrode area

usually intensifies the uneven nucleation of Zn*, dendrite growth, and
by-products generation, specifically under thermal conditions. Yet,
benefitting from the thermally robust Zn*" solvation structure and
confined water reactivity in MASSE, Zn||Zn pouch cells exhibit stable
cycling for over 400h at 80°C, much longer than that in
Zn(0Tf),-H,0 and Zn(OTf),-DEG.

To evaluate the practical applications of the MASSE, polyaniline
(PANI) was employed as a positive electrode to pair with the Zn
negative electrode for full cell testing. Firstly, the performance of the
MASSE-assembled full cells was tested at room temperature to verify
their universality under ambient conditions. The Zn||PANI full cells
employing MASSE demonstrate cycling stability of 2000 cycles, which
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of Znl||Zn cells using different electrolytes under 0.2 mA cm™ and 0.1 mAh cm™ at
100 °G; f cycling performance of Zn||Zn cells using MASSE at different tempera-
tures; g comparison of the cycling performance of Zn||Zn cells with previous
reports at elevated temperatures®*'*1%2° (The source of the literature data
shown in this figure can be found in Supplementary Table 6). h Cycling perfor-
mance of Zn||Zn pouch cells using different electrolytes at 80 °C.

far surpasses that of Zn(OTf),~-H,0 and Zn(OTf),-DEG (Fig. 6a). At an
elevated temperature of 80 °C, Zn||PANI full cells with MASSE maintain
a cycle life of 1700 cycles, substantially longer than that achieved with
Zn(0Tf),-H,0 or Zn(OTf),-DEG electrolytes (Fig. 6b and Supplemen-
tary Fig. 39). Furthermore, full cells with MASSE exhibit higher CE and
greater reversibility during charging and discharging than those with
Zn(0Tf),-H,0 or Zn(OTf),-DEG, due to inhibited side reactions at HT.
The rate performance of Zn||[PANI full cells with different electrolytes
was tested at 80°C (Fig. 6¢). The MASSE-based full cells show rate

performance at a current density range from 0.8 to 8.0Ag™, with
capacities ranging from 126 to 65 mAh g™*. When the current density is
returned to 0.5Ag”, the specific capacity remains stable, demon-
strating performance better than that of cells with Zn(OTf),-H,0 or
Zn(OTf)>-DEG electrolytes (Supplementary Fig. 40). The enhanced
performance difference under high current can be attributed to the
rapid migration of Zn** in MASSE. The cycle life of MASSE was further
evaluated in the full cells of Zn||[PANI under more stringent testing
conditions with N/P of 2 (50% DOD) (Supplementary Fig. 41). The
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f Cycling performance and CE of Zn||PANI pouch cells with different electrolytes.
Thermal imaging of the pouch cells charged at 1A g™ for 1 h in g Zn(OTf),-DEG and
h MASSE.

favorable performance prompts an evaluation of the electrochemical
performance at higher working temperatures. As shown in Fig. 6d, Zn||
PANI full cells display a stable charge and discharge process with a
gradually increasing specific capacity as the temperature increases
from 25 to 140 °C. Even at an HT of 140 °C, the full cell still operates
normally with a high specific capacity of 157 mAh g ™. Moreover, the full
cells using MASSE still maintain stable cycling under high current
density of a 8 Ag™ and a high working temperature of 140 °C (Sup-
plementary Fig. 42). As summarized in Fig. 6e, Zn||PANI full cells uti-
lizing MASSE demonstrate competitive performance against some
recent relevant reports, which is attributed to their long cycle life, high-
rate capability, and excellent HT tolerance (Supplementary Table 7).
This comparison underscores the great advantages of MASSE for
HT AZMBs.

HT full cells evaluations remain predominantly limited to the
coin cells due to accelerated parasitic reactions (e.g., Zn corrosion,
HER, SEI dissolution) in the pouch cells under elevated temperature,
which induces catastrophic capacity fade in scaled systems. There-
fore, the feasibility of the MASSE was first evaluated in the pouch
cells. As displayed in Fig. 6f, a large-sized pouch cell using MASSE
delivers a total capacity of 37 mAh with stable cycling over 175 cycles
at 80 °C. Oppositely, the pouch cells using the Zn(OTf),-H,O and
Zn(OTf),-DEG release low capacity with rapid capacity decay. Fur-
thermore, the MASSE-assembled pouch cells can power a lamp
(Supplementary Fig. 43), which shows great promise in practical
applications. Considering the intimate connection between intrinsic
reactions and thermal effects, the heat distribution of pouch cells
during actual operation has been investigated by infrared thermal
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imaging. Initially, the pouch cells with different electrolytes were
cycled three times at a current density of 1A g™ and a temperature of
80°C, before being returned to room temperature for thermal
monitoring. During the static period, the temperature varies greatly
in different regions in the Zn(OTf),-H,O and Zn(OTf),~-DEG (Sup-
plementary Fig. 44 and Fig. 6g). A few areas have a concentrated HT,
indicating that these are the sites of intensive side reactions, e.g.,
large-scale HER and corrosion. In contrast, the temperature of
pouch cells using MASSE is uniformly distributed, which demon-
strates the uniform reactions at HT (Fig. 6h). These results further
demonstrate that MASSE effectively inhibits side reactions at ele-
vated temperatures, even in the large-sized pouch cells. To verify
the universality of the proposed MASSE design strategy, two parallel
investigations were conducted. First, DEG solvent was replaced with
various representative organic solvents (alcohols, sulfones, and
esters) to systematically evaluate the HT electrochemical perfor-
mance of the corresponding MASSE systems (Supplementary
Fig. 45). In addition, the MASSE electrolyte was extended and
applied to Zn|INVO full cell systems beyond the Zn||PANI system
(Supplementary Fig. 46). The results demonstrate that the MASSE
electrolyte developed in this study is not only compatible with
diverse solvent systems but also adaptable to different electrode
material systems, achieving long-term cycling stability under ele-
vated temperatures in all cases.

