
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
fe

br
ua

r 
20

22
. D

ow
nl

oa
de

d 
on

 1
3-

02
-2

02
6 

17
:5

6:
58

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
High-performanc
Frontiers Science Center for New Organic M

Storage Center (RECAST), Haihe L

Transformations, Key Laboratory of Advanc

of Education), College of Chemistry, Nan

E-mail: chenabc@nankai.edu.cn

† Electronic supplementary information
computational details, and additional g
in the text. See DOI: 10.1039/d1sc06745a

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2022, 13, 3416

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 2nd December 2021
Accepted 22nd February 2022

DOI: 10.1039/d1sc06745a

rsc.li/chemical-science

3416 | Chem. Sci., 2022, 13, 3416–34
e all-solid-state electrolyte for
sodium batteries enabled by the interaction
between the anion in salt and Na3SbS4†

Yong Lu, ‡ Lin Li, ‡ Qiu Zhang, Yichao Cai, Youxuan Ni and Jun Chen *

All-solid-state sodium batteries with poly(ethylene oxide) (PEO)-based electrolytes have shown great

promise for large-scale energy storage applications. However, the reported PEO-based electrolytes still

suffer from a low Na+ transference number and poor ionic conductivity, which mainly result from the

simultaneous migration of Na+ and anions, the high crystallinity of PEO, and the low concentration of

free Na+. Here, we report a high-performance PEO-based all-solid-state electrolyte for sodium batteries

by introducing Na3SbS4 to interact with the TFSI� anion in the salt and decrease the crystallinity of PEO.

The optimal PEO/NaTFSI/Na3SbS4 electrolyte exhibits a remarkably enhanced Na+ transference number

(0.49) and a high ionic conductivity of 1.33 � 10�4 S cm�1 at 45 �C. Moreover, we found that the

electrolyte can largely alleviate Na+ depletion near the electrode surface in symmetric cells and, thus,

contributes to stable and dendrite-free Na plating/stripping for 500 h. Furthermore, all-solid-state Na

batteries with a 3,4,9,10-perylenetetracarboxylic dianhydride cathode exhibit a high capacity retention of

84% after 200 cycles and superior rate performance (up to 10C). Our work develops an effective way to

realize a high-performance all-solid-state electrolyte for sodium batteries.
Introduction

Sodium batteries have been regarded as a promising next-
generation technology for large-scale energy storage applica-
tions and have attracted enormous attention in recent years
because of the low cost and high abundance of sodium
resources.1–5 The reported sodium batteries are mainly based on
liquid electrolytes with ammable organic solvents, such as
esters and ethers, which inevitably bring about leakage, vola-
tilization, and subsequent safety issues.6,7 In contrast, all-solid-
state electrolytes show the advantages of no leakage, good
stability, and high safety.8–14 The reported all-solid-state elec-
trolytes for sodium batteries can be roughly categorized into two
types, organic polymer and inorganic electrolytes. Inorganic
electrolytes, such as b-alumina, oxides, suldes, and hydrides,
generally suffer from poor interfacial contact, leading to large
resistance and thereby unsatisfactory electrochemical perfor-
mances.8,9,15–19 Encouragingly, organic polymer electrolytes
exhibit favorable interfaces toward electrodes thanks to their
atter, Renewable Energy Conversion and
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exible structure.20,21 Among them, poly(ethylene oxide) (PEO) is
a very promising electrolyte matrix because of its superior lm
forming property, good chemical stability, and easy mass
production.22–24 In this regard, developing high-performance
PEO-based all-solid-state electrolytes for sodium batteries is of
great signicance.

