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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Beta-Al;03, an inorganic solid electrolyte with high thermal stability and competitive ionic conductivity, is
considered as the safe and efficient candidate for solid-state sodium metal batteries (SSMBs). The exhausting
interfacial trouble between Beta-Al,O3 solid electrolyte and Na metal become the stumbling blocks of Beta-Al,O3
solid electrolyte applying at room-temperature. Herein, we demonstrate an efficient strategy by in-situ con-
struction of mixed ionic-electronic (MIE) conductive layer (Na-Sn alloy and NayS) to engineer intimate Na/Beta-
Al,03-MIE interface via spontaneous conversion-alloying reaction between Na and SnS,. Given by the modified
MIE layer, the interfacial resistance is dramatically reduced from 3600 to 126 Q cm?. The Na symmetrical battery
with a high critical current density of 0.9 mA cm™2 and it can stably cycle for 2650 h at 0.3 mA cm 2 with a low
overpotential of 25 mV at room temperature. By incorporating ameliorative interface into SSMB, the
Na3V2(PO4)3|Beta-Al,03-MIE|Na harvests 103.6 mA h g 1 at 0.5 C after 250 cycles (97.4% capacity retention).
This work rolled out an effective strategy for constructing stable Na/Beta-Al;O3 interface to realize room-
temperature SSMBs.

Keywords:

Solid-state electrolyte

Mixed ionic-electronic conductive layer
Interface

Solid-state sodium metal battery

1. Introduction electrolyte and Na [9,10]. However, at room temperature, the high

interfacial resistance hinders the Na™ transfer at the interface and

Solid-state sodium metal battery (SSMB), as a promising alternative
to sodium-ion batteries, has proved its innate potential in stationary
energy storage due to low cost, high safety and high energy density
[1-3]. Among multitudinous inorganic solid-state electrolytes (SSEs)
such as NASICON, Beta-Al;03 and NasPS4, Beta-Al;O3 electrolyte
manifests superior ionic conductivity, low electronic conductivity,
outstanding mechanical properties and (electro)chemical stability for
SSMBs [4-8]. As a matter of that, Beta-Al,O3 electrolyte has applied as
solid electrolytes for Na-S and ZEBRA batteries at high temperature
(~300 °C) to decrease interface resistance between Beta-Al,O3

* Corresponding author.

enhance the possibility of dendrite growth [6,11].

The presence of high interfacial resistance was related to poor Na
wettability on Beta-AlyO3 electrolyte [12,13]. To facilitate Na/Be-
ta-Al,03 interface contact, sodium-inert Ni nanowire network [14],
disordered carbon tubes [15], Pt mesh [16] coating were coated on the
Beta-Al,O3 electrolyte surface, while these coating layers also requires
high-temperature to realize the intimate contact with SSEs. Moreover,
sodium-active Sn, Bi and Pb metals were alloyed with Na on Beta-Al,03
by forming lower melting-point Na-Sn alloy [17], Na-Bi alloy [18,19],
Na-Pb alloy [20], which filled the void of Na and consequently ensured

** Corresponding author. Tianjin Key Laboratory for Photoelectric Materials and Devices, School of Materials Science and Engineering, Tianjin University of

Technology, Tianjin, 300384, PR China.

E-mail addresses: dongchenlong@email.tjut.edu.cn (C. Dong), mzhy1984@163.com (Z. Mao).

1 These authors contribute equally to this work.

https://doi.org/10.1016/j.ceramint.2023.05.289

Received 7 March 2023; Received in revised form 5 May 2023; Accepted 31 May 2023

Available online 1 June 2023
0272-8842/© 2023 Elsevier Ltd and Techna Group S.r.1. All rights reserved.


mailto:dongchenlong@email.tjut.edu.cn
mailto:mzhy1984@163.com
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2023.05.289
https://doi.org/10.1016/j.ceramint.2023.05.289
https://doi.org/10.1016/j.ceramint.2023.05.289
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2023.05.289&domain=pdf

