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Aqueous zinc-ion batteries (AZIBs) are the low-cost and safe secondary battery technology with great ap-
plication prospects, but remain hindered by the severe Zn-electrolyte interface compatibility, especially in
extreme environmental temperature. Innovative electrolyte design is the key to solving the above prob-
lems. Here, we introduce an electrolyte additive of Poloxamer 407 (P407) as a solvation restructuring
agent and H,0 cluster modulator, effectively stabilizing H,O molecules and suppressing parasitic reac-
tions. Meanwhile, P407 facilitates the formation of a stable solid electrolyte interphase (SEI) composed
of organic-inorganic composite, thereby improving the interfacial chemistry. More importantly, the ther-
moreversible gelation property of P407 enhances the system’s high-temperature stability by forming mi-
celle network structures that effectively retains H,O molecules, while at low temperature, it maintains
the fluidity of the electrolyte, ensuring efficient ion transport. By using P407-containing electrolyte, the
Zn anode achieves long cycling life of 4000, 850, and 1000h at 30, 60 and —30°C, respectively. More-
over, the modified electrolyte enables the Zn-V,05 full cells to achieve excellent rate performance and
cycling stability in a wide temperature range from —30°C to 60°C. This study highlights a simple yet
effective strategy for electrolyte modification using P407, providing a pathway toward the development

of high-performance AZIBs with broad temperature adaptability.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Aqueous zinc-ion batteries (AZIBs) are regarded as promising
candidates for large-scale energy storage owing to their affordabil-
ity, safety, environmental sustainability, as well as a high theoret-
ical specific capacity (820 mAh/g and 5855 mAh/cm3) and a low
redox potential (—0.76V vs. standard hydrogen electrode) of the Zn
anodes [1-3]. However, the high reactivity of solvent H,O leads to
severe hydrogen evolution reactions (HER) on the Zn anode sur-
face, which further exacerbates interface corrosion, by-product for-
mation, and Zn dendrite growth, collectively degrading battery per-
formance [4-7]. What is more, stable operation of AZIBs under
extreme temperatures is a huge challenge [8,9]. Specifically, high
temperature can accelerate thermodynamic and kinetic processes,
intensifying water evaporation and side reactions; while low tem-
perature can impede ion transport, resulting in compromising the
electrochemical performance of AZIBs.
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Achieving wide-temperature performance for AZIBs is essential
for their practical large-scale applications. This requires suppress-
ing the inherent H,O activity in aqueous electrolytes not at the
price of a decrease in ion transport [10]. To this end, several elec-
trolyte engineering strategies have been proposed, including high-
concentration electrolytes, solid or quasi-solid electrolytes, organic-
inorganic hybrid electrolytes, and additive strategies [11,12]. High-
concentration electrolytes with limited free H,O can inhibit HER by
high salt/H,0 molar ratio, while these electrolytes suffer from high
viscosity of limited ion transport especially at low temperature
[13-15]. Solid or quasi-solid electrolytes provide physical barriers
against leakage and suppress Zn dendrite formation, but their low
ionic conductivity and interfacial resistance limit high-rate perfor-
mance [16-18]. Although organic-aqueous hybrid electrolytes ex-
hibit broadened electrochemical stability window and enhanced
wide-temperature performance, hybrid formulations including or-
ganic solvents add to costs, increase flammability, and would re-
duce stability at high temperature [19,20].

In comparison, the electrolyte additive strategy is regarded
as a promising approach thanks to its advantages of simplicity,
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operability, and cost-effectiveness. Electrolyte additives in AZ-
IBs perform multiple functions, including regulating solvation
structures, altering hydrogen bond (HB) networks, forming ad-
sorption layers, generating electrostatic shielding effects, and
constructing the SEIs [21-24]. Although additive engineering has
significantly enhanced the performance of AZIBs, there remains
a need to develop additives that can broaden the operational
temperature range of the electrolytes [25]. At high temperature,
water evaporation and increased side reactions compromise the
cycling stability of the Zn anodes; this issue can be addressed by
forming gel structures within the electrolyte that restrict water
migration [26,27]. Conversely, in environments below 0°C, tradi-
tional aqueous electrolytes tend to freeze, leading to reduced ion
transport and sluggish electrochemical kinetics. Maintaining the
electrolyte in a liquid state under low temperature can mitigate
these problems [28-30]. Therefore, achieving a wide-temperature
operational system requires ensuring stability at high temperature
while maintaining efficient ion conduction at low temperature.
Introducing an additive that makes electrolyte remain liquid at
low temperature and transition to a gel state at high temperature
can simultaneously satisfy performance requirements under both
conditions. Hence, thermosensitive polymers are undoubtedly
excellent candidates for this role.

