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Zn-ion batteries (ZIBs) have garnered significant attention due to their environmental friendliness and low cost.
However, severe dendritic Zn growth, surface corrosion, and Hj evolution reactions, have limited their further
application. In this work, we construct a dilute and non-flammable electrolyte composed of 0.5 M Zn(BF,); salts
in a cosolvent of tetrahydrofuran (THF)/triethyl phosphate (TEP) (1:2 by volume) for ZIBs. In such an electrolyte,
the use of co-solvents can reduce the freezing point of electrolytes, thereby guaranteeing high ionic conductivity
and fluidity of electrolytes even at low temperatures. Meanwhile, TEP and THF can jointly participate in the Zn?*
solvation structure, forming a unique Zn®** solvation sheath, Zn(TEP)s 23(THF)g.64(H20)1.32(BF4)2.15, thus
deriving a stable solid electrolyte interface (SEI) enriched with ZnF; and Zn3(PO4)2 on the surface of Zn metal
anode during electrochemical cycling to achieve high interfacial stability and rapid Zn?* transport, especially at
low temperatures. Thus, even at —20 °C, the Zn metal anode can maintain a high coulombic efficiency of 99.86 %
over 1500 cycles in half cells, and exhibit a an extraordinarily long cycling life (>5000 h) in symmetric cells.
Even under —40 °C, the symmetric cells can also run stably over 5000 h with low overpotential. And corre-
sponding full cells also demonstrate high discharge capacity and capacity retention. This work offers a basic
reference for designing safe and low-cost electrolytes towards low-temperature ZIBs.

1. Introduction coulombic efficiency (CE) and electrode utilization rates [12-15]

Moreover, when the temperature drops below 0 °C, the hydrogen

Zn metal anode has a theoretical capacity of 820 mAh g and a
volumetric capacity of 5855 mAh cm™, coupled with its abundant re-
serves and low cost, making ZIBs a promising candidate for next-
generation energy storage systems [1-5] Meanwhile, typical aqueous
electrolytes stand out for their environmental sustainability, high safety,
and superior ionic conductivity [6-8] Nevertheless, the unstable ano-
de/electrolyte interface significantly hinders the practical application of
aqueous ZIBs, especially at low temperatures [9-11] For a conventional
aqueous electrolyte, the interface usually faces several significant
challenges, such as: Hy evolution reaction (HER), dendrite growth,
surface corrosion, etc., causing by the heightened reactivity of HxO
molecules and the weak acidity of electrolyte, culminating in poor

* Corresponding authors.

bonding interactions between HyO molecules are enhanced, leading to
the gradual solidification of aqueous electrolyte, which increases the
interfacial impedance and slows down the Zn?" diffusion kinetics, as
well as increases the de-solvation energy, ultimately exacerbating
interfacial side reactions and affecting the electrochemical performance
of ZIBs [16-19] Thus, there is an urgent need to stabilize the interface
for promoting the practical application of ZIBs.

Electrolyte design stands out as the most direct strategy to stabilize
the Zn anode interface and enhance the low-temperature performance of
ZIBs. It mainly focuses on the following aspects: 1) introducing elec-
trolyte additives to participate in Zn?" solvation sheath and regulate SEI
formation; [20-23] 2) improving Zn salts concentration to reduce free
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H20 molecules [24-27]; 3) introducing organic solvents as co-solvents
to regulate the hydrogen bonding between H2O molecules, reducing
the freezing point of electrolytes and the number of reactive HoO mol-
ecules [28-31] However, although introducing electrolyte additives and
improving Zn salts concentration can regulate the Zn>* solvation sheath
and optimize the SEI film composition to a certain extent, their efficacy
is impeded at low temperatures due to electrolyte solidification and Zn
salt precipitation, posing significant challenges [32-35] By comparison,
introducing organic solvents as co-solvents or even directly using
organic solvents can significantly lower the freezing point of the elec-
trolyte, thereby enabling their effectiveness at low temperatures, which
have been conceptually, but not sufficiently, reported by a few groups.
For instance, Han et al. reported a hydrated organic electrolyte,
composed of 4 M Zn(BF4)2 and ethylene glycol, which can form
ZnFy-rich SEI film and ensure the run of ZIBs at —30 °C [36] Similarly,
Wang Group designed a eutectic electrolyte composed of 4 M Zn(BF4)2
and 1,2-Dimethoxyethane (DME) [37] These works showcase great po-
tential of organic electrolyte design and offer another avenue for con-
structing stable interface. Nonetheless, there is still much ground to
cover, such as:the cost and pH issues of electrolyte caused by high Zn
(BF4)2 concentration, safety issues caused by organic solvent. It is
particularly noteworthy that these studies primarily employ
high-concentration salts to construct an anion-dominated solvation
structure. Recently, our Group demonstrated a thin and homogeneous
SEI enriched with ZnF, and ZnS on Zn metal surface by a dilute elec-
trolyte system composed of 1 M Zn(BF4)2 salt with dimethyl sulfoxide
(DMSO) [38] Although the concentration of Zn salts has been reduced to
1 M, there are still safety hazards.

