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The growing demand for lithium-ion bat-
teries (LIBs) has sparked fears of a poten-
tial Li shortage.[1–3] In order to achieve 
long-term development goal, low-cost 
alternative energy storage technologies  
are urgently needed. Sodium (Na) element  
has similar properties to Li, but is much 
more abundant and widely distributed, 
which make sodium-ion batteries (SIBs) a 
highly competitive alternative to LIBs.[4–6] 
However, the ionic radius of Na+ is larger 
than Li+, which is not suitable for the 
intercalation reaction of conventionally 
used graphite anode in LIBs. To this end, 
Na metal, with high theoretical capacity 
(1165 mAh g−1) and a low redox potential 
(−2.71  V vs standard hydrogen potential) 
is regarded as an ideal anode material of 
SIBs with high output voltage and energy 
density.[1,5,7,8] Despite these advantageous 
features, sodium metal batteries (SMBs) 
in organic electrolyte systems still suffer 
from serious safety issues, such as the 
leakage of electrolyte, and dendrite forma-
tion of Na, which substantially inhibit the 
applicability of this type of battery.[7,9–11]

To overcome these safety issues, 
one promising and reliable strategy is to develop solid-state 
SMBs. This is because solid-state electrolytes can signifi-
cantly bypass the risk of using flammable solvents, avoid the 
leakage of organic electrolyte, and importantly suppress the 
growth of dendrite.[10,12] However, the researchers still need to 
work through the downsides of solid-state electrolytes, such 
as low room-temperature ionic conductivity, high interfacial 
impedance, and narrow electrochemical window, before they 
can be commercially applied in practice.

So far, great efforts have been committed to the develop-
ment and optimization of the solid-state electrolytes, including 
inorganic electrolytes and polymer electrolytes. The inor-
ganic electrolytes, such as oxide solid-state electrolytes,[13–15] 
NASICON-type solid-state electrolytes,[16,17] and sulfide solid-state  
electrolytes,[18,19] usually present relatively good room-temperature  
ionic conductivity (>10−4 S cm−1) and high mechanical strength. 
However, the solid–solid interface between inorganic electrolyte 
and electrode material usually exists high contact resistance. 
Furthermore, the rigid inorganic electrolytes appear poor 
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toughness, which is not conducive to large-scale processability 
with low manufacturing cost. Besides, polymer electrolyte 
shows the advantages of excellent flexibility, easy processability, 
and exceptional interfacial contact with electrode, allowing for 
solid-state batteries with higher energy density and enhanced 
safety. Typically, polymer electrolyte is prepared by dissolving  
a Na salt, such as sodium perchlorate (NaClO4), sodium 
bis(trifluoromethanesulfonyl) imide (NaTFSI), or sodium 
hexafluorophosphate (NaPF6) in a polymer host, including poly-
ethylene oxide (PEO),[20–22] poly(vinylidene fluoride-co-hexafluo-
ropropylene) (PVDF–HFP),[23,24] poly(methyl methacrylate),[25,26] 
and polyacrylonitrile.[27,28] Owing to the excellent chemical 
stability and high solubility to Na salts, PEO-based electrolyte is 
considered to be the most promising electrolyte material.[12,22] 
However, PEO-based electrolyte appears limited mechanical prop-
erties, low oxidation potential, narrow voltage window (<4.0  V), 
and poor room-temperature ionic conductivity (≈10−6 S cm−1), 

which significantly limit their practical application for high-per-
formance SMBs.[29–31]

To achieve high-energy-density solid-state SMBs, the  
cathode and anode also need to be matched accordingly. 
In a solid-state battery system, Na metal with high specific 
capacity can be used as anode, while solving the problems of 
poor electrode compatibility with solid-state electrolyte. For 
cathode, Na3V2(PO4)3 (NVP), with a high theoretical capacity 
of 117.6  mA g−1 and high output voltage of 3.4  V (vs Na+/Na), 
which can approach an energy density of about 400  Wh kg−1, 
is a key cathode material for sodium batteries.[32–34] However, 
pure NVP appears low electronic conductivity, and lacks of the 
efficient, low-cost preparation technology.[35,36] In addition, the 
interfacial optimization between the solid-state electrolyte and 
the electrode is crucial for constructing SMBs with superior 
performance. In this regard, polymer electrolytes have excellent 
flexibility to achieve better interface contact of electrolyte and 