Herein, a thermosensitive nonionic surfactant, poloxamer
407 (P407), is introduced into a zinc trifluoromethanesulfonate
(Zn(OTf),)-based aqueous electrolyte. At room temperature, P407
acts as a solvation restructuring agent and H,O cluster modu-
lator, facilitating the incorporation of both P407 and OTf~ into
the Zn2+ solvation shell and reconstructing the HB network via
H,0 and P407 interactions. This enhances the stability of H,O,
reduces parasitic reactions, and promotes the formation of an
organic-inorganic composite SEI layer arising from P407 and OTf~
decomposition. Benefiting from these improvements, with P407-
containing electrolyte, the Zn||Zn symmetric cell cycles stably for
4000h at 1mA/cm?, the Zn||Cu cell achieves coulombic efficiency
(CE) of 99.2%, and the Zn-V,0s full cell delivers 114.2 mAh/g at 10
Alg, retaining 94.2 % after 6000 cycles at 30°C. Notably, electrolyte
containing an appropriate concentration P407 remains in a liquid
state at room and low temperatures, ensuring efficient ion trans-
port. At high temperature, the micelles intertwine and crosslink
to form network structure, effectively trapping H,O molecules to
prevent evaporation and maintain normal battery operation [31].
This unique thermosensitive property enables modified electrolyte
to exhibit excellent reversibility and stability across a wide tem-
perature range from —30°C to 60°C. Moreover, the cycling perfor-
mance of the full cell is significantly enhanced, highlighting its po-
tential as a promising wide-temperature electrolyte for AZIBs.

A series of electrolytes were prepared by adding P407 of dif-
ferent mass concentrations (10 wt%, 20 wt%, and 30 wt%) into
2 mol/L Zn(OTf), aqueous electrolyte. The 2 mol/L Zn(OTf), aqueous
electrolyte and P407-modified Zn(OTf), electrolytes are denoted as
Zn(0Tf),/H,0 and P407-Zn(OTf),/H, 0, respectively.

The intermolecular interactions within the electrolytes were
systematically investigated using various spectroscopic techniques.
Figs. 1a and b revealed nuclear magnetic resonance (NMR) spectra
[32,33]. When P407 was added to the Zn(OTf),/H,0, the 'TH NMR
peak of H,O molecules gradually shifted downfield from 4.735 ppm
to 4.744 ppm, which indicated a decrease in electron cloud den-
sity around the hydrogen atoms of H,O arising from their HB
interactions with P407. Additionally, the °F NMR peak of OTf~
anions shifted downfield from —79.752 ppm (in Zn(OTf),/H,0) to
—79.593 ppm (in 30% P407-Zn(OTf),/H,0), which is attributed to
an enhanced pairing interaction between OTf~ and Zn?* in the
P407-Zn(0Tf),/H,0.

Fourier-transform infrared (FTIR) spectroscopy further eluci-
dated the interactions among electrolyte components and the
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evolution of Zn2t solvation environments [34]. As depicted in
Fig. 1c and Fig. S1 (Supporting information), the O—H stretch-
ing vibration in Zn(OTf),/H,0 appeared as a broad band in the
3000-3800 cm~! range, corresponding to three distinct states of
H,0 molecules: Network water (NW) at around 3205 cm~!, in-
termediate water (IW) at around 3412 cm~!, and multiple wa-
ter (MW) at around 3564 cm~! [35]. As P407 concentration in-
creased, the proportion of NW decreased significantly, implying
that the introduction of P407 disrupted the strong HB network
among H,0 molecules while strengthening HB between P407 and
H,0. Additionally, a blue shift in the O—H bending vibration in
the 1600—1700 cm~! range suggested the formation of HB be-
tween P407 and H,O (Fig. S2a in Supporting information). To ex-
clude the influence of Zn2*, FTIR spectra were also recorded for
P407/H,0 solutions without zinc salts (Fig. S3 in Supporting in-
formation). The results demonstrated that, as the P407 concentra-
tion increased, the O—H bending vibration peak shifted to higher
wavenumbers, confirming the interaction between P407 and H,O.
This reconstructed strong HB network reduced H,O activity, ben-
eficial for suppressing HER and associated side reactions. In ad-
dition, as shown in Fig. 1d, the S=0 stretching vibration of OTf~
around 1028 cm~! exhibited a blue shift upon P407 addition, indi-
cating that P407 could modulate the coordination environment of
OTf~. The changes in the S=0 and C—F bond vibrations further in-
dicated that P407 allowed the incorporation of OTf~ into the Zn2*
solvation sheath. Additionally, Raman spectra further confirmed
these findings, showing similar trends in the vibration changes of
the S=0 and C-—F bonds (Fig. 1e, Figs. S2b and S4 in Supporting
information). Moreover, the gradual introduction of P407 to the
Zn(0Tf),/H,0 system resulted in a red shift of the C—O stretching
vibration of P407 (Fig. 1f), suggesting that P407 was incorporated
into the Zn2* solvation sheath. The overall data indicated that P407
led to forming a new HB network with H,O molecules, mean-
while, replacing some coordinated H,O molecules and constructing
a stable composite solvation sheath consisting of P407, OTf~, and
H,O0.

