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Solid-state eutectic electrolyte via solvation
regulation for voltage-elevated and deep-
reversible Zn batteries

Wei Ling 1,2, Funian Mo3, Xiongwei Wu2, Xianxiang Zeng 2, Jian Xiong4 &
Yan Huang 1

Solid-state electrolytes have the great potential to achieve high-voltage and
durable zinc-based batteries, but their effectiveness is limited by inferior ionic
conductivity and large interfacial voltage polarization. Here, a nonflammable
solid-state eutectic electrolyte is prepared in situ by cross-linking poly-
merization of ternary eutectic electrolyte with ethoxylated trimethylpropane
triacrylate. Thanks to the intermolecular interaction among the deep eutectic
solvents and polymer skeleton, the solid-state eutectic electrolyte possesses
satisfactory room-temperature ionic conductivity of 3.94 × 10-3 S cm-1. It
enables the symmetric batteries with 80% Zn utilization operating stably at
high current density of 8.0mA cm-2 for 1700 h, exceeding all non-aqueous and
most aqueous zinc batteries. More importantly, due to solvation structure
regulation, the solid-state eutectic electrolyte is found to elevate discharge
voltage plateau to 2.1 V in Zn full batteries, and presents favorable rate per-
formance and cyclic stability at 25± 1 °C.

As promising alternatives of conventional lithium-ion batteries, Zn-
based batteries have attracted much attention due to their low cost,
intrinsic safety and eco-friendliness nature1–3. However, their voltage as
well as reversibility of Zn electrode under high depth of discharge, are
critical bottlenecks for practical application. Solid-state electrolytes
with wide voltage window guarantee high-voltage Zn-based batteries
as well as effectively alleviate dendrite growth and low coulombic
efficiency caused by side reactions4–6. Nevertheless, they typically
exhibit low ionic conductivity and poor interfacial compatibility,
leading to severe discharge voltage drop of full batteries, especially
under the condition of high zinc utilization and large current
density2,7–10. More importantly, they have never been found to elevate
voltage plateau of batteries under the condition of given positive and
negative electrodes. Although several works reported a high discharge
plateau of above 2.0 V, they relied on the selection of high-potential
positive electrodes and/or low-potential negative electrodes insteadof
the electrolyte effect11–15. So far, solid-state Zn-based batteries rarely

exhibit discharge voltage plateauof over 1.9 V, and are difficult to cycle
at zinc utilization of over 50% and current density of over 5.0mA cm-2.

Among various solid-state electrolytes, the solid-state eutectic
electrolyte exhibits advantages of relatively high ionic conductivity,
safety and good thermal/chemical stability16–23. Unfortunately, it still
shows non-ideal ionic conductivity (below 10-3 S cm-1) and low zinc ion
mobility number (0.2–0.3) at 25 °C, which is mainly attributed to high
viscosity of eutectic electrolytes and easy mobility of deep-eutectic
solvents24–27.

Here, we reported a nonflammable solid-state eutectic electrolyte
(PSNE) via in situ thermal polymerization of ternary eutectic electro-
lyte with ethoxylated trimethylpropane triacrylate (ETPTA) (Fig. 1a).
Benefiting from the intermolecular interaction of the ternary eutectic
electrolyte, the ionic conductivity of PSNE at 25 °C breaks through to
3.94 × 10-3 S cm-1. Due to the anchoring effect of polymer skeleton on
the solvent molecules, the symmetric batteries using PSNE maintain
durable lifetime of 1700h at 8.0mA cm-2 under 80% Zn utilization,
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suprassing all non-aqueous and most aqueous zinc batteries. Fur-
thermore, derived from the solvation structure regulation, the solid-
state eutectic electrolyte elevates the discharge voltage plateau (up to
2.1 V) of Zn batteries and the plateau elevation is universal in different
positive electrodes. Thus, we overturn the classical cognition regard-
ing the voltage of batteries and realize deep charging/discharging.

Results
Preparation of the solid-state eutectic electrolyte
As shown in Fig. 1b, single butanedinitrile (SN) or N-methylacetamide
(NMA) presented a solid state at around 25 °C, but their mixture was
transformed into a liquid state. This is attributed to the fact that the
strong intermolecular force between SN and NMA can lower the
melting point of themixture, thus forming a eutectic solvent that helps
the dissolution and dissociation of zinc salts. After addition of zinc
bis(trifluoromethanesulfonyl)imide (Zn(TFSI)2) (0.5M), they formed
different liquid eutectic electrolytes, named as SE, NE and SNE,
respectively, indicating that strong intermolecular forces among
Zn(TFSI)2, SN and NMA can further lower the melting point of these
mixtures (Supplementary Fig. 1). Finally, ETPTA and azodiisobutyr-
onitrile (AIBN) serving as monomer and initiator, respectively, were
added to eutectic electrolytes above, followed by curing in a high-
temperature oven to form solid-state eutectic electrolytes, named as
PSE, PNE and PSNE, respectively (Fig. 1c).

As we know, the thermal stability of electrolyte is critical to the
practical application of zinc metal batteries (ZMBs). The thermo-
gravimetric test (TGA) curve in Fig. 1d show that PSNE loses only 2% of
its original weight at 180 °C, suggesting a good thermal stability. Fur-
thermore, PSNE cannot be ignited in contact with the flame for several
seconds, demonstrating low vapor pressure and non-flammability
(Fig. 1e). Compared with conventional aqueous electrolytes, PSNE not
only retains the high safety of Zn-based batteries, but also solves the
problem of solvent evaporation from the electrolytes.