Discussion

In summary, a thermally robust MASSE is designed for enhancing the
HT performance of AZMBs. Detailed experimental characterizations
and theoretical calculations reveal that optimized HBs configurations
and water-deficient solvation structures in MASSE effectively elim-
inate parasitic reactions and inspire a uniform Zn deposition at ele-
vated temperatures. Benefiting from these advantages, MASSE
enables Zn metal full cells to achieve a long lifespan of 1700 cycles, a
high operating temperature of 140 °C, and a high current density of
8Ag™. Even in Zn metal pouch cells, the benefits provided by this
electrolyte are still pronounced. This work opens up an electrolyte
design paradigm that enables AZMBs to operate stably under ther-
mal conditions.

Methods

Materials

Zinc trifluoromethylsulfonate (Zn(OTf),, AR >99%) was purchased
from Sigma-Aldrich. Diethylene glycol (DEG, AR=99%), alumina
(Al,03,10 nm, AR > 99.8%), N-Methyl-2-pyrrolidone (NMP, AR > 99.5%),
and polyaniline (PANI) were purchased from Aldrich. Ketjen Black,
Polytetrafluoroethylene (PTFE), Zinc foil (99.9%), stainless-steel mesh
(250 mesh, 0.12 mm), titanium mesh (200 mesh, 0.15 mm), and copper
foil (20 um) were all purchased from SaiBo company. The GF/F
separator (thickness: 420 pm; porosity: >90%; average pore size:
0.7 um) was purchased from the Whatman company.

Preparation of electrolytes and electrodes

The Zn(0Tf),-H,0 and Zn(OTf),-DEG electrolytes were prepared by
directly adding Zn(OTf), powders to H,O and H,O-DEG (2:1, molar
ratio) with molar concentrations of 2 M, respectively. MASSE was for-
mulated by homogenizing a mixture of Zn(OTf),-DEG electrolyte and
10 wt% Al,O3 nanoparticles using an ultrasonic cell grinder (400 W,
1h), yielding a milky-white suspension. The PANI electrodes were
prepared by combining 80 wt% active material, 10 wt% Ketjen Black,
and 10 wt% PTFE dispersion in isopropanol to form a homogeneous
paste, followed by rolling into free-standing films and subsequent
thermal treatment at 60 °C for 8 h under vacuum conditions. Elec-
trodes were affixed onto the stainless-steel mesh for electrochemical
testing. Zinc metal was employed directly as the negative electrode
without further treatment.

Characterizations

SEM measurements were performed with a Hitachi S-4800 field
emission scanning electron microscope. XRD patterns of the
samples were employed on an X'Pert Pro diffractometer utilizing
monochromatized Cu K, radiation (1=1.5406 A) at a scanning rate
of 10°min’. FTIR spectra were acquired using a Nicolet iS50 FTIR
spectrometer integrated with a high-sensitivity diamond ATR
accessory. Synchrotron radiation EXAFS was employed at the BL11B
beamline of the Shanghai Synchrotron Radiation Facility. X-ray pho-
toelectron spectroscopy was performed using a Thermo-Fisher Sci-
entific ESCALAB Xi X-ray photoelectron spectrometer equipped
with an Al K, X-ray source (1486.68 eV). For depth profiling, a gas
cluster ion beam source with 1keV ion energy was employed to
sputter 1x 1 mm? regions, with the analysis focused on 200 x 200 pm?
areas centered within these zones. Time-of-flight secondary ion mass
spectrometry (TOF-SIMS) analyses were conducted using a TOF-
SIMS5-100 system with a Cs" primary ion beam operating at 1keV
energy and a sample current of ~40 nA. Secondary ion signals were
acquired over 1600s from a 50 x 50 um?* analysis area, maintaining
spatial resolution through controlled sputtering parameters. LSCM
was performed on FVIOOOMPE. The in situ detection of hydrogen
production was accomplished using China Education Au light in con-
junction with a gas chromatograph (GC-7920, China) equipped
with detection capabilities. The temperature change of the pouch
cells during charging was monitored on an infrared thermal imager
(FLIR T540, Sweden).

