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Inverse Solvation Configuration Induced by Organic
Small-Molecule Spatially-Confined Coordination Enables

Highly Reversible Zinc Batteries

Tiantian Lu, Shi Wang, Chang Liu, Lifeng Hou, Yinghui Wei, Qian Wang,* and Zhong Jin*

Despite the cost and safety advantages of zinc-ion batteries (ZIBs), they still
suffer from poor reversibility of Zn anodes in aqueous electrolytes, particularly
under harsh conditions such as extreme temperatures and high depth of
discharge. Herein, a low-concentration small-molecule spatially confined
coordination electrolyte (0.45 m Zn(BF,),"xH,O-THF) is developed that
reconstructs the Zn* solvation structure, forming a unique “inverse
solvation configuration” rich in organic small molecules, thereby accelerating

1. Introduction

Lithium ion batteries (LIBs) have been
widely used in portable electronic devices
and electric vehicles due to their high
energy density and long cycle life.'>] How-
ever, their further application is severely
limited by limited Li resources in the crust
and high cost.[*8] Among the various next-

the de-solvation process of Zn?* and forming a favorable and thin (~50 nm)
organic—inorganic hybrid SEI layer to achieve high interfacial stability.
Concurrently, tetrahydrofuran can alter the inherent hydrogen bonding
network and reduce the freezing point, ensuring stable solvation structure
under harsh low-temperature conditions. As a result, the Zn || Zn symmetrical
cells can be cycled for over 7000 h at low temperature, and the Zn || PANI full
cells demonstrate impressive cycling stability over 18 000 cycles (—40 °C) with
a capacity retention rate #100%. Importantly, even at a high discharge depth
of 60%, Zn || Zn symmetrical cells can still maintain stable plating/stripping
behavior over 3500 h. This work provides new insights for the electrolyte

design of high-performance ZIBs.

T. Lu, C. Liu, L. Hou, Y. Wei, Q. Wang
College of Materials Science and Engineering
Taiyuan University of Technology

Taiyuan, Shanxi 030024, China

E-mail: gianwang0825@pku.edu.cn

S.Wang

State Key Laboratory of Organic Electronics and Information Displays
(SKLOEID), Institute of Advanced Materials (IAM)

Nanjing University of Posts &Telecommunications

Nanjing 210023, China

Z.Jin

State Key Laboratory of Coordination Chemistry, MOE Key Laboratory of
Mesoscopic Chemistry, MOE Key Laboratory of High Performance Poly-
mer Materials and Technology, Jiangsu Key Laboratory of Clean Energy
Catalysis and Intelligent Green Chemical Engineering, Suzhou Key Lab-
oratory of Green Intelligent Manufacturing of New Energy Materials and
Devices, Tianchang New Materials and Energy Technologies Research Cen-
ter, Institute of Green Chemistry and Engineering, School of Chemistry and
Chemical Engineering

Nanjing University

Nanjing 210023, China

E-mail: zhongjin@nju.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202523416

DOI: 10.1002/adfm.202523416

Adv. Funct. Mater. 2025, 23416

€23416 (1 of 13)

generation energy storage battery systems,
ZIBs are considered the most promising
energy storage solution, owing to the high
theoretical capacity (820 mAh g!), low
redox potential (—0.762 V wvs standard
hydrogen electrode), and high abundance
of Zn metal anode.”'®) Unfortunately,
in conventional aqueous electrolytes, the
H,0 molecules within the Zn?* solvation
sheath [Zn(H,0)4%*] exhibit high chemical
reactivity, leading to inevitable challenges at
the zinc anode, such as: hydrogen evolution
reaction (HER), surface corrosion, and den-
dritic Zn growth, which seriously hinders
its reversibility and cycling life.l''"13]
Besides, the large-scale commercial
application of ZIBs is also severely obstructed by harsh service
conditions, e.g., low temperature, ultra-long cycling and high
discharge depth. Specifically, in low-temperature environments
(=20 °C even —40 °C), aqueous electrolytes will freeze into a solid
state, causing the reaction kinetics to become extremely slow,
thus preventing Z1Bs from working properly.'*1¢] Furthermore,
the Zn plating/stripping behavior is extremely uneven at high
discharge depths, lowering the interface stability of Zn metal
anode.['’] Therefore, it is necessary to develop advanced elec-
trolyte systems to improve the interface stability of Zn metal an-
ode and ensure the ZIBs can run stably in harsh conditions.
During the past decade, many electrolyte design strategies
have been proposed to address the above-mentioned issues,
achieving high-performance ZIBs. Typical strategies include: us-
ing high concentration electrolytes; adding electrolyte additives;
constructing deep eutectic electrolytes; Co-solvent Strategy.[18-24]
Among them, high concentration electrolytes can lower the solid-
ification point of aqueous electrolyte and regulate the Zn** sol-
vation structure, as well as reduce the reactivity of active water
molecules, which are considered a simple and effective strategy
to achieve high-performance ZIBs in harsh environments. For
example, Zhang et al. reported a 7.5 M ZnCl,/H,O electrolyte,
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in which the freezing point of electrolyte was decreased to —114
°C due to the disruption of the original hydrogen bonding net-
work in ZnCl,-based electrolyte.[?>) However, the high cost, high
viscosity, and poor ion conductivity of high-concentration elec-
trolytes constrain their further development. More importantly,
some high-concentration electrolyte systems may experience Zn
salt precipitation at low temperatures. By comparison, adding
electrolyte additives is the most common strategy due to its sim-
ple operation and strong compatibility, such as: dimethyl sul-
foxide, acetamide, and propan-2-ol, etc.?-28] Thanks to the high
polarity of organic molecules(OM), the Zn?* solvation structure
is reshaped, forming a solvation structure coordinated by trace
amounts of organic molecules [Zn(H,0);(OM)?*], thereby im-
proving the electrochemical performance of ZIBs. However, due
to the continuous consumption of additives during the charging
and discharging cycle, the composition of SEI film on Zn elec-
trode surface is uncontrollable, and it is prone to rupture dur-
ing the cycling process, making it unable to adapt to the volume
changes of Zn metal anode, resulting in uneven Zn deposition
behavior and serious side reactions, especially in high discharge
depth. Besides, most additives have a relatively single function
and cannot meet the challenges of ZIBs in different application
environments. Recently, eutectic electrolytes and co-solvent elec-
trolytes have garnered significant attention due to their stable
and ordered solvation structures. Typically, Lin et al. reported a
novel eutectic electrolyte composed of Zn(ClO,),-6H,0 and sul-
folane, in which Zn || PANI full cells can be cycled >500 cycles at
—20 °C.[%I The strong coordination between sulfolane and Zn**
triggered a deep eutectic effect, forming unique solvation struc-
ture, thus promoting uniform Zn deposition and reducing water
reactivity. However, up to now, the electrochemical performance
of eutectic electrolytes in harsh environments is still poor, such
as: low coulombic efficiency (CE), poor lifespan under high dis-
charge depth. This is mainly because traditional eutectic elec-
trolytes cannot effectively lock in active water and form stable SEI
film to promote Zn** diffusion. Li et al. reported a mixed-phase
ethyl acetate (EA)/water co-solvent electrolyte system to alter the
solvation structure of Zn?* and disrupt the original strong hydro-
gen bond network formed by H, O, thereby enabling 600 cycles at
—40 °C in Zn||Active Carbon zinc-ion capacitors.[**) However, co-
solvents employed in this strategy often exhibit high viscosity, po-
tentially reducing ionic conductivity. Simultaneously, co-solvent
molecules may preferentially adsorb at the electrode interface or
undergo decomposition, introducing new interfacial reactions.
More importantly, eutectic electrolytes and co-solvent electrolytes
usually have high concentrations, which goes against the original
intention of developing low-cost ZIBs. Therefore, there is an ur-
gent need to develop low-cost and simple yet efficient electrolyte
systems to achieve stable run of ZIBs in harsh conditions, which
remains a serious challenge.

