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All solid-state sodium batteries (ASSBs) have attracted considerable attention
due to their enhanced safety, long lifespan, and high energy density.
However, several challenges have plagued the development of ASSBs,
especially the relatively low ionic conductivity of solid-state electrolytes
(SSEs), large interfacial resistance, and low stability/compatibility between
SSEs and electrodes. Here, a high-performance all solid-state sodium battery
(NVP@C|PEGDMA-NaFSI-SPE|Na) is designed by employing carbon coated
Na;V,(PO,); composite nanosheets (NVP@C) as the cathode, solvent-

free solid polymer electrolyte (PEGDMA-NaFSI-SPE) as the electrolyte

and metallic sodium as the anode. The integrated electrolyte and cathode
system prepared by the in situ polymerization process exhibits high ionic
conductivity (=10~* S cm™' at room temperature) and an outstanding
electrolyte/electrode interface. Benefiting from these merits, the soft-pack
ASSB (NVP@C|PEGDMA-NaFSI-SPE|Na) delivers excellent cycling life over
740 cycles (capacity decay of only 0.007% per cycle) and maintains 95%

of the initial reversible capacity with almost no self-discharge even after
resting for 3 months. Moreover, the bendable ASSB exhibits a high capacity
of 106 mAh g~' (corresponds to energy density of =355 Wh kg~') at 0.5 C
despite undergoing repeated bending for 535 cycles. This work offers a new
strategy to fabricate high-performance flexible ASSBs with a long lifespan and

to utilize energy storage systems that are
safe and cost-effective.l 3] Sodium-ion bat-
teries (SIBs) with similar charge storage
mechanisms to lithium-ion batteries have
been considered as economic alternatives
for large-scale energy storage systems
because of the abundant sodium reserve
in earth.*% Nevertheless, traditional SIBs
are suffering from potential safety haz-
ards derived from the high flammability
and leakage of organic liquid electro-
lytes. Recently, rechargeable all solid-state
sodium batteries (ASSBs) have captured
widespread attention for the next genera-
tion of energy storage devices.”#l On one
hand, ASSBs could address the safety
issues of batteries including the flamma-
bility and leakage of liquid electrolytes,
which will inevitably accelerate the com-
mercialization process.® 1 On the other
hand, the use of sodium (Na) metal with
a high theoretical capacity (1166 mAh g™
and low redox potential (-2.71 V versus the
standard hydrogen potential) as anode for
the ASSB results in wider output voltage

excellent flexibility.

1. Introduction

To meet the requirements of integrating intermittent energy
sources (i.e., wind, solar energy) into smart grid, it is urgent

and higher energy density.'>13] However,
the development of ASSBs is hindered by
several intractable issues associated with
both solid-state electrolytes (SSEs) and electrode materials.'¥
First, the low ionic conductivity of SSEs at room temperature
(RT) and poor electronic conductivity resulting from the insuf-
ficient interfacial contact between the electrode and electrolyte
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lead to high interfacial resistance (R).'>'®] Second, the chem-
ical/electrochemical instability of electrode materials and SSEs
result in the electrochemical degradation.l'”] Finally, the large
volume change of electrode materials during the Na* inser-
tion/extraction process causes stress to the electrode, leading
to rapid capacity fading.'® Therefore, it is highly desired to
develop advanced ASSB system by rational component opti-
mization and interfacial modification of the SSE and electrode
materials to pursue high energy density and long cycle life.