Here, we developed a low-concentration and non-flammable elec-
trolyte, which was composed of 0.5 M Zn(BF4); salts in a co-solvent of
THF/TEP (1:2 by volume). Highly flame-retardant TEP not only en-
hances the safety of the electrolyte, but also participates in the Zn%*
solvation sheath, consequently facilitating the formation of stable SEI
layer. Thus, the obtained electrolyte displayed high safety and low-
temperature tolerance. Meanwhile, it can also help to form a unique
anion-enriched  Zn®**-solvation sheath, characterized as Zn
(TEP)3.23(THF).64(H20)1.32(BF4)2.15, leading to the formation of a
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stable SEI layer enriched with ZnF; and Zng(PO4)» during cycling, which
suppresses interface side reactions and endows rapid Zn?" transport
kinetics, especially at low-temperature. Consequently, at room temper-
ature, the Zn || Zn symmetric cells can stably cycle for over 3000 h at a
current density of 1 mA cm?, and Zn | Cu half cells can maintain a high
CE of 99.82 % over 1500 cycles. It is worth noting that at —20 °C, Zn
metal anode can also deliver a long cycling life in symmetric cells
(>5000 h) and half cells (> 2500 cycles). Even at —40 °C, the symmetric
cells can still stably cycle for over 5000 h. This work provides a feasible
strategy for constructing safe organic electrolytes.

2. Result and discussion
2.1. Electrolyte optimization and structure

It is well-established that electrolyte composition and interfacial
stability are critically interdependent in electrochemical systems. In
ZIBs, electrolyte decomposition governs the SEI formation, where the
strategic selection of Zn salts, solvents, and their synergistic interactions
during SEI formation directly dictates battery performance. Recently, a
Zn salt rich in F elements, Zn(BF4),, has been developed and attempted
in ZIBs because it has low cost and can promote the formation of a ZnFo-
enriched SEI layer. However, aqueous solutions of Zn(BF4), exhibit
extreme acidity (pH<1 at 2.0 M), which leads to serious hydrogen
evolution reactions and surface corrosion. Using organic solvents
instead of H»O is an effective strategy, but this in turn greatly reduces
the safety of the electrolyte. Based on this, we constructed a dilute and
non-flammable electrolyte, consisting of 0.5 M Zn(BF4)2 and THF/TEP
co-solvents. As shown in Fig. 1, THF with low freezing point and vis-
cosity can ensure good fluidity of the electrolyte even at low tempera-
tures, while highly flame-retardant TEP can enhance the safety of the
electrolyte. Meanwhile, introducing THF, with a low dielectric constant,
into TEP can enhance the interaction between Zn?* and BF4 (Table S1).
Ultimately, a unique Zn?" solvation sheath where THF and TEP partic-
ipate together can be formed in such an electrolyte, thereby deriving a
SEI enriched with ZnF; and Zn3(PO4), on the Zn metal surface during
the charging and discharging cycle. Such a SEI layer can not only

4 Zn H,

Fig. 1. Schematic illustration of solvation structures and electrode-electrolyte interfaces for different electrolytes.
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suppress interface side reactions, but also can promote rapid Zn?*
transport through SEI layer, ensuring stable electrochemical perfor-
mance at low temperatures.