Figure 1.  Fabrication and characterization of ETPTA–NaClO4–QSSE, NVP, and NVP||ETPTA–NaClO4–QSSE||Na SMBs. a) Schematic preparation of 
ETPTA–NaClO4–QSSE and NVP||ETPTA–NaClO4–QSSE||Na SMBs. b) Optical images of ETPTA–NaClO4–QSSE membrane in a flat (left) and bent 
(right) states. c) SEM image and EDS element mappings d) C, e) O, f) Na, g) Cl, and h) F of ETPTA–NaClO4–QSSE membrane. i) XRD pattern, j) SEM 
image, and k) HRTEM image of NVP.
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electrode.[31,37,38] In addition, ultraviolet-curing polymers, such 
as ethoxylated trimethylolpropane triacrylate (ETPTA),[39–41] 
polyethylene glycol dimethacrylate (PEGDMA),[42,43] can obtain 
better interface contact and facilitate large-scale production 
of solid-state electrolyte membranes. For instance, Guo et  al. 
reported a quasisolid-state poly(ethylene glycol) methyl ether 
acrylate (PEGMEA)-LiPF6 electrolyte for lithium metal bat-
teries, which can obtain ultraconformal interfacial contacts on 
the anode and cathode sides.[44] Nevertheless, developing high-
energy-density solid-state SMBs with exceptionally matched 
electrode-electrolyte interface by a high room-temperature ionic 
conductive electrolyte still remains a great challenge.

Herein, a novel high ionic conductivity polymer, ETPTA-
based quasisolid-state electrolyte (ETPTA–NaClO4–QSSE), 
was prepared by photopolymerization for high-energy-den-
sity solid-state SMBs. The resulting ETPTA–NaClO4–QSSE 
exhibits unprecedented room-temperature ionic conductivity 
of 1.2 mS cm−1, and provides a wide electrochemical window 
up to 4.7  V (vs Na+/Na) and extraordinary interfacial compat-
ibility with Na metal anodes, effectively inhibiting the growth 
of Na dendrites. Moreover, the as-assembled solid-state SMBs 
(NVP||ETPTA–NsaClO4–QSSE||Na) offer high specific capacity of 
101 mAh g−1 at 1 C, and record rate performance (with a capacity 
of 55 mAh g−1 at high rate of 15 C) at room temperature that 
has been not yet achieved up to date. Further, the full battery of 
NVP||ETPTA–NaClO4–QSSE||Na in pouch cell shows excellent 
flexibility and safety, demonstrative of wide applicability.

The fabrication of quasisolid-state electrolyte 
(ETPTA–NaClO4–QSSE) and the assembly of solid-state SMBs 
(NVP||ETPTA–NaClO4–QSSE||Na) are schematically shown 

in Figure  1a. First, the quasisolid-state electrolyte (ETPTA–
NaClO4–QSSE) is obtained by uniformly mixing the Na+ 
electrolyte (1 m NaClO4 in propylene carbonate and 5% fluoro-
ethylene carbonate) into the photocuring agent ETPTA and 1% 
2-hydroxy-2-methylpropiophenone (HMPP), then dropping it 
on a cellulose film and curing with ultraviolet light. As a result, 
a highly flexible ETPTA–NaClO4–QSSE film, with a diameter of 
19  mm, is obtained, which can be easily bent at sharp angle 
without any damage (Figure  1b). Scanning electron micros-
copy (SEM) image and energy dispersive X-ray spectroscopy 
(EDS) element mappings confirm the uniform distribution of 
C, O, Na, Cl, and F elements in ETPTA–NaClO4–QSSE film 
(Figure  1c–h). Second, the carbon-coated NVP cathode repre-
senting typical NASICON structure (Figure 1i; and Figure S1a, 
Supporting Information) is prepared by a cost-effective sol–
gel method.[33,45] SEM and transmission electron microscopy 
(TEM) images (Figure  1j; and Figure S1b, Supporting Infor-
mation) present 3D interconnected porous structure, with a 
particle size of about 800  nm for NVP. High-resolution TEM 
(HRTEM) image (Figure  1k) displays the (113) plane of NVP, 
with d-spacing of 0.37 nm, and the existence of ultrathin carbon 
layer of 3 nm wrapped on the surface of NVP. Finally, the solid-
state SMBs are constructed by using ETPTA–NaClO4–QSSE 
film as both electrolyte and separator, carbon-coated NVP as 
cathode, and Na metal as anode.