Y. Yao et al.

a b Beta-Al,0,
SO Tonic conductor Electronic conductor LJMWWLAJL_‘

Beta-Al,O;pellet pove e :
gl " RARAANE = SnS,-Beta-ALO,

gl e —— z

*«% Depositi N 5
Ve J ep"s“’“ ' = JWW
“Na-Sn alloy | SnS, PDF #23-0677

Beta-Al,O,/SnS,

Ceramics International 49 (2023) 27345-27351

10 20 30 40 50 60 70 80
20 (degree)

Mixed ionic-electronic conductor

Fig. 1. Illustration of SnS, deposition on Beta-Al,03 SSEs and corresponding characterizations of SSEs and Na/SSEs interface. (a) Schematic illustrations of thermal
decomposition of SnS, on Beta-Al;O3 pellets and the construction of MIE layer. (b) XRD pattern of Beta-Al,O3 and SnS»- Beta-Al,03. (¢) Top-view and (d) cross-
section SEM images of Beta-Al,O3 pellet. Inset: digital photo of Beta-Al,O3 pellet. (e) The cross-section SEM images of Na/Beta-Al,O3 interface. Inset: wettability
of molten Na on Beta-Al,O3 pellet. (f) Top-view and (g) cross-section SEM images of SnS,-Beta-Al;03 pellet. Inset: digital photo of SnS,-Beta-Al;O3 pellet. (e) The
cross-section SEM images of Na/Beta-Al,O3-MIE interface. Inset: wettability of molten Na on SnS,-Beta-Al,O3 pellet.

a tight interfacial connection. Great efforts on Na/Beta-Al,O3 interface
have been declared, yet it was still a long way to modify the interface
composition and thereupon engineer stable room temperature SSMBs
[3,5].

Theoretically, an intimate and stable Na/SSEs interface should pro-
vide the enough affinity with Na, reduce the nucleation barrier and
simultaneously offers ionic transport pathway [21,22]. The interface
layer with mixed ionic-electronic (MIE) conductive ability can achieve
the aforementioned requirement, in which the ionic-conducting phase
can homogenize the Na™ transport and the electron-conducting phase
can modify local current density to avoid inhomogeneous Na plati-
ng/stripping [23,24]. Such MIE layer can be engineered by the spon-
taneous reaction of Na metal with functional oxide (or sulfides) with
conversion [25] (eg. CuO + 2Na — Cu + Nay0) or conversion-alloying
(eg. Sn(0,S)2 + (x+4)Na — Na,Sn + 2Nay(0,S)) mechanism [26,27].

Benefiting from the merits of MIE layer, a facial and viable strategy is
executed to modify the Na/Beta-Al;O3 interface by introducing SnSs
interlayer. Thereupon, by in-situ reaction of Na with SnS; at the Beta-
Al,03/Na interface, the MIE layer (Na—Sn alloy and NayS) is engineered
to increase wettability and interfacial contact stability. Profiting from
the conformal interface, the interfacial resistance reduces from 3600 Q
cm? (Na/Beta-Al;0O3) to 126 Q cm? (Na/Beta-Al,03-MIE) and the critical
current density of the Na symmetric batteries increases to 1.0 mA cm 2.
The Na|SnS;-Beta-Al;03-MIE|Na symmetrical battery can stably cycle
for over 2650 h at 0.3 mA cm 2 (overpotential: <25 mV). Even at high
current density of 0.6 mA cm™2, the symmetrical battery can success-
fully operate for 100 h. When it served for solid-state sodium metal
battery, NasVy(PO4)3|Beta-Al,O3-MIE|Na delivers high ICE of 95.6% at
0.5 C and remains 97.4% capacity retention (103.6 mA h g™1) after 250
cycles, thus breaking new ground for durable room-temperature solid-
state sodium metal battery.