However, PEO-based electrolytes for sodium batteries suffer
from a low Na+ transference number (typically < 0.25) and
limited ionic conductivity (10�7 to 10�6 S cm�1 at room
temperature).25,26 The low ionic conductivity derives from the
high crystallinity of PEO and limited concentration of free Na+

ions in the electrolyte. Introducing additives, such as liquid
solvents and inactive (or active) llers, has been proven to be
effective to decrease the crystallinity of PEO and, thus, improve
the ionic conductivity.27–29 However, the introduction of liquid
solvents still cannot completely avoid leakage, volatilization,
and safety issues. The addition of inactive llers without the
ability of Na+ conduction, such as Al2O3 and TiO2, has little
effect on the improvement of the ionic conductivity.30,31 In
contrast, active llers with the ability of Na+ conduction, such as
Na superionic conductors (NASICONs), are more effective in
enhancing the ionic conductivity of PEO-based electro-
lytes.29,32–34 For example, Goodenough and Manthiram et al.
found that the ionic conductivity of a PEO/NaClO4 electrolyte
can be improved to 2.1� 10�5 S cm�1 at 30 �C aer the addition
of a NASICON ller (Na3Zr2Si2PO12).32 Although the ionic
conductivity of PEO-based electrolyte can be enhanced a lot by
adding active llers, the low Na+ transference number has oen
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Design of the interaction between the anion in salt and the
additive. (a) Schematic illustrations of the PEO/NaTFSI and PEO/
NaTFSI/Na3SbS4 electrolytes where the interactions between Na3SbS4
and TFSI� anions are highlighted by red dotted lines. (b) The optimized
configuration, adsorption energy, and (c) differential charge density of
NaTFSI adsorbed on Na3SbS4; the isosurface value is set to 0.0001 e
Bohr�3.
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been overlooked in previous works. The transference number
reects the effective migration of Na+ and is very essential for
battery performance.9,35 The low Na+ transference number of
PEO-based electrolytes results from the simultaneous migration
of Na+ ions and anions in the electrolyte. Thus, restricting the
migration of anions is key to improving the Na+ transference
number, but is still challenging.

Herein, we select ionically conducting Na3SbS4 as the ller
incorporated into PEO-based electrolyte to simultaneously
improve the Na+ transference number and ionic conductivity
because the pentavalent Sb in Na3SbS4 can interact with the
TFSI� anion in the salt (TFSI: bis(triuoromethanesulfonyl)
imide). Moreover, Na3SbS4 can be synthesized under mild
conditions and shows good stability in air, as well as high
mechanical strength.36–43 The optimal PEO/NaTFSI/Na3SbS4
electrolyte with 25 wt% Na3SbS4 (calculated based on the mass
of PEO) exhibits a remarkably improved Na+ transference
number of 0.49 and a high room-temperature ionic conductivity
of 2.47 � 10�5 S cm�1. As a result, the optimal electrolyte can
largely alleviate Na+ depletion near the electrode surface in
symmetric cells, followed by stable and dendrite-free Na
plating/stripping for 500 h. Furthermore, the fabricated all-
solid-state Na batteries with 3,4,9,10-perylenetetracarboxylic
dianhydride (PTCDA) as the cathode exhibit superior cycling
stability with a high capacity retention of 84% aer 200 cycles at
0.2C, as well as a high rate performance (up to 10C). This work
illustrates a promising method to promote the practical appli-
cations of PEO-based all-solid-state electrolytes for sodium
batteries.

Results and discussion
Design of the interaction between the anion in salt and the
additive

The Na+ conduction in the pure PEO/NaTFSI electrolyte is
inferior, owing to the low transference number and poor ionic
conductivity.33 As illustrated in Fig. 1a, the Na+ ions and TFSI�

anions derived from the dissociation of NaTFSI can migrate
simultaneously, leading to a low Na+ transference number.
Moreover, the crystallinity of PEO is generally high, meaning
that amorphous polymer chains for Na+ conduction are limited.
Together with the insufficient dissociation of NaTFSI, the ionic
conductivity of PEO/NaTFSI electrolyte will be rather poor. Aer
introducing Na3SbS4, the Na+ transference number can be
signicantly enhanced because Na3SbS4 can interact with TFSI�

anions (which will be veried later) and restrict their migration.
Additionally, the interaction between Na3SbS4 and TFSI� anions
is benecial for the dissociation of NaTFSI and, thus, improving
the concentration of free Na+ ions in the electrolyte. Moreover,
the crystallinity of PEO can be reduced aer the addition of
Na3SbS4. Therefore, not only the Na+ transference number but
also the ionic conductivity can be signicantly improved aer
the introduction of Na3SbS4 into the PEO/NaTFSI electrolyte
(Fig. 1a).