The physical property of ETPTA–NaClO4–QSSE was fur-
ther studied after irradiating the fluid polymer precursor film 
by ultraviolet light for 20 s (Figure 2a). It can be observed that, 
after the irradiation, the Fourier-transform infrared spectros-
copy (FTIR) characteristic peaks of the CC bond at about 

Figure 2.  Characterization of ETPTA–NaClO4–QSSE. a) Optical images and b) FTIR spectra of the gel electrolyte before and after UV curing. c) Room-
temperature ionic conductivity of ETPTA–NaClO4–QSSE with different polymer/electrolyte ratios. d) Ionic conductivity of ETPTA–NaClO4–QSSE under 
varying temperature. e) Chronoamperometry for Na/ETPTA–NaClO4–QSSE/Na cell at room temperature. Inset represents the Nyquist plots before 
and after polarization. f) CV and LSV curves of ETPTA–NaClO4–QSSE.
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1610–1625 cm−1 are disappeared (Figure  2b), indicative of 
polymerization of ETPTA monomers.[40,43,46,47] X-ray diffrac-
tion (XRD) pattern only shows a broad peak at 20° (Figure S2, 
Supporting Information), proving the amorphous nature of 
photocured ETPTA–NaClO4–QSSE. Thermogravimetric anal-
ysis of ETPTA–NaClO4–QSSE electrolyte (Figure S3, Supporting 
Information) shows 5% weight loss at 159.9  °C, greater than 
that of liquid electrolyte (5% weight loss at 123.8 °C), indicative 
of impressive thermal stability of ETPTA–NaClO4–QSSE.

The room-temperature ionic conductivity of ETPTA–NaClO4–
QSSE with different (ETPTA+HMPP)/NaClO4 electrolyte ratios 
(e.g., 8: 2, 5: 5, 4: 6, 2: 8, 1: 9) were systematically compared in 
Figure 2c. It is revealed that the ionic conductivity of the electro-
lyte increases with increased content of electrolyte. Notably, the 
room-temperature ionic conductivity of ETPTA–NaClO4–QSSE 
is higher than 1.2 mS cm−1 when the polymer/electrolyte ratio 
is less than 2:8. With polymer/electrolyte ratio of 1:9, the ionic 
conductivity increases to 1.6 mS cm−1. However, this gel elec-
trolyte cannot be cured well, even for prolonging irradiation 
time to 2 min. Further, it is observed that the tensile strength 
of ETPTA–NaClO4–QSSE membrane gradually weakens with 
the increasing content of electrolyte, and the tensile strength 
of electrolyte with polymer/electrolyte ratio of 1:9 is greatly  
reduced compared to that with a ratio of 2:8 (Figure S4,  
Supporting Information). Therefore, an optimal polymer/electro-
lyte ratio is chosen to be 2:8 by balancing the ionic conductivity 
and mechanical property. Furthermore, the ionic conductivity of 
ETPTA–NaClO4–QSSE was measured at different temperatures 
(Figure  2d). It is observed that the quasisolid-state electrolyte 
shows increased ionic conductivity with increasing tempera-
ture, for example, 0.7, 0.8, 1.0, 1.2, 1.4, 1.5, and 1.8 mS cm−1  
are obtained at −10, 0, 15, 25, 40, 60, and 80  °C, respectively,  
suggestive of excellent temperature adaptability. It is worth 
noting that such high room-temperature ionic conductivity of 
1.2 mS cm−1 (25 °C) outperforms the currently reported sodium-
based PEO solid-state electrolytes (about 10−6 S cm−1).[29–31,48] 
Moreover, the standard deviation of room-temperature ionic 
conductivity of ETPTA–NaClO4–QSSE is only 0.058, mani-
festing the repeated properties of the electrolyte.

