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ABSTRACT: Solid polymer electrolytes (SPEs) are considered as
promising candidates for solid-state batteries. SPEs with a
conventional solution casting technique have serious side reactions
during charging because of the residual solvent. Here we report a
creative method that can self-remove it via spontaneous reactions.
The core idea is to consume the residual solvent and form stable
products by choosing proper salt, solvent, and additives. Inspired by
the hydrolysis of sodium bis(fluorosulfonyl)imide (NaFSI), during
which the proton carrier changes from H2O to HF and HF further
reacts with metal oxide to form a stable hydrate, like AlF3·6H2O,
NaFSI, H2O, and Al2O3/SiO2 nanoparticles are thus employed to
prepare poly(ethylene oxide) (PEO)-based SPEs. Solid-state
sodium batteries with PEO/NaFSI-Al2O3-AQ electrolytes exhibit
good reversibility with Na3V2(PO4)3 as the active materials, high
rate performance, long-term cycling stability (92.8% after 2000 cycle), and high Coulombic efficiency. Furthermore,
environmentally friendly and low-cost preparation of PEO-based SPEs is realized with this aqueous technique.

Na ion batteries (NIBs) are considered as promising
candidates for grid energy storage systems due to the
abundance and low cost of sodium resources.1−3

Traditional NIBs with organic liquid electrolytes may
encounter safety issues because of the flammability of organic
solvents.4−9 Therefore, we have shifted our research interest to
all-solid-state batteries, which are intrinsically safer owing to
their nonflammable nature.
As the key component in solid-state batteries (SSBs), solid-

state electrolytes have attracted worldwide attention. Several
types of solid electrolytes for SSBs have been proposed,
including β″-Al2O3,

10 Na+ super ionic conductor (NASI-
CON),11 sulfides,12,13 and polymers.14 Among these candi-
dates, ceramic electrolytes (β″-Al2O3 and NASICON-type
solid electrolytes) usually exhibit high ionic conductivity and
good compatibility with cathode materials, though their
hardness is also relatively high, which leads to poor point−
point contact between the electrode and electrolyte and
difficulties in their processing, finally resulting in high contact
resistance and manufacture cost.8,15−17 On the contrary, with
their soft nature and a relatively low synthesized temperature,
sulfides have the advantages of cost-effectiveness and high

ionic conductivity.18−20 However, their incompatibility with
conventional oxide cathode materials and their instability in
moist air limit their applications.21,22 Solid polymer electrolytes
(SPEs), in general, possess moderate ionic conductivities,
favorable mechanical properties, good flexibilities, and easy
processing characteristics and are thus considered one of the
most promising candidates for application in SSBs.23

A SPE for NIBs usually consists of Na salts (such as sodium
bis(fluorosulfonyl)imide (NaFSI), sodium perchlorate
(NaClO4), and sodium bis(trifluoromethanesulfonyl)imide
(NaTFSI)) and a polymer matrix (including poly(ethylene
oxide) (PEO), polyacrylonitrile (PAN), polypropylene carbo-
nate (PPC), and poly(methyl methacrylate) (PMMA)).4,24

Among them, PEO is absolutely an ideal polymer host by
virtue of its good viscoelasticity, high solvation power,
complexation, and ion dissociation capability.25 Considering
scaling up the manufacturing process in the future, a feasible
solution-casting technique could be adopted by which the
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initial electrolyte membrane is dried in a vacuum oven to lower
the residual solvent.26−28 However, due to the strong solvent
absorption ability of electrolyte salts, the residual liquid-
absorbed solvent in the SPEs is indeed difficult to thoroughly
remove only by the simple vacuum process, resulting in low
Coulombic efficiencies in the following charge−discharge
process due to inevitably irreversible side reactions and
decomposition. Compared with the physical vacuum method,
the chemical method can effectively remove the solvent on a
molecular level and be more helpful for removal of trace
solvents remaining in SPEs.
Herein, we design a novel synthesis route for PEO-based

