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Abstract

A solid-state sodium metal battery has cut a striking figure in next-generation
large-scale energy storage technology on account of high safety, high energy
density, and low cost. Nevertheless, the large interfacial resistance and sodium
dendrite growth originating from the poor interface contact seriously hinder its
practical application. Herein, a modified ultrasound welding was proposed to
atomically bond Na anodes and Au-metalized Na;Zr,Si,PO,, electrolytes
associated with the in situ formation of Na—-Au alloy interlayers. Thereupon,
intimate Na;Zr,Si,PO;,-Au/Na interfaces with a low interfacial resistance
(~23Qcm?®) and a strong dendrite inhibition ability were constructed. The
optimized Na symmetric battery can cycle steadily for more than 900 h at
0.3mAcm > under a low overpotential (<50mV) of Na electroplating/
stripping and deliver a high critical current density of 0.8 mA cm™> at room
temperature. By incorporating the above interface into the solid-state Na metal
battery, taking three-dimensional Na;V,(PO,); as the cathode, the full battery
offers a high energy density of 291 Whkg™' at a high power density of
1860 Wkg™'. A pouch-type solid-state sodium metal full battery based on a
ceramic electrolyte was assembled for the first time, and it lit a 3 V LED lamp.
Such a strategy of the ultrasound welding metalized solid-state electrolyte/Na
interface by engineering the Na—Au interlayer would pave a new pathway to
engineer a low-resistance and highly stable interface for high-energy/density
solid-state sodium metal batteries.
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1 | INTRODUCTION

Driven by the increasing demand for large-scale energy
storage in power systems, sodium ion batteries are a
promising substitute for lithium-ion batteries because of
their low cost and rich resources.!”> However, the usage
of flammable liquid organic electrolytes in sodium ion
batteries triggers serious safety issues.* Alternatively,
solid-state sodium metal batteries manifest high safety
and energy density, because the employed solid-state
electrolyte is nonflammable and can couple with metal
anodes and high-voltage cathodes.” NASICON-type
(e.g., Nas3Zr,SiPO;,, donated as NZSP) solid-state
electrolytes have wide electrochemical stability window,
good thermal stability, and high room-temperature
ionic conductivity (107*-10°Scm™')."*7 Despite
these, the practical applications of solid-state sodium
metal batteries are still hindered by the large interfacial
resistance and sodium dendrite growth due to the poor
interface contact between NZSP electrolytes and Na
anodes.* '°

As a matter of fact, the in situ formed interfacial
compositions for NZSP/Na interfaces are sodium silicates
(e.g. NaySiO;, Na,Si,0s).”'' Although the sodium
silicates are considered Na' conductors and used as
addition agents in NZSP ceramics during sintering to
effectively increase the ionic conductivity resulting from
the decreased grain boundary resistance,'>"? the intrinsic
ionic conductivity of sodium silicates (107®Scm™") is
lower than that of the NZSP (107 S cm™).'* Besides, the
uncontrolled reaction between Na and NZSP accompa-
nied by the continuous formation of sodium silicates
seriously increases interfacial resistance and decreases
critical current density (CCD), resulting in uneven Na
dendrite growth and battery failure.®'?

To ensure the intimate contact between Na anodes
and NZSP electrolytes, the interface of Na/NZSP ought to
be modified. Melting and statically pressing (SP) Na on
NZSP surfaces appear to be a relatively facile strategy
for enhancing interfacial contact by modifying the
wettability of Na on NZSP surfaces.'®!” Nevertheless,
high temperature and pressure would accelerate the side
reaction of Na and NZSP and go so far as to have the
possibility of penetrating the Na metal throughout the
NZSP pellet. The interlayer introduction (e.g., MOFs,"”
AlF;,"® Ti0,," and Sn/Sn0,*°), serving as a mechanical
buffer matrix, was considered to be an effective way to
refine interfacial contact by suppressing dendrite growth
and reducing the interfacial resistance. Recently, a room-
temperature ultrasound welding method was reported by
our group to construct a tightly bonding interface
between Na and NZSP electrolytes."! However, due to
the continuous Na reaction with NZSP electrolytes, the