To gain deeper insights of the influence of P407 on the sol-
vation structure of Zn2*, molecular dynamics (MD) simulations
were performed for two different electrolyte systems [36]. As de-
picted in Fig. S5 (Supporting information), the Zn(OTf),;/H,0 ini-
tially contained six H,O molecules in the primary solvation shell
(PSS) of Zn2*. However, in the 20% P407-Zn(OTf),/H,0, both OTf
and P407 partially replaced H,0 molecules in the Zn?+-PSS (Fig.
1g). Radial distribution functions (RDFs) showed that in the 20%
P407-Zn(0Tf),/H,0 electrolyte, three Zn**—0 peaks correspond-
ing to H,0, OTf~ and P407 appeared around 2.08 A. The average
coordination numbers of Zn** with H,0, OTf~, and P407 in the
Zn*+—PSS were 3.97, 0.96, and 1.02, respectively (Fig. 1h). These
findings confirmed that the introduction of P407 significantly al-
tered the Zn2* solvation structure, resulting in a reduction in sol-
vated H,O content. This restructured solvation configuration de-
creased H,O activity, which was crucial for suppressing HER and
improving electrochemical performance. Furthermore, the incorpo-
ration of anion and organic molecule into the Zn2* solvation shell
facilitated the formation of SEI during the Zn plating process, as
detailed in the following sections.

The P407 additive significantly mitigated side reactions on the
Zn foil surface prior to cell operation. It was revealed that after 5
days of immersion in Zn(OTf),/H,0 electrolyte, the Zn foil surface
was severely corroded and covered with by-products. In contrast,
the Zn foil soaked in 20% P407-Zn(OTf),/H,0 electrolyte retained
a smooth surface with trace residues, highlighting P407’s role
in stabilizing Zn foil and reducing pre-operational degradation
(Fig. S6 in Supporting information) [37]. To evaluate the impact
of P407 on battery performance, electrochemical measurements
were conducted using Zn||Zn symmetric and Zn||Cu asymmetric
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Fig. 1. Analysis of intermolecular interactions in electrolytes. (a) "H NMR and (b) F NMR spectra of different electrolytes. FTIR spectra of different electrolytes (c) between
2500 cm~! and 4000 cm™!, (d) between 1020 cm~' and 1040 cm~!, and (e) between 1140 cm~' and 1320 cm~'. (f) FTIR spectra of electrolytes with different concentrations
of Zn(OTf), added to 20% P407/H,0. (g) MD simulation snapshot and (h) RDFs and the corresponding coordination numbers in 20% P407-Zn(OTf),/H,0.

cells. The optimal P407 concentration in Zn(OTf),/H,0 was 20%,
which provided the best electrochemical stability (Fig. S7 in
Supporting information). Fig. 2a showed the galvanostatic cycling
performance of Zn||Zn symmetric cells in Zn(OTf),/H,0 and 20%
P407-Zn(0Tf),/H,0 electrolytes. At 1mA/cm? and 1 mAh/cm?, the
introduction of P407 significantly improved the cycling stability,
allowing the cell to operate for over 4000h without noticeable
voltage hysteresis, greatly outperforming the Zn(OTf),/H,0, which
failed after 100h. The time-voltage profile further verified the
stable operation of the cell during long-term plating/stripping
processes (insets in Fig. 2a). Additionally, the introduction of P407
increased the Zn2* plating/stripping potential, primarily due to a
reduction in ionic conductivity (Fig. S8 in Supporting information).
Even at a higher current density of 3mA/cm?2, the Zn||Zn sym-
metric cell with 20% P407-Zn(OTf),/H,0 exhibited stable cycling
for over 1800h, while the cell with Zn(OTf),/H,0 failed after
approximately 20h (Fig. 2b). Importantly, at more demanding
conditions (5 mA/cm? and 5 mAh/cm?2), the Zn||Zn symmetric
cell with 20% P407-Zn(OTf),/H,0 still maintained stable operation
for up to 500h, as shown in Fig. S9 (Supporting information),
demonstrating its great potential for practical applications.
Subsequently, Zn||Cu asymmetric cells were tested to evaluate
the reversibility of Zn deposition/stripping. At 2mA/cm? and 1
mAh/cm?, the Zn||Cu cell with Zn(OTf),/H,0 short-circuited after
50 cycles, whereas the cell with 20 % P407-Zn(OTf),/H,0 exhibited
significantly improved stability, with a cycling lifespan exceeding
450 cycles (Fig. 2c). The cell with 20% P407-Zn(OTf),/H,0 main-
tained a high CE of 99.2% after 450 cycles (Fig. 2d), while the cell
with Zn(OTf),/H,0 failed prematurely (Fig. 2e). Even under higher

