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Ultrafast Sintering for Ceramic-Based All-Solid-State

Lithium-Metal Batteries

Shaojie Chen, Lu Nie, Xiangchen Hu, Yining Zhang, Yue Zhang, Yi Yu, and Wei Liu*

Long processing time and high temperatures are often required in sintering
ceramic electrolytes, which lead to volatile element loss and high cost. Here,
an ultrafast sintering method of microwave-induced carbothermal shock to
fabricate various ceramic electrolytes in seconds is reported. Furthermore, it is
also possible to integrate the electrode and electrolyte in one step by simulta-
neous co-sintering. Based on this ultrafast co-sintering technique, an all-solid-
state lithium-metal battery with a high areal capacity is successfully achieved,
realizing a promising electrochemical performance at room temperature. This
method can extend to other various ceramic multilayer-based solid devices.

1. Introduction

All-solid-state metal batteries are attracting more and more
attention as the next-generation energy storage system from both
academia and industry, which is mainly due to their potential
for good safety and high energy density.'> Inorganic solid elec-
trolytes are a significant part of all-solid-state lithium/sodium
metal batteries, including NASICON-type,®! perovskite-type,/!
garnet-type,®°) sulfide-based” Li superionic conductors and
BALO5,M NASICON-type,? and sulfide-based!™ Na superionic
conductors. Among them, oxide ceramic electrolyte is one of the
most promising solid electrolytes (SEs), owing to its high ionic
conductivity, wide electrochemical window, and high chemical
stability."*"7] However, the densification of oxide ceramic elec-
trolyte often requires a high temperature (>1100 °C) and a long
holding time (>10 h) by conventional sintering, which is very
likely to result in impurities, because of the significant risk of
volatilization of Li/Na during high-temperature processing.['8-20]
In addition, a stable and sufficient interfacial contact between
SEs and electrodes could not be achieved by the conventional
high-temperatures co-sintering method, due to severe element
interdiffusion.?!! Therefore, the methods for the rapid densifi-
cation of high-quality oxide ceramic electrolytes as well as the
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co-sintering of SEs and electrodes need to
be developed as soon as possible.

Microwave sintering (MS) has been
widely used for decades in the field of
ceramic material processing.? Owing to
the mechanism of directly transferring
electromagnetic energy from microwave
into heat, MS has several advantages, such
as faster heating rate, shorter sintering time,
higher energy efficiency, and enhanced
materials properties, compared with con-
ventional sintering.?>?4 It is reported that
the improved densification effect with lower
sintering temperature and shorter holding
time for ceramics could be achieved by MS, which is due to the
reduction in the sintering activation energy. The first attempt to
fabricate Li;La;Zr,0y, (LLZO) ceramic electrolytes using micro-
wave irradiation was carried out by Serena’s group in 2015-2016.
A relatively low ionic conductivity of around 10° S cm™ was
achieved through calcination (700 °C, 6 h) and annealing
(1000 °C, 1 h) in a microwave furnace.””l Besides, Gao et al. also
prepared LLZO electrolytes and a relatively high ionic conduc-
tivity of 1.06 X 10* S cm™ was revealed by MS at 1200 °C for
3 h.l2°l However, the processing time is still too long to avoid the
volatile Li element loss and mother powder is still needed to com-
pensate for the loss. Recently, Hu's group reported an ultrafast
high-temperature sintering (UHS) method to fabricate Ta-doped
LLZO (LLZTO) garnet ceramic pellets in seconds through
Joule-heating [’} While, an inert atmosphere is needed.

In this work, we develop a microwave-assisted ultrafast sin-
tering technique (MAUST) for various ceramic electrolytes by
household microwave oven in air. With carbon black as micro-
wave susceptor, the green bodies buried inside the carbon black
matrix can be fully compacted within 25 s (Figure 1). Bene-
fited from the ultrafast sintering process, the volatilization of
Li/Na is effectively restrained. Besides, it is also able to achieve
the ultrafast co-sintering of electrode—electrolyte integration.
The obtained all-solid-state lithium-metal batteries (ASSLMBs)
achieved good capacity due to compact electrode—electrolyte
interface and restrained element interdiffusion. To replace the
conventional sintering, this work presents an effective time and
energy-saving pathway for the large-scale production of ceramic
electrolytes and ASSLMBs.