CCD value should endeavor to rise. Worthy of note is
that the comprehensive electrochemical performance of
solid-state batteries not only is dependent on the
interfacial contact of Na anodes and NZSP electrolytes
but also strongly relies on the ion/electron transport
property and mechanical stability, which are dominantly
determined by the interfacial composition.® Last but not
least, welding between metals and ceramics remains
challenging due to physiochemical property differ-
ences.! Fortunately, the welding of ceramics and metals
can be successfully realized by the pretreatment technol-
ogy of ceramic metallization in the field of semi-
conductor chips.*

Motivated by the ceramic metallization technology,
an ~40nm Au thin layer was vacuum-evaporated on
NZSP ceramics (Au-NZSP) and thus enabled the
feasibility of atomic bonding between Na anodes and
NZSP electrolytes via the ultrasound welding process,
accompanied by the formation of the Na-Au alloy
interface layer (Figure 1A). Benefitting from the atom-
ic bonding of NZSP-Au and Na metals, the interface
resistance can decrease to 23 Q cm” compared with that
by the SP method (SP Na/Au-NZSP: 50 Qcm? SP
Na/NZSP: 108 Q cm?). The Na symmetric battery delivers
a high current density of 0.8 mA cm ™2 at room tempera-
ture and it can be stably operated at 0.3 mAcm™> for
900 h with a low overpotential of <50 mV. The solid-state
Na-metal full battery harvests a high energy density of
291 Wh kg™ at a high power density of 1860 W kg™ . This
work would break new ground in addressing the
intractable interface stability of solid-state electrolytes/
Na anodes, and thereout, it accelerates the practical
application of solid-state sodium metal batteries.

2 | EXPERIMENTAL SECTION

2.1 | Material preparation

NZSP solid electrolytes were synthesized by conven-
tional solid-state sintering. Stoichiometric amounts of
Na,CO;, ZrO,, SiO,, and NH,H,PO, were wet-milled
with ethanol (EtOH) for 12h using a planetary ball
mill and then sintered at 1100°C for 12 h. Among them,
15wt.% excess Na,CO; and NH,H,PO, were added to
compensate for the volatilization of Na and P at high
temperatures. The precursor was ball-milled, ergo-
pressed into green pellets with a diameter of 16 mm,
and finally sintered at 1250°C for 6 h in muffle furnace.
The thickness of NZSP electrolyte pellets was ~900 um.
The density of the prepared NZSP electrolyte pellets
was 3.10-3.13 gcm_3 with a relative density of ~95%,
according to our previous work.""
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FIGURE 1 (A) Schematic illustration of atomic bonding of Na metal and NZSP pellet by engineering the Na-Au alloy interlayer.
(B) XRD patterns of NZSP, Au-NZSP, and UW Na/Au-NZSP. (C) Top-view and (D) cross-section SEM images of the NZSP pellet. (E) Top-
view and (F) cross-section SEM images of the Au-NZSP pellet. (G) Top-view and (H) cross-section SEM images of the UW Na/Au-NZSP

pellet. SEM, scanning electron microscopy; XRD, X-ray diffraction.

2.2 | Atomically bonding Na metals
with NZSP

The adhesive layer should possess good sodiophilicity
and low overpotential of Na deposition. According to the
binary phase diagram of Na-M, Au, Ag, In, Ge, Sn, Sb,
and Bi can be able to form thermodynamically stable
alloys with Na metals. However, Mo, Cr, Fe, Co, Cu, and
others cannot alloy with Na. The choice of Au as a
modification layer is due to its lowest Na nucleation
overpotential (~0 V), which is much lower than those of
Sn (<5mV), Sb (<5mV), Cu (16 mV), Cr (19 mV), and
Mo (21mV).>® The Au layer coating on the NZSP
electrolyte surface was prepared by ion sputtering
deposition. The deposition was performed in a sputter
coater (KYKYSBC-12) and pre-evacuated at 8-10 Pa with
a discharge current of 10 mA for 200 s without inflation
of extra gas at room temperature. The NZSP surface was
located at a distance of 35mm from the gold target
(99.99% in purity). The household ultrasonic cleaner
(JEKEN CE-9600, power =70W, frequency = 50 kHz)
was employed to construct Na-Au alloy interlayers
between Na metal anodes and NZSP electrolytes as

previously reported by our group.'' During ultrasound
welding, there is no additional force perpendicular to the
NZSP plane except for the static pressure generated by
the gravity of the ultrasound probe. For comparison, the
Na/Au-NZSP and Na/NZSP interfaces were prepared by
the static pressing method (Kejing MSK-160E) with a
pressure of ~9.4 MPa.