The Na+ transference number (tNa
+) can reflect the dissocia-

tive Na+ in ETPTA–NaClO4–QSSE.[49,50] Therefore, the value of 
tNa

+ was evaluated before and after polarization under 10 mV in 
AC impedance measurement at room temperature (Figure 2e), 
in which the intermediate frequency semicircle of the imped-
ance spectra are closely related to the interface resistance 
between Na metal and ETPTA–NaClO4–QSSE. It is calculated 
that the value of tNa

+ is 0.62, bigger than the most PEO-based 
solid-state electrolytes (usually <  0.4).[49–51] This is likely attrib-
uted to the fact that the polymerized ETPTA framework greatly 
restricts the movement of anions, and the larger movement 
space and rotation space of the polymer segment are ben-
eficial for the transportation of Na+.[43] In order to understand 
the movement rule of Na+ and ClO4

−, the first-principles den-
sity functional theory calculations were performed to probe 
the migration energy barrier of Na+ and ClO4

− in the ETPTA 
polymer chain (Figure S5, Supporting Information). It is calcu-
lated that the migration energy barrier of Na+ in ETPTA polymer 
segments is only 0.1 eV, while that of ClO4

− is as high as 0.8 eV. 
This result shows that Na+ is easier to move between polymer 

segments, and the higher migration energy of ClO4
− leads to 

greatly restricted migration in polymer segments. Further, 
cyclic voltammetry (CV) and linear sweep voltammetry (LSV) 
curves are carried out, as shown in Figure  2f. Apparently, the 
redox/oxidation peaks at −0.5/0.5 V are assigned to Na plating/
stripping.[43] It can be seen that the ETPTA–NaClO4–QSSE 
exhibits the stability down to 0  V (vs Na+/Na) in the cathodic 
scan, indicative of exceptional electrochemical interface with 
Na metal. In addition, the LSV of ETPTA–NaClO4–QSSE shows 
significantly stable electrochemical window up to 4.7 V versus 
Na+/Na, demonstrative of high voltage stability.

To evaluate the electrochemical compatibility and dynamic 
stability of interface between ETPTA–NaClO4–QSSE and Na 
metal, the symmetrical cells of Na||ETPTA–NaClO4–QSSE||Na 
were assembled, and their voltage profiles pertaining to 
Na plating/stripping at a current density of 0.1 mA cm−2 for 1 h 
were measured (Figure 3a). The inset figures are the enlarged 
voltage profiles of 200–204, 500–504, and 996–1000 h. It is 
found that the symmetrical cell has an ultralow overpotential of 
only 70 mV, and exhibits extremely stable cycling performance 
without any fluctuation for 1000 h. Further, it is disclosed that 
the overpotential of the symmetry cell decreases gradually in 
the initial stage and becomes stable in the subsequent cycles. 
It can be explained by electrochemical impedance spectros-
copy (EIS) (Figure S6, Supporting Information) that shows 
a decreasing trend of charge transfer resistance, due to the 
gradually enhanced contact of Na metal and electrolyte over the 
charging and discharging process.

To highlight the importance of ETPTA–NaClO4–QSSE, the 
rate performance of Na||ETPTA–NaClO4–QSSE||Na symmetrical 
cell was measured at different current densities for 15 min in the 
Na stripping and plating processes (Figure 3b; and Figure S7,  
Supporting Information). Impressively, it is revealed that 
the overpotentials of Na||ETPTA–NaClO4–QSSE||Na sym-
metrical cells are only 70, 151, 232, 254, 310, and 355  mV 
with increasing current densities of 0.1, 0.2, 0.4, 0.6, 0.8, and 
1 mA cm−2, respectively. Notably, the maximum withstand cur-
rent density of ETPTA–NaClO4–QSSE is much higher than 
those of recently reported works, such as PEO-based electro-
lyte (0.1  mA cm−2),[37,52] Na3Zr2Si2PO12 (0.25  mA cm−2),[16–53] 
Na3SbS4 (0.1  mA cm−2),[54,55] Na2S–P2S5 (0.013  mA cm−2),[56] 
thermoplastic polyurethane-based electrolyte (0.5 mA cm−2),[57] 
PVDF–HFP based electrolyte (0.5  mA cm−2)[58] (Table S1, 
Supporting Information). Furthermore, such low overpoten-
tial can be readily restored to 64 mV after the current density 
reduces back to 0.1 mA cm−2, suggestive of excellent rate capa-
bility. Therefore, the outstanding performance of Na||ETPTA–
NaClO4–QSSE||Na symmetrical cells demonstrates exception-
ally matched interface compatibility of ETPTA–NaClO4–QSSE 
with Na metal anode, effectively inhibiting the growth of Na 
dendrites, and improving the stability of Na anode.