SPEs with the function of removing the residual free solvent,
which can be consumed spontaneously by the reaction with a
salt, whose product can be fixed with an additive through an
acid−alkaline neutralization reaction. The process can be
depicted as follows:

+ + →salt solvent A B

A is a kind of oxide acting as a proton acceptor, which can
react with an acid to form a stable product, B. On the basis of
this philosophy, an aqueous PEO/NaFSI-Al2O3 SPE (abbre-
viated as FSI-Al2O3-AQ) was selected, where the salt, the
solvent, A, and B are NaFSI, distilled water (H2O), Al2O3, and
AlF3·xH2O, respectively. Al2O3 has already been reported to be
adopted as an additive in PEO polymer, however, without the
research purpose in residue solvent consumption.29

Solid-state sodium batteries with this SPE exhibit wonderful
electrochemical performance. When carbon-coated
Na3V2(PO4)3 (NVP) and Na metal were adopted as the
cathode and anode, respectively, the initial reversible specific
capacity of the cell was 110 mAh g−1, and the capacity
retention was up to 92.8% after 2000 cycles at a rate of 1C,
with high Coulombic efficiency (∼100%). To verify the
peculiarity of the designed FSI-Al2O3-AQ SPE, X-ray photo-
electron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FTIR), and transmission electron microscopy

(TEM) were carried out. Furthermore, PEO/NaFSI-Al2O3
electrolyte with acetonitrile as the solvent (abbreviated as
FSI-Al2O3-AN) and PEO/NaTFSI-Al2O3 electrolyte with
water as the solvent (abbreviated as TFSI-Al2O3-AQ) were
also prepared for comparison.
Figure 1a,b shows the schematic diagrams of our strategy. If

the selection criterion for the salt is based only on the
dissolubility, both NaFSI and NaTFSI with low lattice energy
would be more appropriate for PEO-based SPEs, whose
chemical structures are shown in Figure 1c. The key difference
between these two salts is derived from the chemical bonding
of F. The S−F bond of NaFSI is unstable and easily broken at
very low energies, whereas the C−F bond of NaTFSI is
chemically very stable in most solvents. Therefore, NaFSI was
chosen as the salt to take advantage of its controlling reaction
with the solvent.30,31

As for the solvent, two requirements need to be satisfied.
First, it should be able to dissolve PEO to form a uniform
slurry. Second, its reaction with FSI− must be controlled and
be temperature- and time-dependent. Among the common
solvents that can dissolve PEO, H2O can hydrolyze the FSI− at
the controlling reaction rate, which is demonstrated by a
simple aqueous solution static experiment. The pHs of the 0.5
M NaFSI aqueous solution and 0.5 M NaTFSI aqueous
solution, with resting times, are shown in Figure S1. At the
beginning, both of the fresh solutions are neutral. Remaining at
room temperature (RT), the pH values of both solutions do
not change much, meaning that the FSI− hydrolysate reaction
is very slow, or even negligible, at RT. Thereafter, we designed
an accelerated reaction experiment: the solutions were put into
an oven at a temperature of 80 °C and the pH values were
recorded every day. The pH value of the NaFSI aqueous
solution decreased markedly with the resting time. It was
observed that the FSI− hydrolyzed with H2O to release
hydrofluoric acid but that the reaction rate is controllable by
temperature and time. Thus, distilled water was selected as the
solvent, which is the cheapest and most environmentally

Figure 1. Schematic diagrams of SPE preparation and the chemical structure of Na salt. (a) Traditional process of SPE preparation. (b)
Designe process of SPE preparation: the salt reacts with the solvent, and the intermediate product is turned into a stable product B by the
additive. (c) Chemical structure of the NaFSI (left) and the NaTFSI (right).
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friendly among all of the solvents. Subsequently, in order to
absorb the hydrolyzed product of HF, Al2O3 nanoparticles
were added into the SPE. The pH value increased after Al2O3
nanoparticles were added into the above acid NaFSI solution
(Figure S1), meaning that the HF was gradually neutralized.
On one hand, Al2O3 will react with HF spontaneously to form
AlF3·xH2O; on the other hand, Al2O3 nanoparticles can
increase the amorphous area of the PEO, thus leading to a
higher ionic conductivity. The final design of the PEO-based
SPE is aqueous PEO/NaFSI-Al2O3 with a reaction process as
follows:

+ → + ‐NaFSI H O HF R SO H2 3 (1)

+ + → ·xHF Al O H O AlF H O2 3 2 3 2 (2)

The as-prepared FSI-1%Al2O3-AQ blended polymer electro-
lyte is shown in Figure S2a, which is a semitransparent flexible
membrane. The SEM image of the membrane section shows
that the thickness is around 200 μm (Figure S2b). It is also
clear from SEM images that the as-prepared membrane is
relatively homogeneous and compact (inset in Figure S2b).
Energy-dispersive X-ray (EDX) mapping analysis was
performed to investigate the distribution of the components
in the membrane. As shown in Figure S2c, the typical elements
C, F, and Al, which represent PEO, NaFSI, and Al2O3,
respectively, distribute uniformly. Figure 2a displays the
differential scanning calorimetry (DSC) traces of the
PEO20NaFSI + x wt % Al2O3 (x = 0, 1, 2; FSI- x%Al2O3-
AQ) blended polymer electrolytes, as well as the pure PEO
membrane. An endothermic peak at about 6070 °C is
observed in these SPEs, which corresponds to the melting
temperature (Tm) of crystalline PEO. The Tm and melting
enthalpy decrease with the increase of 1%Al2O3 nanoparticles,

indicating an increased amount of amorphous phase formation,
which benefits ion transport. This would be attributed to the
plasticizing effects of nanoparticles on PEO, as reported by
Croce et al. in 1998.33 Furthermore, by calculating the integral
area of the melting peak, the crystallinity of the samples is
obtained, as shown in Table S1. The crystallinities of PEO,
FSI-AQ, FSI-1%Al2O3, and FSI-2%Al2O3 are calculated to be
63.8, 30.7, 29.2, and 31.4%. Compared with pure PEO
(reported as 196 J g−1),32 the crystallinity is greatly reduced
when NaFSI is introduced, and the FSI-1%Al2O3 sample has
the lowest crystallinity, which is consistent with the
conductivity results as well. The thermal stabilities of the
electrolytes as well as the PEO were determined by TGA tests.
As shown in Figure 2b, the decomposition temperatures of
these electrolytes are all higher than 265 °C, which are stable
enough for use as a SPE for application in solid-state sodium
batteries. X-ray diffraction (XRD) patterns of the FSI-x%
Al2O3-AQ (x = 0, 1, 2) blended polymer electrolytes are
presented in Figure 2c. Two characteristic diffraction peaks of
the crystalline PEO, at 2θ = 19.2 and 23.3°, are observed.28

Compared with neat PEO, the main peak at 2θ = 23.3° of the
FSI-x%Al2O3-AQ (x = 0, 1, 2) SPEs became relatively weak.
With the addition of the Al2O3 nanoparticles, the peaks appear
to be slightly broader, confirming the decreased crystallinity of
the PEO. This phenomenon in the XRD patterns is in good
agreement with the DSC results. The ionic conductivities of
the membranes (Al2O3 addition varying from 0 to 20 wt %) are
shown in Figure 2d. Among them, the FSI-1%Al2O3-AQ
exhibits the best ionic conductivity: 9.52 × 10−4 S cm−1 at 80
°C.
In order to further verify the uniqueness of our SPE

(PEO20NaFSI + 1 wt % Al2O3-AQ (FSI-1%Al2O3-AQ)), two
control SPEs with single variation were prepared, PEO20NaFSI

Figure 2. Characterization of the neat PEO and as-prepared PEO20NaFSI + x wt % Al2O3 (x = 0, 1, 2) blended polymer electrolyte: (a) DSC
traces from 30 to 150 °C; (b) TGA traces from 30 to 600 °C (the inset is an enlarged image from 30 to 200 °C); (c) XRD; (d) temperature
dependence of ionic conductivities for PEO20NaFSI + x wt % Al2O3 (x = 0, 1, 2, 5, 10, 15, 20) blended polymer electrolyte.