2.3 |
films

Preparation of large-area NZSP

The mashed NZSP powder was suspended in EtOH and
triethanolamine (TEA) solution and ball-milled for
30 min at 1200 rpm. Then, the dibutyl phthalate (DBP)
and dioctyl phthalate (DOP) as the plasticizer and
polyvinyl butyral (PVB) as the binder were added into
the above mixture and further ball-milled for 1h at
1200 rpm. The mass ratio of NZSP:EtOH:TEA:DBP:-
DOP:PVB is 52:37:1:2.5:2.5:5. The ball-milled slurry was
transfered into a vacumm oven to remove the bubble at
room temperature. The slurry was tape-casted on a
release liner (fluorinated ethylene propylene) to obain
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a NZSP film precursor and dried in a vacuum oven at
60°C for 12 h. The dried NZSP film precursor was peeled
off and cut into a 6 cm X 3.5 cm film. Finally, the NZSP
film precursor was first annealed at 600°C for 2h to
remove the binder/plasticizer/dispersant and finally
sintered at 1200°C for 12 h for densification of the NZSP
film (heating rate: 1°C min™ ).

2.4 | Characterizations

X-ray diffraction (XRD) (ARL Equinox 3000) was
operated at 40kV and 40mA with a 26 range of
10—80° to examine the crystal phase of prepared samples.
The microstructure and elemental composition were
recorded on a field-emission scanning electron micro-
scope (SEM) (FEI-Quanta FEG) and ultrahigh-resolution
field-emission SEM (FEI-Verios 460L). The NZSP pellet,
Au-NZSP pellet, and UW Na/Au-NZSP pellet for SEM
tests were not polished by emery paper. For the UW
Na/Au-NZSP pellet, it was stored in a glovebox to avoid
the exposure to air and put into a sealed bottle until
the SEM test. However, this UW Na/Au-NZSP pellet
should be taken from the bottle and then transferred into
a vacuum system of SEM. Therefore, the transient
exposure into air is difficult to avoid.

2.5 | Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) measure-
ments of the electrolyte were tested on an electrochemi-
cal workstation (CHI760E) under an open-circuit poten-
tial with an amplitude of 5mV and frequency ranging
from 100kHz to 0.01 Hz. A thin layer of Au was
sputtered on each surface of the pellets as blocking
electrodes. The Na symmetric batteries were assembled
into a CR2032 coin cell to investigate the performance of
long-term cycling and CCD in an argon-filled glove box
at room temperature. Critical current measurements
were performed by the galvanostatic cycling at current
densities stepping from 0.05 to 1.5 mA cm™2 (step length:
0.05mA cm ™2, electroplating/stripping time: 0.5h) at
room temperature. The CR2032 full battery was as-
sembled using sodium foil as the anode, NZSP pellet as
the electrolyte, and NVP as the cathode material in an
argon-filled glovebox at room temperature. Commercial
NVP (Hubei Energy Technology Co., Ltd.), acetylene
black, and poly(vinyldifluoride) (PVDF) with a weight
ratio of 8:1:1 were mixed in N-methyl pyrolidone to form
a homogeneous slurry, ergo-coated on aluminum foil by
a doctor blade, and finally dried at 120°C for 24h in a
vacuum oven. The mass loading of NVP was ~1 mg cm ™.

The liquid electrolyte (10 uL) (1 M NaClO,4 in EC/DMC
(1:1)+ 5% FEC) was added between the cathode and
electrolyte pellet to establish a wetted interface.