In order to further probe the effect of electrolytes on the den-
drite growth of Na metal, a Na–Na symmetrical battery was built 
to perform the in situ observation on the changes on the surface 
of Na metal during charge and discharge under optical micro-
scope (Figure 3c,d), tested at current density of 0.1 mA cm−2. In 
the case of pure liquid electrolyte-based Na–Na symmetrical bat-
tery (denoted as Na||LE||Na), it is apparently observed that a large 
amount of gas bubbles are released in the discharging process, 
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accompanied by the appearance of dendrite and formation of 
dead Na on the surface of Na metal after depositing 41 min. In 
fact, the dendrite grows rapidly within a short period of time, 
about 3 min, and partly falls off to form dead sodium (Figure 3d). 
On a sharp contrast, it can be seen that with the extension of the 
plating time, there is no obvious growth of the dendrite on the 
surface of Na metal in the Na||ETPTA–NaClO4–QSSE||Na bat-
tery. It is demonstrated that the quasisolid-state electrolyte can 
effectively suppress the formation of Na dendrite, endowing 
outstanding stability and safety of SMBs.

To demonstrate the superiority of ETPTA–NaClO4–QSSE, the 
solid-state full batteries of NVP||ETPTA–NaClO4–QSSE||Na are 
assembled with NVP cathode, Na metal anode, and quasisolid-
state electrolyte (Figure  4). For comparison, the pure liquid 
electrolyte-based NVP||LE||Na batteries are also fabricated. It 
is revealed that galvanostatic charge and discharge profiles 
(Figure  4a) of NVP||ETPTA–NaClO4–QSSE||Na battery exhibits 
a two-phase reaction mechanism,[42] and low polarization volt-
ages approximately of 0.20, 0.24, 0.33, 0.39, 0.44, 0.49, and 
0.62  V at different rates of 1, 2, 4, 6, 8, 10, and 15 C, respec-
tively. Notably, NVP||ETPTA–NaClO4–QSSE||Na battery shows 
unprecedented rate performance, which can maintain high 

average capacities of 103 mAh g−1 at 1 C, 88 mAh g−1 at 6 C, 
and 55 mAh g−1 at 15 C (Figure 4b). Furthermore, the capacity 
can be restored to 102 mAh g−1, when the rate goes back to 1 C. 
Importantly, Ragone plot (Figure  4c) reveals high energy den-
sity of 334 W h kg−1 and power density of 5411 W kg−1 (based 
on NVP mass in cathode) for NVP||ETPTA–NaClO4–QSSE||Na 
batteries, indicative of wide applicability. It should be empha-
sized that such high rate capability (55 mAh g−1 at 15 C) are 
superior to the state-of-the-art solid-state SMBs, which has been 
not achieved up to date (Figure  4d; and Table S2, Supporting 
Information).[38,48,52,59–70]

Further, the NVP||ETPTA–NaClO4–QSSE||Na battery show-
cases exceptional long-term cycling stability compared with 
the NVP||LE||Na battery (Figure  4e). Although both have 
similar initial discharge capacity (about 102 mAh g−1) of 
NVP||ETPTA–NaClO4–QSSE||Na and NVP||LE||Na at 1 C, the 
discharge capacity of the latter decreases fast to 60 mAh g−1 
after 1000 cycles, and capacity retention is only 59% (Figure 4e; 
and Figure S8a, Supporting Information). Impressively, 
NVP||ETPTA–NaClO4–QSSE||Na batteries provide a significantly 
high discharge capacity of 98 mAh g−1 after 1000 cycles, with 
a high capacity retention of 96% (Figure  4e; and Figure S8b, 