Here, we have developed an extremely simple low-
concentration (0.45 M) small-molecule spatially confined
coordination electrolyte composed of zinc tetrafluoroborate
(Zn(BF,),-4.6H,0) and tetrahydrofuran (THF). Benefiting
from the weak polarity, low viscosity, and low freezing point of
THF, the 0.45 M borate-furan electrolyte displayed a high ionic
conductivity of 21.5 mS cm™!.

More importantly, THF molecules dominate the primary sol-
vation sheath of Zn?*, effectively excluding water molecules to
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the outer secondary solvation shell or even into a free state. This
spatial confinement effect promotes the formation of a unique
inverse solvation configuration, [Zn(THF),(H,0)]**-(BF,7),,
which drastically reduces the number of reactive water molecules
in direct contact with the zinc anode. This structure funda-
mentally reverses the conventional solvation paradigm domi-
nated by the highly aqueous [Zn(H,0)¢]** complex, thereby ef-
fectively suppressing corrosion and hydrogen evolution reactions
and ensuring highly stable operation of zinc-ion batteries under
harsh conditions. In addition, FIB-TEM and TOF-SIMS showed
that a highly hybrid organic-inorganic SEI layer with ~50 nm
thick can form in this inverse solvation configuration electrolyte,
regulating the Zn?* diffusion and migration, thus enhancing
the reversibility of Zn plating/stripping process and achieving
dendrite-free and dense Zn deposition behavior (Figure 1a). By
that, using thin Zn foils (30 pm) as electrodes, the ZIBs exhibited
a comprehensive improvement in electrochemical performance,
especially under low temperature (—20 and —40 °C) and high dis-
charge depth. Zn || Zn symmetric cells showed ultralong cycling
for >7000 h at the current density of 0.5 mA cm~2 at —20 °C, while
Zn || PANI full cells did not show significant capacity degrada-
tion even after 18 000 cycles at the current density of 0.5 A g™! at
—40 °C. More attractive thing is that even at a high discharge
depth of 60%, the cells can achieve stable Zn plating/stripping
behavior over 3500 h at —20 °C, manifesting one of the best re-
sults in Zn metal anodes. This work opens the door to a new
world for improving the stability of Zn metal anode in harsh en-
vironments and promoting the practical application of ZIBs in
large-scale energy storage system.

2. Result and Discussion

2.1. Design Concept and Solvation Structure in Borate-Furan
Electrolyte

Zinc tetrafluoroborate, which is cheaper than the commonly used
Znsalts in ZIBs, such as: ZnSO,, Zn(OTF),, Zn(ClO,),, etc, mak-
ing it one of the most ideal choices for promoting the commer-
cialization of ZIBs (Figure S1, Supporting Information). Mean-
while, it can help to form a ZnF,-riched SEI film on the Zn anode
surface during charging and discharging cycles, improving inter-
face stability. However, zinc tetrafluoroborate comes with crys-
talline water at the beginning of its preparation. Thermogravi-
metric analysis (TGA) suggested that 1.0 M the purchased zinc
tetrafluoroborate contains 4.6 m H,O, that is: Zn(BF,),-4.6H,0
(Figure S2, Supporting Information). To determine the specific
moisture content in the electrolyte, KF titration experiments were
conducted. After multiple measurements, the water content of
the ZFT electrolyte was found to be ~4.71% (Figure S3, Support-
ing Information). When it is directly applied to aqueous elec-
trolytes, due to the strong hydrolysis of BF, ions, electrolyte
will exhibit strong acidity (=0.7 pH), leading to severe corrosion
and hydrogen evolution reactions, which markedly constrain
its practicality (Figure 1b).2'! Choosing appropriate organic sol-
vents instead of H,O is the most direct strategy to solve the
aforementioned problems. Currently common organic solvents,
such as dimethyl sulfoxide (DMSO), trimethyl phosphate (TMP)
and dimethyl carbonate (DMC) have a large molecular struc-
ture, which will form aggregates with large radius during the
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Figure 1. Design concept and main mechanism of electrolyte. a) Design concept of electrolyte; b) lon conductivity and pH of different electrolytes at
room temperature; ¢) Donor number and viscosity of common solvents; d) Temperature adaptability of common solvents; e) SEM images and digital
photos of Zn soaked in ZFH (Left) and ZFT (Right); f) Tafel curves of Zn || Zn symmetrical cells in Different electrolytes.