ACS Energy Letters Letter

DOI: 10.1021/acsenergylett.9b00857
ACS Energy Lett. 2019, 4, 1650−1657

1652

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b00857/suppl_file/nz9b00857_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b00857/suppl_file/nz9b00857_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b00857/suppl_file/nz9b00857_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b00857/suppl_file/nz9b00857_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b00857/suppl_file/nz9b00857_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b00857/suppl_file/nz9b00857_si_001.pdf
http://dx.doi.org/10.1021/acsenergylett.9b00857


+ 1 wt % Al2O3 with acetonitrile as the solvent (FSI-1%Al2O3-
AN), and PEO20NaTFSI + 1 wt % Al2O3 with distilled water as
the solvent (TFSI-1%Al2O3-AQ).
The XPS spectra shown in Figure 3a are the F1s and S2p

spectra of FSI-1%Al2O3-AQ, FSI-1% Al2O3-AN, and TFSI-1%
Al2O3-AQ SPEs. The fitted XPS spectra of F1s indicate that
the elemental F in the designed FSI-1%Al2O3-AQ membrane is
composed of S−F (NaFSI, 687.6 eV) and Al−F (685.2 eV),
demonstrating the hydrolysis of NaFSI and production of HF.
HF reacts with Al2O3 to form an aluminum fluoride
compound. The S2p spectra of the FSI-1% Al2O3-AQ show
that there are other spectral peaks (e.g., S2O3

2− (168.7 eV), R−

SO3H (166.8 eV), and R−SH (163.6 eV)) besides NaFSI (F−
SO2, 169.9 eV), further providing evidence of the interaction
between the salt NaFSI and water. For the other two
membranes, however, no Al−F peak was observed in the
fitted F 1s spectra, and there was only one pair of peaks (S2p1

and S2p3) attributed to the salt NaFSI or NaTFSI in the fitted
S2p spectra.
FTIR measurements on different kinds of solution and the

corresponding Al2O3 suspension were carried out to further
demonstrate the special reaction in the designed electrolyte, as
presented in Figures 3b and S3. In the spectra of Al2O3 in
NaFSI aqueous solution, there are two characteristic peaks of

Figure 3. Characterizations of the SPEs, Na salt solutions, and Al2O3 powder filtrated from different Na salt solutions. (a) XPS spectra of F1s
and S2p of the SPEs PEO20NaFSI-1%Al2O3-AQ (aqueous), PEO20NaFSI-1%Al2O3-AN (acetonitrile), and PEO20NaTFSI-1%Al2O3-AQ. (b)
Comparative FTIR spectra of Na salt solutions and solutions with Al2O3 powder added after stirring at 55 °C for 12 h. (c) Optical
photographs and TEM images of the Al2O3 particles filtrated out from NaFSI aqueous solution (Al2O3-FSI-AQ), NaFSI acetonitrile solution
(Al2O3-FSI-AN), and NaTFSI aqueous solution (Al2O3-TFSI-AQ) after stirring at 55 °C for 12 h followed by washing six times. (d) High-
resolution TEM image of Al2O3-FSI-AQ. (e) XPS spectra of Al2p and F1s of the Al2O3-FSI-AQ.