At rst, we used density functional theory (DFT) calculations
to study the possible interaction between Na3SbS4 and NaTFSI.
Detailed calculation processes can be seen in the ESI.† For
© 2022 The Author(s). Published by the Royal Society of Chemistry
NaTFSI, the binding energy between the Na+ ion and TFSI� ion
is �4.022 eV, which decreases to �0.456 eV aer the addition of
Na3SbS4, indicating that Na3SbS4 is helpful for promoting the
dissociation of NaTFSI to Na+ and TFSI� ions. The optimized
conguration of NaTFSI adsorbed on Na3SbS4 is shown in
Fig. 1b. The results demonstrate the existence of an interaction
between Na3SbS4 and the TFSI� anion with an adsorption
energy of �0.139 eV. Furthermore, the differential charge
density of NaTFSI adsorbed on Na3SbS4 was further calculated.
As shown in Fig. 1c, the interaction between Na3SbS4 and TFSI�

anion is dominated by an electrostatic interaction, which
weakens the Na–O bond in NaTFSI and the Sb–S bond in
Na3SbS4. In addition, the electron density around Sb increases,
which is derived from the interaction between F (of the TFSI�

anion) and Sb. The DFT calculations reveal that Na3SbS4 would
interact with the TFSI� anion in NaTFSI salt, which is favorable
for restricting the migration of TFSI� anions, promoting the
dissociation of NaTFSI and, thus, enhancing Na+ transference
number and ionic conductivity.
Preparation and characterization of all-solid-state electrolytes

On the basis of the theoretical calculation results, we selected
Na3SbS4 as the additive incorporated into the PEO/NaTFSI
electrolyte. The Na3SbS4 sample was prepared through a facile
aqueous solution method at room temperature. The detailed
synthesis process can be seen in the ESI.† The X-ray powder
diffraction (XRD) pattern in Fig. S1† demonstrates the
successful synthesis of the Na3SbS4 sample, which is consistent
with previous works.37 Although some weak extra XRD peaks
emerge aer the Na3SbS4 sample exposed in air for 24 h, its
Chem. Sci., 2022, 13, 3416–3423 | 3417
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structure can be fully recovered upon being reheated at 150 �C
under vacuum for 10 h (Fig. S1†), implying the relatively good
stability of Na3SbS4 in air. As shown in Fig. S2,† the obtained
Na3SbS4 mainly consists of nanoparticles, which helps it
disperse well in the electrolyte. We further evaluated the ionic
conductivity of the obtained Na3SbS4. The result in Fig. S3†
indicates that the ionic conductivity of Na3SbS4 is about 1.29 �
10�4 S cm�1 at room temperature.