3 | RESULTS AND DISCUSSION
The NZSP solid-state electrolyte was initially prepared
by the high-temperature solid-state method. The XRD
pattern (Figure 1B) suggests that the NZSP crystallizes
into monoclinal Na;Zr,Si,PO,, with space group of
C2/c (a=15.637A, b=9.023A, c=9.217A, a=y=90°,
B =123.75°). Then, the NZSP ceramic pellet was meta-
lized by an ultrathin Au layer via vacuum ion sputtering,
as illustrated in Figure 1A. The new peaks at 38.2° and
44.4° in the XRD pattern of Au-NZSP can be indexed into
cubic Au (Fm3m, a=b=c=4.079A, a=8=y=90°),
providing the presence of the Au coating layer on the
surface of the electrolyte. After the Au deposition, the
surface color of the NZSP pellet changes from white to
brick red (digital image: Figure S1). Finally, the sodium
metal anode was placed on the surface of Au/NZSP and
thereupon ultrasound-welded, which resulted in the
formation of cubic Au,Na (Fd3m, a=b=c=7.812A,
a=B=y=90°),"** and the resultant interface color
changes into deep red (Figure 1B and Figure S1). The
above results articulated that Na and Au reacted to form
the Au-Na alloy under room-temperature ultrasound
welding.

The top-view SEM image of the sintered NZSP pellet
suggests the micron-scale cube morphology of crystal
grains (Figure 1C) and the corresponding cross-section
image confirms the relatively compact structure inside
the NZSP pellet (Figure 1D). After coating the Au layer,
the smooth NZSP grains were covered by gold nanopar-
ticles, generating a relatively rough surface (Figure 1E).
As expected, the ion-sputtered Au nanoparticles can
cover the surface of NZSP grains and grain boundaries
evenly (Figures S2 and S3). The cross-section SEM image
of Au/NZSP provides conspicuous evidence that the
ultrathin Au layer with ~38 nm thickness was success-
fully deposited on the NSZP surface with neatly arranged
Au nanoparticles (Figure 1F). After ultrasound welding
of Na metals on Au/NZSP, the unique mossy morphology
can be observed (Figure 1G and Figure S4), which proves
that the Na metal reacts with Au to form Na-Au
nanoparticles on the surface of the NZSP micron-scale
cube. The cross-section SEM image of Na/Au-NZSP
(Figure 1H) indicates that the Au-Na interlayer with
rough and concave—convex morphology is tightly bonded
on the surface of the NZSP pellet and the interface
between Na and Au-NZSP is consecutive without any
pores and defects.
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To further comprehend the effects of interface
composition and contact property on interface stability,
the interfacial microstructures of the SP Na/NZSP
interface (donated as SP Na/NZSP), UW Na/NZSP
interface, and UW Na/Au-NZSP have been surveyed, as
modeled as Figure 2A. The cross-section SEM image of
the SP Na/NZSP interface (Figure 2B) manifests the huge
gap and poor contact, which would cause huge interface
resistance, failure of Na' transport, and uneven Na
electroplating/stripping.”® Nevertheless, for the UW
Na/NZSP interface, although an intimate and dense
interface layer can be observed (Figure 2C), the low ionic
conductivity of the interfacial Na,SiO; interlayer would
induce inhomogeneous Na* transport.'>*” Moreover, due
to the absence of the protective layer between Na and
NZSP, the highly spontaneous reactivity gradually
decreases the proportion of the highly ion-conductive
NZSP solid-state electrolyte. Instead, a continuous,
dense, and flat Na/Au-NZSP interface is engineered by

Static Pressing

Poor contact X Na,SiO,

Ultrasound welding

CARBON ENERGY-W1 LEy—L*

ultrasound welding (Figure 2D), in which the Na-Au
interlayer can protect from the direct contact between
highly active Na metals and NZSP electrolytes, thereby
ensuring the rapid Na' transport. Moreover, the grain
boundaries and voids on the surface of ceramic electrolyte
pellets are unavoidable even after grinding and polishing,
which may become a destination for local Na deposi-
tion.?® ! It is reassuring that the Au-Na alloy formed by
ultrasonic welding can fully fill the above defects and
inhibit the growth of dendrites. The EDX elemental
mappings of the cross-section of the UW Na/Au-NZSP
pellet are revealed in Figure S5, in which the continuous
distribution of Na signals proved that the interface was
closely contacted. To further visualize the adhesive ability
of Na on NZSP pellets, the Na was tried to scrape off from
the NZSP surface by a knife, as shown in Figure S6.
Conspicuously, at the UW Na/Au-NZSP interface, the Na
metal was difficult to be removed after vigorous scraping,
indicating the intimate contact between Na and the