Composition andmechanism analysis of the solid-state eutectic
electrolyte
The ionic conductivity of solid-state eutectic electrolyte is closely
related to the relative content of zinc salt. The alternating current
(AC) impedance spectra of solid eutectic electrolytes with different
zinc salt contents are shown in Supplementary Fig. 2, where PSNE-1,
PSNE-3, PSNE-5, PSNE-7 and PSNE-10 were assigned to the Zn(TFSI)2
concentration of 0.1mol L-1, 0.3mol L-1, 0.5mol L-1, 0.7mol L-1 and
1.0mol L-1 in the precursor solution, respectively. The thickness (d)
and area (S) of the tested electrolytes were 0.3 cm and 0.785 cm2,
respectively, thus the ionic conductivity of solid-state eutectic elec-
trolytes with different zinc salt contents can be calculated by the
equation (σ =d/RS). As shown in Fig. 2a, the solid-state eutectic elec-
trolyte can obtain the highest ionic conductivity of 3.94 × 10-3 S cm-1 at

Fig. 1 | Preparation and thermal performance of the solid-state eutectic elec-
trolyte. a Schematic diagram of eutectic electrolyte via in situ polymerization.
Photograph showing b different solvent components and c corresponding solid-

state eutectic electrolytes. d Thermogravimetric analysis (T2% loss represents the
temperature at which the mass loss reaches 2%) and e non-flammability test
of PSNE.
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Zn(TFSI)2 content of 0.5mol L-1 under a temperature of 25 °C. As
shown in Supplementary Fig. 3, PSNE still possessed a room-
temperature ionic conductivity of 3.37 × 10-3 S cm-1 via 50 times of
bending, which was 85.5% of the initial ionic conductivity, indicating
relatively good mechanical stability. In addition, the differences in
electrochemical properties between PSN, PNE and PSNE solid-state
electrolytes were investigated. Supplementary Fig. 4 represents their
AC impedance spectra at different temperatures. Thus, the ionic
conductivity of the solid-state electrolytes at different temperatures
can be obtained (Supplementary Table S1). Compared to PSN and
PNE, PSNE exhibited the highest ionic conductivity at each tem-
perature, and the ionic conductivity of PNE was much higher than
that of PSN. This is attributed to the role of NMA to decrease the
viscosity of electrolyte as well as the interaction between SN and
NMA to form a low eutectic solvent, which promote the dissociation
of Zn(TFSI)2. Meanwhile, based on the Arrhenius relationship plots
(σ = A exp(-Ea/RT)) (Fig. 2b), the activation energies of PSN, PNE and
PSNE are 0.22 eV, 0.20 eV and 0.18 eV, respectively, indicating an
improved ion conduction property of PSNE.

In addition to the ionic conductivity, awide voltagewindow is also
oneof the important properties of solid-state electrolytes. As the linear
voltammetric curves (LSV) shown in Fig. 2c, PSNE possessed an

oxidation potential of 2.85 V, which was higher than that of PNE (2.5 V)
and lower than that of PSE (3.2 V), suggesting that the addition of SN
can effectively improve the antioxidant ability of the solid-state elec-
trolyte. For comparing PSE with PSNE, the difference is because the SN
content in PSE (88.4wt%) is significantly higher than that in PSNE
(8.5wt%). Besides, the Zn2+ transfer number in solid state electrolytes
has an important influence on the space charge layer effect and den-
drite formation on the electrode surface. For this reason, the Zn Zn
symmetric batteries was tested by direct-current polarizationmethod,
and the Zn2+ transfer number can be calculated by the following
equation:

t + =
issðΔV � i0R0Þ
i0 ΔV � issRss

� �� ð1Þ

where t+ represents Zn2+ transfer number, io and iss express the current
(A) before and after polarization, Ro and Rss are the impedance (Ω)
before and after polarization,ΔV is the applied voltage (V). As shown in
Fig. 2d, PSNE exhibited Zn2+ transfer number of 0.60, which is much
higher than that of conventional liquid electrolytes (<0.3). For com-
parison, a liquid eutectic electrolyte (SNE) without ETPTA monomer
possessed a Zn2+ transfer number of only 0.22 (Supplementary Fig. 5).

Fig. 2 | Electrochemical performance andmechanismanalysis of the solid-state
eutectic electrolyte. a Ionic conductivities of PSNE with different contents of
Zn(TFSI)2 at 25 °C. b Arrhenius plots of different solid-state electrolytes. c Linear
sweep voltammetry of different solid-state electrolytes at 1.0mV s-1 under tem-
perature of 25 °C. d Direct-current polarization and EIS variation of Zn PSNE Zn

symmetrical batteries at 25 °C (applied voltage: 10mV; I0: initial current; Iss: steady-
state current). e, f FTIR spectra of solid-state eutectic electrolytes. g Electrostatic
potential and h binding energy of various components. i Molecular orbital energy
level of PSN, PNE, and PSNE.
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It is attributed to that the solid electrolyte has a higher binding effect
for anions, thus promoting the migration of Zn2+.

In order to analyze the composition and intermolecular interac-
tion of solid electrolytes, Fourier infrared spectroscopy (FTIR) was
performed for different solid electrolytes andmonomers. As shown in
Fig. 2e, the ETPTAmonomer shows a characteristic absorption peak at
1630 cm-1, which is attributed to the vibration of theC =Cbond28, while
thedisappearanceof this characteristic peak for the PSE, PNE andPSNE
indicates the successful polymerization of ETPTA at high temperature.
Moreover, thepositions of characteristic peaks ofC =O,CH2, C ≡Nand
N-H in the solid eutectic electrolytes were shifted to some extent
compared with those of monomer, pure SN and NMA (Fig. 2f), sug-
gesting that there are some interactions between the polymer back-
bone and SN/NMA, which facilitate the anchoring of solventmolecules
on the polymer backbone and thus promote ionic conduction in the
solid-state electrolytes. On this basis, Raman spectroscopywas used to
analyze the interaction of Zn(TFSI)2 with SN and NMA. As shown in
Supplementary Fig. 6 and Supplementary Note 1, the Raman char-
acteristic peaks at 1238 cm-1 and 1130 cm-1 were attributed to CF3
stretching and SO2 vibrations in Zn(TFSI)2

5. After the addition of SN
and NMA, these peaks of the eutectic electrolyte (whether poly-
merized or unpolymerized) were relatively displaced, indicating that
there are interaction forces amongZn(TFSI)2, SN andNMA. In addition,
compared with the smaller change of the C ≡N position of SN in the
eutectic electrolytes, the displacement of the C =O characteristic peak
of NMA in the eutectic electrolytes was more obvious, which demon-
strates the interaction force between Zn(TFSI)2 and NMA is stronger
than that of SN, suggesting that NMA was easier to dissociate
Zn(TFSI)2.