Many efforts have been made to exploit various solid-state
electrolytes that include solid polymer electrolytes (SPEs) and
inorganic ceramic electrolytes (ICEs).%1%21l The ICEs (i.e.,
garnet, NASICON, perovskite, and sulfides-type materials) usu-
ally exhibit considerable ionic conductivity (>107* S cm™ at RT),
good thermal stability and robust mechanical strength.?22]
However, the intrinsic high roughness and rigidity of ICEs
will cause poor contact with electrode materials and difficul-
ties in the processing, leading to high contact resistance and
manufacturing cost.?*?°l Compared with inorganic electrolyte,
SPEs exhibit better mechanical flexibilities and more favorable
interfacial contact with electrodes, which could compensate the
volume change of electrode materials and make them promising
candidates for flexible ASSBs.[2°281 SPEs generally consist of
sodium salts (including sodium bis(trifluoromethanesulfonyl)
imide(NaTFSI), sodium bis(fluorosulfonyl)imide (NaFSI), or
sodium perchlorate (NaClO,)) and polymer matrix (such as
poly(ethyleneoxide) (PEO), polyacrylonitrile, poly(vinylidene
fluoride), or poly(methyl methacrylate)), where sodium salt is
sodium source and polymer matrix acts as the Na* transporting
host.232 The viability of NaFSI as an ideal salt has been
exemplified in the literature because it can control the reaction
with the solvent due to its unstable S—F bond.[*33 As for the
polymer matrixes, PEO-based material is regarded as the most
promising one by virtue of its good structural and chemical
stability and high solubility for sodium salts.3*3%] Neverthe-
less, the poor mechanical property, low oxidation potential,
and high crystallinity of PEO lead to a low ionic conductivity
(=107® S cm™ at RT), which severely restricts its further prac-
tical applications.*! In addition, conventional solution casting
method for SPEs membranes may lead to low Coulombic effi-
ciencies (CE) and irreversible side reactions of the ASSBs due
to residual liquid solvent in the SPEs.738 And this technique
is complicated, high-cost, and environmentally unfriendly.?"
Recently, the solvent-free UV-curing method for SPEs prepa-
ration has been demonstrated to be a facile and cost-effective
approach for large-scale fabrication due to its low operating
temperature and fast reaction rate.[2:29:40]

For the high-performance ASSBs, stable operation of the
battery system also heavily relies on the cathode materials.
Na;V,(PO,); (NVP) cathode shows numerous advantages
as the sodium super ionic conductor : 1) high energy den-
sity (=400 Wh kg™!) derived from the high output voltage
(=3.4 V versus Na/Na*); 2) stable structure during charge/dis-
charge (only 8% volume change); 3) good thermal stability.*142l
Nevertheless, the intrinsic poor electrical conductivity of NVP
dampens the electrochemical performance as the electrode
material. ¥l Some strategies have been employed for NVP to
enhance the performance, for example, by downsizing the NVP
particle size to shorten the Na* diffusion distance, modifying
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the NVP surface by a carbon layer to enhance the electronic
conductivity, and designing 3D continuous electrode architec-
ture to facilitate the transport of Na* and electron.[184443]

It should be noted that the bottleneck of ASSBs is no longer
simply exploiting advanced electrode and SSE materials, but
designing an effective solid—solid interface of the electrode
material and SSE. The insufficient contact area of electrode and
SSE would lead to a large interface resistance and poor elec-
trochemical performance. Although SPEs present better elec-
trolyte/electrode interfacial contact than that of ICEs in ASSBs
because of the superior mechanical flexibilities, the electrolyte/
electrode interface is still a severe problem, which restricts the
development of ASSBs. Therefore, many factors should be
fully taken into account to enhance the interfacial contact for
improving the performance of ASSBs.

Herein, we design an advanced all solid-state sodium bat-
tery (NVP@C|PEGDMA-NaFSI-SPE|Na) by using carbon-coated
Na3V,(PO4); (NVP@C) as the cathode, UV-cured novel solid
polymer electrolyte (PEGDMA-NaFSI-SPE) as the electrolyte
and metallic sodium as the anode. In this ASSB, an effective
integrated system of the electrolyte and cathode is prepared
by in situ solvent-free polymerization process, resulting in the
improved ionic conductivity (=10 S cm™ at RT) of the SSE
and the enhanced interfacial contact of SSE and electrode mate-
rials. The sodium symmetrical battery (Na[PEGDMA-NaFSI-
SPE|Na) confirms the significant suppression of Na dendrite
growth and excellent electrochemical stability. The NVP@C
cathode presents flowerlike structure assembled by the 2D
nanoplates, which could shorten the transport distance of Na
ion and electron. The surface modification by carbon layer for
NVP enhances the electronic conductivity and avoids the side
reactions. Combined these merits, the advanced ASSB exhibits
excellent reversible capacity of 102 mAh g at 0.5 C after
740 cycles (capacity decay of only 0.007% per cycle) at 60 °C
in a soft-pack battery. More impressively, this soft-pack battery
could keep high capacity retention with almost no self-discharge
behavior even after resting for 3 months. Besides, the bend-
able soft-pack ASSB (NVP@C|PEGDMA-NaFSI-SPE|Na) could
deliver high reversible capacity of 106 mAh g after 535 cycles
at 0.5 C despite undergoing repeated bending at different stages
and low electrochemical impedance in both flat and folding
states. The outstanding electrochemical behaviors of the soft-
pack ASSB are derived from the high ionic conductivity, good
mechanical flexibilities, and low diffusion energy barrier of Na*
of the Dbattery system, which are supported by the experimental
results and DFT calculations.