current density (4 mA/cm?2) and capacity (2 mAh/cm?), the re-
versibility of Zn deposition/stripping remained excellent, achieving
over 300 cycles with an average CE of 99.1% (Fig. S10 in Support-
ing information). Moreover, the introduction of P407 also signif-
icantly enhanced the rate performance of Zn||Zn symmetric cells
(Fig. 2f and Fig. S11 in Supporting information). The cell with
Zn(0Tf),/H,0 short-circuited when the current density increased
to 5mA/cm?, whereas the cell with 20% P407-Zn(OTf),/H,0 con-
sistently exhibited stable voltage polarization and excellent rate
performance.

The introduction of P407 reduced H,O activity, and its effect on
HER suppression was investigated using linear sweep voltamme-
try (LSV). As shown in Fig. 2g, the addition of 20% P407 to the
Zn(0Tf),/H,0 significantly broadened the voltage window, which
indicated effective HER inhibition. The superiority of the P407 ad-
ditive was also manifested by the Tafel plots (Fig. S12 in Support-
ing information). Adding P407 to Zn(OTf),/H,0 electrolyte reduced
the corrosion current of Zn and increased the corrosion potential
from —0.897V to —0.894V, indicating improved compatibility and
less corrosion on the Zn anode. Additionally, the nucleation over-
potential in Zn||Cu asymmetric cells using 20% P407-Zn(OTf),/H,0
shifted to a more negative value (Fig. 2h). This shift indicated that
P407 facilitated the Zn deposition layer with smaller grain sizes,
which enhanced the deposition stability [38]. Such results ulti-
mately contributed to a dendrite-free Zn anode, enhancing both
performance and safety.

To evaluate the effect of the modified electrolyte on Zn de-
position and Zn anode protection, the morphological evolution of
Zn anodes was characterized using scanning electron microscopy
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Fig. 2. Electrochemical performance of Zn anodes. Long-term constant current cycling performance of Zn||Zn symmetric cells using two electrolytes at (a) 1 mA/cm? and 1
mAh/cm?, and (b) 3mA/cm? and 3 mAh/cm?. Insets show magnified views of the voltage profiles. (c) CE of Zn deposition/stripping in Zn||Cu asymmetric cells using two
electrolytes at 2 mA/cm? and 1 mAh/cm?. The corresponding voltage curves at different cycle numbers in Zn||Cu asymmetric cells using (d) 20% P407-Zn(OTf),/H,0 and (e)
Zn(0Tf),/H,0 electrolytes. (f) Rate performance of Zn||Zn symmetric cells using two electrolytes at current densities from 1mA/cm? to 10 mA/cm?. (g) LSV curves of two
electrolytes. (h) CV curves showing Zn nucleation behavior on Cu cathodes in Zn||Cu asymmetric cells in two electrolytes.

(SEM), atomic force microscopy (AFM), and 3D digital microscopy.
After 50 cycles, Zn deposits in the Zn(OTf),/H,0 exhibited uneven
distribution, with sheet-like dendrites and hexagonal by-products
(Fig. 3a). In contrast, Zn anode in the 20% P407-Zn(OTf),/H,0 dis-
played a smooth, dendrite-free surface with minimal signs of cor-
rosion (Fig. 3b). Furthermore, AFM analysis revealed significant sur-
face roughness in Zn(OTf),/H,0 due to severe dendrite growth,
whereas 20% P407-Zn(OTf),/H,0 resulted in minor protrusions
and reduced roughness (Figs. 3c and d, Fig. S13 in Supporting infor-
mation) [39]. These findings demonstrated that the introduction of
P407 effectively suppressed Zn dendrite growth, promoting a more
stable and uniform Zn anode morphology.