ACS Energy Letters Letter

DOI: 10.1021/acsenergylett.9b00857
ACS Energy Lett. 2019, 4, 1650−1657

1653

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b00857/suppl_file/nz9b00857_si_001.pdf
http://dx.doi.org/10.1021/acsenergylett.9b00857


AlF3·6H2O, near the positions of 1430 and 1058 cm−1, which
can be assigned to the deformation mode of crystal water
δ(H2O) in AlF3·6H2O and the deformation vibration of −OH
groups, respectively.34 However, in another two FTIR spectra
of Al2O3 in NaTFSI-AQ and NaFSI-AN, the peaks are not
changed before and after adding Al2O3. Subsequently, the
Al2O3 suspensions from different solutions were centrifuged
and washed with the corresponding solvent six times to filtrate
out the soluble salt, followed by drying. TEM graphs of the
obtained powders (Figures 3c and S4) provide visual evidence
that Al2O3 powder indeed reacts with NaFSI aqueous solution
according to the obvious morphological changes of Al2O3 in
FSI-AQ, which totally transforms from a pristine nanorod of
length > 20 nm (Al2O3−P, Figure S4a) into a nanoparticle of
less than 10 nm. The interplanar space of the particle out-layer
is about 0.2027 nm, identical to the perfect crystalline AlF3·
6H2O (0.2026 nm (311)) (Figure 3d). The XPS spectra of
Al2O3-FSI-AQ are shown in Figures 3e and S5, and the fitted
Al2p spectrum shows two peaks related to Al−O (73.8 eV)
and Al−F (75 eV). The fitted F1s spectrum shows S−F (687.6
eV) and F−Al (685.1 eV). It should be noted that the
quantities of the elements S and N are very small, and the
element Na is water-soluble and filtered out. The atomic ratio
of F, S, and N is about 89.79:6.26:3.95 (Figure S5), which is
far from the original ratio of 2:2:1, verifying again that the F
had been reacted with the Al2O3 and the product is water-
insoluble.
Based on the results of XPS, FTIR, and TEM discussed

above, it is concluded that the hydrolysate reaction indeed
occurs in NaFSI aqueous solution. Furthermore, it is
concluded that the presence of Al2O3 nanoparticles is
confirmed, and the insoluble aluminum fluoride compound

forms on the surface of the Al2O3 particles. This reaction
spontaneously fixes the residual free water into hydration
compounds in the membrane, which is chemically and
electrochemically inert during the charging. It has also been
reported in aqueous lithium/sodium ion batteries that the
electrolyte becomes more stable when free water is
bonded.35,36 Moreover, the formed aluminum fluoride
compound is more stable (AlF3 reacts neither with acids nor
with bases) and suppresses side reactions, thus improving the
interfacial stability.
To evaluate the electrochemical performance of our SPE

(FSI-1%Al2O3-AQ), the SSB is assembled with a carbon-
coated Na3V2(PO4)3 (abbreviated as NVP) cathode and a Na
metal anode. The fabricated NVP|FSI-1%Al2O3-AQ|Na coin-
type cells were charged and discharged at the 0.1C rate,
between 2.5 and 3.8 V, at 80 °C. As shown in Figure 4a, during
the first cycle, the battery employing our SPE delivers a highly
reversible specific capacity of 110 mAh g−1 with a high
Coulombic efficiency of 93.8% and a very small polarization of
57 mV, whose capacity is an equivalent of 93.2% of the NVP’s
theoretical capacity (118 mAh g−1), calculated from a single-
electron process of the V4+/V3+ redox couple. The batteries
with the other control SPEs (FSI-1%Al2O3-AN and TFSI-1%
Al2O3-AQ) have much lower reversible capacities (89 and 97
mAh g−1, respectively) and initial Coulombic efficiencies (84.8
and 88.4%, respectively). Moreover, the polarizations are also
larger (88 mV for FSI-1%Al2O3-AN and 91 mV for TFSI-1%
Al2O3-AQ) than our designed FSI-1%Al2O3-AQ electrolyte.
Figure 4b displays the Coulombic efficiencies of the batteries
NVP|SPE|Na with the three different SPEs FSI-1%Al2O3-AQ,
FSI-1%Al2O3-AN, and TFSI-1%Al2O3-AQ. The battery with
our designed SPE FSI-1%Al2O3-AQ exhibits a high and steady