The NVP@C cathode was prepared by rationally opti-
mizing the nanostructured NASICON structure material (See
the crystal structure of NVP in Figure 1a) via a facile solu-
tion method, realizing the 2D thin nanoplates assembled 3D
flower-like structure.” As the vital component of ASSB, the
solid-state electrolyte can be simultaneously served as separator
and electrolyte. The solid polymer electrolyte (PEGDMA-NaFSI-
SPE) was prepared by in situ solvent-free UV-cured method,
as shown in Figure S1, Supporting Information, where the
monomer precursor of the poly(ethylene glycol) methyl ether
methacrylate (PEGDMA) and NaFSI were polymerized with
2,2-dimethoxy-2-phenylacetophenone (DMPA, 1 wt%) as the
photoinitiator. To fabricate a good interfacial contact between
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Figure 1. a) Crystal structure of Na;V,(PO,)3; (NVP). b) The construction architecture of the NVP@C|PEGDMA-NaFSI-SPE|Na. ¢) SEM, d) TEM and e)
HRTEM images of the NVP@C. f) SEM image and the digital photo, g) EDS element mappings of the PEGDMA-NaFSI-SPE.

SSE and cathode material, an integrated system of PEGDMA-
NaFSI-SPE electrolyte and NVP@C cathode (see Figure 1b)
was fabricated by penetrating the liquid monomer precursor
into the cathode layer at RT, which undoubtedly enhance the
solid-solid interface of electrolyte and electrode.*? Finally,
the all solid-state sodium battery (NVP@C|PEGDMA-NaFSI-
SPE|Na) was assembled by employing the integrated electrolyte
and cathode system with sodium metal as the anode, as shown
in Figure 1b.

The morphology and structural characterization of the as-
prepared samples are investigated by the scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). As shown in Figure 1c,d, the NVP@C presents flower-
like structure which consists of the nanosheets. The average
thickness of the nanosheet is around 27 nm. The 3D intercon-
nected structure of NVP@C could significantly facilitate the
chemical diffusion of Na* and relieve mechanical stress caused
by Na* extraction/insertion.

According to the high-resolution transmission electron
microscopy (HRTEM) image in Figure le, the clear lattice
fringe with d-spacing of 0.37 nm for NVP@C corresponds
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to the (113) plane of NVP.[*0l And the carbon layer coated on
the surface of the NVP@C is about 4 nm. Element mappings
in Figure S2, Supporting Information, confirm the uniform
distribution of C, Na, V, P, and O species in the NVP@C. As
presented in Figure 1f and Figure S3, Supporting Informa-
tion, the PEGDMA-NaFSI-SPE membrane shows transparent
feature and excellent mechanical flexibility with a thickness of
around 150 um. SEM image of the PEGDMA-NaFSI-SPE elec-
trolyte (Figure 1f) displays a dense wrinkled surface without
any pores. The diameter of PEGDMA-NaFSI-SPE membrane
illustrated in Figure 1f is 18 mm. EDS element mappings of
the PEGDMA-NaFSI-SPE indicate the homogeneous distribu-
tion of C, F, N, Na, O and S components (Figure 1g). X-ray dif-
fraction (XRD) pattern demonstrates the typical rhombohedral
NASICON structure of NVP@C with highly crystalline phase
(Figure S4, Supporting Information).[*”! No typical graphitic dif-
fraction peaks could be observed, indicating amorphous state
of the thin carbon layer. The carbon content of the NVP@C
is determined to be 6.1 wt% by the Elementar vario EL cube.
Raman spectrum of the NVP@C exhibits two strong peaks at
1357.9 and 1595.8 eV, which are assigned to the D and G band
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Figure 2. a) The partial enlarged FT-IR spectra of precursor solution and the as-prepared PEGDMA-NaFSI-SPE. b) TGA and c) DSC curves of the
PEGDMA-NaFSI-SPE. d) The relationship between ionic conductivity and different mole ratio of EO/Na* at different temperatures, €) the relationship
between ionic conductivity and temperature with mole ratio of EO/Na* = 20:1 for the PEGDMA-NaFSI-SPE. f) LSV curve of the PEGDMA-NaFSI-SPE