2. Experimental procedure
2.1. Sintering of Beta-AlyO3 solid-state electrolyte

Beta-Al»0j3 solid electrolyte was synthesized by conventional solid
sintering process from y-AlOOH as the alumina source, Li;CO3 as the
lithium source, and NapCOs3 as the sodium source [28,29]. The powder
mixture with a stoichiometric composition (Naj.g7Lig.33A110.67017) of
Beta-Al;03 was wet-milled with ethanol for 12 h using a planetary ball
mill, and then sintered at 1250 °C for 2 h in a muffle furnace to obtain
the precursor powder. The precursor powder was pressed into green
pellets (® 12 mm). Finally, the green pellets covered with the precursor
powder were calcined at 1450 °C for 2 h to obtain Beta-AlxO3
electrolyte.

2.2. Deposition of SnS; layer
1 mmol SnCl4-5H>0 and 3 mmol CH4N»S were uniformly dissolved in
10 ml CH3OH to prepare precursor solution. 5 pL precursor solution

was dipped on Beta-Al;O3 pellets and the SnS, layer was deposited
on Beta-Al;O3 pellets by thermal decomposition at 280 °C for 3 min.

2.3. Engineering of Na/Beta-Al;03 and Na/Beta-Al;O3-MIE interfaces
The sodium foil was pressed by hand on Beta-Al,03-SnS; and Beta-

Al;,03 pellet to engineer Na/Beta-AlyO; and Na/Beta-AlpO3-MIE
interfaces.

2.4. Materials characterization

The phase compositions were identified by XRD diffractometer (ARL
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Fig. 2. Interface stability and electrochemical performance symmetreical battery. (a) Na plating/stripping profiles of Na|Beta-Al;03-MIE|Na at step-increased
current densities at room temperature. (b) The EIS data of the assembled Na|Beta-Al,03-MIE|Na and Na|Beta-Al,03|Na symmetrical batteries. (c¢) The EIS evolu-
tion of the Na|Beta-Al,03-MIE|Na symmetrical battery during 10 days. Galvanostatic charging/discharging curves of Na|Beta-Al,O3-MIE|Na and Na|Beta-Al;03|Na

symmetrical batteries at current densities of (d) 0.2 mA cm 2 (areal capacity: 0.1 mA h cm ™), (e) 0.3 mA cm ™2 (areal capacity: 0.15 mA h cm™2), (f) 0.3 mA cm

-2

(areal capacity: 0.6 mA h cm~2) and (g) 0.6 mA cm 2 (areal capacity: 0.6 mA h cm~2) at room temperature.

Equinox 3000, France) equipped with Cu Ka radiation (A = 0.15418
nm). A field emission scanning electron microscope (Quanta FEG, USA)
equipped with energy-dispersive spectroscopy (EDS) equipment was
employed to examine the morphology and elemental composition on
surface and fractured cross-section of samples. For the preparation of
cross-section SEM images, the Na/Beta-Al,03 and Na/Beta-Al,O3-MIE
were forced apart with the hands without further surface treatment and
the samples are set in glovebox until SEM tests. The wettability was
measured according to following process: putting a bit of Na on Beta-
Al;03 and SnSp-Beta-Al,Os3 pellets, then heating the Na/Beta-AlpO3 and
Na/SnS»-Beta-Al;,03 at 150 °C, and finally observing the wetting situa-
tion. XPS (Escalab 250 Xi, USA) measurement was performed to char-
acterize MIE layer on Beta-Al;O3 pellet before and after cycling.

2.5. Electrochemical measurement

For symmetrical battery, the sodium foil with a diameter of 10 mm
was pressed by hand on both sides of Beta-AloO3-SnS; and Beta-AloO3
pellet. Then, the Na symmetrical battery was assembled in the CR2032
coin cell. For assembling of solid-state sodium metal full battery, the
CR2032 coin cell was fabricated in an argon-filled box with
Na3V2(POy)s, sodium foil, and Beta-Al;03 pellet as the cathode, anode
and electrolyte, respectively. NagV,(POy4)3 cathode, acetylene black and
polyvinylidene fluoride (PVDF) with a weight ratio of 8:1:1 was

dispersed in N-methyl-2-pyrrolidone (NMP). The mixed slurry was
ground for 30 min, ergo uniformly coated on Al foil and finally dried
overnight. The mass loading of NazV,(PO4)3 was ca. 1 mg cm™210 pL
organic electrolyte of 1 M NaClO4 in EC/DMC (1:1) with 5% FEC was
dropped onto cathode to decrease the interfacial resistance between
cathode and Beta-AlyO3 pellet. The ionic conductivity and interfacial
resistance were measured by electrochemical impedance spectroscopy
(EIS) on electrochemical workstation (CHI760E), in which the ampli-
tude is 5 mV and the frequency ranges from 10° to 0.01 Hz. The critical
current density (CCD), galvanostatic charge-discharge curve, cyclic
stability and rate performance were measured on battery tester system
(LAND CT2001A).