Au-assisted ultrasound welding

ol Na-Au interlayer

(E)400 (F) 200 (G) 200
UW Na/Au-NZSP-Au/Na UW Na/Au-NZSP-Au/Na
o SP Na/NZSP/Na & fiday o Initial
@ SP Na/Au-NZSP-Au/Na h
300{ o UW Na/Au-NZSP-AuNa 1501 g seae 1501 o lgg:h 3’;‘:
—_ oy @ 7days — th
E E [0 E o ssam
S 200 S 1004 © 'Mdays S 100{ o 300" cycle
N N N
50
- 0 g - RT 98 2 RT
0 100 200 300 400 0 50 100 150 200 0 50 100 150 200

Z' (ohm)

Z' (ohm)

Z' (ohm)

FIGURE 2 (A) Schematic models of SP Na/NZSP, UW Na/NZSP, and UW Na/Au-NZSP interfaces. Cross-section SEM images of the
(B) SP Na/NZSP, (C) UW Na/NZSP, and (D) UW Na/Au-NZSP interfaces. (E) EIS data of the assembled SP Na/NZSP/Na, SP Na/Au-NZSP-
Au/Na battery, and UW Na/Au-NZSP-Au/Na symmetrical battery. (F) EIS evolution of the UW Na/Au-NZSP-Au/Na symmetrical battery
during 11 days. (G) EIS data of the UW Na/Au-NZSP-Au/Na symmetrical battery measured at 0.1 mA cm™? after certain cycles. EIS,
electrochemical impedance spectroscopy; SEM, scanning electron microscopy; SP, statically press.
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Au-Na;Zr,Si,PO;, pellet (Figure S6A). While for UW
Na/NZSP (Figure S6B), SP Na/Au-NZSP (Figure S6C),
and SP Na/NZSP (Figure S6D), relatively large areas of
sodium can be removed, especially for SP Na/NZSP.
Therefore, the aid of the intimate Na/NZSP interface has
been realized by ultrasound welding-assisted ceramic
metallization.

The Nyquist plots of the NZSP pellet suggest a total
resistance of ~95 Q (Figure S7), corresponding to the ionic
conductivity of 4.5x107*Scm™ at room temperature.
To investigate the interface composition and contact
property on interface character, the SP Na/NZSP/Na, SP
Na/Au-NZSP-Au/Na, and UW Na/Au-NZSP-Au/Na sym-
metrical batteries were assembled. As shown in Figure 2E,
for SP Na/NZSP/Na and SP Na/Au-NZSP-Au/Na, the
starting point of the Nyquist plots corresponds to the bulk
resistance of the NZSP pellet, and the first and second
semicircle represent the grain boundary resistance of the
electrolyte and the interface resistance of Na/NZSP,
respectively.*” In an ideal situation, the charge transfer
across two Na/NZSP interfaces should be identical in a
symmetric battery. For the SP Na/NZSP/Na symmetrical