Density Functional Theory (DFT) was used to probe the interac-
tions among components within the solid-state eutectic electrolytes,
and the theoretical calculations were all performed based on the
Gaussian 16 series program29. First, the electrostatic potentials of the
different components and their interactions were calculated to show
the electronegativity and positively charged groups on these compo-
nents and the polymer backbone, which mainly contribute to inter-
molecular coordination (Fig. 2g, Supplementary Fig. 7, Supplementary
Fig. 8, Supplementary Fig. 9 and Supplementary Data 1). These inter-
actions mainly involved Van derWaals intermolecular force, hydrogen
bond and ion-dipole interaction. As shown in Fig. 2h, the binding
energies of SN-SN, NMA-NMA, and SN-NMA solvent molecules them-
selves are -0.458 eV, -0.517 eV, and -0.287 eV, respectively, suggesting a
strong interaction among eutectic solvents. In contrast, the binding
energies of polymer matrix-solvent molecule were increased to
-0.539 eV (ETPTA-SN) and -0.753 eV (ETPTA-NMA), respectively, which
was attributed to that SN and NMA tend to have stronger interactions
with highly electronegative groups in ETPTA rather than their own
dipole–dipole interaction. Furthermore, the binding energies of SN-
NMA-ETPTA and SN-NMA-ETPTA- TFSI- were increased to -1.566 eV and
-1.409 eV, respectively (Supplementary Fig. 9f and Supplementary
Fig. 9h). Such stronger interactions of polymer skeleton for SN and
NMA is conducive to the anchoring of solvent molecules on the
polymer skeleton, thus promoting ion conduction and stabilizing zinc
electrode by reducing the decomposition of solvent molecules
effectively.

To investigate the effect of intermolecular interactions on the
stable voltage window of solid-state eutectic electrolytes, the mole-
cular orbital energy levels of different systems were calculated, where
the highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) energy levels correspond to the oxi-
dation and reduction potentials of the systems, respectively. As shown
in Fig. 2i, compared with PNE (4.44 eV), PSE and PSNE displayed larger
energy band widths of 5.05 eV and 4.68 eV, respectively, suggesting
the addition of SN can effectively broaden the stable voltage window
of solid-state electrolytes. In particular, theHOMOenergy levels of PSE

and PSNE were -6.93 eV and -6.72 eV, respectively, being lower than
that of PNE (-6.49 eV) (Supplementary Data 1). The lower HOMO
reflects that it is more difficult for external oxidizing species to extract
electrons from the electrolyte, because the electrons in the electrolyte
are more tightly bound. This makes the electrolyte more stable in
oxidative environments, thus enhancing its antioxidant ability. Thus,
the DFT result verifies SN can enhance the antioxidant potential of
solid-state electrolytes, which is consistent with the previous LSV
data (Fig. 2c).

Stripping/plating reversibility of Zn electrode based on the
solid-state eutectic electrolyte
In our previous work, ZnSnF@Zn was shown to be effective in
improving the Zn plating/stripping performance of zinc electrode in
aqueous electrolytes30. Based on that, the zinc deposition behavior of
ZnSnF@Zn in these solid-state eutectic electrolytes was further
investigated. For this purpose, Pure Zn and ZnSnF@Zn were assem-
bled into symmetric batteries with PSNE electrolyte, respectively. As
shown in Supplementary Fig. 10, the symmetric battery based on PSNE
electrolyte can run stably for 4000h regardless of using Pure Zn or
ZnSnF@Zn at a current density of 1.0mA cm-2, and their cycle lifes are
much longer than that of most zinc electrodes in aqueous electrolytes
(below 2000h)31–33, confirming that solid-state eutectic electrolyte is
able to significantly improve the zinc deposition behavior. In addition,
compared with Pure Zn, ZnSnF@Zn based on PSNE always maintained
a stable and smaller overpotential (20–30mV) during long-term Zn
plating/stripping, indicating an improved interfacial compatibility
between solid-state eutectic electrolyte and ZnSnF@Zn electrode.
ZnSnF@Zn|PSNE|Ti batteries were assembled to test their cyclic vol-
tammetry, which exhibited small changes in peak current and peak
potential during 80 cycles, suggesting the highly reversible electro-
chemical reaction process of ZnSnF@Zn in the presence of PSNE
(Supplementary Fig. 11). Due to the favorable zinc deposition behavior
of ZnSnF@Zn in PSNE, subsequent studies on the electrochemical
performance of PSNE were mianly based on ZnSnF@Zn.

To investigate the effect of PSNEon zinc deposition efficiency, the
asymmetric ZnSnF@Zn||Cu batteries were assembled and tested for
long cycle. As shown in Fig. 3a, the ZnSnF@Zn|PSNE|Cu can maintain
an average coulombic efficiency of 99.86% during 1100 cycles at
1.0mA cm-2 and 1.0mAh cm-2. By contrast, ZnSnF@Zn|PNE|Cu pos-
sessed an average coulombic efficiency of only 95.43%with 250 cycles,
andZnSnF@Zn|PSE|Cu exhibited veryfluctuatingdeposition efficiency
within less than 100 cycles, which results from the lowest ionic con-
ductivity of PSE with large interfacial impedance. In addition, the
ZnSnF@Zn|PSE|Cu showed a low first zinc deposition efficiency of
43.6%, which wasmuch lower than that for ZnSnF@Zn|PNE|Cu (93.4%)
and ZnSnF@Zn|PSNE|Cu (94.1%) (Supplementary Fig. 12). As shown in
Supplementary Fig. 13, the solid-state electrolyte still possessed an
intact structured after long-term Zn plating/stripping.