Subsequently, we have preliminarily optimized the ratio of TEP to
THF based on safety testing. As shown in Fig. 2a and Figure S1, the
concentration of Zn(BF4), was fixed at 0.5 M, the electrolytes featuring
different volume ratios of THF to TEP (1:0, 2:1, 1:1, 1:2, and 0:1) were
denoted as TEP-0, TEP-1, TEP-2, TEP-3, and TEP-4, respectively. In
other words, TEP-0 and TEP-4 represent pure 0.5 M THF-based elec-
trolyte and pure 0.5 M TEP-based electrolyte, respectively. When the
THF: TEP ratio was 1:2, the electrolyte exhibited high flame retardancy.
Meanwhile, the TEP-3 electrolyte displayed the highest coulomb effi-
ciency (CE) and more negative hydrogen evolution potential, thus was
selected as the optimized concentration (Figure S2 and Table S2).
Notably, although the increase in the proportion of TEP in the electro-
lyte leads to an increase in ion conductivity especially at low tempera-
ture, safety is paramount for the practical application of ZIBs. After a
holistic evaluation, the TEP-3 electrolyte was ultimately selected as the
experimental group (Figure S3). Furthermore, as a consequence of the
low pH (pH<2) of 0.5 M Zn(BF4)2 aqueous electrolyte, intensifying the
HER, and corresponding cells failed after undergoing cycling for a mere
80 h at 1 mA cm™ and 1 mAh c¢m™ (Figure S4). Meanwhile, the corre-
sponding electrochemical tests and optical images after immersion also
demonstrated that the 0.5 M Zn(BF4)2 aqueous electrolyte caused severe
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this work, a common 2.0 M ZnSO4-7H50 aqueous electrolyte was used as
an experimental control group, named as: ZSO electrolyte.

Then, we conducted a detailed analysis of the physicochemical
properties and structure of the TEP-3 electrolyte. As shown in Figure S6,
optical photographs revealed that TEP-3 electrolyte can maintain a
fluidic state throughout the temperature range (—40 °C to 25 °C), con-
trasting with the solidification of ZSO electrolyte at —20 °C. Further-
more, the freezing point (Tf) of TEP-3 electrolyte was investigated by
differential scanning calorimetry (DSC). As shown in Fig. 2b, when the
temperature was increased from —170 °C to 25 °C, TEP-3 electrolyte did
not exhibit a significant enthalpy change peak, which can be attributed
to its glassy state at low temperatures, characterized by a glass transition
temperature (Tg) of —137.64 °C. By comparison, ZSO electrolyte showed
an obvious enthalpy change peak, corresponding a Tf of —11.42 °C. The
freezing point of the pure 0.5 M Zn(BF4), aqueous electrolyte was also
tested. Due to the low concentration, the electrolyte exhibited a higher
freezing point compared to the ZSO electrolyte (Figure S7). In addition,
interface wettability is also a key physicochemical indicator for elec-
trolytes. As shown in Figure S8, the contact angle between TEP-3 elec-
trolyte and Zn metal surface was 10.60°, significantly lower than that of
ZSO0 electrolyte (72.3°), indicating superior interfacial wettability. This
phenomenon can be chiefly attributable to the low dielectric constants
of TEP and THF, which reduce the surface tension.