The PEO-based all-solid-state electrolytes can be prepared
through a facile solution casting method (see details in the
ESI†). The ionic conductivity of the pristine electrolyte (PEO/
NaTFSI) without Na3SbS4 is 3.55 � 10�6 S cm�1 at room
temperature. As the content of Na3SbS4 increases, the ionic
conductivity of the electrolyte increases and reaches the highest
value of 2.47 � 10�5 S cm�1 at room temperature when the
content of Na3SbS4 is 25 wt% (calculated based on the mass of
PEO). Unfortunately, the ionic conductivity of the electrolyte
decreases if the content of Na3SbS4 further increases (1.03 �
10�5 S cm�1 for 40 wt% Na3SbS4, Fig. 2a). Considering that
Na3SbS4 can be hardly dissolved in PEO (Fig. S4†), this
phenomenon could be attributed to the introduction of exces-
sive interphases within the electrolyte, which is similar to that
Fig. 2 Characterization of PEO-based all-solid-state electrolytes. (a)
Ionic conductivity of the electrolyte with different contents of Na3SbS4
(calculated based on themass of PEO). (b) Ionic conductivity of pristine
PEO/NaTFSI electrolyte and PEO/NaTFSI/Na3SbS4 electrolyte at
different temperatures (25, 30, 40, 45, 50, 60, and 70 �C). (c) Variation
of current with time for the NajNa symmetric cell with PEO/NaTFSI/
Na3SbS4 electrolyte at an applied voltage of 12 mV. Inset: electro-
chemical impedance spectroscopy (EIS) plots before and after polar-
ization. SEM images of the PEO/NaTFSI/Na3SbS4 electrolyte from (d)
the top view and (e) side view. (f) AFM topography image with a 3D
view and (g) Young’s modulus of the PEO/NaTFSI/Na3SbS4 electrolyte.

3418 | Chem. Sci., 2022, 13, 3416–3423
in polymer/inorganic composite all-solid-state Li+ electrolytes.44

Thus, we selected the electrolyte with 25 wt% Na3SbS4 as the
optimal one for further study in the following work.

We then tested the ionic conductivities of the PEO/NaTFSI
and PEO/NaTFSI/Na3SbS4 electrolytes at higher temperatures.
As shown in Fig. 2b, the ionic conductivity of the PEO/NaTFSI/
Na3SbS4 electrolyte can reach 1.33 � 10�4 and 5.64 �
10�4 S cm�1 at 45 and 70 �C, respectively, which is far superior
than that of the pristine PEO/NaTFSI electrolyte. We further
measured the Na+ transference numbers of the two different
electrolytes using the method proposed by Bruce et al.45 This
method has been widely used to measure the Na+ or Li+ trans-
ference number of polymer/inorganic composite all-solid-state
electrolytes.27,31,35 The results in Fig. 2c reveal that the Na+

transference number of the PEO/NaTFSI/Na3SbS4 electrolyte is
about 0.49, which is much higher than that of the PEO/NaTFSI
electrolyte (0.20, Fig. S5†). The enhanced transference number
aer introducing Na3SbS4 can be ascribed to the electrostatic
interaction between Na3SbS4 and the TFSI� anion, which will be
discussed in detail later.

Subsequently, we further characterized the electrolytes by
various approaches. The scanning electron microscopy (SEM)
image of the PEO/NaTFSI/Na3SbS4 electrolyte in Fig. 2d indi-
cates the relatively at surface of the electrolyte lm. The cor-
responding elemental mappings in Fig. S6† reveal that C, N, O,
F, Na, Sb, and S are distributed uniformly in the PEO/NaTFSI/
Na3SbS4 composite electrolyte. The cross-sectional SEM image
of the PEO/NaTFSI/Na3SbS4 electrolyte in Fig. 2e implies that
the thickness of the electrolyte is about 100–200 mm. In addi-
tion, atomic force microscopy (AFM) was used to characterize
the electrolytes. The AFM topography image with a 3D view in
Fig. 2f also indicates the smooth surface of the PEO/NaTFSI/
Na3SbS4 electrolyte with a surface roughness of about 39.3 nm.
Moreover, the map of Young’s modulus of the PEO/NaTFSI/
Na3SbS4 electrolyte is shown in Fig. 2g, and the average Young’s
modulus is 47.8 MPa. These results reveal that the mechanical
properties of the PEO/NaTFSI/Na3SbS4 electrolyte are far supe-
rior to those of the pristine PEO/NaTFSI electrolyte (the average
Young’s modulus is only 2.4 MPa, as shown in Fig. S7†).
Moreover, the Young’s modulus and surface roughness of the
PEO/NaTFSI/Na3SbS4 electrolyte are comparable to those of
other reported polymer-based all-solid-state electrolytes for
sodium batteries (Table S1†). The good mechanical properties
of the PEO/NaTFSI/Na3SbS4 electrolyte are favorable for inhib-
iting Na dendrite growth. In addition, the weight loss of the
PEO/NaTFSI/Na3SbS4 electrolyte starts at about 345 �C, indi-
cating the good thermal stability of the electrolyte (Fig. S8†).
The linear sweep voltammetry of the PEO/NaTFSI/Na3SbS4
electrolyte in Fig. S9† implies that the electrolyte exhibits
a relatively wide electrochemical stability window with an
anodic decomposition potential of about 3.7 V (vs. Na+/Na).
Compared with most of the reported polymer-based all-solid-
state electrolytes for sodium batteries, our prepared PEO/
NaTFSI/Na3SbS4 electrolyte exhibits superior comprehensive
performance (Table S2†).