solvation process.’?341 The large molecular configuration hin-
ders the de-solvation process of Zn?* ions, which restricts their
use under harsh conditions, such as: poor low-temperature per-
formance (low ion conductivity and Zn salt precipitation at
low temperature), hardly meeting the actual needs of high-
performance ZIBs. In addition, some typical organic electrolytes
have increased costs due to the high concentration of Zn salts
(>3.0 M), which goes against the original intention of ZIBs.*’]
Here we start from the design process of the electrolyte and
choose tetrahydrofuran (THF) as the solvent for dissolving
Zn(BF,), due to its high donor number, low viscosity, and low
freezing point, achieving an extremely simple Zn(BF,),/THF
electrolyte to ensure the stable run of ZIBs under harsh con-
ditions (Figure 1c,d). Subsequently, we first investigated the
self-corrosion behavior of Zn metal in electrolyte. As shown in
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Figure le, when Zn foil was immersed in the Zn(BF,), /H, O elec-
trolyte (defined as: ZFH electrolyte), after only 5.0 h, its surface
lost metallic luster and formed a passivation layer. Extending the
immersion to 40 h, Zn foil surface exhibited severe corrosion
and needle-like corrosion morphology, suggesting that Zn foil
was extremely thermodynamically unstable in ZFH electrolyte
with strong acidity. On the contrary, there were no obvious side
reactions on the Zn foil surface when Zn foil was immersed
in the Zn(BF,),/THF electrolyte (defined as: ZFT electrolyte)
for >40 h, the corresponding EDS spectrum also indicated that
HF generated from the decomposition of BF,! anions in water
caused corrosion of the zinc electrode. The fluorine content on
the surface of zinc foil immersed in ZFH electrolyte (2.55%)
was significantly higher than that in ZFT electrolyte (0.29%)
(Figure S4, Supporting Information). Meanwhile, XRD patterns
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demonstrated that there were a large number of corrosion prod-
ucts on Zn foil surface after soaking in the ZFH electrolyte,
whereas no discernible by-products were detected when soaking
in the ZFT electrolyte, suggesting that self-corrosion was signifi-
cantly inhibited (Figure S5, Supporting Information).
Furthermore, we investigated the effect of ZFT electrolyte
concentration. As shown in Figure 1b, the ion conductivity of
1.0 M Zn(BF,),/THF electrolyte was as high as 46.8 mS cm™!,
and even the concentration decreased to 0.45 M, owing to the
strong coordination ability of THF, the electrolyte still displayed
a high ion conductivity of 21.5 mS cm™!, which was sufficient
to support the stable run of ZIBs. Meantime, compared with
Zn(BF,),/H,0 electrolyte and 1.0 m Zn(BF,),/THF electrolyte,
0.45 M Zn(BF,),/THF electrolyte exhibited a more positive cor-
rosion potential, helping to suppress the electrochemical decom-
position of H, O, this may be due to the presence of more reactive
water molecules in 1.0 m Zn(BF,),/THF, which are more likely
to participate in the solvation structure of Zn** and corrode the
Zn electrode during the de-solvation process (Figure 1f). There-
fore, 0.45 M Zn(BEF,),/THF electrolyte was adopted as the opti-
mized concentration. After preparing the 0.45 m Zn(BF,),/THF
(ZFT) electrolyte, the solvation structure was characterized. As
shown in Figure 2a, the FTIR spectrum showed that there was
a strong hydrogen bond (~3200 cm™!) in the Zn(BF,),/H,0
(ZFH) electrolyte, while the strong hydrogen bonding was not
detected in the ZFT electrolyte, indicating a significant decrease
of water activity in the electrolyte, which was beneficial for sup-
pressing the side reactions on the Zn anode surface.**3¢! Com-
pared with ZFH electrolyte, the results of Raman spectroscopy
showed that BF,~ changed from free state to bound state, which
made it easier to combine with Zn?*. Meanwhile, the intro-
duction of the Zn(BF,), salt caused the Raman characteristic
peak of pure THF C—O bond to shift toward higher wavenum-
bers, indicating that an interaction occurred between THF and
Zn?*. The shift of the —CH, characteristic peak in the 2850-
3000 cm™! range also confirmed this result (Figure S6, Support-
ing Information). Further, in the corresponding 'H NMR spec-
trum, the characteristic peak of —CH, exhibited a shift toward
lower fields, which was primarily due to the coordination be-
tween Zn?* and THF leading to a decrease in the electron den-
sity of the O atom in C-O-C. This effect was transmitted to
the adjacent —CH, through the inductive effect, resulting in a
shielding effect. This also indirectly confirmed that THF entered
the solvation structure of Zn?* (Figure S7, Supporting Infor-
mation). Furthermore, compared with ZFH electrolyte, the F
peak in the NMR spectra was shifted to a higher field, suggest-
ing that the competitive coordination of THF can make it eas-
ier for FBF,™ to detach from the solvation sheath, leading to an
increase in the electron density, thereby contributing to the for-
mation of ZnF,-rich SEI (Figure 2b). Theoretically, density func-
tional theory (DFT) calculations showed that the binding energy