The structure of the TEP-3 electrolyte was further characterized by

Zn corrosion, rendering it practically useless (Figure S5). Therefore, in Fourier-transform  infrared spectroscopy (FTIR) and Raman
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Fig. 2. Electrolyte properties and structure. a) Ignition tests of the separator with TEP-0 and TEP-3 electrolytes. b) Differential scanning calorimetry (DSC) curves of
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spectroscopy. As shown in Fig. 2c, the characteristic peaks observed
within the spectral region of 3100-3700 cm’! were representative of the
O—H stretching vibrations of HoO molecules. Specifically, the peaks at
around 3470 cm and 3214 cm™ were attributed to the interactions
between H,O molecules and BFj ions, as well as solvent molecules,
leading to the formation of O—H-F and O—H-O hydrogen bonds,
respectively. Notably, the O—H-O bond underwent a blue shift as the
TEP concentration increases, indicating that the affinity between HyO
molecules and TEP was stronger than that with THF. Moreover, the
O—H bending vibration within the 1600-1700 cm! shifted to higher
wavenumbers also suggested the restructuring of hydrogen bonding,
thereby significantly reducing the reactivity of HoO molecules and
suppressing the HER. Furthermore, Raman spectroscopy showed that
the characteristic absorption peak of ~734.98 cm™? corresponded to the
stretching vibration of the P-O bond within the TEP framework, which
exhibited a discernible blueshift. At the same time, the absorption peaks
within the range of 860-960 cm™ were attributed to the ring-breathing
vibrations of THF, which displayed a tendency to shift towards lower
wavenumbers (Fig. 2d). These phenomena confirmed the enhanced
interaction between TEP and Zn?', coupled with a corresponding
decrease in the interaction between THF and Zn?*, suggesting that TEP
was gradually being integrated into the solvation shell, concurrently
leading to a reduction in the coordination number of THF.

Theoretically, the solvation structure of the TEP-3 electrolyte was
analyzed using density functional theory (DFT) and molecular dynamics
(MD) simulations. As shown in Fig. 2e, the binding energy of Zn?* with
H,0, THF, TEP, and BF; were —4.46 eV, —6.37 eV, —8.17 €V, and
—14.41 eV, respectively, showing a preference of Zn" for binding with
anions, facilitating the formation of a HyO-poor, anion-rich solvation
structure. And TEP, THF and BF; exhibited the binding energy of
—0.3324 eV, —0.3630 eV and —0.7270 eV with H,0, respectively, both
higher than the binding energy of —0.3308 eV between H,0 (Figure S9).
Meanwhile, the binding energy between TEP (with a higher dielectric
constant) and water was lower than that between THF and water, which
can be attributed to the greater steric hindrance of TEP. Furthermore,
NMR spectroscopy was also used to analyze the HyO activity. As shown
in Figure S10, with the introduction of TEP, hydrogen bonds between
H30 molecules were further disrupted, which was consistent with the
FTIR results. Molecular dynamics (MD) simulations were also conducted
to analyze the solvation structures. As shown in Fig. 2f, the radial dis-
tribution functions (RDFs) showed that the average coordination
numbers (CN) for Zn-O (TEP), Zn-O (THF), Zn-O (H50), and Zn-F(BF3)
were 2.23, 0.64, 1.32, and 2.15, respectively, confirming their successful
participation in the Zn?* solvation structure and forming a solvation
structure of Zn(TEP); 23(THF)g 64(H20)1 32(BF4)2.15 .The 3D snapshot
was shown in Fig. 2 g, for the TEP-3 electrolyte, Zn>* coordinated with
one Hy0, one THF, two TEP, and two BFj. Such a unique solvation
structure will derive a stable SEI enriched with ZnF5 and Zn3(PO4)5 on
the surface of Zn metal anode during electrochemical cycling, thereby
achieving high interfacial stability and rapid Zn?" transport. However,
for the bare ZnSOy electrolyte system, Zn>* formed a solvation shell with
five H,O molecules and one SO7, with the average CN of 4.95 and 1.06
for Zn-O (H,0) and Zn-O (SO?{) in the solvation shell, respectively
(Figure S11). DFT calculation further indicated that the energy gap for
Zn(TEP)2(BF4)2(THF)(Ho0) was 7.64 eV, greater than that of Zn
(H20)5S04, showing higher redox stability (Fig. 2h). Accordingly, linear
sweep voltammetry (LSV) also indicated that the TEP-3 electrolyte
exhibited higher electrochemical stability, and the electrochemical
window was significantly broadened to 2.89 V (Figure S12). As shown in
Figure S13, the de-solvation energy (E;) was obtained by the classic
Arrhenius equation. Notably, the E, of the TEP-3 electrolyte (44.27 kJ
mol 1) was significantly higher than that of the ZSO electrolyte (30.58 kJ
mol), suggested that Zn?* required a greater driving force and to
higher initial nucleation overpotential to achieve electrochemical
deposition, which was beneficial for sTable 3D diffusion process,
thereby achieving parallel Zn deposition.
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2.2. Interface and nucleation behavior