Then, we tried to reveal the possible interactions between
components in the electrolyte by spectral and other techniques
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Interactions between components in the PEO-based all-solid-
state electrolytes. (a) Sb 3d XPS spectra and (b) Raman spectra of the
PEO/Na3SbS4 and PEO/NaTFSI/Na3SbS4 electrolyte. (c) Raman spectra
and (d) XRD patterns of the PEO/NaTFSI electrolyte and PEO/NaTFSI/
Na3SbS4 electrolyte. Inset: corresponding DSC curves.

Fig. 4 Schematic diagram of the structure of the PEO/NaTFSI/
Na3SbS4 electrolyte, where the four types of interactions between the
different components (Na3SbS4 and TFSI�, Na3SbS4 and PEO, Na+ and
PEO, Na+ and TFSI�) are highlighted.
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(Fig. 3). The Sb 3d X-ray photoelectron spectrometry (XPS)
spectra of PEO/Na3SbS4 and PEO/NaTFSI/Na3SbS4 electrolyte
are shown in Fig. 3a. The binding energies of Sb 3d5/2 and Sb
3d3/2 in PEO/Na3SbS4 are located at 529.3 and 538.7 eV,
respectively.46 Aer introducing NaTFSI, these binding energies
negatively shi to 529.1 and 538.5 eV, respectively, indicating
that the electron density around Sb increases, which is in good
agreement with the DFT calculation results (Fig. 1c). Moreover,
the characteristic Raman shis of the stretching vibration of the
SbS4 group in PEO/Na3SbS4 were observed at 405, 384, and
363 cm�1.37 Aer the introduction of NaTFSI, these peaks
negatively move to 403, 383, and 361 cm�1, respectively
(Fig. 3b), implying that the Sb–S bonds of Na3SbS4 are weak-
ened, owing to the interaction between the TFSI� anions and
Na3SbS4. Overall, the XPS and Raman spectra results unam-
biguously verify the existence of an interaction between TFSI�

anions and Na3SbS4, which is highly consistent with the DFT
calculation results in Fig. 1c.

According to previous works, the dissociation behavior of
NaTFSI can be detected via the S–N–S stretching vibration in the
Raman spectra.47–50 As shown in Fig. 3c, for the PEO/NaTFSI
electrolyte, the Raman shis located at 739 and 744 cm�1

correspond to the TFSI� anions in the free and ion-pair states,
respectively. The tting results reveal that the dissociation ratio
of NaTFSI is about 74% in the PEO/NaTFSI electrolyte, which
increases to 91% in the PEO/NaTFSI/Na3SbS4 electrolyte. The
enhanced dissociation ratio of NaTFSI can be ascribed to the
interaction between the TFSI� anions and Na3SbS4, which is
also consistent with the DFT calculation results.