3. Results and discussion
3.1. Characterizations of Beta-Al,O3 and SnSs-Beta-Al,03

The Beta-Al;O3 pellet was synthesized by traditional high-
temperature solid-state method. According to the stacking period of
building block and chemical composition, the Beta-Al;O3 solid electro-
lyte has two kinds of crystal structures—hexagonal p-Al;03 and rhom-
bohedral $"-Aly03 [6,30]. The XRD pattern of as-synthesized Beta-AloO3
pellets show main characteristic peaks of §"-Al;O3 (PDF #84-1715) and
trace amounts of $-Al;03 (PDF #77-2312). The large number of Na™
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conducting planes and the high sodium content in conducting planes in
f"-phase result in higher ionic conductivity than that of p-phase [30]. As
a result, the ionic conductivity of Beta-Al,O3 solid electrolyte materials
rose with the increase of p"-AlyO3 phase content. By calculation, the
f”-phase content of Beta-Al,03 pellet is as high as 93.4% (Fig. S1). The
SnS; deposition on Beta-Al;O3 pellets was realized by thermal decom-
position of SnCly/CS(NHy), solution (Fig. 1a) [31]. The XRD peak
located at 14.5° for SnSy-Beta-AlyO3 (Fig. 1b) can be indexed as the
characteristic (001) plane of layered SnS; (PDF #23-0677). The digital
photos of SnSy-Beta-Al,O3 prove that a uniform SnS; coating layer can
be constructed within 3 min (Fig. S2). Moreover, the SnS; coating layer
is difficult to be removed, suggesting tight contact with Beta-Al;03
electrolyte (Fig. S3).

The ionic conductivities of Beta-Al;O3 and SnS,-Beta-Al;O3 pellets
were measured by electrochemical impedance spectroscopy (EIS) at
room temperature (Fig. S4). The total resistance (Riotal) is equal to the
sum of grain resistance (Rg) and grain boundary resistance (Rgp), and
both of resistances are fitted by Zview software [32,33]. For Beta-Al;Os3,
the R; value of Beta-Al;0O3 pellet is 61.4 Q at room temperature and the
ionic conductivity is calculated to be 1.01 x 10~> S cm™". Similarly, the
ionic conductivity of SnSy-Beta-Al»0j3 is calculated to be 9.3 x 107* s
cm ! with the total resistance of 66 Q at room temperature. The above
results demonstrate that the SnS, coating layer has no significantly
adverse effect on ionic conductivity of Beta-Al;O3 electrolyte.