To explore the advancement of such a lean-water solvation structure
in suppressing surface corrosion and stabilizing interface, we first
evaluated the corrosion behavior of Zn metal anode after immersion. As
shown in Fig. 3a, the Zn metal anode exhibited a flat and smooth surface
after soaking in the TEP-3 electrolyte for 7 days, in stark contrast to the
Zn surface after immersing in ZSO electrolyte, which corresponded a
surface adorned with an array of haphazardly arranged, flaky residues
(Fig. 3b). Similarly, the SEM images of Zn metal anode after immersing
in the TEP-3 electrolyte for 7 days at —20 °C and —40 °C also confirmed
the superior corrosion resistance (Figure S14). Additionally, XRD anal-
ysis of Zn metal anode after soaking in bare ZnSO4 electrolyte showed an
obvious byproduct peak, corresponding to Zn4(OH)sSO4-5H20, whereas
no new peaks emerged when using the TEP-3 electrolyte (Figure S15).
Furthermore, linear polarization curves were also used to analyze the
corrosion behavior. As shown in Fig. 3¢, compared to bare ZSO elec-
trolyte, the self-corrosion potential shifted from —0.006 V to —0.001 V
when using the TEP-3 electrolyte, and corresponding self-corrosion
current was significantly reduced, indicating corrosion inhibition. At
the same time, LSV was employed to analyze HER, which was shown in
Fig. 3d The hydrogen evolution potential in the TEP-3 electrolyte
showed a significantly more negative value compared to bare ZnSO4
electrolyte, corresponding to the inhibited HER.