Besides, different solid-state electrolytes were assembled into
ZnSnF@Zn||ZnSnF@Zn symmetric batteries, and the Zn plating/
stripping performance at 80% zinc utilization was tested. Due to low
ionic conductivity and large interfacial impedance, PSE-based sym-
metricbatteries cannot operate normally atdifferent current densities,
indicating inferior zinc deposition behavior (Supplementary Fig. 14).
The current density of PNE-based symmetric batteries can reach
5.0mAcm-2 at 80% zinc utilization, and the battery was short-circuited
when the current density rised to 8.0mAcm-2. By comparison, the
symmetric battery based on PSNE always showed stable Zn plating/
stripping during the total running time of 352h, and its overpotential
increased slowly with the increase of current density from 1.0mA cm-2

to 10.0mA cm-2 (Fig. 3b). When the densities returned to the initial
current density, the overpotential can still return to the initial level,
showing the high rate performance of the zinc deposition in PSNE. In
addition to rate performance, long cycle stability is also important for
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zinc electrode. As shown in Fig. 3c, at 1.0mA cm-2, the symmetrical
battery based on PSNE can run stably for 2000 h under 80% zinc
utilization, and its overpotential was slightly changed from the initial
45.9mV to 45.7mV after Zn plating/stripping. When the current den-
sity is increased to 8.0mAcm-2, the symmetric battery can maintain a
stable cycle for 1700 h, and the overpotential was always stable at
about 200mV during the long cycle. Even at the current density of
10mAcm-2, the symmetric battery still displayed a stable operation for
1000 h (Fig. 3d). These results confirmed that PSNE can greatly
improve the stability of Zn plating/stripping for zinc electrode under
the harsh conditions of high zinc utilization and high current density.

To investigate futher the effect of PSNE on the zinc deposition
behavior, themorphology of zinc electrode after plating/strippingwas
characterized. As shown in Fig. 3e and Supplementary Fig. 15, the zinc
electrode showed a flat surface morphology and no fragmented
structures in the cross section. In order to evaluate the effect of PSNE
on the suppression of side reactions, XRD tests were performed on the
cycled zinc electrode. As shown in Fig. 3f, after 1 and 100 cycles in
PSNE, ZnSnF@Zn exhibited the same characteristic diffraction peaks
as before plating/stripping, mainly attributed to Sn (PDF#04-0673)
and Zn (PDF#04-0831). Similarly, for the Pure Zn electrode, the char-
acteristic diffraction peaks were the same as those before plating/
stripping without heterophase peaks (Supplementary Fig. 16), sug-
gesting that PSNE effectively suppresses the side reactions of zinc
electrode. To evaluate the corrosion resistance of the Zn electrode in
PSNE, the PSNE-based symmetric battery was tested by alternating
cycles of zinc metal deposition/stripping (100h) and resting (100h).
As shown in Supplementary Fig. 17, after each 100 h of resting, the
symmetric battery could return to its original stable working condi-
tion, and its average overpotential was stable at about 45mV during
long-term plating/stripping of 1100h. The favorable performance
recovery of the symmetrical battery is attributed to the fact that PSNE

can effectively inhibit the corrosion of zinc electrode, thus avoiding
the undesirable self-discharge phenomenon of the battery. Compared
with the performance reported in the literature, the symmetric battery
based on PSNE presents great advantages in the stability of Zn plating/
stripping under the harsh conditions of high zinc utilization rate and
high current density, surpassing the plating/stripping performance of
zinc electrode in all non-aqueous electrolytes and most aqueous
electrolytes reported so far (Fig. 3g). Specific performance parameters
were shown in Supplementary Table S2.

Performance of solid-state full batteries
Based on the wide voltage window and reversible zinc deposition
behavior, the applicability of PSNE was analyzed and evaluated in the
high-voltage ZMBs. First, K1.6Mn1.2Fe(CN)6 (MnHCF), a Prussian blue
analogue, was selected as the high-voltage positive electrode and
assembled with PSNE and ZnSnF@Zn to form a solid-state ZMB34. As
shown in Supplementary Fig. 18, the characteristic diffraction peaks of
the preparedMnHCF corresponded to the standard PDF card (PDF#51-
1896). Subsequently, CV tests were performed to analyze the electro-
chemical process of the solid-state ZMBs. Figure 4a shows the CV
curves of ZnSnF@Zn|PSNE|MnHCF full battery in the scan rate range of
0.1 ~ 1.0mV s-1. Meanwhile, the log(i)-log(v) relationship between cur-
rent and scan rate in Fig. 4b can reflect the charge storage behavior
during charging and discharging, based on the following equation:

i=avb ð2Þ

where i represents specific current (Ag-1), v expresses scan rate (mV s-1),
a and b are adjustable parameter. The b-values corresponding to the
redox peaks of A1, A2, C1, andC2were calculated to be 0.57, 0.53, 0.54,
and 0.52, respectively. These b-values were close to 0.5, indicating that
the corresponding redox reactionsweremainly controlledbydiffusion

Fig. 3 | Effects of the solid-state eutectic electrolyte on the Znmetal deposition
behavior at 25±1 °C. a Zn plating/stripping performance of ZnSnF@Zn||Cu bat-
teries with different solid-state electrolytes. The inset in Fig. 3a shows an enlarged
view of coulombic efficiency for Zn deposition. b Rate performance of symmetric
batteries with zinc utilization of 80%. c, d Long-term Zn plating/stripping

performance of symmetric batterieswith PSNE at 80% zinc utilization. e SEM image
of ZnSnF@Zn with 80% zinc utilization after 100 cycles at 10mA cm-2 and
8.0mAhcm-2. fXRDpatterns of ZnSnF@Znwith 80% zinc utilization after 1 and 100
cycles at 10mA cm-2 and 8.0mAh cm-2. g Comparison of zinc utilization, cycle life
and current density between this work and recent literatures31,32,55–73.
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reactions. As shown in Fig. 4c, comparing the CVs of full batteries
based on different electrolytes, it can be found that the ZnSnF@Zn|
PSNE|MnHCF batteries had higher redox potentials and lower
electrochemical polarization, which mainly stemed from the good
reversibility of Zn deposition and the effective reduction of interfacial
reaction polarization promoted by PSNE.