In addition, the XRD patterns of PEO/NaTFSI electrolyte and
PEO/NaTFSI/Na3SbS4 electrolyte are shown in Fig. 3d. The
results reveal that the crystallinity of PEO decreases aer the
addition of Na3SbS4. In other words, the amorphous phase
formed by the polymer chains increases, which is benecial for
© 2022 The Author(s). Published by the Royal Society of Chemistry
Na+ migration and, thus, improving ionic conductivity.51 This
result is also conrmed by differential scanning calorimetry
(DSC). As shown in the inset of Fig. 3d, the melting temperature
of PEO obviously decreases in the PEO/NaTFSI/Na3SbS4 elec-
trolyte when compared with that in the PEO/NaTFSI electrolyte,
implying the decreased crystallinity of PEO aer introducing
Na3SbS4.

On the basis of the theoretical and experimental results, we
can get a deep understanding on the structure of the PEO/
NaTFSI/Na3SbS4 electrolyte. As illustrated in Fig. 4, Na3SbS4 in
the electrolyte can interact with TFSI� anions, improving the
Na+ transference number and promoting the dissociation of
NaTFSI. Moreover, Na3SbS4 is Na

+ ionically conducting and can
decrease the crystallinity of PEO, resulting in enhanced ionic
conductivity. In addition, the main functions of NaTFSI and
PEO are providing Na+ ions and being responsible for Na+

migration (through the interaction between Na+ and PEO),
respectively.
Na plating/stripping behavior in symmetric cells

Aer achieving a thorough insight into the structure of the PEO/
NaTFSI/Na3SbS4 electrolyte, we started to investigate its appli-
cation in all-solid-state batteries at 45 �C. The reason why the
batteries were tested under heating is that the ionic conductivity
of the electrolytes and the electrode/electrolyte interface are not
good enough to support the batteries operating well at room
temperature. We rst studied the Na plating/stripping behavior
in NajNa symmetric cells with the electrolytes. Fig. 5a shows the
cycling performance of different symmetric cells at 50 mA cm�2.
The initial total overpotential (the sum of the charge and
discharge overpotentials) of the symmetric cell with the PEO/
NaTFSI electrolyte is much higher than that with the PEO/
NaTFSI/Na3SbS4 electrolyte (511 vs. 153 mV). Moreover, the
Chem. Sci., 2022, 13, 3416–3423 | 3419
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Fig. 5 Characterization and performance of all-solid-state NajNa
symmetric cells. (a) Voltage profiles of symmetric cells with the PEO/
NaTFSI electrolyte and PEO/NaTFSI/Na3SbS4 electrolyte at 50 mA cm�2

and 45 �C. Insets: detailed voltage profiles and evolution of total
overpotentials in different symmetric cells. SEM images of the Na
metal after cycling in different symmetric cells with (b) the PEO/NaTFSI
electrolyte and (c) the PEO/NaTFSI/Na3SbS4 electrolyte. The FEM
simulation results of Na deposition after 9600 s in (d) the PEO/NaTFSI
electrolyte and (e) the PEO/NaTFSI/Na3SbS4 electrolyte. The red
arrows represent the Na+ flux in the electrolyte for deposition to
proceed. The bulge area of the electrode with deeper orange repre-
sents the pristine electrode surface and the lighter orange area
represents the newly deposited Na layer.
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symmetric cell with the PEO/NaTFSI/Na3SbS4 electrolyte
exhibits superior cycling stability with a small overpotential
increase of 109 mV aer 500 h. In contrast, the symmetric cell
with the PEO/NaTFSI electrolyte can only run for about 41 h,
followed by short circuiting. We further evaluated the Na
plating/stripping performance of NajNa symmetric cells with
different electrolytes at a higher current density (0.1 mA cm�2).
As shown in Fig. S10,† both the cycling performance and over-
potential of NajNa symmetric cells at 0.1 mA cm�2 with the
PEO/NaTFSI/Na3SbS4 electrolyte are superior than those with
the PEO/NaTFSI electrolyte. Moreover, compared with other
reported polymer-based all-solid-state NajNa symmetric cells,
our fabricated symmetric cells with the PEO/NaTFSI/Na3SbS4
electrolyte show moderate polarization even at a relatively low
temperature of 45 �C (Table S3†).