To further investigate interfacial chemical characteristics, Ar*
sputtering X—ray photoelectron spectroscopy (XPS) was used to
analyze Zn anodes after 20 cycles in the two electrolytes. Before
sputtering, the SEI layers in both electrolytes contained —CF3 and
—S03 components, originating from the partial decomposition of
OTf~ or trace salt residues. As shown in Figs. 3e and j, as sput-
tering proceeded, F 1s spectra (~684.2eV) revealed significantly
higher ZnF, content in the SEI formed in 20% P407-Zn(OTf),/H,0,
indicating a denser and more uniform structure compared to that
in Zn(OTf),/H,0. Meanwhile, the S 2p spectrum revealed the pres-
ence of ZnS (~161.5eV) and ZnSO5; (~168.0eV) as the main com-
ponents of the SEI in 20% P407-Zn(OTf),/H,0, while Zn(OTf),/H,0
showed a substantial decrease in the ZnS signal with sputtering
(Figs. 3f and k). This related to the solvation structure of 20% P407-
Zn(0Tf),/H,0, where OTf~ integrated into the solvation shell and
decomposed at the Zn-electrolyte interface, forming these compo-
nents. The higher ZnF, and ZnS content contributed to enhanced
corrosion resistance [40]. The O 1s spectra highlighted differences
in stability between the SEI layers. In Zn(OTf),/H,0, the high
Zn(OH),/ZnO content indicated that irreversible side reactions hin-
dered SEI stability (Fig. 3g). Conversely, 20 % P407-Zn(OTf),/H,0 re-
sulted in significantly lower Zn(OH),/ZnO content, forming a more
robust and stable SEI (Fig. 31). Moreover, as shown in Figs. 3h and
m, Zn 2p spectra also showed higher Zn?t content in the SEI of
the 20% P407-Zn(OTf),/H,0, suggesting a dense, uniform SEI en-
riched with a substantial amount of zinc compounds. Additionally,

C 1s spectra identified organic components, including C—H/C-C,
C-S/C-0, and ZnCOs3, derived from the electrochemical decompo-
sition of P407 and OTf~ (Figs. 3i and n). These organic materials
were concentrated at the SEI surface and diminished rapidly with
sputtering, suggesting that these materials were primarily localized
at the SEI surface.

Additionally, XRD analysis was employed to investigate the
crystallographic difference of the deposited Zn products in the
two electrolytes (Fig. 30). In Zn(OTf),/H,0, Zn deposition showed
no clear preference for orientation, while Zn deposition in 20%
P407-Zn(0Tf),/H,0 exhibited a significantly enhanced (002) peak.
Quantitative analysis showed that the [goy)/I100y Tatio increased
from 0.87 to 5.74, indicating a preferential Zn deposition along
the (002) crystal plane in the 20% P407-Zn(OTf),/H,0. This sug-
gested that the organic-inorganic hybrid SEI layer formed a stable
interface that promoted Zn deposition and preferential growth of
the (002) crystal plane [41]. This preferential orientation along the
(002) plane facilitated uniform Zn deposition [42], resulting in a
smooth, dendrite-free surface, as observed in the SEM images. In
conclusion, Zn(OTf),/H,0 resulted in severe dendrite growth, un-
even morphology, and an unstable SEI dominated by Zn(OH),/ZnO.
However, the solvation structure of the 20% P407-Zn(OTf),/H,0
electrolyte led to the decomposition of P407 and the OTf~, re-
sulting in the in situ formation of a hybrid SEI with an organic-
rich outer layer and an inorganic-rich inner layer comprising ZnF,
and ZnS. This hybrid structure ensured uniform Zn deposition, en-
hanced stability, and better cycling performance (Fig. 3p).

Interestingly, P407 exhibits thermoreversible gelation proper-
ties. As shown in Fig. 4a, P407 is a block copolymer containing
hydrophilic polyethylene glycol (PEO) segments and hydrophobic
polypropylene glycol (PPO) segments. This structure allows P407 to
transition between liquid and gel states with temperature changes.
At low temperature, P407 aggregates into micelles, with PEO seg-
ments forming HB with H,O molecules, thereby maintaining the
system in a liquid state. As the temperature increases, these HB
break, and PPO segments aggregate into a network structure via
hydrophobic interactions, thus transforming into a gel [43]. Ex-
periments were conducted to evaluate the phase states of the
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Fig. 3. Structural evolution of Zn anodes and interface chemistry. (a, b) SEM and (c, d) AFM images of Zn anodes after cycling for 100h at 1 mA/cm? and 1 mAh/cm? in two
electrolytes. XPS spectra of the cycled Zn anodes (e—i) in Zn(OTf),/H,0 and (j—n) in 20% P407-Zn(OTf),/H;0. (o) XRD pattern of the cycled Zn anodes in two electrolytes.
(p) Dendrites and side reactions on the Zn anode in Zn(OTf),/H,0 and SEI of Zn anode in 20% P407-Zn(OTf),/H,O0.