2. Results and Discussion

Carbon materials are good absorbents of microwaves that
can be rapidly heated by microwave radiation, which is called
microwave-induced carbothermal shock.?®! In a typical ultrafast

© 2022 Wiley-VCH GmbH
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Figure 1. Schematic of the ultrafast sintering and co-sintering process. Through microwave-induced carbothermal shock, various ceramic electrolytes
and electrode—electrolyte multilayers are ultrafast sintered in =25 s. The volatilization of Li/Na and the interdiffusion in electrode/electrolyte interface

are effectively suppressed.

sintering process, a preheating process (500 W, =80 s) and a
following sintering (800 W, =25 s) were included. The pur-
pose of preheating process is to prevent the green body from
cracking in a rapid heating process. Measured from the cap-
tured IR thermal image in the sintering step, the temperature
is about 1000 °C (Figure 2A) and a whole IR thermal image
capture procedure is provided in Video S1 in the Supporting
Information. The rapid densification process in the sintering
step was evidenced by the evolution of LLZTO pellet microstruc-
ture (Figure 2A, top). During the 25 s sintering time, LLZTO
grains grew from =1.93 to =3.31 um, and the microstructure
of LLZTO pellet got much denser. The grain size statistics of
each sample were presented in Figure S1 in the Supporting
Information. As plotted in Figure 2B, the grain size and rela-
tive density had a synchronized raise trend with the sintering
time. After 25 s, the MAUST-sintered LLZTO pellet achieved
a high relative density of 94.5% + 5.4%, which is higher than
that of conventionally sintered LLZTO pellet (92.3% + 5.8%).
As shown in Figure S2 in the Supporting Information, the con-
ventionally sintered LLZTO pellet had a looser microstructure
than that of MAUST-sintered LLZTO pellets. Besides, if the
sintering time was further prolonged to 30 s, the electrolyte
pellet would melt into spherical shape and form plenty of pores
inside the electrolyte, leading to a loose cross-sectional micro-
structure (Figure S3, Supporting Information). Importantly, the
ultrashort sintering time can effectively restrain the volatiliza-
tion of Li during high-temperature sintering process and thus
the desired cubic garnet crystal structure could be obtained
(Figure 2C). However, the LLZTO pellets sintered using
conventional furnace have almost changed into La,Zr,0,, indi-
cating a very severe Li loss. Moreover, for the MAUST-sintered
LLZTO and furnace-sintered LLZTO pellets, the amount of Li
was determined by inductively coupled plasma optical emission
spectrometry (ICP-OES). The Li retentions for MAUST-LLZTO
and Furnace-LLZTO are 94% and 2% (Figure 2D and Table S1,
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Supporting Information), which is in agreement with the X-ray
diffraction (XRD) results.

To further demonstrate the universality of ultrafast sintering
technique, a NASICON-type Li-ion conductor Li; 3Al, 3Ti;7(POy)3
(LATP) and a NASICON-type Na-ion conductor Na;Zr,Si,POy,
(NZSP) were also investigated. Similar with the LLZTO solid
electrolyte, LATP and NZSP can also be rapidly densified by
MAUST. The original crystal structure of ceramic electrolytes
can be maintained (Figure 3A,C). Moreover, a dense micro-
structure of solid ceramic electrolyte can also be achieved
(Figure 3B,D). As shown in Table S2 in the Supporting Infor-
mation, the relative densities of MAUST-sintered LATP and
MAUST-sintered NZSP pellets are 98.3% + 3.4% and 95.6%
+ 3.1%, respectively. And the relative densities of convention-
ally sintered LATP and conventionally sintered NZSP pellets
are 96.7% + 2.8% and 94.5% + 2.5%, respectively. Compared
with conventional sintering, MAUST shows better densification
effect. The ionic conductivities of MAUST-LATP and MAUST-
NZSP are 0.10 and 0.19 mS cm™, respectively (Figure S4, Sup-
porting Information). Therefore, MAUST is a universal ultrafast
sintering method to prepare various solid ceramic electrolytes.