Figure 3.  Electrochemical characterization of Na||ETPTA–NaClO4–QSSE||Na symmetrical batteries. a) Voltage profile of Na||ETPTA–NaClO4–QSSE||Na 
symmetrical battery plating/stripping at 0.1 mA cm−2 for 1 h. Insets are the enlarged voltage profiles of 200–204, 500–504, and 996–1000 h. b) Voltage 
profiles of Na||ETPTA–NaClO4–QSSE||Na symmetrical battery plating/stripping at 0.1, 0.2, 0.4, 0.6, 0.8, 1, and 0.1 mA cm−2 for 15 min. c,d) In situ 
observation of Na electrodeposition process in the c) Na||ETPTA–NaClO4–QSSE||Na and d) Na||LE||Na symmetrical battery under optical microscope.
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Supporting Information). It is worth noting that the two dis-
charge platforms of NVP||ETPTA–NaClO4–QSSE||Na battery in 
the initial cycles are probably due to a local redox environment 
rearrangement from the transfer of Na (1) to Na (2) commonly 
found in NASICON materials.[71,72] By comparing EIS spectra at 
the 50th and 100th cycle of these two batteries (Figure S9, Sup-
porting Information), it is uncoiled that the internal impedance 
of NVP||LE||Na battery increases from 126 Ω at 50th cycle to 178 Ω  
at 100th cycle, owing to the gradual growth of dendrites and for-
mation of dead Na in liquid system as the cycle progresses. In 
contrast, NVP||ETPTA–NaClO4–QSSE||Na battery can keep the 
stable internal resistance at the 50th and 100th cycle, suggestive 
of key role of ETPTA–NaClO4–QSSE on the improvement of 
cycling stability. As demonstrated, even the rate increases to 5 C 
(Figure  4f), NVP||ETPTA–NaClO4–QSSE||Na battery still offers 
high initial discharge capacity of 92 mAh g−1, and maintains 
97% of initial capacity after 1000 cycles with high Coulombic 
efficiency of more than 99.9%.

To validate the fast electrochemical kinetics, the CV curves of 
NVP||ETPTA–NaClO4–QSSE||Na SMBs were tested at different 

scan rates from 0.02 to 0.35 mV s−1 (Figure 4g). It is observed 
that the polarization of NVP||ETPTA–NaClO4–QSSE||Na is 
as small as 0.13  V at 0.02  mV s−1, manifesting outstanding 
ion migration performance. Further, the negligible shift of 
≈0.15  V in the cathodic/anodic pair from 0.02 to 0.35  mV s−1  
further demonstrates the fast kinetics of NVP||ETPTA–
NaClO4–QSSE||Na battery. The diffusion coefficient of Na+ 
(DNa) is an important kinetic index, which is calculated by the 
Randles–Sevcik equation (Equation (1)).[73,74]

i n AD C ν= ×2.69 10p
5 3/2

Na
1/2

Na
1/2

	 (1)

Where DNa is diffusion coefficient of Na+, ip is the peak current 
(A), n is the number of transferred electrons, A is the surface 
area of the electrode, CNa is the concentration of Na+, and ν is 
the scan rate. According to the linear fitting plots of ip versus 
ν1/2, the diffusion coefficient DNa of anodic peaks and cathodic 
peaks is calculated as 4.32  ×  10−11 and 9.78  ×  10−11 cm2 s−1.  
Therefore, it is evidenced that Na+ ions possess the ability of 
fast diffusion in NVP||ETPTA–NaClO4–QSSE||Na battery.

Figure 4.  Electrochemical performance of NVP||ETPTA–NaClO4–QSSE||Na SMBs. a) Galvanostatic charge and discharge profiles obtained at dif-
ferent rates, b) Rate performance, and c) Ragone plot of NVP||ETPTA–NaClO4–QSSE||Na SMBs. d) Comparison of electrochemical performance of 
NVP||ETPTA–NaClO4–QSSE||Na SMBs with the reported NVP based SMBs. e) Cycling stability of NVP||ETPTA–NaClO4–QSSE||Na battery and NVP||LE||Na 
battery measured at 1 C. f) Cycle performance of NVP||ETPTA–NaClO4–QSSE||Na battery obtained at 5 C. g) CV curves of NVP||ETPTA–NaClO4–QSSE||Na 
battery tested at various sweep rates. h) The linear fitting plots of ip versus ν1/2. i) The linear fitting plots of log(ip) versus log(ν).
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The ip and ν also obey the power law i = aνb, where a and b 
are adjustable parameters, and the b value is used to determine 
the type of electrochemical reaction (diffusion control or/and 
surface control mechanism). When the b value is closer to 1, it 
means that the capacitive behavior accounts for a higher propor-
tion and the reaction kinetics is faster. According to the linear 
fitting plots of log(ip) versus log(ν), b values for anodic peaks 
(bA) and cathodic peaks (bC) are calculated to be 0.56 and 0.52, 
respectively, suggesting fast reaction kinetics of NVP||ETPTA–
NaClO4–QSSE||Na battery.