HOMO and LUMO were also used to analyze the possibility of SEI
formation. Generally speaking, a higher HOMO energy level indicated a
greater tendency to coordinate with Zn?>*. And the HOMO energy levels
of THF, TEP, BF3, and HyO were —6.66 eV, —7.85 eV, —3.78 eV, and
—8.15 eV, respectively (Fig. 3e), indicating that BF3 had the strongest
coordinating ability with Zn?*, followed by TEP and THF, with H,0.
Meanwhile, upon coordination with Zn?*, compared to the large energy
gap between Zn?* and H,0, the remaining three components displayed
narrower energy gaps, enabling rapid electron transition between
HOMO and LUMO, suggesting effectively participating in electro-
chemical reactions and forming SEI layer (Fig. 3f). Subsequently, after
cycling 100 cycles, the SEI derived from the solvation structure of Zn
(TEP)2.23(THF) g 64(H20)1.32(BF4)2.15 was investigated. As shown in
Figure S16, EDS mapping revealed a uniform distribution of B, O, F, and
P on the Zn surface after cycling, indicating the formation of SEI on the
Zn anode. And then, XPS spectra was further used to analyze the
composition and structure of SEI layer. As shown in Fig. 3 g, inthe F1s
spectrum, the peak at 685.08 eV was corresponded to ZnF,. Notably, the
ZnF, peak remained detectable even with prolonged Ar' sputtering,
suggesting the formation of a homogeneous ZnF, distribution on the Zn
anode surface. Additionally, the peak located at 192.28 eV was assigned
to B-O, primarily originating from BFj ions in the solvation structure
(Figure S17a). Meanwhile, the C 1 s spectrum exhibited the C—C/C—H
(284.80 eV) and C—O (287.88 eV) peaks and O 1 s demonstrated the
peaks of ZnO (~532.18 eV), demonstrating that both TEP and THF
participated in the electrochemical reduction process, forming an
organic-inorganic hybrid SEI layer (Figure S17 b&c). Given the partic-
ipation of TEP in the solvation structure, the P 2p XPS spectrum was
further analyzed. As shown in Fig. 3h, the peak at 139.78 eV was
identified as Zn3(PO4)2, XPS depth profiling confirmed that Zn3(PO4)
was evenly distributed within the SEI layer under varying sputtering
durations, which can significantly enhance the Zn?*diffusion kinetics,
particularly under low temperature [39] Remarkably, all SEI compo-
nents maintained uniform distributions with increasing etching depth,
indicating the high stability of the SEI layer derived from the TEP-3
electrolyte. Thus, it can be concluded that when using the TEP-3 elec-
trolyte, a stable SEI layer enriched with ZnF; and Zn3(PO4)2 was derived
from the solvation structure of ZH(TEP)2.23(THF)0_64(H20)1_32(BF4)2_15,
which effectively isolated the Zn metal anode from the electrolyte,
preventing side reactions and accelerating Zn?" ion transport. The SEI
layer on the surface of the Zn anode after cycling at —40 °C was also
characterized. The corresponding elemental mapping indicated that an
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SEI layer containing ZnF; and Zng(PO4)2 was also formed, which was
beneficial for the Zn* transport at low temperatures (Figure S18).
Furthermore, EIS measurement at different cycle numbers revealed that
charge transfer resistance (R.t) demonstrated a progressive increase in
the ZSO electrolyte with cycling, mainly due to dendritic Zn growth and
by-product accumulation (Fig. 3i). In contrast, TEP-3 electrolyte system
showed a stable Ry, indicating that the SEI remained stable during
cycling (Fig. 3j). The interfacial stability was further verified through a
more precise in situ impedance testing. As shown in Figure S19a&b, for
the TEP-3 electrolyte systems, during the Zn deposition process, the
impedance exhibited a decreasing trend, while that in the ZSO electro-
lyte displayed an increasing trend. A similar trend was observed during
longer-term plating/stripping processes, which may be attributed to the
gradual formation of the SEI layer (Figure S19c-d). Furthermore, the
DRT profiles revealed two distinct peaks: the first peak corresponds to
contact resistance, and the second peak is assigned to SEI layer resis-
tance (Rggp) [39-41] As shown in Figure S20, in the TEP-3 electrolyte
systems, it demonstrated significantly lower contact resistance and Rggj,
which can be attributed to the less accumulation of by-products, thus

ensuring a stable electrode-electrolyte interface. The TEP-3 electrolyte
demonstrates significantly lower contact resistance and RSEI compared
to other systems. This improvement is primarily attributed to the
absence of parasitic byproduct accumulation and the protective nature
of the SEI layer, which collectively ensure a stable electrode-electrolyte
interface.

Furthermore, the Zn?* nucleation mode and growth behavior were
analyzed using chronoamperometry (CA). As shown in Fig. 4a, when the
polarization voltage was fixed at —150 mV, the current density in the
ZSO0 electrolyte gradually increased over time, corresponding to a con-
stant 2D diffusion process, which leaded to deposition Zn on existing
irregular nuclei to minimize surface energy, ultimately triggering the
formation of uncontrollable Zn dendrites. In contrast, in the TEP-3
electrolyte, the response current remained constant, indicating uni-
form and sTable 3D diffusion, thereby achieving parallel Zn deposition.
Correspondingly, the initial nucleation overpotential was also evaluated
by Zn | Cu half cells. Compared to the bare ZSO electrolyte, the TEP-3
electrolyte exhibited a higher nucleation overpotential, which had the
potential to facilitate the formation of fine and dense grains (Fig. 4b).
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Besides, an in-situ optical device was assembled to observe the Zn>"
nucleation and growth behavior, which was shown in Fig. 4c. At a
current density of 5 mA cm, Zn deposition in the TEP-3 electrolyte
demonstrated a uniform and dense morphology as the deposition time
increased, which can be attributed to the uniform and sTable 3D diffu-
sion behavior. However, when using the bare ZSO electrolyte, an uneven
Zn deposition with irregular protrusions was observed, corresponding to
the 2D diffusion process. In theory, compared to the solvation structure
of Zn(H20)5S04 in the bare ZSO electrolyte, the solvation structure of Zn

(TEP)2(BF4)2(THF)(H20) in the TEP-3 electrolyte exhibited a lower
surface charge distribution, which reduced the repulsive force during
the de-solvation process, facilitating rapid Zn?" diffusion kinetics
(Fig. 4d).