Besides, the charge and discharge test of ZnSnF@Zn|PSNE|
MnHCF full batteries was carried out. As shown in Fig. 4d, e, compared
with PSE and PNE, PSNE-based full batteries possessed the best rate
performance. At the specific current of 50mAg-1, PSNE-based full
battery showed the highest discharge voltage plateau (average voltage
greater than 1.6 V) and specific capacity of 88.7mAh g-1, suggesting
that PSNE can contribute to high redox potential and reduce the
polarization of charge and discharge process (Fig. 4f). In addition,
under the specific current of 300mAg-1, the the PSNE based full bat-
teries still maintained a capacity retention of 90.4% after 1200 cycles
(Fig. 4g), while the full batteries based on PSE and PNE posssessed
capacity retention of only 30.1% and 25.3%, respectively, fully con-
firming that PSNE can effectively improve the cycling stability of the
high-voltage ZMBs.

Furthermore, the Na-Zn dual-ion solid-state battery was intro-
duced to further evaluate the applicability of PSNE in higher voltage
full-batteries. To realize the assembly of dual-ion batteries, 1.0mol L-1

sodium bis (trifluoromethylsulfonyl) imide (NaTFSI) was added when
preparing the precursor solution of electrolytes such as PSNE. The
schematic illustration of Zn|PSNE|NVPOF full batteries is shown in
Fig. 5a. Thepositive reactionwasbasedon the insertion and removal of
Na+ in the positive electrode, while the negative reaction was based on
the deposition and stripping process of zinc electrode. Here,
Na3V2(PO4)2O2F (NVPOF) was selected as positive electrode due to its
high redox potential and relatively smooth voltage plateau of Na+

intercalating and deintercalating. As shown in Supplementary Fig. 19,
the characteristic diffraction peaks of the prepared NVPOF corre-
sponded with the standard PDF card (PDF#89-8485). Supplementary
Fig. 20a displays the multi-sweep CV curves of Zn|PSNE|NVPOF full
batteries, and two pairs of redox peaks (A1/C1 and A2/C2) appeared at
all scan rates, corresponding to the insertion and removal processes of
Na+ in NVPOF, respectively. The lower redox peak represents the redox
process of V3+ and V4+, while the upper redox peak is due to the redox
processofV4+ andV5+35. In addition, the charge storage behavior canbe
reflected by the log(i)-log (v) relationship between current and scan
rate. As calculated above (Eq. 2), it can be seen that the b values cor-
responding to the redox peaks of A1, A2, C1 and C2 are0.58, 0.75, 0.57,
and 0.72, respectively, indicating that the electrochemical reaction
process is alsomainly controlled by diffusion reaction (Supplementary
Fig. 20b). As illustrated in Supplementary Fig. 21, the capacitive

Fig. 4 | Electrochemical performance of ZnSnF@Zn|PSNE|MnHCF full batteries
at 25±1 °C. a CV curves at various scan rate, b log(i)-log(v) plots and c CV com-
parison of ZnSnF@Zn|PSNE|MnHCF full batteries. d Rate performance, e GCD

curves based on PSNE, fGCDcurves comparison andg long cycling performance of
full batteries based on different solid-state electrolytes.
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contribution accounted for 35.2% of the total stored charge at
0.1mV s−1, which progressively increased to 63.1% as the scan rate
increased to 1mV s−1. Supplementary Fig. 22 shows the long-cycling CV
curves of ZnSnF@Zn|PSNE|NVPOF full batteries which maintained a
good stability. In addition, by comparing CV of all batteries based on
different electrolytes (Fig. 5b), it can be found that ZnSnF@Zn|PSNE|
NVPOF batteries had the highest redox potential and lowest electro-
chemical polarization, which is the same as that of ZnSnF@Zn||MnHCF
battery system.

As shown in Fig. 5c, the PSE- and PNE-based ZnSnF@Zn||NVPOF
full batteries possessed discharge capacities of 121.9 and 116.2mAhg-1

at 0.2 C (1 C = 128mAg-1), respectively, and only 38.4 and 12.3mAhg-1

when the specific current rised to 5.0C, respectively. In contrast, the

PSNE-based ZnSnF@Zn||NVPOF full batteries exhibited a discharge
specific capacity of 121.2mAhg-1 at 0.2 C. When the specific current
increased to 5.0C, ZnSnF@Zn|PSNE|NVPOF had a discharge capacity
of 81.6mAh g-1, and can still recover to 117.6mAh g-1 when the specific
current returned to 0.2 C, showing a high rate-cycling performance
(Supplementary Fig. 23). This is again mainly attributed to the high
ionic conductivity of PSNE and the good interfacial compatibility
between PSNE and positive/negative electrodes, as well as the wide
voltage window to enhance the cycling stability of high-voltage full
batteries.

In addition, the long cycle performance of ZnSnF@Zn||NVPOF full
batteries based on different electrolytes was tested. As shown in
Fig. 5d, at the low rate of 0.5C, PSE and PNE-based ZnSnF@Zn||NVPOF

Fig. 5 | Electrochemical performance of Zn|PSNE|NVPOF full batteries at
25±1 °C. a Schematic illustration of Zn|PSNE|NVPOF full batteries. b CV based on
different electrolytes at 0.2mV s-1. c Rate-cycling of Zn||NVPOF with different
electrolytes. d Cycling performance and e GCD curves of full batteries at 0.5 C.
f Comparison of the discharge voltage plateau achieved in this work to various