order between different components in the electrolyte was Zn?*-
BF,” > Zn?*-THF> Zn?*-H, 0, indicating that Zn?* can prefer-
entially coordinate with THF rather than H,O molecules, effec-
tively breaking the hydrogen bonding network of H,O molecules
in the electrolyte and changing the Zn?* coordination environ-
ment (Figure 2c). The calculation results of adsorption energy
demonstrated that THF was more easily adsorbed on the Zn sur-
face than H,O molecules, constructing a stable metal-molecule
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interface protective layer and reducing side reactions (Figure
S8, Supporting Information). Molecular dynamics (MD) simu-
lation was also conducted to identify the solvation structure. As
shown in Figure S9 (Supporting Information), in the ZFH elec-
trolyte, BF,~ hardly participated in the Zn?* coordination, in-
dicating that the solvation structure of the ZFH electrolyte was
a typical [Zn(H,O)4]** structure. This solvation structure, dom-
inated by low entropy solvent separated ion pairs (SIP), has
a high symmetry and more energy is required to disrupt this
highly ordered structure during the de-solvation process. How-
ever, for ZFT electrolyte, it can be seen that BF,~, THF molecules
and H,O molecules jointly participate in the solvation sheath
of Zn?*, forming a disordered solvation structure, and the ra-
dial distribution function (RDF) confirmed that the coordina-
tion distances of these components were ~0.2 nm and the av-
erage coordination numbers were 2.50, 3.18, 0.32, respectively,
which was consistent with the above results (Figure 2d,e).>”!
Furthermore, Gibbs free energy calculations demonstrated that
[Zn(THF);(H,0)]**-(BF,™), has the lowest Gibbs free energy
and the most stable structure. Thus, [Zn(THF),(H,0)]**-(BF, ),
was identified as the predominant solvation structure (Figure 2f;
Figure S10, Supporting Information). At the same time, the
electrostatic potential of [Zn(THF),(H,0)]**-(BF, ™), was smaller
than that of [Zn(H,0)]**, indicating that THF can reduce the
electrostatic repulsion between Zn?* ions, thereby enhancing the
Zn?* diffusion and migration (Figure 2g). Besides, the HOMO
energy level of THF molecules was higher (—6.82 eV) than that
of H,0 molecules (—8.79 eV), while the LUMO energy level of
THF molecules decreased from 0.11 eV (free state) to —0.83 eV
(bound state), indicating that the bound state THF was easier
to detach from the solvation sheath, which was conducive to
the formation of stable SEI layer on Zn surface during charg-
ing and discharging process (Figure 2h). This unique configura-
tion originated from the strong coordination capability of THF
in a solvent-rich environment, where THF molecules dominated
the primary solvation sheath of Zn?>* and effectively excluding
water molecules to the outer secondary solvation shell or even
into a free state. This spatial confinement effect promoted the
formation of a unique inverse solvation configuration fundamen-
tally distinct from the traditional water-dominated solvation shell
structure ([Zn(H,0)4]**) (Figure S11, Supporting Information).
Therefore, the reduction of active water in the inverse solvation
configuration can increase the hydrogen precipitation overpo-
tential and achieve a larger electrochemical window than in the
aqueous-phase electrolyte (Figure 2i,j). Further, the de-solvation
ability of different electrolytes was evaluated (Figure 2k; Figure
S12, Supporting Information). Compared with ZFH (E, = 41.42
k] mol™!), ZFT displayed a smaller de-solvation energy (E, =
26.94 k] mol™), indicating that the disordered “inverse solvation
configuration” in ZFT can accelerate the de-solvation process. To
sum up, THF can preferentially coordinate with Zn?* and spa-
tially confines reactive water molecules away from the solvation
shell. This mechanism fundamentally alters the Zn?* coordina-
tion environment, forming a special inverse solvation configura-
tion enriched with organic small molecules and promoting the
dissociation of solvation clusters and improving the reduction
stability of the electrolyte, and protect the zinc anode from the
effects of side reactions, such as hydrogen evolution and corro-
sion.
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Figure 2. Solvation structure in borate-furan electrolyte. a) FTIR spectra and b) °F NMR spectra of ZFH and ZFT electrolytes; c) Binding energies of Zn>*—
H,0, Zn**-THF and Zn?*-BF,~ and the corresponding model; d) 3D snapshots of ZFT obtained from MD simulations and partially enlarged snapshots
of the solvation structure of Zn?*; ) RDF plots for Zn?+-O (H,0), Zn?*-O (THF), and Zn?*-F (BF,~) pairs, and corresponding coordination numbers
in ZFT. f) Gibbs free energy comparison of possible structures in ZFT; g) The electrostatic potential of [Zn(H,0)¢]*" and [Zn(THF); (H,0)1**-(BF,7),;
h) HOMO/LUMO energy levels of H,O/THF/[Zn(THF); (H,0)]%*-(BF,7),; i) LSV curves of Zn electrode in different electrolytes; j) Electrochemical
stability windows in ZFH/ZFT, k) Arrhenius curves and activation energies of Zn2+ deposition on Zn anode in ZFH and ZFT.