3.2. Microstructural analyses of Na/Beta-Al,O3-MIE interface

The top-view (Fig. 1c¢) and cross-section SEM (Fig. 1d) images of
Beta-Al,O3 pellets show abundant gaps and boundary valleys
throughout the electrolyte pellets, which may be the destination of Na
dendrite growth [2,34]. Thus, the design of interfacial composition be-
tween Na and Beta-Al,0j3 to relieve poor solid-solid contact is required.
After SnS, decomposition, plenty of SnS, particles tightly adhere to
Beta-Al;03 pellets (Fig. 1f and Fig. S5) and a thin SnS; layer with
average thickness of ca. 230 nm is covered on Beta-Al;03 pellet (Fig. 1g
and Fig. S6). However, due to the relatively thin thickness and the low
content of SnS; layer, the Sn and S dispersions are drifting (Fig. S7). The
color of SnSy-Beta-Al,O3 pellet changes into light coffee from white of
Beta-Al,03 pellet (inset of Fig. 1d and g). The element dispersive X-ray
spectroscopy (EDX) spectrum of SnSy-Beta-Al;O3 pellet displays that
element of Sn and S were uniformly distributed. Furthermore, the
wettability of molten Na on Beta-Al;03 and SnSy-Beta-Aly03 pellets was
investigated (inset of Fig. le and h). Conspicuously, the molten Na
showed poor wettability on Beta-Al;O3 pellet. By contrast, the molten
sodium can be spread out to form MIE layer due to the spontaneous
reaction between Na and SnS; (SnS; + (x+4)Na — Na,Sn + 2Na,S),
demonstrating the high wettability of Na on SnSy-Beta-Al,O3 pellet [27,
35]. Moreover, the MIE formation can be regard as the electrode reac-
tion of typical SnSy anode for sodium ion battery (conversion: SnSy +
4Na — Sn + 2NayS, alloying: Sn + xNa — Na,Sn) [26,35,36]. Besides,
it’s obvious that there is huge gap at Na/Beta-Al;O3 interface, triggering
poor interface contact and low tolerance of Na dendrite (Fig. 1e). While
for Na/Beta-Al;O3-MIE, an intimate interface layer fills in the gap be-
tween Na and Beta-Al,O3 (Fig. 1h), suggesting the continuous Na *
transport pathway. The thickness of MIE layer is speculated to be ca. 10
pm (Fig. S8).

3.3. Electrochemical performance of symmetrical batteries

To confirm the effects of MIE layer on interfacial resistance and
stability, the symmetrical batteries of Na|Beta-Al;03-MIE|Na and Na|
Beta-Al;03|Na were assembled by simple static pressure method. The
critical current density (CCD) is used to estimate the Na plating/strip-
ping ability under gradually increased current density [37,38]. For Na|
Beta-Al;03-MIE|Na, no sudden voltage drop can be observed until the
current density increases into 0.9 mA cm™2, which suggests the high

Ceramics International 49 (2023) 27345-27351

inhibition ability of Na dendrites by MIE layer during cycles (Fig. 2a).
While for Na|Beta-Al,03|Na, the voltage suddenly decreases when cur-
rent density increases into only 0.25 mA cm 2 as a result of continuous
dendrites propagation and resultant short circuiting (Fig. S9). The
asymmetry between stripping and plating observed at high current
density is due to void formation during stripping and the rapid healing of
the interface on plating, which has been confirmed in Beta-Al,O3 system
[39].

The interface resistances have been determined by EIS plots, as
shown in Fig. 2b. The first intercept can be ascribed to the bulk (Rpyik)
and the first semicircle in high-frequency region corresponds to the
grain boundary (Rg) of the Beta-Al;O3 electrolyte. The second and third
semicircles in middle-frequency (Riny1) and low-frequency region (Rint2)
are related to the MIE/Beta-Al,03 and Na/MIE interfaces. The corre-
sponded resistances have been fitted according to the following equiv-
alent circuit diagram (Fig. S10). The Rpuk, Rgb, Rint1 and Rint> are 24.47,
43.12, 220.2 and 61.17 Q cm?, respectively. Because the semicircle
measured in the EIS consists of two interfaces between sodium and Beta-
Al,03, the fitted resistance is divided by two to obtain interface resis-
tance of Na/Beta-Al,O3-MIE. The interface resistance of Na/Beta-Al;03-
MIE is calculated to be 126 Q cm?. Benefitting from the intimate inter-
face, the interface resistance of Na/Beta-Al;03-MIE (126 Q cm?) is much
lower than that of Na/Beta-Al,03 (~3600 Q cm?). Besides, the evolution
interfacial resistance during rest for 20 days was monitored. Clearly, the
EIS plots manifest negligible change within 10 days, proving the high
stability of Na/Beta-AlyO3-MIE interface (Fig. 2c).