2.3. Cycling stability and electrochemical performance

To explore the Zn growth and cycling behavior, the Zn metal anode
after cycling was analyzed by XRD. As shown in Fig. 4e, when Zn metal
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anode cycling in the ZSO electrolyte, the XRD pattern exhibited a new
peak corresponding to byproducts, and the diffraction intensity
increased with the cycling number, suggesting the continuous accumu-
lation of byproducts over time. This was mainly due to uneven zinc
deposition and severe interface side reactions, while HER intensified as
the cycling number increased, leading to a locally alkaline pH, thereby
forming more byproducts. However, when using the TEP-3 electrolyte,
there were no obvious by-products on the Zn metal surface as the
number of cycles increased, showing superior corrosion resistance
(Fig. 4f). Similarly, the Zn metal anode cycling at low temperature also
demonstrated similar results and Zn?* preferentially deposited on the
(002) and (101) crystal planes (Figure S21). Theoretically, TEP exhibi-
ted adsorption energies of —1.42 eV and —1.58 eV on Zn (002) and Zn
(101), respectively, which were stronger than those of H,O and THF
(Figure S22 and Fig. 4 g). This promoted a uniform electric field dis-
tribution on the Zn metal surface and formed active sites on the Zn
surface, guiding the preferential and uniform Zn deposition on (002) and
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(101) crystal planes, enhancing the de-solvation process. Following
closely, the surface morphology of Zn metal anode after cycling was also
characterized by SEM. As shown in Figure S23, a uniform deposition
morphology was observed when using the TEP-3 electrolyte, while Zn
metal anode cycling in the bare ZSO electrolyte had many small pro-
trusions and the Zn deposition was scattered and stacked, means: den-
drites accumulated continuously during the plating/stripping process.
Similarly, the Zn metal anode after cycling at low temperature also
demonstrated similar results, suggesting that the use of TEP-3 electro-
lyte effectively avoided the exacerbation of dendrite growth at low
temperatures and ensured the stable run of the ZIBs. To gain a deeper
insight into Zn deposition behavior, SEM was employed to observe
morphologies under a current density of 1 mA cm™ with varying areal
capacities. Fig. 4h revealed that as the deposition capacity increases,
7SO exhibited a preferential orientation towards flake-like growth,
which was more prone to trigger dendrite formation, thereby compro-
mising the cycling lifespan of the battery. Conversely, in the TEP-3
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electrolyte, the grains stack in a more uniform and dense manner
(Fig. 4i). Notably, at a capacity of 5 mAh cm?, the grain size increased
markedly in both cases, yet the deposition morphology of TEP-3
remained more uniform. Moreover, optical images shown that the Zn
deposition on Cu foil after cycling in the TEP-3 electrolyte was more
even (Figure S24).

Then, symmetric cells and Zn | Cu half cells were employed to
evaluate the cycling stability. As shown in Fig. 5a, the Zn || Zn sym-
metric cell using the TEP-3 electrolyte exhibited an extended cycling
lifespan exceeding 3000 h under 1 mA cm2 and 1 mAh cm2. In contrast,
the cell with the ZSO aqueous electrolyte suffered from severe polari-
zation voltage fluctuations during cycling and failed abruptly after only
500 h, caused by the accumulation of dendrites and severe side reactions
during cycling. The Zn | Cu half cells were also assembled to investigate
the reversibility of Zn metal anode in different electrolytes. As shown in
Fig. 5b, when using the TEP-3 electrolyte, the half cells can maintain a
high coulombic efficiency of 99.82 % over 1500 cycles, whereas the CE
of Zn | Cu half cells cycled in the bare ZSO electrolyte showed drastic
fluctuation and even suddenly dropped after ~230 cycles. Furthermore,
we also analyzed the average CE to evaluate the cycling reversibility. As
shown in Figure S25, the cells using the TEP-3 electrolyte demonstrated
a high average CE of 99.60 %, demonstrating its superior reversibility.
Furthermore, under a high discharge capacity (Figure S26), the cells
employing the TEP-3 electrolyte demonstrated stable cycling for over
2000 h (~30 % DOD) and 350 h (~60 % DOD), which further proved the
unique advantages of TEP-3 electrolyte.