2.2. Formation and Characterization of SEI Film in Borate—Furan ter cycling 50 cycles at the current density of 1.0 mA cm™?, the

Electrolyte

cross-sectional analysis exhibited that the SEI layer induced by
the “inverse solvation configuration” was clearly visible and rel-

To accurately reveal the effect of ZFT electrolyte on SEI forma-  atively uniform, with a thickness of ~50 nm. The EDS mapping
tion, Zn electrode surface after cycling was analyzed in detail. ~ showed that the SEI layer was mainly composed of C, O, Zn, and
As shown in Figures 3a and S13 (Supporting Information), af-  F elements and the surface distribution was relatively uniform,
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Figure 3. Formation and characterization of SEI film in borate—furan electrolyte. a) FIB-TEM cross-sectional images of the Zn electrode cycled in the ZFT
electrolyte; b) HRTEM images of the Zn electrodes cycled in the ZFT electrolyte; ) C Ts, F 1s and O 1s XPS spectra with various Ar sputtering times;
d) Atomic composition ratios of the SEI on the cycled Zn electrode at different Ar sputtering times; e) The corresponding 3D image reconstruction
of ion spatial distributions from TOF-SIMS depth profiles; f) Adsorption energy of Zn?* with ZnCO;, ZnO and ZnF,; g) The migration pathways and
corresponding migration energy barriers of Zn?* in ZnO and ZnF,; h) EIS measurements after different number of cycles.

which may correspond to ZnF,, ZnO, and some organic hybrids.
Furthermore, HRTEM images confirmed the presence of lattice
fringes of ZnF, and ZnO, as well as the presence of amorphous
phases, indicating the formation of organic-inorganic hybrid
SEI layer derived from unique solvation structures (Figure 3b).
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XPS with various sputtering times was also used to analyze
the SEI components and their depth distribution. As shown in
Figure 3c, the C 1s spectra confirmed the presence of carbon-
rich organic layer, such as: C—H/C—C, C—0, C=0, which can be
attributed to the incomplete reduction products of THF. And the
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presence of ZnF, and ZnO can be confirmed by the O 1s and
F 1s spectra.®l As the etching depth increasing, the character-
istic peak of F 1s, O 1s, and C 1s weakened, indicating the for-
mation of highly hybrid organic-inorganic SEI layer (Figure 3d).
TOEF-SIMS depth profiling was performed to further analyze the
composition distribution of SEI, and Figure 3e showed the 3D
distribution of several ion mode fragments (-CHO,, -ZnCO;, -
ZnF,, and -ZnO) of the Zn surface depth profile after 50 cycles
in ZFT electrolyte. The uniform distribution of C/O-containing
inorganic and organic compounds on the Zn surface and in the
deeper layers indicated the uniformity and density of SEI. The re-
sults were also consistent with TEM and XPS characterizations.
Furthermore, the roles of various components in the SEI during
Zn deposition process were analyzed. In inorganic components,
compared with zinc carbonate and zinc fluoride, zinc oxide had
a higher affinity for zinc ions and a smaller migration energy
barrier (Figure 3f,g; Figure S14, Supporting Information). This
means that during the de-solvation process, zinc oxide in the SEI
can serve as the main channel for Zn?* migration and deposition,
promoting the Zn?* transport and regulating the Zn?** deposition
behavior. Meanwhile, ZnF, functions as a dense physical barrier,
helping to homogenize the Zn?* flux and effectively suppress
the initiation and growth of Zn dendrites. Therefore, the synergy
between ZnO and ZnF, achieves an optimal balance of rigidity
and flexibility: the rigid ZnF, layer provides structural stability
and chemical passivation, while the flexible and ion-conductive
ZnO layer facilitates efficient ion transport and stress dissipa-
tion. This complementary mechanism is crucial for ensuring a
stable electrode-electrolyte interface and outstanding long-term
cycling performance. Furthermore, the presence of organic com-
ponents further enhances the stability of the SEI, as shown in
Figure 3h, the EIS of symmetric cells showed a slight increase in
the initial 10 cycles, corresponding to the formation of SEI film.
Subsequently, even after 200 cycles, the impedance remained al-
most unchanged, suggesting that the SEI layer derived from the
inverse solvation configuration of [Zn(THF);(H,0)]**-(BF,7),
had high stability, which endowed the long cycle stability of Zn
metal anode. In short, such a SEI film can help stabilize the
interface chemical environment and regulate the Zn?* depo-
sition behavior, thereby greatly improving the cycling stability
of ZIBs.

2.3. Nucleation and Growth Behavior of Zn?* in Borate-Furan
Electrolyte

To investigate the impact of borate-furan electrolyte on Zn?* nu-
cleation and deposition behavior, the initial nucleation overpo-
tential during the Zn deposition process was investigated. As
shown in Figure 4a, at a polarization voltage of —150 mV, the
response current in the Zn(BF,),/H,O electrolyte continued to
increase, indicating an increase in the contact area between Zn
metal anode and the electrolyte, thereby resulting in forming
more electrodeposition sites, eventually increasing the Zn de-
position rate and forming irregular 3D structure, known as the
infamous “tip effect”. In contrast, for the ZFT electrolyte sys-
tem, the response current only slightly increased in the initial
stage and then remained constant, which revealed that the ran-
dom 2D Zn?* diffusion on the electrode surface was limited,
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resulting in continuous 3D diffusion, thereby achieving the lat-
eral and parallel Zn deposition.[*) Similarly, cyclic voltammetry
(CV) curves were also used to investigate the Zn?" nucleation
behavior, which was shown in Figure 4b. Compared with the
Zn(BF,),/H,0 electrolyte system, the nucleation overpotential
in the ZFT electrolyte system increased by ~56 mV, which can
help to form smaller Zn nuclei.l*”! Furthermore, ZFT electrolyte
demonstrated better Zn metal wettability, exhibiting a small con-
tact angle (~4.9°) on the Zn surface, thus ensuring Zn?* uniform
flow and fast Zn?* transport kinetics (Figure S15, Supporting
Information).