at a sweep rate of 1 mV s

of graphitic carbon, respectively (Figure S5, Supporting Infor-
mation). The D and G band (Ip/Ig) ratio of 0.93 is indicative
of the disordered state of the carbon layer, which is well con-
sistent with the HRTEM and XRD results.*] X-ray photoelec-
tron spectroscopy (XPS) demonstrates the existence of Na, O,
V, C, and P elements in the NVP@C (Figure S6a, Supporting
Information).In Figure S6b, Supporting Information, the peaks
situated at 289.4, 286.3, 285.1, and 284.7 eV in Cls spectrogram
could be attributed to O—C=0, C=0, C—0O and C=C bonds,
respectively.*?]

The physicochemical properties of the PEGDMA-NaFSI-
SPE membrane were investigated by the systematic charac-
terizations. The successful UV-polymerization of precursors
is confirmed by the FT-IR spectra (Figure 2a and Figure S7,
Supporting Information). No typical group of carbon—carbon
double bond at around 1625 cm™ is observed in the as-prepared
PEGDMA-NaFSI-SPE after the UV-cured process, indicating the
absence of the PEGDMA monomer.*¥l As shown in Figure S8,
Supporting Information, the only broad peak of the PEGDMA-
NaFSI-SPE at around 20° in XRD patterns demonstrates its
amorphous feature, which is beneficial for ion transport in
polymer host.*?! Figure 2b presents the thermogravimetric
analysis (TGA) result, where the PEGDMA-NaFSI-SPE remains
stable until 256.9 °C before it undergoes any decomposition
and reaches about 5 wt% weight loss at the end of the meas-
urement, indicating its excellent thermal stability. The glass
transition temperature (T,) of PEGDMA-NaFSI-SPE membrane
is around —53.2 °C and no endothermic peak can be observed
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according to Figure 2c. It demonstrates the SSE exits in a totally
amorphous state, which could greatly facilitate its chain seg-
ments movement and enhance the ionic conductivity.?%)
Understanding ionic transport mechanism is beneficial to
design the SSEs with high ionic conductivity. For the SPEs,
Na* can coordinate with the polar groups (such as —O—) on the
segmental chains. With the movement of polymer segmental
chains, Na* can continuously hop from one coordinating site
to another and realize rapid ions transport. The mole ratio
of EO/Na* could significantly impact the ionic conductivity
of the SPEs.”? Figure 2d exhibits ionic conductivities of the
PEGDMA-NaFSI-SPE with different mole ratios ranging from
16 to 22 at different temperatures. Notably, the ionic conduc-
tivity of the PEGDMA-NaFSI-SPE increases with temperature.
All of these SPEs present much higher ionic conductivity values
at the mole ratio of EO/Na*(20:1) at different temperatures. The
ionic conductivity of the PEGDMA-NaFSI-SPE at 60 and 30 °C
with the EO/Na* of 20:1 is 5.6 x 10™* and 1.1 X 10™* S cm™},
respectively, which is much higher than those of the PEO-based
SSEs (=107% S cm™).1*% Besides, the temperature dependence
of ionic conductivities in the SPE was surveyed, as shown in
Figure 2e. The ionic conductivity of the SPE follows the Vogel—
Tammann-Fulcher (VTF) equation®® as follows:
0 =AT " exp(-E.[k(T - T,)) 1)
where o represents the ionic conductivity, A stands for a
preexponential factor, E, is the activation energy of sodium