Figure 4. Electrochemical performance of the cells NVP|SPEs|Na with FSI-1%Al2O3-AQ, FSI-1%Al2O3-AN, or TFSI-1%Al2O3-AQ as he
electrolyte at 80 °C. (a) First charge and discharge curves at the 0.1C rate. (b) Coulombic efficiencies at the 1C rate. (c) Typical charge and
discharge curves at the 1C rate. (d) Rate performance from 0.1C to 5C.
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Coulombic efficiency (∼100%) until the 2000th cycle, which is
far superior to that of the control samples, wherein random
fluctuations of Coulombic efficiencies are observed. The
typical charge and discharge curves at the 1C rate are shown
in Figure 4c. The charge curves of the cells employing the two
control SPEs display obvious electrochemical decomposition
behavior, indicating that the interface between the electrode
and electrolyte is unstable. The rate performance is shown in
Figure 4d. The cell NVP|FSI-1%Al2O3-AQ|Na exhibits better
rate capability with reversible capacities of 110, 103.7, 100.6,
95.2, 91.5, and 76.8 mAh g−1 at rates of 0.1C, 0.2C, 0.5C, 1C,
2C, and 5C, respectively, while the cells with the other two
control SPEs show poorer rate performance. Regarding
Coulombic efficiency, random fluctuations of Coulombic
efficiencies are observed in NVP|FSI-1%Al2O3-AN|Na and
NVP|TFSI-1%Al2O3-AQ|Na cells. All of these comparison
results illustrate that our strategy for designing a SPE is
effective.
The superior long-term cycling stability is evaluated by the

constant current charge−discharge test at rates of 1C (Figure
5a) and 2C (Figure S6), whose capacity retentions are 92.8
and 94.0% after 2000 cycles, respectively, with Coulombic
efficiencies of nearly 100%. The electrochemical impedance
spectra (EIS) at different cycle numbers are shown in the inset
of Figure 5a. Before cycling, the EIS of the cell NVP|FSI-1%
Al2O3-AQ|Na is about 450 Ω, which is much lower than that of
the NVP|FSI-1%Al2O3-AN|Na (2750 Ω) and NVP|TFSI-1%
Al2O3-AQ|Na (3500 Ω) (Figure S7a), indicating that the
interface formed before cycling between the FSI-1%Al2O3-AQ
electrolyte and electrodes is much more stable and highly ionic
conducting. As shown in Figure 5a, the impedance of the cell
NVP|FSI-1%Al2O3-AQ|Na remains at ∼400 Ω at the 0.1C rate
and then decreases to ∼150 Ω when the current rate is
changed to 1C. The impedance is relatively stable at both small
and large current rates, proving the stability of the interfaces
formed. While the EIS of the batteries employing the other two
control SPEs show unstable values (Figure S7b,c), the
comparative EIS behaviors both before cycling and during
the charge−discharge process demonstrate that the designed
FSI-1%Al2O3-AQ has an obvious superiority in stabilizing the
interface. In addition, the Na|FSI-1%Al2O3-AQ|Na symmetrical

battery was tested at a current density of 0.1 mA cm−2 to
evaluate the interfacial compatibility of the electrolyte with Na
metal. The polarization potential decreased gradually in the
first few cycles and is then maintained at the low value of 21
mV for 800 h (200 cycles, Figure 5b). Electrochemical
impedance spectroscopy was carried out simultaneously during
the cycling (the inset in Figure 5b). The total impedance
decreased in the initial few cycles and then stabilized at ∼170
Ω in the subsequent cycle time. Compared with all of the
previous solid-state sodium polymer batteries,26,27,37−42 the
SSB with our SPE shows the lowest average capacity loss rate
of 0.0036% and the longest cycle life of over 2000 cycles
(Figure 5c, Table S2).
The aforementioned results indicate that relatively stable