battery, the overall resistance was ~290 Q, and the interface
resistance of Na/NZSP was calculated to be ~108 Q cm?.
The total resistance of the UW Na/Au-NZSP-Au/Na battery
was ~135Q, in which the Nyqusit plot was composed of
three semicircles and the middle semicircle represents the
interface impedance of the NZSP pellet and Na-Au alloy
interlayer. The UW Na/Au-NZSP shows a lower interface
resistance of ~23 Q cm? than SP Na/Au-NZSP (~50 Q cm?).
Additionally, the almost unchanged resistance value of UW
Na/Au-NZSP-Au/Na within 11 days further proves the
stability of the Na-Au alloy interlayer (Figure 2F).
Galvanostatic CCD, as a significant evolution indica-
tor, was performed to evaluate the Na electroplating/
stripping ability with gradually increasing current density
(Figure 3A-C).*>> The CCD of the UW Na/Au-NZSP-
Au/Na symmetrical battery can reach 0.8 mAcm™? at
room temperature, which is higher than those of SP
Na/NZSP/Na (0.3mAcm™2), SP Na/Au-NZSP-Au/Na
(0.5mA cm™?), and previously reported UW Na/NZSP/
Na (0.6 mA cm™2)."! Such CCD results confirm that the
Na-Au alloy interlayer effectively ensures the uniform
Na™ transport. Galvanostatic charge/discharging of Na
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FIGURE 3 Critical current density of (A) UW Na/Au-NZSP-Au/Na, (B) SP Na/Au-NZSP-Au/Na, and (C) SP Na/NZSP/Na symmetrical
batteries at room temperature. (D) Galvanostatic charging/discharging curves of the UW Na/Au-NZSP-Au/Na symmetrical battery at a
current density of 0.1 mA cm™ at room temperature. (E) Galvanostatic cycling curves of the UW Na/Au-NZSP-Au/Na symmetrical battery

at a current density of 0.3 mA cm™ at room temperature.
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FIGURE 4 (A) Schematic illustration of the assembled NVPIUW NZSP-AulNa sodium metal full battery. (B) Rate performance and
(C) corresponding charging/discharging profiles of the NVPI[UW NZSP-AulNa battery. (D) Cycling performance and (E) corresponding

galvanostatic charging/discharging curves of the NVPIUW NZSP-AulNa battery at 1 C at room temperature. (F) Digital micrograph of a

single-chip pouch cell (NVPIUW NZSP-AulNa).

symmetric batteries was carried out to further estimate
the interfacial stability. The UW Na/Au-NZSP-Au/Na
symmetrical battery can stably be cycled for 450h at
0.1mAcm™ with a Na electroplating/stripping over-
potential of ~18 mV (Figure 3D). While for the SP
Na/NZSP/Na and SP Na/Au-NZSP-Au/Na, the symmet-
rical batteries fail in 10 and 130h, respectively. Mean-
while, the resistance value of the UW Na/Au-NZSP-Au/
Na symmetrical battery in 300 h retains as the initial level
(Figure 2G). Meanwhile, the shapes of Nyquist plots get
changed after 100h, where the boundaries between
semicircles became blurred. This phenomenon is attrib-
uted to alloying/dealloying transformation during Na
electroplating/stripping.®® Even at the current density of
0.3 mA cm™?, the UW Na/Au-NZSP-Au/Na symmetrical
battery can steadily operate for 900h and maintain
a low overpotential of <45mV at room temperature
(Figure 3E).

To comprehend the stability of the Na-Au alloy
interlayer after long-term cycling at 0.3mA cm™2, the
UW Na/Au-NZSP-Au/Na battery was disassembled, and
the NZSP pellet was characterized on SEM after
removing the Na anode by EtOH (Figure S8). Obviously,
there are still abundant mossy Na-Au alloys on the
surface of the NZSP pellet, which were tightly attached to
the NZSP grains and filled in grain boundaries. The
NZSP grains maintain initial micron-scale cube morphol-
ogy, indicating that the reaction between the Au layer
and Na anode induced by ultrasonic welding as well as
the charge/discharge process had no microstructural
effect on the NZSP electrolyte. Besides, the XRD has been
performed to investigate the composition of UW Na/Au-
NZSP before and after cycling, as shown in Figure S9.

Compared with initial UW Na/Au-NZSP, there is no
obvious change for the XRD pattern of UW Na/Au-NZSP
after cycling and the expected Na,Au phase can be also
detected. The origin of remarkable electrochemical
performance of the UW Na/Au-NZSP-Au/Na symmetri-
cal battery can be concluded as follows. The Au
interlayer between the NZSP electrolyte pellet and Na
metal anode can provide compact contact, which is
realized by introducing the Na-Au interlayer via ultra-
sound welding solid-state electrolytes and Na anodes.
The Au layer on NZSP tables can enhance the wettability
of Na on the NZSP surface by the formation of Na-Au
alloys. Such Na-Au alloy interlayers ensure the rapid
Na* transport and low overpotential of Na electroplat-
ing/stripping.