The SEM and TEM images were used to characterize the de-
position and growth behavior of Zn. As shown in Figure 4c and
Figure S16 (Supporting Information), the Zn deposition in ZFH
exhibited sharp and loose needle-like morphology, which was at-
tributed to parasitic reactions and uneven Zn nucleation behav-
ior. In contrast, the ZFT electrolyte exhibited a more uniform
Zn deposition behavior, resulting in a clear crystal structure and
highly dense morphology. From the TEM results, it can be seen
that the Zn deposition layer in the ZFH electrolyte demonstrated
a large amount of disordered amorphous structure, which can
be attributed to the by-products of hydrogen evolution and cor-
rosion reactions, while in the ZFT electrolyte system, there were
significant hexagonal aggregates, which conformed to the ideal
Zn crystal structure (Figure 4d; Figure S17, Supporting Informa-
tion). In order to observe the Zn deposition behavior more in-
tuitively, an in situ optical device was carried out to observe the
real-time Zn deposition morphology. As shown in Figure 4e, at
a current density of 10 mA cm™2, an uneven surface with irregu-
lar protrusions appeared in the Zn(BF,),/H, O electrolyte system
only after electrodepositing 20 min. As the deposition time was
prolonged, the protrusions gradually induced a self-amplification
behavior, forming Zn dendrites, which may puncture the separa-
tor in the subsequent cycling process, leading to internal short
circuits of ZIBs. In sharp contrast, Zn deposition behavior in
the ZFT electrolyte system had been greatly improved. The Zn
electrode maintained a dense and uniform deposition morphol-
ogy without any dendrites as Zn deposition time throughout
40 min.

Besides, 2D-GIWAXS, and XRD were used to evaluate the crys-
tal structure of the Zn deposition layer. As shown in Figure 4f, the
2D-GIWAXS pattern of Zn metal cycled in the Zn(BF,),/H,0
electrolyte system displayed multiple Debye rings, correspond-
ing its disordered crystal structure. However, the diffraction in-
tensity of Debye rings changed significantly when using the ZFT
electrolyte and without the presence of heterocycles, where the
(002) crystal plane had the highest diffraction intensity, proving
the trend of Zn epitaxial deposition along the (002) crystal plane.
The X-ray diffraction polarographic test also showed similar re-
sults. The (002) pole of Zn metal in ZFT electrolyte system ex-
hibited a significant intensity concentration compared to that in
ZFH electrolyte system, while the (101) pole of Zn metal cycled in
ZFH electrolyte system had a very high intensity concentration,
confirming the irregular random growth orientation (Figure S18,
Supporting Information). Furthermore, the XRD patterns of Zn
metal anode after different cycles can also confirm this conclu-
sion. As shown in Figure 4g and Figure S19 (Supporting Informa-
tion), there was a strong (002) crystal plane in the initial cycling
stage in the ZFT electrolyte system, and the intensity ratio of Zn
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Figure 4. Nucleation and growth behavior of Zn?* in borate-furan electrolyte. a) The i-t curves of Zn electrode in ZFH/ZFT at —150 mV; b) CV curves of
SS|Zn half cells in ZFH/ZFT; c) Morphology of Zn deposition at different deposition capacities in ZFH/ZFT, the fixed current density was 1.0 mA cm~2;
d) HRTEM images of Zn deposited in ZFH/ZFT; e) In situ optical images of the Zn plating in ZFH/ZFT; f) The 2D GIWAXS results of the Zn deposition

in ZFH/ZFT; g) XRD patterns of ZFT after different cycles.

(002) and Zn (101) crystal planes was 4.65 after 5 cycles. Mean-
time, the intensity ratio increased in the subsequent cycles (14.45
after 100 cycles), confirming that the preferential Zn growth
toward (002) crystal plane can be promoted in the ZFT electrolyte
system.

2.4. Electrochemical Performance and Cycling Stability

To investigate the reversibility of Zn metal anode in borate-furan
electrolyte, Zn | Cu half cells and Zn || Zn symmetrical cells were
assembled with thin Zn foils (30 pm). As shown in Figure S20
(Supporting Information), for the Zn(BF,),/H,O electrolyte sys-
tem, the coulombic efficiency (CE) of Zn | Cu half cells rapidly de-
creased to <80% after 40 cycles because of the severe interfacial
side reactions and dendritic growth. In contrast, the cells can run
stably in the ZFT electrolyte system for 800 and 750 cycles with

Adv. Funct. Mater. 2025, e23416 e23416 (8

high CE 0f 99.46% and 99.75% at the current densities of 0.5 and
1.0 mA cm™2, respectively (Figure S20a,b, Supporting Informa-
tion). Capacity-voltage curves can also confirm the enhanced re-
versibility of Zn plating/stripping behavior (Figure S20c,d, Sup-
porting Information). When the current density was increased to
5.0 mA cm2, the cells can still stably run for >2400 cycles with
a high CE of 99.81%, while the cells in the Zn(BF,),/H,O elec-
trolyte system can hardly work (Figure 5a). Meanwhile, we also
evaluated the loss of active Zn during the cycling process using
the average CE method, which was shown in Figure S21 (Sup-
porting Information). In the ZFT electrolyte system, the average
CE of was as high as 99.2%, proving that even in the initial stage,
Zn metal can also deposit/strip more stably, reducing the loss of
active Zn and improving cycling stability.[*!]