reported zinc-based batteries36–45. g Cycling performance of ZnSnF@Zn|PSNE|
NVPOF full battery at 5.0 C. h The entire specific energy stability of pouch batteries
at 1.0 C (inset: photographofmeasuring open-circuit voltage), and i corresponding
charge and discharge curves.
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full batteries delivered specific capacities of 31.6mAhg-1 and
54.5mAh g-1 after 500 cycles, respectively, and the corresponding
capacity retention was 27.5% and 46.3%. By contrast, ZnSnF@Zn||
NVPOF full battery based on PSNE still possessed a high specific
capacity of 89.6mAhg-1 after 500 cycles, and its capacity retention can
reach 75.7%. As shown in Supplementary Fig. 24, the Zn|PSNE|NVPOF
full batteries exhibited small changes in impedance values after 100
cycles, suggesting a good cycling stability. Moreover, it can be seen
from the comparison of the charge and discharge curves that
ZnSnF@Zn|PSNE|NVPOF full batteryhad twohighest discharge voltage
plateaus (1.7 V and 2.1 V) at 0.5C, so that the average discharge voltage
can reach 1.9 V (Fig. 5e). Compared with all ZMBs reported in the
literature36–45, our ZnSnF@Zn|PSNE|NVPOF full batteries displayed a
significant advantage in the discharge voltage plateau (2.1 V) (Fig. 5f).
Moreover, contrast with commercial trimethyl phosphate electrolyte
(TMP), the ZnSnF@Zn|PSNE|NVPOF full batteries also possessed
obvious advantages in terms of discharge voltage plateaus and rate
performance, further verifying the superiority of the PSNE electrolyte
(Supplementary Fig. 25). These further proved that PSNE can promote
the high redox potential and reduce the polarization of charge and
discharge process. Furthermore, at a large rate of 5.0C, ZnSnF@Zn|
PSNE|NVPOF full battery had an initial capacity of 81.2mAhg-1, and
retained a capacity retention of 81.2% after 2000cycles (Fig. 5g). Under
the same conditions, the specific capacity of the full batteries based on
PSE and PNE were only 2.0mAhg-1 and 19.7mAh g-1 after 2000 cycles,
and the capacity retention were only 27.1% and 58.9%, respectively
(Supplementary Fig. 26). It is shown that PSNE can greatly improve the
long cycle stability of solid-state high voltage batteries under the
conditions of high-rate charging and discharging.

To further verify the practicability of PSNE, the ZnSnF@Zn|PSNE|
NVPOF pouch batteries were assembled via in-situ polymerization. As
shown in Fig. 5h, the pouchbatteries possessed anopen-circuit voltage
of 2.16 V, suggesting a discharge capability of high voltage. In addition,
the pouch batteries (area: 5.3 cm × 4.2 cm, mass loading of positive
electrode active material: 2.4mg cm-2, thickness of zinc metal elec-
trode: 20 μm) exhibited overall specific energy of 50Whkg-1, and still
retained a retention of over 80% after 900 cycles. Figure 5i shows that
the GCD curves of pouch batteries during the first ten cycles present a
good overlap, indicating long cycle stability in terms of capacity,
overall specific energy and discharge voltage.

Mechanism analysis for the voltage elevation of zinc batteries
To deeply understand the mechanism of PSNE to promote discharge
voltage plateau of ZMBs, the solvation structures of SE, NE and SNE
were analyzed via molecular dynamics simulation (MD). Figure 6a–c
shows the snapshots of different eutectic electrolyte systems.
According to the statistical diagram of this coordination number, the
number of Zn2+ coordination TFSI in the three systems is mainly 2, and
the number of SN coordination is mainly 2 in the first system
(Fig. 6d–f). The second system is basically the sameas the third system,
and the coordination number of NMA is mainly 2 and 3, meanwhile,
there is basically no coordination of SN in the third system. It can be
known that the SN is hardly involved in the Zn2+ solvation structure in
the PSNE electrolyte, which is mainly attributed to that the Zn2+ has a
stronger coordination ability with NMA than SN46. This can be inter-
preted that the amide group from NMA belongs to the strong polar
solvent, and the coordination ability is significantly stronger than
nitrile from SN.

Combining the previous GCD curves shown in Figs. 4f and 5e, PNE
and PSNE both can enhance the charging and discharging voltage
plateau of the full batteries, which should be attributed to the effect of
NMAonZn2+ solvation structure. Basedon the above analysis, themain
coordination structure in the above systems can be obtained (Sup-
plementary Fig. 27 and Supplementary Data 1). Considering that the
usual coordination number of Zn2+ is 447, the Zn2+ solvation structure in

SE, NE or SNE, are well established as (SN)2Zn(TFSI)2 and
(NMA)2Zn(TFSI)2, respectively. Therefore, the coordination structure
of Zn2+ in the two cases was optimized, and the structures are shown in
Supplementary Fig. 28.

Based on classical mechanisms of electrochemical energy
storage48,49, the potential of positive electrode can be determined
by Gibbs free energy difference (ΔG) between desolvation energy
(-ΔE1) and intercalation energy (ΔE2) (ΔG = ΔE2-ΔE1) (Supplemen-
tary Fig. 29). According to the Nernst equation (ε = -ΔG/nF), the
interfacial electrode potential is correlated with the ion’s deso-
lvation energy and intercalation energy. The intercalation energy
of zinc ions remains fixed for a given electrode. Therefore, the
total electrode potential is determined by the sum of the elec-
trode charge transfer potential and the desolvation potential.
Similarly, for a specific positive electrode, the charge transfer
potential is a fixed value. Thus, the high desolvation energy bar-
rier may prompt the electrode reaction potential. Based on above
two structures, the desolvation process of Zn2+ was calculated by
DFT. Figure 6g, h demonstrated the diagram of the energy bar-
riers (kcal/mol) during the step-by-step desolvation process of
(SN)2Zn(TFSI)2 and (NMA)2Zn(TFSI)2, respectively. Through the
comparison between SE and NE in desolvation process,
(SN)2Zn(TFSI)2 exhibited a total energy barrier of 513.47 kcal/mol,
which was lower than that of (NMA)2Zn(TFSI)2 (529.51 kcal/mol).
The electrode reaction potential consists of desolvation potential
and insertion potential, and the higher energy barrier of Zn2+

desolvation can prompt electrode reaction potential because
insertion potential of cations didn’t change toward the same
electrode material. Moreover, the higher desolvation energy
barrier does not necessarily indicate slow ion transports because
the Zn2+ ionic conductivity represents the ability of ions to
transport within the electrolyte. Thus, as to the analysis above,
the reason of voltage-increase of ZMBs using PNE and PSNE is
mainly attributed to the fact that the addition of NMA can elevate
Zn2+ desolvation potential, contributing to a higher discharging
voltage plateau than that of PSE.