In order to investigate the cyclic stability of Na|Beta-Al,O3-MIE|Na
and Na|Beta-Al;03|Na symmetrical batteries, the galvanostatic charge/
discharge in line with the ability of Na plating/stripping was measured.
The Na|Beta-Al,03-MIE|Na can steadily cycle at 0.2 mA cm~2 with an
areal capacity of 0.1 mA h em™2 for over 2450 h and provides a low
overpotential of <15 mV (Fig. 2d). On the contrary, Na|Beta-Al,03|Na
battery shows fluctuations and irregular voltage changes even in the first
few cycles. Unfortunately, a large overpotential can be observed in
subsequent cycles and the battery short-circuits ultimately, because the
sodium dendrites can easily penetrate into Beta-Al;O3 pellet at lower
current density. Moreover, the EIS data for Na|Beta-Al;03-MIE|Na
during cycling at a current density of 0.2 mA cm ™2 were tracked, where
only little changes appear (Fig. S11). The cycling performance of Na|
Beta-Al;03-MIE|Na and Na|Beta-Al;03|Na symmetric batteries were
further measured at a current density of 0.3 mA cm 2 with an areal
capacity of 0.15 mA h cm™2 at room temperature (Fig. 2€). Obviously,
Na|Beta-Al;03-MIE|Na symmetrical battery displays stable and low
overpotentials of Na plating/stripping without drastic voltage distur-
bance during long cycling (overpotential: 18 mV at the 1st cycle and 25
mV at the 2650th cycle).

Moreover, the cyclic stability of Na|Beta-Al,O3-MIE|Na symmetrical
battery with high areal capacity of 0.6 mA h cm ™2 were investigated by
two following measurement parameters: (1) current density: 0.3 mA
em™2, plating/stripping time: 2 h and (2) current density: 0.6 mA cm 2,
plating/stripping time: 1 h. At a current density of 0.3 mA cm ™2 with a
plating/stripping time of 2 h, Na|Beta-Al;03-MIE|Na battery presents
low overpotentials of 18 mV at the 1st cycle and 27 mV at the 200th
cycle (Fig. 2f). Even if the current density is as high as 0.6 mA cm ™2 and
the plating/stripping time is 1 h, the symmetrical battery can stably
cycle for 400 h (overpotential: 29 mV at the 1st cycle and 53 mV at the
400th cycle).

3.4. Origin of enhanced interfacial stability

Due to the existence of voids and gaps between Na anode and Beta-
Al,03 electrolyte, the poor physical contact of Na/Beta-Al;Os would
induce the sluggish Na * transport and rapid dendrite growth. After
introducing thin SnS; layer on Beta-AlO3, the Na metal can spontane-
ously react with SnS; to form an intimate MIE interlayer, ergo fill in the
gap between Na and Beta-Al,O3, and thus engineer continuous Na™*
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transport pathway (Fig. 3a). After cycling for 100 h at 0.2 mA cm ™2, the
Na|Beta-Al;03-MIE|Na symmetrical battery was separated (Fig. S12),
and the contact region of Na anode and SnS; layer was black, suggesting
the formation of MIE layer. To further analysis the reaction mechanism
between SnS; layer and Na, the SnS,-Beta-Al,O3 pellets before and after
cycling were measured by X-ray photoelectron spectra (XPS). For Sn 3d
spectrum (Fig. 3b), the peaks at 494.92 eV and 486.48 eV for SnS,-Beta-
Al;03 pellets before and after cycling corresponds to sn*t 3d; /2 and
Sn** 3ds -, respectively [40]. The peak at 497.4 eV can be indexed as the
Na KLL Auger line [41]. After cycling for 100 h, the new peaks located at
493.61 and 485.50 eV appear, which is attributed to Sn° 3ds/5 and Sn®
3d3/5, demonstrating the formation of Na-Sn alloy [42]. For S 2p spec-
trum (Fig. 3¢), two strong peaks appear at 162.68 eV and 161.46 eV for