Figure 3E is the comparison of MAUST with other
sintering methods for various ceramic electrolytes, including
garnet,[®1972948]  NASICON-type  Li-ion conductor,*>-"]
NASICON-type Na-ion conductor.’®*%4 Compared to the tradi-
tional ceramic sintering technologies, including pressureless
sintering, hot press sintering, spark plasma sintering (SPS),
the sintering time has been greatly reduced, which is similar
to the recently published UHS.*] Tt is worth mentioning
that the reduced process time is extremely important for
Li/Na-ion conductors whose Li/Na element is volatile. For con-
ventional sintering and thin-film processing, strategies need to
be adopted to compensate the typical Li/Na loss during long
time high-temperature sintering or low-temperature vacuum
deposition.[*! Besides, the energy efficiency is very high due to
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Figure 2. Ultrafast sintering of garnet ceramic electrolyte. A) Temperature curve of the ultrafast sintering process. The SEM images describe the
morphology evolution of LLZTO ceramic during the 25 s sintering process. B) Relationship of grain size and relative density with sintering time. C)
XRD patterns of the LLZTO powders, MAUST-sintered LLZTO, and furnace-sintered LLZTO ceramic pellets. D) Li retention of the MAUST-sintered

and furnace-sintered LLZTO ceramic pellets.

the sintering mechanism of directly transfer electromagnetic
energy to heat energy.

The ionic conductivities of LLZTO pellets were measured
using gold as ion-blocking electrodes. As shown in Figure 4A,
all the electrochemical impedance spectroscopy (EIS) curves
are composed of a semicircle at medium frequency associated
with the grain boundary response and an oblique line at low
frequency corresponding to capacitive behavior of the gold
electrodes.[® Since the semicircle does not start from the
origin, the real axis intercepts of semicircle at higher frequency
and lower frequency represent the LLZTO bulk resistance
and grain boundary resistance, respectively. For the MAUST-
LLZTO pellet sintered for 25 s, the total ionic conductivity
was about 0.60 mS cm™ at room temperature, which is higher
than the one sintered by conventional method of 0.30 mS cm™
(Figure S5, Supporting Information). The fitting data can be
found in Table S3 in the Supporting Information. In addition,
with the increase of sintering time, the grain boundary imped-
ances gradually decrease, which is consistent with the change
of LLZTO pellet microstructure. Furthermore, the Arrhenius
curves of these LLZTO pellets are presented in Figure 4B.
Similar with the change trend of ionic conductivity, the activa-
tion energies got smaller along with sintering.
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In order to determine the conductivity relaxation time,
the Debye curves (Z”vs log f) were plotted and fitted using a
Lorentzian function (Figure 4C). The frequency of the peak
maxima, a characteristic frequency of the ion conduction, can
be given by the reciprocal of the conductivity relaxation time (1)
or conductivity (0)/°>%’]

27 froae =0 =(T) " =0 (€0€")™ n

where & (the real component of permittivity) is the frequency-
independent permittivity and e, is the permittivity of free space
(8.854 x 10 F cm™). It can be seen that the characteristic
frequencies of LLZTO pellets with longer sintering time shifted
toward higher frequency range, which is corresponding to
a shorter relaxation time, indicating a faster ion conduction
process.

The critical current density (CCD), at which the battery would
short circuit, was measured by using a LiMAUST-LLZTOILi
symmetric cell with a 20 pA cm™ current density step and
a 30 min duration (Figure 4D). The CCD was measured to be
0.46 mA cm™2, which is better than the most values in the litera-
tures, showing the LLZTO pellets prepared by MAUST have a
great endurance for Li dendrites penetration. Moreover, the
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Figure 3. Universality of the MAUST and comparison with other sintering methods. A) XRD patterns of pristine LATP powder and MAUST-LATP pellet.
B) SEM image of the microstructure of MAUST-LATP pellet. C) XRD patterns of pristine NZSP powder and MAUST-NZSP pellet. D) SEM image of the
microstructure of MAUST-NZSP pellet. E) Comparison of various sintering technologies.

long-term cycling performance is shown in Figure 4E. At a cur-
rent density of 0.1 mA cm, the MAUST-LLZTO-based Li sym-
metric cell cycled for over 5000 h, indicating a good cycle stability.