Discussion
In summary, we elevate the voltage plateau of Zn batteries by solid-
state eutectic electrolyte to regulate the solvation structure of Zn2+,
thereby reversing the classical cognition that the voltage plateau is
fixed for given positive and negative electrodes. This revolution
enables an impressive discharge voltage plateau of 2.1 V in Zn full
batteries. Resulted from the strong anchoring of polymeric backbone
for SN and NMA to promote ion conduction (3.94 × 10-3 S cm-1 at 25 °C)
and stabilize the interfacial reaction of Zn electrode, the symmetric
batteries with 80% Zn utilization operate stably at 8.0mAcm-2 for
1700 h, surpassing all non-aqueous and most aqueous zinc batteries.
Thus, this work opens up a unique pathway to develop high-voltage,
deep-reversible and durable solid-state Zn-based batteries and may
apply to other metal-based batteries.

Methods
Materials
Buanedinitrile (SN; 98%, Alfa Aesar, America), N-methylacetamide
(NMA; 99%, Alfa Aesar, America), zinc bis(trifluoromethylsulfonyl)
imide (Zn(TFSI)2; ≥ 99%, Alfa Aesar, America), ethoxylated trimethyl-
propane triacrylate (ETPTA; average Mn~692 containing 100 ppm
methyl ethyl hydroquinone (MEHQ) as a stabilize, Aladdin, China),
azodiisobutyronitrile (AIBN; ≥ 99%, Aladdin, China), potassium ferro-
cyanide (K4Fe(CN)6; ≥ 99%, Aladdin, China), ammoniummetavanadate
(NH4VO3; ≥ 99%, Aladdin, China), ammonium dihydrogen phosphate
(NH4H2PO4; ≥ 99%, Aladdin, China), sodium carbonate monohydrate
(Na2CO3·H2O; ≥ 99%, Aladdin, China), and sodium fluoride (NaF; ≥ 99%,
Aladdin, China) were purchased and used without further treatment.
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Fig. 6 | Theoretical calculation for the voltage-elevating of zinc batteries via
solvation regulation. Snapshots of different eutectic electrolyte systems obtained
byMD simulation at 298K: a SE,bNE, and c SNE. The Zn2+ are presented by ball and
stick model, while the wireframes stand for SN (blue) and NMA (orange), respec-
tively.dPercentageof Zn2+ cations,which coordinatewithdifferent numberof TFSI-

anions in SE, NE, and SNE. e Percentage of Zn2+ cations, which coordinate with
different numberof SNmolecules in SE and SNE. f Percentage of Zn2+ cations, which
coordinate with different number of NMA molecules NE and SNE. g, h Diagram of
the energy barriers (kcal/mol) during the step-by-step desolvation process of
(SN)2Zn(TFSI)2 and (NMA)2Zn(TFSI)2.
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The zinc foils (≥ 99.99%, 20μm thickness) were purchased from
Guangdong Canrd New Energy Technology Co., LTD. (China) and used
with washing of water and ethanol. The aluminum foil (≥ 99.99%, 20
μm thickness), copper foil (≥ 99.99%, 20μm thickness) and titanium
foil (≥99.99%, 20μmthickness)werepurchased fromShenzhenKejing
Zhida Technology Co., LTD (China) and used without further
treatment.

Synthesis of solid-state eutectic electrolytes (PSNE)
The solid butanedinitrile (SN) and N-methylacetamide (NMA) were
mixed and stirred at 60 °C until completely melted, where the mass
ratio of SN to NMA was 1:4. Subsequently, zinc bis(tri-
fluoromethanesulfonyl)imide (Zn(TFSI)2) was added into above com-
pounds at different molar concentrations (0.1mol L-1, 0.3mol L-1,
0.5mol L-1, 0.7mol L-1, and 1.0mol L-1), and the zinc salts were rapidly
dissolved in the above solution and forma liquid eutectic electrolyte at
25 °C. In addition, the ethoxylated trimethylpropane triacrylate
(ETPTA) was added to the eutectic electrolyte at 10% of the total mass
of SN and NMA, and kept at 25 °C with homogeneous stirring for 2 h.
After that, 0.5 wt% azodiisobutyronitrile (AIBN) was added to the
above solution as initiator and stirred for 30min to form a homo-
geneous precursor solution at 25 °C. Finally, the precursor solution
was heated at 60 °C for 12 h to allow complete polymerization. The
samples were named PSNE-1, PSNE-3, PSNE-5, PSNE-7 and PSNE-10
according to the different zinc salt concentrations. To achieve the in-
situ polymerization of the solid electrolyte in the battery, the pre-
cursor solution was first injected into the battery as assembled with
those conventional liquid electrolytes, and stood at 25 °C for 2 h to
fully infiltrate themembranes andelectrodes. Aboveexperimentswere
carried out in a high-purity argon-filled glove box with less than 0.1
ppmO2 and H2O. Then, the battery was transferred to an oven to cure
at 60 °C for 12 h to achieve thermally initiated in-situ polymerization of
gel-type eutectic electrolyte. For comparison, solid electrolytes with-
out NMA and SN, named PSE and PNE, respectively, were prepared by
the same process described above.

Preparation of K1.6Mn1.2Fe(CN)6 (MnHCF) and
Na3V2(PO4)2O2F (NVPOF)
MnHCF was prepared by a simple co-precipitation method36. First,
50mL of MnSO4 solution (0.1mol L-1) was added dropwise to 100mL
of K4Fe(CN)6 (0.05mol L-1) solution, and the solution was stirred con-
tinuously during the dropwise addition. Then, the mixed solution was
continued to stir magnetically in air (25 °C) for 12 h and washed with
deionized water three times, and finally dried in an oven at 80 °C for
18 h to obtain the final product.

NVPOF was synthesized by a typical solvothermal method50.
First, NH4VO3 (0.242 g), NH4H2PO4 (0.230 g), Na2CO3-H2O (0.124 g)
and NaF (0.042 g) were dissolved in 12mL of deionized water in a
molar ratio of 2:2:1:1 in air (25 °C). Afterwards, the above solution was
added to 30mL of DMF solvent and its pH was adjusted to 7 with
HNO3 in air (25 °C). Subsequently, themixed solution was transferred
to a 50mL autoclave and reacted hydrothermally at 150 °C for 20 h.
After the reaction, the products were collected by centrifugation and
washed thoroughly with deionized water and ethanol, and finally
dried at 100 °C for 10 h.