SnS,-Beta-Al; 03 pellets before and after cycling, which can be owned as
the §%~ 2p1/2 and §%- 2p3/2 from SnS;, [43]. Additionally, a peak located
at 160.8 eV emerges in recycled pellet, corresponding to ionic conduc-
tive NagS [43]. In viewing of Na 1s spectrum (Fig. 3d), the peak at
1072.15 eV corresponds to Na' in Beta-Al,03 electrolyte. However, a
strong peak at 1071.21 eV emerges in recycled pellets, and it can be Na’
in Na-Sn alloy [44]. While for Al 2p spectrum (Fig. 3e), there is no
obvious peak shift and extra Al® peak observed, confirming the
remarkable electro(chemical) stability [45]. Therefore, the formation of
electronic-conducting Na-Sn alloy can improve the wettability of Na on
solid electrolyte, promote the conformal contact and relieve the Na
penetration into electrolyte, while the ionic-conducting NayS can ho-
mogenize the Na * transport.
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3.5. Electrochemical performance of solid-state sodium-metal batteries

To verify the possibility of practical application, taking three-
dimensional NagV2(PO4)3 (donated as NVP) as cathode, the NVP|Beta-
Aly03-MIE|Na and NVP|Beta-Al;03|Na full battery were assembled. The
theoretical capacity of NagVa(POy4)s is 118 mA h g~! based on V*/v3+
(1C=118mA g~ ). Asshown in Fig. 4a, the initial discharge capacity of
NVP|Beta-Al,03-MIE|Na is 106.1 mA h g~! at 0.5 C with an ICE of
95.6%. Reassuring that, it offers a reversible capacity of 103.3mAh g~}
after 250 cycles, corresponding to capacity retention of 97.4% at room
temperature. The NVP|Beta-Al;03-MIE|Na battery shows a maximum
energy density of 349 Wh kg ! (discharge medium voltage: 3.29 V, 1st
discharge capacity: 106.1 mA h g™1) at 0.5 C, as shown in Fig. 4b. Such
highly overlapped charge/discharge curves and small potential polari-
zation further confirm the high stability of Na/Beta-Al;03-MIE interface.
While for NVP|Beta-Al,O3|Na, it harvests a low discharge capacity of
99.1 mA h g~ ! at the 1st cycle and comes through rapid capacity decay
after ten cycles.

Besides, the discharge capacity of NVP|Beta-Al,O3-MIE|Na at 0.5 C,
1C,2C,3Cand5 Cwas 106.3,105.4,103.0,101.3 and 97.6 mA h gfl,
respectively (Fig. 4c). When the rate returns to 0.5 C, the specific ca-
pacity recovered to 104.2 mA h g™, demonstrating that the rapid Na™
transport in MIE layer. According to the charge/discharge curves of 5 C,
NVP|Beta-Al,03-MIE|Na battery can provide a high capacity of 97.6 mA
h g~! and high discharge potential of 3.20 V (Fig. 4d). In contrast, the
performance of NVP|Beta-Al;O3|Na suffers from rapid capacity attenu-
ation at high rates. Such results prove that the MIE layer composed of
electronic-conducting Na-Sn alloy and ionic-conducting NaS can
extremely optimize the interfacial stability and Na * transport pathway.

4. Conclusion

In summary, SnS; interlayer was decorated on Beta-Al;03 pellet by
thermal deposition to engineer intimate Na/Beta-Al;O3 interface. Dur-
ing connecting with Na metal anode, SnS; spontaneously reacts with Na
to form mixed ionic-electronic conductor, which is comprised of
electronic-conducting Na-Sn alloy and ionic-conducting NayS. The MIE
layer can provide a continuous and tight interface between Beta-AloO3
and Na, which facilitates the uniform and rapid Na™ transfer and thus
engineer a stable interface for rapid Na plating/stripping. Such MIE
interlayer fills in the gaps and holes of Na/Beta-Al;O3, resulting in
decreased interfacial resistance from 3600 to 126 Q cm? and enhanced
critical current density from 0.25 to 0.90 mA cm 2. Benefitting the
conformal interface, the NVP|Beta-Al,03-MIE|Na symmetric battery can
operate stably for 2650 h at 0.3 mA cm™~2 with an overpotential of <25
mV. This work may pave new pathway to solve the poor physical contact
of Na/Beta-Al;O3 interface and promote the development of the next-
generation room-temperature SSMBs.
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