To evaluate the practical application potential, the full cells were
assembled using NH4V4 O19 (NVO) as the cathode. As shown in Fig. 5c
and Figure S27, the full cells with the TEP-3 electrolyte delivered a
significantly higher discharge specific capacity of 453.33 mAh g™! and
low voltage polarization, which can be attributed to the stable electrode-
electrolyte interface. Then, the low-temperature electrochemical
behavior was also systematically investigated. At —20 °C, the symmetric
Zn || Zn cell can run stably over 5000 h at 0.5 mA cm2/0.5 mAh cm™
with minimal polarization fluctuations (Fig. 5d). Compared to existing
studies, this work demonstrated enhanced reversibility under low-
concentration and low-temperature condition (Table S3). Even at a
higher current density and capacity (1 mA c¢m2/5 mAh cm'z), it can also
maintain stable cycling for over 900 h (Figure S28), highlighting
significantly improved Zn utilization efficiency at low temperatures. At
the same time, the Zn | Cu half cells using the TEP-3 electrolyte exhibited
remarkable cyclability, showing a high CE of 99.86 % over 2500 cycles
at 0.5 mA c¢cm'2/0.5 mAh cm™ (Fig. 5e). These results collectively vali-
date the exceptional interfacial stability and reversibility of the TEP-3
electrolyte at low temperature, positioning it as a promising candidate
for practical ZIBs.

Then, the full cells were assembled using (NH4)2VeOi6-1-4H20
nanobelts (HNVO) as the cathode material. As shown in Fig. 5f and
Figure S29a, the Zn || HNVO full cells delivered an initial discharge
specific capacity of 157.79 mAh g at 0.1 A g with low polarization,
retaining high capacity after prolonged cycling. Even at —40 °C, the cells
achieved an initial capacity of 101.3 mAh g at 0.1 A g}, maintaining a
discharge capacity of 78.02 mAh g'! after 200 cycles, corresponding to a
high capacity retention of 77.02 % (Fig. 5 g and Figure S29b). The su-
perior low-temperature electrochemical performance can be attributed
to the retained fluidity of electrolyte at low temperatures and stable SEI
layer, which synergistically alleviate kinetic barriers. To further eval-
uate the application potential of the TEP-3 electrolyte, HNVO cathodes
with higher mass loading (~4 mg cm™) were also employed. As shown
in Figure S30, the TEP-3 electrolyte still exhibits excellent cycling per-
formance even under such demanding conditions. In all, we have
developed a low-concentration and non-flammable electrolyte formula,
which has low cost, high safety, excellent physicochemical properties,
including but not limited to: ionic conductivity, electrochemical win-
dow, etc. showing excellent practical application prospects

Energy Storage Materials 80 (2025) 104374

3. Conclusion

In summary, we designed a low-concentration and non-flammable
electrolyte, which can form a ZH(TEP)2.23(THF)0_64(H20)1_32(BF4)2_15
solvation structure, leading to the SEI layer enriched with ZnF; and
Zng(PO4), thus effectively regulating the nucleation and deposition of
Zn?*, thereby achieving uniform Zn deposition and rapid Zn>* transport
kinetics, especially at low-temperature. Thus, the Zn metal anode can
display a high average coulombic efficiency of 99.86 % after 1500 cycles
and excellent cycling stability (over 5000 h) at —20 °C, far exceeding
that of conventional aqueous electrolytes. Moreover, full cells with the
TEP-3 electrolytes show excellent cycling performance from —40 °C to
25 °C. This work offers new insights into designing advanced electrolyte
system for ZIBs.
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