To put the highly stable UW Na/Au-NZSP interface
into practice, taking three-dimensional Na;V,(PO,);
(NVP) with the opened Na* transport channel as the
cathode, the NVPI[UW NZSP-AulNa solid-state sodium
metal full battery was assembled, as illustrated in
Figure 4A. The theoretical capacity of Nas;V,(POy,)s is
118mAhg™" based on the redox pair of V**/v**
(1C=118mA g "). The NVPIUW NZSP-AulNa can offer
capacities of 109.5mAhg™" at 0.5C, 1064mAhg™" at
1C, 1047mAhg™" at 2C, 100.3mAhg™" at 3C, and
93.4mAhg™ ! at 5C (Figure 4B). Especially at the rate of
5C, the full battery can offer a high energy density of
291 Whkg ' at a high power density of 1860 W kg™,
which is among the best in NZSP-based sodium metal
batteries (Table S1). Reassuring that, when the current
density is reset to 0.5C, the discharge capacity can
recover into the initial level (108.3 mA h g*). The voltage
difference of charging/discharging plateaus for the NVP|
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UW NZSP-AulNa battery is only 0.45V at 5C, further
suggesting the rapid Na* transport and stably compact
interfacial contact (Figure 4C).

The NVPIUW NZSP-AulNa battery offers an initial
discharge capacity of 105.7mA h g~" at 1 C with an initial
Coulombic efficiency of 95.2 (Figure 4D). After 300
cycles, it harvests a specific capacity of 101.1mAhg™",
corresponding to the high capacity retention of
95.6%. The galvanostatic charging/discharging profiles
(Figure 4E) of the NVPIUW NZSP-AulNa battery were
performed within the potential window of 2.5—4 V. The
discharging plateau at ~3.3V and charging plateau at
~3.4V are contributed by the reversible redox reaction of
V3*/v** 3738 The voltage difference of charging/dischar-
ging plateaus is 0.13V in the first cycle and lagged by
only 60 mV after 300 cycles. Besides, the highly over-
lapped charge/discharge profile of the NVPIUW NZSP-
AulNa battery at 1C within 300 cycles implies the
superior cycling stability. To verify the feasibility of
ultrasound welding Na anodes with metallized ceramic
electrolytes in large-scale applications for high-energy/
power solid-state sodium metal batteries, a single-chip
pouch cell (NVPIUW NZSP-AulNa) was assembled with
a plane size of 3.5cmXx4.5cm by using a 700-um-
thickness NZSP pellet (Figure 4F and Figure S10). Such a
pouch cell can light a 3V LED lamp, which further
proves its potential for practical application.

4 | CONCLUSION

In summary, the atomically bonded Na-Au alloy
interlayer is engineered by ultrasound welding Na with
the Au/NZSP pellet. The Na-Au alloy interlayer can
avoid the excess formation of the Na,SiO; byproduct,
accelerate the Na™ transport, and promote the uniform
Na electroplating/stripping. Benefitting from the merits
of the compact Na/Au-NZSP interface, the interface
resistance can decrease to 23 Q cm®. The Na/Au-NZSP-
Au/Ns symmetrical battery can provide a high CCD of
0.8 mA cm™? and stably cycle at 0.3 mA cm™> for 900 h
with a low overpotential of 45 mV. When served as a
sodium metal full battery, the assembled NVPIUW NZSP-
AulNa battery can offer a high-energy density of
291 Whkg™' at a high-power density of 1860 W kg™".
The NVPIUW NZSP-AulNa battery retains a high
capacity retention of 95.6% at 1C after 300 cycles.
The atomically suturing Na metal and metallized
oxide ceramics would guide the rational design of the
stable and compact Na/electrolyte interface, thus accel-
erating the development of high-power-density and
high-energy-density solid-state sodium metal batteries.
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