Then, we used SEM to observe the surface of the Na metal
aer cycling in different symmetric cells. The result in Fig. 5b
shows that obvious Na dendrites emerged aer cycling in the
symmetric cell with the PEO/NaTFSI electrolyte. In contrast, the
surface of cycled Na metal in the symmetric cell with the PEO/
3420 | Chem. Sci., 2022, 13, 3416–3423
NaTFSI/Na3SbS4 electrolyte was smooth and no dendrites were
found (Fig. 5c). Furthermore, we used XPS to investigate the
solid electrolyte interphase (SEI) on the Na electrode aer
stripping/plating in symmetric cells with different electrolytes.
The XPS survey and F 1s spectra show that the ratio of generated
NaF among all the SEI species on the Na electrode aer
stripping/plating with the PEO/NaTFSI/Na3SbS4 electrolyte is
lower than that with PEO/NaTFSI electrolyte (Fig. S11†),
implying that fewer TFSI� anions participate in the solvation
and, thus, the formation of the SEI in the PEO/NaTFSI/Na3SbS4
electrolyte system. This phenomenon can be attributed to the
weakened interaction between Na+ and TFSI�, as well as the
lower mobility of TFSI� aer introducing Na3SbS4.

To further understand the underlying reason for the high
cycling stability of the symmetric cells with the PEO/NaTFSI/
Na3SbS4 electrolyte, we used the nite element method (FEM) to
simulate the Na plating and Na+ distribution behavior in
different electrolytes (Fig. S12†). The detailed simulation
parameters can be seen in Table S4.† As shown in Fig. 5d, aer
deposition under 0.1 mA cm�2 for 9600 s, a higher degree of Na+

depletion near the electrode surface can be observed with the
PEO/NaTFSI electrolyte, and the Na+ ux for deposition is
mainly concentrated on the tips of the electrode surface where
more Na+ ions are available.52–54 In this situation, the tip-
growing of the Na deposition layer is more favored and nally
leads to a branched deposition layer in the nal state. In
contrast, the Na+ depletion phenomenon is largely alleviated in
the PEO/NaTFSI/Na3SbS4 electrolyte. Thus, Na+ ions are more
available over the electrode surface, which means that the Na+

ux for deposition is more evenly distributed (Fig. 5e). Through
observing the detailed deposition process (Video S1†), it could
be discovered that the Na+ depletion layer is built right aer the
deposition began in the PEO/NaTFSI electrolyte and, thus, the
major part of deposition process is proceeded under a Na+

depletion situation, leading to the tip-growing pattern. On the
contrary, in the PEO/NaTFSI/Na3SbS4 electrolyte, alleviated Na+

depletion could reasonably favor a more uniform Na deposition
layer (Video S1†). The FEM simulation results demonstrate the
advantages of the PEO/NaTFSI/Na3SbS4 electrolyte with a high
transference number and high ionic conductivity toward stable
Na plating/stripping.
Fabrication and performance of all-solid-state Na–PTCDA
batteries