Considering its high thermal stability, rapid lithium trans-
port, and buffered volume expansion, a niobium tungsten
oxide Nby, W30, (NWO) was chosen as electrode material [0
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Due to the high-temperature process (=1000 °C) of MAUST,
electrode materials with high thermal stability are required.
Therefore, some commonly used cathode materials were
not adopted, such as LiNi;3Coy;Mny;0, (NMC811), LiCoO,
(LCO). As shown in Figures S6—S8 in the Supporting Informa-
tion, the crystal structures of NMC811 and LCO have changed
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Figure 4. Electrochemical performances of ultrafast sintered garnet electrolyte. A) EIS curves of the garnet electrolyte pellets with different holding
time. B) Corresponding Arrhenius plots for estimating the activation energies of Li-ion diffusion. C) Debye plots (imaginary impedance as a function of
logf) and fitting curves of the garnet electrolyte pellets with different holding time. D) Voltage and current curves of the Li symmetric cell cycled under
different current densities at room temperature. E) Long-term cycling performance of the Li symmetric cell at 0.1 mA cm™2.

greatly after MAUST, while Nby, W30, crystal structure can be
maintained after MAUST. LATP and carbon black were chosen
as electrolyte material and conductive additive, respectively.
MAUST can simultaneously densify the integration of elec-
trolyte layer and electrode layer in 25 s, resulting in a compact
interface (Figure 5A,B). However, an obvious gap appeared at
the electrode—electrolyte interface by conventional co-sintering
(Figure S9, Supporting Information). In addition, as shown in
Figure S10 in the Supporting Information, V,05 and LiFePO,
(LFP) electrode layers both exhibited a porous structure, which
was due to that they melt during the microwave sintering
and the porous structure appeared after sintering. Hence, we
chose NWO as the electrode material in our study. As shown in
Figure 5B, the energy-dispersive spectroscopy (EDS) mappings
display that the P, Ti, and Al elements distribute throughout
the electrode and electrolyte layers, because the LATP electro-
lyte was also added in electrode layer to provide efficient Li-ion
transport. And the C, Nb, and W elements mainly distributed
in the electrode layer, indicating that the MAUST can effec-
tively avoid element cross-diffusion and guarantee good elec-
tronic conductivity by maintaining conductive carbon, because
of the ultrafast sintering process. The conductive carbon black
in the electrode would reduce the sintering density to a cer-
tain degree. However, the conductive carbon black has two
important functions. First, the carbon black in the electrode
could create enough “free space” to compensate the appear-
ance of mechanical strains inside the composite electrode and
to preserve the interfaces. Second, the conductive carbon black
could ensure a good electron transport. Since LATP electrolyte
reacts to lithium metal anode, a plastic crystal electrolyte (PCE)
composed of succinonitrile and LiTFSI was used as buffer layer
between LATP and Li anode. Owing to the compact interface
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and improved electronic conductivity, a relatively low total
resistance was achieved (Figure S11, Supporting Information)
and a thick electrode layer could be sufficiently utilized. The
ASSLMBs achieved a high areal capacity of 2.09 mAh cm™
(=104.5 mAh g! in specific capacity) (Figure 5C) and a good
cycling stability (Figure 5D) at room temperature (RT). The
above electrochemical performance was much better than that
of the conventional treated batteries (Figure S12, Supporting
Information). To pursue higher energy density, the ASSLMBs
with thick electrode (=520 pm) and thin electrolyte (=350 pm)
were constructed (Figures S13 and S14, Supporting Informa-
tion). Excitingly, a very high areal capacity of 5.7 mAh cm™ was
achieved at RT (Figure S15, Supporting Information), which is
better than the most reported results (Table 1).