20% P407-Zn(0Tf),/H,0 electrolyte at room and high tempera-
tures. As shown in Fig. S14 (Supporting information), the liquid
electrolyte transitioned into a gel as the temperature increased
from room temperature to 90°C. This result confirmed that the
20% P407-Zn(0Tf),/H,0 electrolyte retained the thermosensitive
properties. At low temperature, as illustrated in Fig. 4b, the elec-
trolyte remained in solution, allowing molecules to migrate freely.
At higher temperature, the formed network structures immobilized
H,0, enhancing the electrolyte’s thermal adaptability by restrict-
ing molecular movement. In the high-temperature water retention
experiment, the water in Zn(OTf),/H,0 gradually evaporated over
time, leaving only zinc salt solids behind. In contrast, 20% P407-
Zn(0Tf),/H,0 retained water consistently and stably over an ex-
tended period, allowing it to continue operating normally at high
temperatures (Fig. 4c). At —30°C, Zn(OTf),/H,0 and 20% P407-
Zn(0Tf),/H,0 electrolytes remained in a liquid state without freez-
ing (Fig. S15 in Supporting information), indicating good ionic
conductivities under low temperatures. This allowed 20% P407-
Zn(0Tf),/H,0 stable operation over a wide temperature range. For
comparison, polyethylene glycol (PEG), which only contained ethy-
lene glycol segments with a similar molecular weight as P407 was
added to Zn(OTf),/H,0 electrolyte. As shown in Fig. S16 (Support-
ing information) and Fig. 4g, both P407 and PEG produced simi-
lar effects on the electrochemical performance of the electrolytes,
resulting in comparable cycling stability at 30 °C and —30 °C.
However, at 60°C, the 20% P407-Zn(OTf),/H,0 electrolyte demon-
strated superior electrochemical stability and much longer cycle

life than 20% PEG-Zn(OTf),/H,0 electrolyte (Fig. 4d). This result
could be attributed to that PEG lacked thermoreversible gelation
properties, resulting in a markedly different H,O behavior in the
20% PEG-Zn(OTf),/H,0 (Fig. S17 in Supporting information). At low
temperature, H,O molecules exhibited low kinetic energy, while at
higher temperature, the molecules became more active and more
prone to evaporation. As a result, the 20% P407-Zn(OTf),/H,0 elec-
trolyte exhibited greater stability and less molecular motion at
high temperature compared to the 20% PEG-Zn(OTf),/H,0 elec-
trolyte, confirming the stabilizing effect of P407. To ensure the
rigor of our conclusions, we also selected a polymer containing
PEO-PPO diblocks for comparison, yielding similar results (Fig. S18
in Supporting information).

Specifically regarding 20% P407-Zn(OTf),/H,0, Zn||Zn symmet-
ric cells and Zn||Cu asymmetric cells were assembled to test the
cycling stability and reversibility of the Zn anode in harsh en-
vironments. As shown in Fig. 4d, at 60°C, the Zn||Zn symmetric
cell with 20% P407-Zn(OTf),/H,0 exhibited a lifespan of 850h at
0.2mA/cm? and 0.2 mAh/cm?2, while the cell with Zn(OTf),/H,0
short-circuited after just 45h of plating/stripping. Moreover, even
at —30°C, the Zn||Zn symmetric cell with 20% P407-Zn(OTf),/H,0
maintained stable performance for 1000 h, while the Zn(OTf),/H,0
cell failed after only 130h (Fig. 4g). These results indicated that
the introduction of P407 significantly enhanced the stability of the
Zn anode under both standard and extreme conditions. To further
assess the influence of P407 on reversibility, CE of Zn||Cu asym-
metric cells was evaluated at both high and low temperatures. At
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Fig. 4. Mechanism of P407-enhanced high-temperature stability. (a) The structure of poloxamer 407 and its thermal reversible property. (b) Diagram of physical states and
H,0 dynamic behavior of 20% P407-Zn(OTf),/H,0 electrolytes at 30 °C and 60 °C. (c) Digital images of Zn(OTf),/H,0 and 20% P407-Zn(OTf),/H,0 electrolytes after being
heated at 60°C for different durations. Long-term constant current cycling performance of Zn||Zn symmetric cells using three electrolytes at (d) 60 °C and (g) —30 °C. (e)
SEM and (f) 3D digital microscopy images of Zn anodes after cycling in two electrolytes for 100h at 1 mA/cm?, 1 mAh/cm? and 60 °C.