Aer revealing the multiple advantages of the PEO/NaTFSI/
Na3SbS4 electrolyte, we investigated the applications of this
electrolyte in all-solid-state Na batteries with organic PTCDA as
the cathode. The schematic diagram of the Na–PTCDA battery is
shown in Fig. 6a. The structure of the battery was conrmed by
the cross-sectional SEM image and elemental mappings of Na,
S, and Al. As shown in Fig. 6b, the all-solid-state battery exhibits
a three-layer structure, corresponding to the Na metal anode,
PEO/NaTFSI/Na3SbS4 electrolyte, and PTCDA cathode. In addi-
tion, high-resolution SEM images in Fig. S13† indicate the
compact contact between the electrolyte and cathode, and also
between the electrolyte and anode.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Characterization and performance of all-solid-state Na–
PTCDA batteries. (a) Schematic illustration, (b) cross-sectional SEM
image and corresponding elemental mappings of the battery. (c)
Discharge/charge profiles, (d) rate performance at different current
rates, and (e) cycling performance at 0.2C (the rates of the initial 5
cycles were set as 0.1C for activation) of the batteries (45 �C).
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We further studied the electrochemical performance of the
all-solid-state Na–PTCDA batteries with the PEO/NaTFSI/
Na3SbS4 electrolyte at 45 �C. The voltage proles at different
current rates in Fig. 6c imply the highly reversible redox
processes of the batteries. As shown in Fig. 6d, the PTCDA
cathode in all-solid-state batteries can deliver 130, 131, 129, 124,
110, and 92 mA h g�1 at current rates of 0.2, 0.5, 1, 2, 5, and 10C
(1C ¼ 137 mA g�1, the value of the theoretical capacity of
PTCDA), respectively, meaning that about 71% capacity can be
retained even at a high rate of 10C (compared with the capacity
at 0.2C). When the current rate returns to 0.2C, most of the
capacity can be recovered. The superior rate performance could
be mainly attributed to the large Na+ transference number and
high ionic conductivity of the PEO/NaTFSI/Na3SbS4 electrolyte,
as well as the favorable electrode/electrolyte interface. In
contrast, with the PEO/NaTFSI electrolyte, the discharge
capacities of the PTCDA cathode are only 116, 114, 110, 106, 92,
and 75 mA h g�1 at current rates of 0.2, 0.5, 1, 2, 5, and 10C,
respectively (Fig. S14†).

Similar to most organic electrode materials, PTCDA, with
a relatively low molecular weight, shows high dissolution in
organic liquid electrolyte and thereby poor cycling stability.55–57

As shown in Fig. S15†, the capacity retention of PTCDA in
© 2022 The Author(s). Published by the Royal Society of Chemistry
a common 1 M NaPF6/diglyme electrolyte is only 63% aer 60
cycles. In contrast, PTCDA shows remarkably enhanced cycling
performance with the all-solid-state PEO/NaTFSI/Na3SbS4 elec-
trolyte. The capacity maintains 101 mA h g�1 aer 200 cycles at
0.2C, corresponding to a high capacity retention of 84%
(Fig. 6e). To form superior interfacial contact during the cycles,
the rates of the initial 5 cycles were set as 0.1C for activation.
The high capacity retention could be mainly ascribed to the
limited dissolution of PTCDA in the PEO/NaTFSI/Na3SbS4
electrolyte. Compared with other reported Na batteries using
polymer-based all-solid-state electrolytes, our fabricated Na–
PTCDA batteries show superior rate performance and cycling
stability (Table S5†). Overall, the good comprehensive electro-
chemical performance of the Na–PTCDA batteries and NajNa
symmetric cells demonstrates the superiority of the all-solid-
state PEO/NaTFSI/Na3SbS4 electrolyte, implying its great
promise for wide applications.
Conclusions

In summary, we have successfully achieved a high-performance
all-solid-state PEO-based electrolyte via the introduction of
Na3SbS4. The combination of theoretical calculations and
experimental studies reveals that there is a strong electrostatic
interaction between Na3SbS4 and TFSI� anions, resulting in
a large Na+ transference number (0.49), high ionic conductivity
(1.33 � 10�4 S cm�1 at 45 �C), and good mechanical properties
(average Young’s modulus: 47.8 MPa) for PEO/NaTFSI/Na3SbS4
electrolyte. Moreover, the electrolyte can largely alleviate Na+

depletion near the electrode surface in symmetric cells,
bringing about stable and dendrite-free Na plating/stripping
behavior for 500 h. Furthermore, the fabricated Na–PTCDA
batteries show good cycling stability with a high capacity
retention of 84% aer 200 cycles, as well as superior rate
performance (up to 10C). This work paves the way to construct
a high-performance all-solid-state electrolyte for sodium
batteries.
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