The Zn || Zn symmetrical cells were also assembled to in-
vestigate the Zn plating/stripping reversibility in borate-furan
electrolyte. As shown in Figure S22 (Supporting Information),

of 13) © 2025 Wiley-VCH GmbH
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performance of Zn||V,Os full cell at the current density of 2.0 A g~'

at the current density of 1.0 mA cm™2, the symmetrical cells
can run stably >1400 h, far exceeding that in the Zn(BF,),/H,0
electrolyte system. Simultaneously, the cycling life of symmetric
cells was compared under different salt concentrations, with the
0.45 M ZFT electrolyte exhibiting the most stable electrochemical
performance (Figure S23, Supporting Information). More note-
worthy is that even at a high area capacity of 10.2 mAh cm™
(DOD = 60%), symmetrical cells can still achieve stable Zn plat-
ing/stripping behavior for over 1600 h, effectively improving the
utilization rate of Zn metal anode (Figure 5b). In terms of rate
performance, the symmetric cells demonstrated a smaller over-
potential and stable cycling over 330 h (Figure S24, Supporting
Information). These results strongly confirm that the ZFT elec-
trolyte system can improve the electrochemical stability of Zn
metal anode, meeting the practical requirements for high capac-
ity, high current density, and long cycle life. Furthermore, the
surface morphology of Zn electrodes after cycling was also inves-
tigated. As shown in Figure S25 (Supporting Information), for
the Zn electrode cycled in the Zn(BF,),/H,O electrolyte system,
the electrode surface was severely corroded, quite rough, and un-
even. However, the Zn electrode cycled in the borate-furan elec-
trolyte maintained a very regular and dense surface even after
100 cycles, without the obvious by-products and dendrites. Simi-
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larly, the testing of LSCM was consistent with the above results.
The Zn metal anode using ZFT electrolyte had a smooth and
dense surface dominated by the Zn (002) crystal plane during
deposition, while in the Zn(BF,),/H,O electrolyte system, un-
even surface with anisotropic dendrites can be clearly observed
(Figure 5¢,d; Figure S26, Supporting Information). Thus, we con-
cluded the main Zn?* nucleation and deposition mechanism,
that is, the highly hybrid SEI layer derived from the unique in-
verse solvation configuration changed the Zn?* deposition behav-
ior, resulting in Zn growth along the Zn (002) crystal plane. At the
same time, owing to the lower surface energy of Zn (002) crys-
tal plane, its electrochemical activity for hydrogen evolution and
corrosion response was suppressed, avoiding the formation of
Zn dendrites and reducing parasitic reactions, thereby effectively
improving the cycling stability of Zn metal anode (Figure 5e).
Further in order to explore the practical application prospect
of the borate-furan electrolyte, we assembled the Zn || V,0, and
Zn||NH,V,0,, full cells. Initial CV test results indicated that
the ZFT electrolyte exhibited stable redox reactions, whereas the
ZFH electrolyte lacked stable redox capability due to severe elec-
trode corrosion (Figure S27, Supporting Information). Further
long-cycle testing was conducted on the battery, at the current
density of 2.0 A g7!, the ZFT full cells can run over 12 000
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cycles with a high CE of ~#100%, demonstrating ultra-long cy-
cling stability, the corresponding charge-discharge curves also
demonstrate stable cycling performance, whereas it can only be
maintained for 100 cycles for ZFH electrolyte (Figure 5f; Figure
S28, Supporting Information). Simultaneously, Zn||NH,V,0,,
batteries were assembled to evaluate the suitability of the ZFT
electrolyte. The results of the CV tests were consistent with those
of V, 0, demonstrating the ZFT electrolyte’s stable redox capabil-
ity (Figure S29, Supporting Information). Furthermore, the rate
testing results indicated its excellent rate capability (Figure S30,
Supporting Information). Subsequently, we employed NH,V, O,
with a higher loading (>6 mg cm~2, N/P ratio: ~10) as the cath-
ode to assemble a Zn||NH,V,O,, battery, as shown in Figure S31
(Supporting Information). At a current density of 2.0 A g7, the
Zn||NH,V,0,, full cell demonstrated stable cycling performance
exceeding 1000 cycles with negligible capacity decay, confirming
its practical application potential.

2.5. Electrochemical Performance of Batteries under Harsh
Conditions

In order to validate the applicability of ZFT electrolytes in ZIBs,
we evaluated the applicability of the borate-furan electrolyte un-
der harsh conditions. First, the tolerance to low temperatures was
analyzed, and such an electrolyte can maintain good fluidity even
at —40 °C (Figure S32, Supporting Information). The DSC curves
further substantiated that the borate-furan electrolyte did not un-
dergo phase transition at the temperatures as low as —100 °C,
with a freezing point as low as —120.9°C, highlighting its excel-
lent low-temperature tolerance (Figure S33, Supporting Informa-
tion).

In terms of electrochemical performance, since the ZFH elec-
trolyte freezes at low temperatures, its electrochemical proper-
ties are not compared, at —20 °C, the Zn || Zn symmetrical cells
can run stably over 7000 h at the current density of 0.5 mA cm™
for ZFT electrolyte, with ultra-long cycling capability (Figure 6a).
Besides, we also evaluated the plating/stripping reversibility of
Zn metal anode at high discharge depths at —20 °C, which was
shown in Figure 6b. At a fixed capacity of 10.2 mAhcm= (DOD =
60%), symmetric batteries exhibited a highly stable voltage curve
within 3500 h, demonstrating strong competitiveness compared
to previously reported batteries and showing practical prospects
under harsh conditions (Figure 6¢).1262742-4] Considering the in-
tegrity of the electrode SEI at high depth of discharge (DOD),
we performed XPS characterization with varying sputtering dura-
tions on cycled electrode sheets at —20 °C under high DOD condi-
tions. As shown in Figure S34 (Supporting Information), the SEI
layer remained highly stable at low temperatures and high DOD,
with inorganic components such as ZnF, and ZnO still domi-
nating. This ensured rapid Zn2?* conduction kinetics at low tem-
peratures and high DOD, thereby delivering outstanding cycling
performance. Further, even at —40 °C, the Zn || Zn symmetrical
cells can work for over 3500 h at the current densities of 0.25 mA
cm~? (Figure S35, Supporting Information). Correspondingly, we
also investigated the cycling stability of Zn | Cu half cells at low
temperatures. As shown in Figure S36 (Supporting Information),
the cells can be cycled over 2200 cycles at —20 °C with a high av-
erage CE of 99.15%. When the temperature is further reduced to