60°C, the CE of the cell with Zn(OTf),/H,0 dropped sharply to 0
after 45 cycles (Fig. S19 in Supporting information), primarily due
to severe side reactions such as HER, corrosion, and accelerated
electrode-electrolyte interface polarization. Encouragingly, the cell
with 20% P407-Zn(OTf),/H,0 exhibited a much higher CE, main-
taining an average CE of 92.0% over 80 cycles, with consistent volt-
age profiles at a current density of 0.4 mA/cm?. Even at —30°C, the
cell with 20% P407-Zn(OTf),/H,0 achieved CE of 93.8% over more
than 500 plating/stripping cycles (Fig. S20 in Supporting informa-
tion), with stable voltage profiles. These results indicated that the
20% P407-Zn(0Tf),/H,0 electrolyte exhibited excellent cycling sta-
bility and reversibility across a wide temperature range.
Subsequently, comparisons of the Zn anode surface morphol-
ogy after 50 cycles at both high and low temperatures confirmed
the beneficial effects of P407 (Figs. 4e and f, Figs. S21 and S22 in
Supporting information). At 60°C, SEM images of the Zn anode in
Zn(0Tf),/H,0 exhibited significant dendrite growth, whereas the
Zn anode in the 20% P407-Zn(OTf),/H,0 electrolyte displayed a
much more uniform surface. AFM and 3D microscopy also demon-
strated a significant reduction in surface roughness of the Zn an-
ode with the introduction of P407. Similar results were observed at
—30°C. Additionally, as shown in Fig. S23 (Supporting information),
the XRD results further demonstrated that the P407-containing
electrolyte facilitated preferential Zn deposition on the (002) crys-
tal plane, which helped improve the performance of the Zn anode.
In conclusion, the 20% P407-Zn(OTf),/H,0 electrolyte showed ex-
cellent stability and adaptability across a wide temperature range.
It improved Zn anode stability, reduced dendrite formation, en-

hanced reversibility, and ensured electrochemical stability. The in-
troduction of P407 greatly boosted performance under both stan-
dard and extreme conditions, making it promising for advanced
electrochemical applications.

Finally, to evaluate the practicality of the 20% P407-
Zn(0Tf),/H,0 electrolyte in AZIBs, Zn-V,0s full cells were as-
sembled. As shown in Fig. S24 (Supporting information), cyclic
voltammetry (CV) curves of Zn-V,05 full cells using Zn(OTf),/H,0
and 20% P407-Zn(OTf),/H,0 electrolytes were measured at a scan
rate of 0.1 mV/s. Both CV curves exhibited two pairs of redox
peaks with similar shapes [44]. Subsequently, Zn-V,05 full cells
were tested across a wide temperature range. At 30 °C, the full cell
with 20% P407-Zn(OTf),/H,0 achieved a specific capacity of 114.2
mAh/g at 10 A/g, retaining 94.2 % of capacity after 6000 cycles (Fig.
5a). In comparison, the cell with Zn(OTf),/H,0 exhibited severe
capacity decline after 1000 cycles, retaining only 31.9% after 6000
cycles due to Zn dendrite growth and persistent side reactions.
As shown in Fig. 5b and Fig. S25 (Supporting information), the
20% P407-Zn(0Tf),/H,0 electrolyte also exhibited excellent rate
performance, achieving discharge capacities of 231.9, 177.1, 148.3,
115.3, and 93.1 mAh/g at current densities of 0.5, 1, 2, 5, and 10
Alg, respectively. When the current density returned to 0.5 A/g,
the capacity fully recovered, highlighting highly reversible Zn plat-
ing/stripping and rapid Zn2+ storage processes. The temperature
adaptability of the full cell was further tested. At 60°C, the full
cell with 20% P407-Zn(OTf),/H,0 maintained stable cycling for
1000 cycles at 5 A/g, with a capacity retention of 94.3% (Fig. 5c).
In contrast, the Zn(OTf),/H,0 cell failed after 300 cycles due to



X. Zhao, Q. Dou, B. Yang et al.

Chinese Chemical Letters 37 (2026) 110952

a 5300 " e el o & D %0 3 1002
I st i I P 7
£ 200 % Zn(OTHIHz0 1 B ot etz %2
2001 o = 2 = 20% P407-Zn(OTA2/H20 5
£ 10 Alg 0°C 20% P407-Zn(OTN/H20 & g0 e % ROTIEHD | 5 &
8 1] 8 %, @
& o 2200 %2, 1A 0.5 Alg 40 9
8 100 4 ] 8 e e 5 Alg PNeasas £
;:-, g ..‘:f 1004 VY 10 Alg [ 20 g
o -] o 25
@ ° o o
& 0 - T . . 5 80 © & 0+ 0 o