interfaces are formed between the designed FSI-1%Al2O3-AQ
electrolyte and electrodes (NVP cathode and Na metal), which
are superior to the two control samples (FSI-1%Al2O3-AN and
TFSI-1%Al2O3-AQ), wherein the random fluctuations of
Coulombic efficiencies (Figure 4b) and EIS (Figure S7) of
the NVP|SPEs|Na SSBs were observed. Similar electrochemical
behavior was observed in the FSI-AQ (without oxide
additives) electrolyte (Figure S8) during the cycling process.
The additive Al2O3 can help consume the hydrolysate HF,
thereby contributing to the removal of H2O. Without Al2O3,
the residual HF and H2O will cause interfacial side reactions.
Furthermore, we prepared another electrolyte FSI-1%SiO2-AQ
by replacing Al2O3 with SiO2 and tested the electrochemical
performance. The charge and discharge curves, rate perform-
ance, and long-term cycling performance of the cell NVP|FSI-
1%SiO2-AQ|Na are shown in Figure S9, which are as good as
those of NVP|FSI-1%Al2O3-AQ|Na. The FTIR spectra of FSI-
1%SiO2-AQ, FSI-1%SiO2-AN, and TFSI-1%SiO2-AQ mem-
branes were also compared, and the results are shown in Figure
S10. Consistent with the Al2O3 system, there is a Si−F
stretching vibration peak (∼881 cm−1) in the FSI-1%SiO2-AQ
membrane43 but not in the other two. All of these results
confirm the feasibility of our design for a SPE with stable
interfacial compatibility. Furthermore, the FSI-Al2O3/SiO2-AQ
SPEs using water instead of acetonitrile as the solvent realize
environmentally friendly and low-cost preparation of PEO-
based SPEs.

Figure 5. Cycling performance at 80 °C and performance summary of solid-state sodium batteries based on various SPEs and cathodes. (a)
Long-term cycling performance of the cell NVP|FSI-1%Al2O3-AQ|Na at the 1C rate and the EIS (inset) during the working process. (b)
Cycling performance for the symmetric cell Na|FSI-1%Al2O3-AQ|Na at a current density of 0.1 mA cm−2 and insets showing the magnified
curve from 0 to 50 h and 745 to 775 h, as well as the EIS during the working process. (c) Average capacity loss rate and corresponding cycle
number of solid-state sodium batteries based on various SPEs and cathodes.
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In summary, we propose a new strategy to prepare high-
quality SPEs for advanced rechargeable SSBs. Our principle is
to design a spontaneous two-step chemical reaction to transfer
the residual free solvent into an electrochemically inert
compound so as to avoid electrochemical side reactions and
stabilize the interface. We choose NaFSI and H2O as the
demonstrated salt and solvent, respectively, because the FSI−

can be hydrolyzed to consume residual water, and the
hydrolysis is controllable by temperature change. Al2O3
nanoparticles as the proton acceptor are introduced to
chemically absorb the hydrolysis product HF and form an
electrochemical intermediate compound AlF3·6H2O. Further-
more, it is more environmentally friendly and cost-effective
using water instead of traditional acetonitrile as the solvent to
prepare SPEs. The SSB NVP|FSI-1%Al2O3-AQ|Na exhibits a
reversible capacity of 110 mAh g−1 with a high initial
Coulombic efficiency of 93.8% and good long-term cycling
performance, with capacity retention of 92.8%/94% after 2000
cycles at 1C/2C rates, meaning that the average capacity loss
rate is only 0.0036%/0.003%, respectively. The Na|FSI-1%
Al2O3-AQ|Na symmetrical cell also delivers long-term cycling
stability for up to 800 h. All of the results prove that our
strategy to design SPEs able to self-regulate their solvent is
effective. This work reveals the nature of the reaction process
of the common PEO-NaFSI/NaTFSI-based SPEs from a novel
perspective, which can also be extended to lithium-based SPEs
(using LiFSI as the salt instead of LiTFSI), and could
undoubtedly play a guiding role in designing high-performance
SPEs.
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