Last, the electrode/electrolyte interface of the ASSLMB was
further investigated by focused ion beam-transmission elec-
tron microscopy (FIB-TEM), as shown in Figure 6A. Through
MAUST, the electrode and electrolyte layers were integrated
without any visible boundaries. And the Nb, W elements
mainly distributed in the electrode layer region, indicating no
element diffusion occurs (Figure 6B-F). Figure 6G shows the
TEM image of electrolyte area. And the selected area electron
diffraction (SAED) pattern is displayed in Figure 6H, which
is consistent with LATP viewed along zone axis [010]. In
addition, the high-resolution TEM (HRTEM) image is shown
in Figure 6I. The interplanar spacings are 0.43 and 0.6 nm,
which correspond to the (104) and (102) crystal planes of LATP,
respectively. The similar TEM characterization for the electrode
area also proved the NDby,W;0,4 cathode material was main-
tained after MAUST (Figure 6]J-L), which agreed well with the
XRD patterns before and after MAUST (Figure S6, Supporting
Information).
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Figure 5. ASSLMBs enabled by ultrafast co-sintering. A) Schematic of the fabrication process of ASSLMBs. B) SEM image and corresponding EDS map-
ping of the interface of LATP and electrode layer. C) Charge—discharge profile of the ASSLMBs at 20 A cm™2. D) Corresponding cycling performance.

3. Conclusion

We have demonstrated an ultrafast sintering technique for
various ceramic electrolytes and electrode—electrolyte multi-
layers enabled by microwave-induced carbothermal shock.
Benefited from the ultrashort sintering time, volatile Li/Na loss
and element cross-diffusion in electrode/electrolyte interface
can be effectively suppressed. The as-constructed ASSLMBs
using ultrafast co-sintering deliver a good electrochemical per-
formance. In addition, besides the materials sintered in this
work, MAUST might be applied to sintering other nonoxide
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materials, including metals, carbides, nitrides, borides,
silicides, and so on. Furthermore, MAUST can sinter materials
and devices with irregular structures, since the carbon black
heater can conformally disperse around the structures. The pre-
sent work provides an advanced material processing technique
for the field of all-solid-state batteries and beyond.

4. Experimental Section

Preparation of LLZTO Powders: The Ligsla;Zr4TageOr, (LLZTO)
powders were synthesized through a conventional solid-state reaction

© 2022 Wiley-VCH GmbH
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Table 1. Literature overview of ASSLMBs based on Li-ion conducting ceramic electrolytes.

Battery structure WorkingTemp [°C] ~ Current density ~ Areal capacity Voltage Cycling life Method Ref.
[mAh cm™?| [V vs Li/Li*]
Li|LLZO|LTO? 95 8.0 uUA cm™ 0.06 1.0-2.5 <20 Slurry coating [70]
Li|LLZOJ|LFPY 140 35.0 uA cm™ 0.01 2.5-4.3 N/A9 Aerosol deposition 7]
Li|LLZO|NCM5239) 80 5.0 UA cm™? 0.12 3.0-4.6 5 Two-step co-sintering® (700 °C, 1 h) [72]
Li|LLZO|NCM6220 80 1.3 uA cm™? 0.18 2.8-4.3 50 Two-step co-sintering (700 °C, 1h) [73]
Li|LLzO|LCO®) 100 5.8 LA cm™? 0.11 3.0-4.05 40 Two-step co-sintering (700 °C, 1h) [27]
LilLLZOJLCO 25 5.8 uA cm™ 0.09 3.0-4.05 100 Two-step co-sintering (700 °C, 1h) [27]
Li|LLZOJLCO 25 10 uA cm™? 0.15 3.0-4.05 5 Two-step co-sintering (700 °C, 1h) [74]
Li|LLZOJLCO 80 5.0 UA cm™? 0.28 2.83-43 N/A Two-step co-sintering (700 °C, 1 h) [75]
Li|LLZOJLCO RT 5.0 uA cm2 0.06 2.83-43 6 Two-step co-sintering (700 °C, 1 h) [75]
Li|LLZO[V,05 100 199.5 uA cm™? 0.20 1.0-4.2 60 Two-step co-sintering (927 °C, 7 s) [76]
Li|LLZO|LCO 25 3.5uA cm™ 0.03 2.5-4.2 100 PLDM [77]
LilLLZO|LCO RT 1.0 uA cm™? N/A 3.2-4.2 25 PLD [78]
Li|SPEV|LAGP)|LFP 80 50.0 UA cm™ 1.47 2.0-4.0 30 One-step co-sintering) (650 °C, 1h, 56 MPa)  [53]
Li|SPE|LATP|LCPY 50 10.0 pA cm™? <0.01 3.5-5.0 N/A PLD [54]
Li|SPE|LATP|LFP 50 10.0 LA cm™ <0.01 2.8-4.1 N/A PLD [54]
Li|SPE|LATP|LCO 50 10.0 HA cm™ N/A 3.0-4.2 N/A PLD [79]
Li|PCE™|LATP|NWO RT 20.0 pA cm 2.09 1.0-3.0 20 One-step co-sintering (1000 °C, 25 s) This
work
Li|PCE|LATP|NWO RT 20.0 pA cm2 5.70 1.0-3.0 N/A One-step co-sintering (1000 °C, 25 s) This
work