0 1000 2000 3000 4000 5000 6000 ¢ & a e S0 S8 H0
Cycle number (n) ¥ )
5800 120~ — 400

c:s | ey @ Zn(OTf)2/H20
‘é - T - 100 2 < 30°C 20% P407-Zn(OTf)2/H20
< ‘: : L 80 ,& & 3004 5 309 40°¢ 507 80°C
2 o 260°C 9 Zn(0TM)2Hz0 Leo & 2 b, T8
Sa004 SAg 20% P407-Zn(OTf)2/H20 % S 200+ "

-3 B F40 o a 0°c ’
2 - 20 'E 3 2.5 20 ¢ M
& 2004 s 2 & 100 — 30
] r° 3 ] 1Alg
& 0 T T T T 20 © & o r v v v
0 200 400 600 800 1000 0 20 40 60 80
Cycle number (n) Cycle number (n)
=500 =

d g © L1208 T 16
< = > a0}

T 400 P fwg ] =
23004 v Lsgo 3 = 107G
5 0.4 Alg -30°C  Zn(OT2/Hz0 = o o%
2200 : 20% P407-Zn(OTN2/H20 |- 60 7 08 30
g 5 o 40°c
8 Fay L 40 g S —50°C
& 100 'L 20 S 0.4 —60°C
@ =~ =2
& 0 —— T T T T 0 O —————

0 40 80 120 160 200 240 280 0 40 80 120 160 200 240 280

Cycle number (n)

Specific capacity (mAh/g)

Fig. 5. Electrochemical performance of Zn-V,0s full cells over a wide temperature range. (a) Cycling stability and CE of Zn-V,0s full cells with two electrolytes at 10 A/g and
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(d) 0.1 A/g and —30 °C. (e) Specific capacity of Zn-V,0s full cells at 1 A/g under different temperatures. (f) Charge/discharge curves of the Zn||20 % P407-Zn(OTf),/H,0||V,0s

full cell at different temperatures.

accelerated Zn dendrite growth and aggravated side reactions.
Even at —30°C, the full cell with 20% P407-Zn(OTf),/H,0 re-
tained 90.3% capacity after 280 cycles, demonstrating excellent
low-temperature performance (Fig. 5d). Additionally, the 20%
P407-Zn(0Tf),/H,0 full cell exhibited remarkable capacity stability
during temperature fluctuations. As the temperature decreased
from 30°C to —30°C and then returned to 30°C, the cell main-
tained stable capacity retention, fully recovering its capacity upon
rewarming. Its capacity also increased with temperature, reaching
~240 mAh/g at 60°C (Figs. 5e and f). In contrast, the Zn(OTf),/H,0
full cell failed to recover its capacity after operation at low tem-
perature and showed significant capacity degradation at higher
temperature (Fig. S26 in Supporting information). These findings
confirmed the superior adaptability of the 20 % P407-Zn(OTf),/H,0
electrolyte across extreme conditions. Its excellent thermal and
freeze resistance, combined with improved Zn dendrite suppres-
sion and enhanced cycling stability, demonstrating its potential
for advanced AZIBs applications over a broad temperature range
(—30°C to 60°C).

In conclusion, P407 is introduced as an effective electrolyte ad-
ditive to address the critical challenges associated with Zn an-
odes in AZIBs, offering a promising strategy for achieving wide-
temperature performance. P407 facilitates the reconstruction of
the solvation structure and regulation of H,O cluster behavior,
enabling the in situ formation of a stable and highly conduc-
tive organic-inorganic hybrid SEI layer on the Zn anode surface.
This approach promotes uniform Zn deposition, suppresses den-
drite growth, and effectively mitigates H,O-related side reactions,
thereby stabilizing the Zn-electrolyte interface. Additionally, the
thermoreversible gelation property of P407 provides dual bene-
fits: at high temperature, its crosslinked network structure retains
H,0 molecules and minimizes evaporation, while at low temper-
ature, it transitions to a liquid state to ensure efficient ion trans-
port. With the modified electrolyte, Zn||Zn symmetric cell achieves
stable cycling for over 4000h, and Zn||Cu asymmetric cell ex-
hibits a CE of up to 99.2% at 30°C. Additionally, Zn-V,05 full

cell demonstrates excellent cycling stability and capacity retention
across a wide temperature range from —30°C to 60°C. This study
presents an innovative additive formulation that not only signif-
icantly enhances the interfacial stability and practicality of AZIBs
but also provides valuable insights into the development of wide-
temperature, high-performance aqueous energy storage systems.
Moreover, this strategy shows strong potential for application in
other wide-temperature aqueous metal-ion batteries, paving the
way for the broader adoption of aqueous rechargeable energy stor-
age technologies.
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