Adv. Funct. Mater. 2025, 23416

€23416 (10 of 13)

www.afm-journal.de

—40 °C, Zn | Cu half cells can still be stably run >2000 cycles with
a high average CE of 99.55%, showing great low-temperature
adaptability (Figure 6d). Next, when the borate-furan electrolyte
was matched with the PANT cathode, at low temperatures, the
full cells can run >18 000 cycles at a current density of 0.5 A g~!
with a high CE of #100% (Figure 6e). Compared to previously
reported advanced low-temperature electrolytes, the ZFT elec-
trolyte demonstrated significant advantages and showed promis-
ing practical application prospects (Figure S37, Supporting In-
formation). Meanwhile, the pouch cells assembled with such a
borate-furan electrolyte can activate the light plate connected by
LED small lights, reflecting its practical prospects (Figure 6f).

In addition, we explored the mechanism underlying the differ-
ences in electrochemical performance of the borate-furan elec-
trolyte at different temperatures. First, the ionic conductivities of
ZFT electrolytes at different temperatures were compared. Be-
cause the inverse solvation configuration sheath layer of ZFT is
mainly dominated by small-molecule organic solvents and an-
ions, with minimal participation of water molecules, the solva-
tion structure remains largely unaffected by temperature varia-
tions, which ensures the desolvation ability of zinc ions at low
temperature. Therefore, the ZFT electrolytes still exhibited a
high ionic conductivity of 13.3 mS cm™! even at ultra-low tem-
peratures of —40 °C, which can effectively maintain the run of
ZIBs (Figure S38, Supporting Information). The LSV and Tafel
curves showed that the hydrogen bonding network of free water
molecules was disrupted under low temperatures, and there were
almost no hydrogen evolution or corrosion reactions, improv-
ing the interface stability of Zn metal anode (Figure S39, Sup-
porting Information). So that the Zn deposition demonstrated a
more uniform morphology atlow temperatures (Figure S40, Sup-
porting Information). Furthermore, we also simulated the sur-
face state of Zn metal at different temperatures. As shown in
Figure 6g and Figure S41 (Supporting Information), the Zn sur-
face had a more uniform electric field distribution, ion concentra-
tion distribution, and current density distribution at low temper-
atures, inducing Zn?* to maintain a relatively uniform morphol-
ogy throughout the entire deposition process. Besides, we eval-
uated the application of the borate-furan electrolyte at high tem-
peratures. As shown in Figure S42 (Supporting Information), at
40 °C, the Zn metal anode can run over 800 h in symmetrical cells
and >400 cycles with a high CE of 99.64% in half cells, showing
high stability.

In short, compared with the common ZIBs electrolyte, the ex-
tremely simplified borate-furan electrolyte exhibited significant
tolerance to harsh environments, the cells can cycle stably over
a wide temperature range (—40 to 40 °C), highlighting the broad
application prospects (Figure 6h).

3. Conclusion

In summary, we reported an extremely simplified low-
concentration inverse solvation configuration electrolyte (0.45
M) composed of hydrated Zn(BF,), and tetrahydrofuran, achiev-
ing a highly reversible Zn metal anode with high Zn utilization.
The results of theoretical analysis and experimental study show
that tetrahydrofuran reshapes the Zn2* solvation structure
through a spatial confinement effect, effectively reversing the
conventional active-water-dominated solvation environment
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Figure 6. Electrochemical performance and cycling stability. a) Cycling performance of Zn || Zn symmetric cells at 0.5 mA cm~2/0.5 mAh cm~2 under
—20 °C; b) DOD testing of symmetrical cells at —20 °C; c) Comparison of the Zn anodes in ZFT electrolyte with recently reported Zn anodes at low
temperatures; d) The cycling performance of Cu | Zn half cells under —40 °C; e) Long-term cycling stability of Zn||PANI cells at a current density of 0.5 A
g~ 'in —40 °C; f) Practical application demonstration; g) Electric field distribution during simulated zinc deposition at different temperatures; h) Overall

advantages of ZFT electrolytes.

([Zn(H,0)¢]*") typical of aqueous electrolytes. This reorgani-
zation leads to a distinctive inverse solvation configuration
((Zn(THF),(H,0)]**-(BF,"),) dominated by small organic sol-
vent molecules. Consequently, this structure not only accelerates
the desolvation kinetics but also facilitates the formation of a
favorable organic—inorganic hybrid SEI layer to control the depo-
sition behavior of Zn to promote the formation of a dendrite-free
Zn deposition state with a high degree of (002) texture, thus
obtaining excellent interface stability. Therefore, the obtained
battery showed excellent electrochemical performance, the Zn |
Cu half cells can be cycled for 2400 cycles at a high Coulombic
efficiency of 99.81% at 25 °C, the symmetric Zn || Zn cells
can run at a low temperature of —20 °C for >7000 h, the Zn ||
PANT full batteries did not show significant capacity degradation
even after 18 000 cycles, more prominently, even at a high
discharge depth of 60%, the Zn || Zn symmetrical cells still
can cycle 3500 h at low temperature, highlighting the broad
application prospects. This work is expected to inspire more sus-

Adv. Funct. Mater. 2025, 23416
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tainable ZIBs work in developing low-cost, high-performance,
industrialized production.
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