Electrochemical measurements

The electrochemical performances of the Zn||Zn, Zn||Cu, and Zn||PANI
cells were examined using CR2032-type coin cells (case and spring
material: stainless steel), conducted on a battery test station (LANHE
CT3001A). Zn||PANI full cells were assembled using zinc foil (®#12 mm)
as the negative electrode and PANI (®10 mm) as the positive electrode.
For standard coin cell evaluations, a 100-pum-thick Zn foil served as the
negative electrode, paired with a PANI positive electrode having a mass
loading of 1 mg cm™. For the high DOD cells tests, the 10-um-thick Zn
foil thermally pressed onto titanium mesh was used as the negative
electrode, and the polyaniline (PANI) positive electrode had a loading
of 12mgcm™, with an N/P ratio of -2. A standardized electrolyte
volume of 120 uL was dispensed into each cell. Pouch cells were
assembled by stacking a positive electrode of PANI (14 x11cm?,
3mgcm™) with Zn foils (15 x 12 cm?, 10 um). The positive electrode
used stainless steel mesh as the current collector and tabs, while the
negative electrode utilized zinc metal. One piece of positive electrode
and two pieces of Zn foils are stacked together and encapsulated by
aluminum plastic film through a vacuum final sealing machine (MSK-
115A-L, Shenzhen Kejing Star Technology). The electrolyte volume of
8 mL was dispensed into each pouch cell. The stack pressure for pouch
cells was ~300 kPa. The HT performance of cells was evaluated in a
temperature-controlled incubator. All cells were placed in a climatic
chamber for 1h to achieve thermal equilibrium before performing
electrochemical testing at different temperatures. The cut-off poten-
tials for Zn|[PANI cells were configured as 0.5V and 1.5V, and the
current applied was varied in accordance with the experimental
requirements, ranging from 0.5 to 8 Ag™. LSV, chronoamperometry
(CA), Tafel polarization test, and EIS were performed on the electro-
chemical workstation (CHI 760E). EIS tests were employed under
potentiostatic conditions with a frequency range from 0.01Hz to
100 kHz. The measurements were recorded with 12 data points per
decade following a 2-s stabilization period at the open-circuit poten-
tial. Tafel tests were performed at a scan rate of 1mVs™ using Zn||Zn
cells. LSV tests were conducted using Zn||Cu cells at a scan rate of
1mVs™ from -0.5 to 2.5V (vs. Zn/Zn*). CA curves were recorded at a
constant overpotential of 10 mV using Zn||Zn cells. The Zn** transfer-
ence number was calculated according to the typical Evans method, as
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presented by the subsequent equation:

_Is(AV — IgRo)
Tt T 1o@V — IR, @
where lo/ls and Ro/Rs represent the initial/final current density and
charge transfer resistance before and after the polarization test, AV
(10mV) is the constant polarization potential for the chron-
oamperometry test. The ionic conductivity of the electrolyte was
measured using a standard 2032 coin cell with two stainless steel
electrodes placed symmetrically at a set distance. AC impedance
analysis from 10 mHz to 100 kHz with an amplitude of 10 mV was used,
and the ionic conductivity was calculated with the following equation:

(03

Where Ris the resistance, and S and L are the area and spacing between
the electrodes, respectively. Data points from 20 to 140°C were
measured, and the symmetrical cells remained at a set temperature
controlled for 30 min prior to the test.

DFT calculations

All calculations were performed with the Gaussian 16, CO1
software package. The hybrid functional PBEO, coupled with the
D3 dispersion correction of Grimme featuring Becke-Johnson
damping (DFT-D3BJ), was employed throughout all calculations.
For geometric optimization and vibrational frequency analysis, the
def2-SVPD basis set was utilized, while the def2-TZVPD basis set was
adopted for single-point energy calculations. The interaction
energy between H,0, DEG, and Al,O; was calculated by the following
equation:

Epinding energy =~ Especies * Eslab — Eslab/species 3
Where Egpecies and Egap, Were the total energy of the adsorbate and
bare surface directly obtained from DFT calculations, respectively, and
Eqiab/species Was the total energy of the optimized adsorbate-surface.

MD simulations

MD simulations were executed using GROMACS software. Three
system-specific simulation boxes with optimized dimensions were
generated based on molecular composition and stoichiometry. Fol-
lowing system construction, energy minimization was performed
using the steepest descent algorithm with a force tolerance of
1000 k) mol™ nm™. Subsequent equilibration protocols included
100 ps temperature regulation (353.15K) in the NVT ensemble and
100 ps pressure stabilization (1atm) in the NPT ensemble. The pro-
duction phase comprised 50 ns unconstrained MD trajectories.

Data availability
All data supporting the findings of this study are available within the
article and the Supplementary Information file. Source data are pro-
vided with this paper.
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