To validate the real application of ETPTA–NaClO4–QSSE in 
flexible electronics, the cycling performance of NVP||ETPTA–
NaClO4–QSSE||Na pouch cell was measured in flatting state, 
folding state, and reflatting state, respectively (Figure 5a) at 1 C  
at room temperature. Remarkably, NVP||ETPTA–NaClO4–
QSSE||Na pouch cell exhibits high reversible discharge capacity of 
≈100 mAh g−1 at 1 C after the first 100 cycles. Furthermore, it can 
still maintain a stable reversible capacity of ≈100 mAh g−1 even if 
the cell is cycled in the subsequent 50 cycles under folding state 
(from 101th to 150th cycle) and another 50 cycles under reflat-
ting state (from 151th to 200th cycle). It should be mentioned 
that there is no leakage or short circuit in this battery, and the 
EIS just have only minor changes in different states (Figure 5b). 
The EIS tested under folded state shows slightly reduced imped-
ance, which is possibly caused by the intimate contact of cathode, 
anode, and ETPTA–NaClO4–QSSE for the enhancement of 
interface interaction. To confirm the key protective effect of 
ETPTA–NaClO4–QSSE on Na metal anode, this solid-state battery 
was cut to proof the reliability and safety. Significantly, after cut-
ting, the impedance of the battery increases slightly (about 50 Ω)  
as the penetration of air that causes a slight oxidation of Na 

metal (Figure S10, Supporting Information), this solid-state SMB 
is inflammable yet highly stable. Even after cutting for 1 h, the 
impedance only increased by about 50 Ω, and the open-circuit 
voltage decreased by about 0.8 V without short circuit occurred. 
Moreover, the destructive condition tests were further per-
formed on the flexible NVP||ETPTA–NaClO4–QSSE||Na battery 
(Figure  5c–g). After charging NVP||ETPTA–NaClO4–QSSE||Na 
battery with 25% state of charge, the flatting state battery can 
light up 42 light emitting diodes (LEDs). Also, for the one 
folding, two folding, reflatting, and cutting test, this battery 
still keeps the LED light on. Therefore, it is proved that the 
NVP||ETPTA–NaClO4–QSSE||Na pouch cell has remarkable flexi-
bility and safety performance under complex working conditions.

In summary, we developed a new photopolymerized qua-
sisolid-state electrolyte of ETPTA–NaClO4–QSSE for high-
energy-density and stable SMBs. The ETPTA–NaClO4–QSSE 
displays unprecedented room-temperature ionic conductivity 
of 1.2 mS cm−1, a wide electrochemical window up to 4.7 V (vs 
Na+/Na), and outstanding compatibility with Na metal anode for 
significantly inhibiting the formation of Na dendrites. Owing 
to the high room-temperature ionic conductivity of ETPTA–
NaClO4–QSSE with enhanced interfacial protection of Na metal 
anode, the NVP||ETPTA–NaClO4–QSSE||Na batteries show 
superior rate performance and long-term cycling stability, main-
taining a record reversible discharge capacity of 55 mAh g−1  
at 15 C, and 97% capacity retention after 1000 cycles at 5 C. 
Importantly, NVP||ETPTA–NaClO4–QSSE||Na pouch cell dis-
plays excellent flexibility and safety performance. Therefore, 
this strategy proposed for quasisolid-state electrolyte provides a 
new direction for the development of room-temperature high-
energy-density flexible solid-state SMBs.

Figure 5.  Electrochemical and safety performance of NVP||ETPTA–NaClO4–QSSE||Na pouch cells. a) Cycling stability of the pouch cell tested at 1 C.  
b) Nyquist plots of the pouch cell tested in the flatting, folding, reflatting and cutting states. c–g) The destructive condition test of NVP||ETPTA–NaClO4–
QSSE||Na pouch cell in the c) flatting, d) one folding, e) two folding, f) reflatting, and g) cutting states.
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