Materials Characterization
The morphology characterization of the samples was examined by
scanning electron microscopy (SEM, SU8020). The crystal structure
and phase identification were performed through X-ray diffraction
analysis (XRD, D/max 2500). Information about molecular groups in
the sample was characterized by Fourier transform infrared spectro-
scopy (Vertex 80), and the wavelength range tested was between 100
and 4000 cm-1. Raman spectroscopy (alpha300R) with laser source of
532nm was mainly used for the analysis of molecular interactions

between different components of solid state electrolytes, and the test
range is 100–4000 cm-1. A thermogravimetric analyzer (STA 449 F5)
was used to characterize the thermal effects of the solid state
electrolytes.

Electrochemical Characterization
The electrochemical workstation (CHI 760E, Shanghai Chenhua)
was employed to perform cyclic voltammetry (CV) tests on var-
ious batteries under ambient air conditions at 25 °C, aiming to
investigate the electrochemical behavior of electrode materials.
Additionally, the electrochemical impedance spectra (EIS) mea-
surements were conducted to elucidating the resistance char-
acteristics inside the batteries (25 °C to 100 °C). A potential
amplitude of 5 mV was applied, with 12 data points collected per
frequency decade across 0.01 Hz to 100 kHz. Prior to measure-
ments, an open-circuit voltage was maintained for 5minutes. For
galvanostatic charge/discharge (GCD) measurements of symme-
trical batteries and full batteries, the 2032-type coin-cells (LAND,
CT2001A) were assembled with Pure Zn and ZnSnF@Zn as nega-
tive electrode in solid eutectic electrolytes, and the electro-
chemical tests were conducted in air (25 ± 1 °C). To fabricate the
positive electrode, active materials, conductive carbon black
(Super P; ≥ 99%, Guangdong Canrd New Energy Technology Co.,
LTD.; China), and polyvinylidene fluoride (PVDF; ≥99.5%,
PVDF5130, Guangdong Canrd New Energy Technology Co., LTD.;
China) binder was mixed in N-Methylpyrrolidone (NMP; 99%,
Guangdong Canrd New Energy Technology Co., LTD.; China) with
a mass ratio of 8:1:1 in a dry air atmosphere (25 °C), and then the
slurry was cast on the aluminum foil via hand coating and dried at
a vacuum oven at 80 °C for 12 h. The precursor solution was first
injected into the battery as assembled with those conventional
liquid electrolytes, and stood at around 25 °C for 2 h to fully
infiltrate the membrane and electrodes. Then, the battery was
cured at 60 °C for 12 h to complete thermally initiated in-situ
polymerization. The volume of the precursor solution used in
coin cell assembly was 120 μL, which was loaded onto the mem-
branes (GF-A, Whatman, 1.8 cm diameter, 0.26mm thickness,
53 g/m2 areal density, 1.6 μm average pore size). Furthermore, the
pouch batteries were applied to assess their practical application,
and the assembly process went through sequentially the stamping
forming of aluminum plastic film, stacking of electrodes and
membranes(GF-A, Whatman, 5.1 cm × 4.1 cm, 0.26mm thickness,
53 g/m2 areal density, 1.6 μm average pore size), fixing of the tabs,
top and side seals, electrolyte injection, venting and final seals in
a dry room (with a dew point of 15 °C), which were carried out in a
high-purity argon-filled glove box with less than 0.1 ppm O2 and
H2O. The size of the positive and negative electrode pieces were
approximately 5 cm × 4 cm, and electrolyte (1.2 mL–1.5 mL) goes
through thermally initiated polymerization after assembling the
pouch cell. During cycling, the pouch cells were subjected to a
pressure of 101.325 kPa and a temperature of 25 ± 1 °C, respec-
tively. Besides, the active material mass loading on the positive
electrode pieces of both coin and pouch cells was in the range of
2.0 to 2.5 mg cm⁻². The thickness of both as-polymerized PSNE
electrolyte and zinc metal electrode is 20 μm.

First-principles calculations (DFT)
The theoretical calculations were performed via the Gaussian 16 suite
of programs51. The geometric configurations of the molecular systems
and Zn²⁺-TSFI⁻ complexes were computationally optimized using
B3LYP-D3BJ/def2-SVP theoretical method. Subsequent vibrational
frequency analysis at the same computational level confirmed the
absence of imaginary frequencies, guaranteeing stable energy minima
on the potential energy surface. Thermodynamic stability was eval-
uated through binding energy calculations for the coordination
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complexes. Quantum chemical investigations further probed frontier
molecular orbital distributions, including HOMO and LUMO energy
levels. Spatial representations of molecular electrostatic potentials
(MESP) and orbital distributions were visualized using the Visual
Molecular Dynamics (VMD) program, which generated color-mapped
iso-surface diagrams for enhanced interpretability52.

Molecular dynamics simulation (MD)
MD simulations were performed on the electrolytes using Gro-
macs 2019.4 package53,54. General Amber force fields parameters
and RESP charges were used for all the molecules. The force field
parameters for Zn(TFSI)₂, SN, and NMA were derived using the
SobTop computational platform. Detailed parameters for the
simulated electrolyte systems are summarized in Supplementary
Table S3. To establish equilibrium configurations, NPT ensemble
molecular dynamics simulations were executed at 298 K for a
100 ns duration, with structural equilibration confirmed through
analysis of the final 20 ns trajectory. Molecular configurations
were visualized and analyzed using the VMD software suite for
spatial representation.

The DFT calculation was performed with the Gaussian 16 packag
using the hybrid B3LYP functionals. The 6-31 +G* basis set was used for
C, H, ON S and F elements, and LanL2DZ pseudo potential basis set for
Zn element.

Data availability
The detailed data generated in this study are provided in the Source
Data file. Source data are provided with this paper.
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