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Chronopotentiometry curves of the Na|PEGDMA-NaFSI-SPE|Na symmetrical cell at 0.1 mA cm™2. b) Rate capability, c) the corresponding
voltage profiles obtained at different current densities and d) cycling stability at 0.5 C of the NVP@C|PEGDMA-NaFSI-SPE|Na. e) CV curves tested at
various sweep rates, f) the corresponding relationship between peak currents and the square root of sweep rate (v'/?), g) the linear fitting plots of the
transformed peak currents versus scan rates of the NVP@C|PEGDMA-NaFSI-SPE|Na.

conduction, k is the Boltzmann constant, and T, is a para-
meter correlated to the glass transition temperature. E, of
the PEGDMA-NaFSI-SPE is 0.045 eV determined by the
Equation (1), which is much lower than that of the PEO-
based SSEs (Figure S9, Supporting Information).*% The low
activation energy and high ionic conductivity benefit from the
comb-like side chains structure and more free volume for Na*
diffusion, which can significantly reduce the concentration
of ion polarization in ASSBs.*! Electrochemical stability of
the PEGDMA-NaFSI-SPE was investigated in order to select
electrode material and determine the working voltage of bat-
teries. Liner sweep voltammograms (LSV) curve in Figure 2f
exhibits no oxidation peak up to 4.26 V (versus Na/Na®),
which indicates the superior electrochemical stability and the
possibility for matching high-voltage cathode material of the
PEGDMA-NaFSI-SPE.
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The dynamic stability and electrochemical compatibility of
the interface between the PEGDMA-NaFSI-SPE electrolyte
and metallic Na electrode were measured in a symmetric cell
of Na|]PEGDMA-NaFSI-SPE|Na at 60 °C. The symmetric cell
exhibits a smooth potential with excellent sodium plating/strip-
ping behavior at current density of 0.1 mA cm™ over 800 h, as
shown in Figure 3a. The typical magnified curve (Figure S10,
Supporting Information) of the symmetric cell displays insig-
nificant voltage fluctuation, indicative of the effective suppres-
sion of sodium dendrites growth. The result demonstrates the
excellent compatibility between the PEGDMA-NaFSI-SPE and
metallic sodium, which implies that the sodium anode with
high specific capacity is suitable for this SPE-based high energy
density ASSBs.

Electrochemical performances of the ASSB (NVP@
C|[PEGDMA-NaFSI-SPE|Na) were evaluated in the voltage

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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window of 2.8-3.8 V versus Na/Na* in soft-pack batteries at
60 °C. Figure 3b,c displays the rate performance and corre-
sponding voltage profiles of the NVP@C|PEGDMA-NaFSI-
SPE|Na at different current densities. It exhibits excellent
reversible capabilities of 125, 116, 110, and 105 mAh g! at
0.1, 0.2, 0.5, and 1 C (1 C = 120 mAh g!), respectively. When
the current density switches back to 0.1 C, a high revers-
ible capacity of 123 mAh g still could be maintained. More
impressively, the ASSB can deliver fairly high energy densi-
ties of 416, 388, 363, and 346 Wh kg' at 0.1, 0.2, 0.5, and 1 C,
respectively (the calculations of energy densities are based on
the active materials mass in the cathode). According to the gal-
vanostatic charge/discharge voltage profiles in Figure 3c, the
NVP@C|PEGDMA-NaFSI-SPE[Na shows a typical two-phase
reaction mechanism with a very flat potential plateau at around
3.38 V (versus Na/Na*) for charging process and 3.36 V (versus
Na/Na*) for discharging process at 0.1 C, which corresponds
to the V3*/V*# redox couple with two sodium extraction/inser-
tion following this equation: Na3V,(PO,);<>NaV,(POy4);.* The
NVP@C|PEGDMA-NaFSI-SPE|Na could exhibit low polariza-
tion voltages at around 2.8, 4.8, 9.3, and 15.9 mV at current
densities of 0.1, 0.2, 0.5, and 1 C, respectively. The stable
voltage plateau and low electrochemical polarization at various
current densities indicate the superior conductivity and struc-
tural integrity of the electrode and electrolyte.®l The long-term
cycle was investigated at 0.5 C, as shown in Figure 3d. After the
activation in the first few cycles, the NVP@C|PEGDMA-NaFSI-
SPE|Na could deliver a high reversible capacity of 102 mAh g™
over 740 cycles (capacity decay of only 0.007% per cycle) with
nearly 100% Coulombic efficiency. Moreover, the soft-pack
ASSB could maintain 95% of the initial reversible capacity with
almost no self-discharge even after resting for 3 months (inset
in Figure 3d), demonstrating the excellent cycling stability and
high capacity retention. Notably, the NVP@C|[PEGDMA-NaFSI-
SPE|Na in this work exhibits very comparable or even more
outstanding electrochemical performances compared to recent
reported solid-state sodium batteries (Table S1, Supporting
Information).

The kinetic analysis of the NVP@C|PEGDMA-NaFSI-
SPE|Na ASSB was further investigated by analyzing the
cyclic voltammogram (CV) curves at various sweep rates of
0.02-0.12 mV s7! in the voltage window of 2.8-3.8 V by the
Solartron 1470E electrochemical workstation (Figure 3e). The
NVP@C|PEGDMA-NaFSI-SPE|Na exhibits very small potential
polarization between cathodic and anodic peaks at the sweep
rate of 0.02 mV s7', indicating the superior ionic migration.
With the sweep rate increasing from 0.02 to 0.12 mV s7!, a very
slight shift in oxidation and reduction peaks can be observed,
which further suggests the fast kinetics and weak polariza-
tion of this ASSB. Besides, the Na* diffusion coefficient (Dy,)
can be calculated according to the Randles-sevick equation
as follows:

i, =2.69x10°n** ADY Cy,v™* ()
where i, represents the peak current, A stands for the surface
area of electrode, Cy, is the molar concentration of Na*, n is the

number of transferred electrons, and v is the sweep rate. Based
on the fitted linear relationships between i, and v'/? (Figure 3f),
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the Dy, values for Peak 1 (anodic) and Peak 2 (cathodic) are
determined to be 4.07 x 107 cm? s and 3.22 x 107! cm? 57,
respectively, which are very close to those of previously reported
NASICON-type liquid-electrolyte based SIBs, demonstrating
the fast diffusion of Na* in the NVP@C|PEGDMA-NaFSI-
SPE|Na ASSB.P'52 Besides, the difference in kinetics between
the anodic peak (Peak 1) and cathodic peak (Peak 2) can be
analyzed by a power law equation, as follows:1*?]

log (i) =log(a) + blog(v) (3)

where i is the peak current, v is the scan rate, a and b are the
fitting parameters. The b value reflects the reaction kinetics by
estimating the ratio of capacitive-dominated charge storage of
the electrode. The closer the b-value is to 1, the more promi-
nent the capacitive behavior, which translates to a faster reac-
tion kinetics.3 The fitting curves in Figure 3g show an almost
linear relationship. The b value of the NVP@C|PEGDMA-
NaFSI-SPE|Na for anodic segment and cathodic segment is
0.67 and 0.64, respectively, indicating much faster kinetics of
the anodic reaction process in the ASSB.4

To investigate the practical application of the soft-pack
NVP@C|PEGDMA-NaFSI-SPE|Na in flexible electronic device,
the bending measurement was conducted in the voltage
window of 2.8-3.8 V versus Na/Na* at 60 °C (Figure 4). Sche-
matic diagram of the bendable soft-pack ASSB is presented in
Figure 4a, where the stage 1 and 3 represent the flat state and
stage 2 is the folding state. The cycling performances of this
soft-pack ASSB at different states are displayed in Figure 4b.
It could achieve a very stable reversible capacity of around
106 mAh g! (corresponding to energy density of =355 Wh kg™!)
after 535 cycles at 0.5 C in both flat and folding state, which
demonstrates its excellent flexibility and long cycle life under
harsh conditions. In addition, the similar electrochemical
impedance values of this soft-pack battery in flat state (52.1 Q)
and folding state (59.4 Q) indicate the excellent interfacial
contact between this SSE and the electrodes, which ensure
the safety and stability of the bendable soft-pack ASSB under
practical conditions (Figure 4c). Moreover, the evaluation of
the bendable NVP@C|PEGDMA-NaFSI-SPE|Na battery under
destructive conditions was further conducted at RT, as shown
in Figure 4d-i and Figure Slla—c, Supporting Information.
The LED device can function as usual under different bending
conditions, indicating the excellent flexibility and safety of the
bendable soft-pack ASSB.

To further figure out the prominent electrochemical perfor-
mances of the NVP@C|PEGDMA-NaFSI-SPE|Na ASSBs, den-
sity functional theory (DFT) calculations were conducted to
explore the Na®™ migration barrier in NVP configuration and
PEGDMA-NaFSI-SPE configuration. The optimized models
and paths of Na* migration of these two different structures
are displayed in Figure 5a,b. The corresponding Na* diffusion
energy barrier from Nal to Na2 site is 0.28 and 0.19 eV for the
NVP and PEGDMA-NaFSI-SPE configuration, respectively,
according to the climbing-image nudged elastic band (cNEB)
method.P* The diffusion barriers of Na* in our ASSB system
are much lower than many other reported electrode materials
for SIBs, which is beneficial for fast reaction kinetics and supe-
rior electrochemical properties.!

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Schematic of the bendable NVP@C|PEGDMA-NaFSI-SPE|Na ASSB. b) Cycling performance and corresponding Coulombic efficiency at
0.5 C. ¢) Nyquist plots in flatting or folding state. d—i) Flexibility and safety evaluation under different conditions of the bendable soft-pack battery.
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Figure 5. Schematic optimized crystal structure illustrating the optimum Na* migration pathway of a) NVP configuration and b) PEGDMA-NaFSI-SPE
configuration. The corresponding Na* migration energy barrier from Nal to Na2 site by the cNEB method in ¢) NVP configuration and d) PEGDMA-
NaFSI-SPE configuration.
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In summary, we have designed a high-performance all solid-
state sodium battery (NVP@C|PEGDMA-NaFSI-SPE|Na) by
employing the carbon-coated 3D interconnected flower-like
NVP@C cathode, in situ synthesized solid polymer electro-
lyte (PEGDMA-NaFSI-SPE) and metallic sodium anode. The
well-designed architecture of the ASSB system possesses the
following advantages: 1) the highly efficient integrated system
of SSE and electrode exhibits reduced interfacial resistance,
enhanced mechanical flexibilities, and improved interfa-
cial compatibility due to the good electrolyte/electrode solid-
solid interface; 2) in situ solvent-free UV polymerization of
the PEGDMA-NaFSI-SPE results in high ionic conductivity
(=10* S cm™! at RT) and significant resistance to dendrite
growth; and 3) the carbon-coated 2D nanoplates assembled
3D flower-like structure of the NVP@C shortens the transport
distance for Na*/electron and improves the electronic conduc-
tivity of the electrode materials. As a result, the advanced ASSB
could exhibit excellent electrochemical properties, where high
rate capacity of 105 mAh g! is reached at 1.0 C and a capacity
decay of 0.007% per cycle over 740 cycles at 0.5 C is also
achieved in soft-pack batteries. More impressively, this ASSB
exhibits almost no self-discharge behavior even after resting for
3 months. Besides, the bendable ASSB delivers a high energy
density of 355 Wh kg™ after 535 cycles in flat state or folding
state. The superior electrochemical performances can be attrib-
uted to the high diffusion coefficient and low diffusion energy
barrier of Na* in the ASSB system, which are supported by the
systematic experimental results and theoretical calculations. We
believe this work may pave a new direction for fabricating high-
performance flexible all solid-state sodium batteries.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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