ALTO, LigTisOy; PILFP, LiFePO,; IN/A, not available; ¥NCM523, LiNig sCog,Mng 304 ¢ Two-step co-sintering, sinter electrolyte pellet first and then co-sinter electrode and
electrolyte; INCM622, LiNig¢Coo,Mng,0,; LCO, LiCoO,; "PLD, pulse laser deposition; ISPE, solid polymer electrolyte; )LAGP, Liy sAly sGe 5(PO,)s; ¥One-step co-sin-
tering, sinter electrode and electrolyte multilayer in one step; "LCP, LiCoPO,; ™ PCE, plastic crystal electrolyte.

method. LiOH-H,0 (298%, Aladdin), ZrO, (99.99%, Aladdin), La,0O;
(99.99%, Macklin), and Ta,0Os (99.99%, Macklin) were stoichiometrically
mixed by high speed ball-milling in isopropyl alcohol for 6 h. 20% excess
of LiOH-H,0 was used to compensate the lithium volatilization during
high-temperature calcination process. After being calcinated at 950 °C
for 6 h, the LLZTO powders were finally obtained. LATP and NZSP
powders were purchased from MTI Corporation.

Preparation of Nby W30, (NWO) Powders: Nby W30, was prepared
by co-thermal oxidation of WO; (99.99%, Aladdin) and Nb,Os (99.99%,
Adamas). Required amounts of WO3 and Nb,Os were ground within an
agate mortar, which were heated at 700 °C for 12 h and finally at 1200 °C
for 12 h in air to obtain the Nby,W30,, powders.

Preparation of Various Ceramic Pellets by MAUST: The LLZTO, LATP,
and NZSP ceramic powders were pressed into green bodies (diameter:
1.27 cm, thickness: 1 mm) under 200 MPa and directly used for MAUST.
In a typical MAUST process, the green bodies buried in the center of
a carbon black (CB, MTI Corporation) matrix with a weight of =1.5 g
were first preheated under 500 W for =80 s, and then sintered at 800 W
for =25 s with a household microwave oven (Midea, M1-230E) in air.
Besides, a short time (=40 s) was used to cool the sintered samples to
room temperature and the cooling speed was =24 °C s7. The samples
with different sintering times were prepared according to the same
procedures except for the different sintering times. Before heating, the
carbon black was compacted manually to ensure better heating effect.
As shown in Figure S16 in the Supporting Information, the length,
width, and height of microwave oven were 485, 393, and 293 mm,
respectively. Besides, the microwave oven had a turning disk to ensure
uniform heating. To avoid the flame and spark induced by carbon black,
the MAUST process was carried out in an alumina crucible (diameter:
6.5 cm, volume: 150 mL) with a crucible cover.
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Preparation of LLZTO Pellets using a Conventional Furnace: The
as-prepared LLZTO powders with 2 wt% »Al,O3 (99.99%, Energy
Chemical) powders as sintering additive were pressed into green
bodies, and then sintered in a box furnace at 1100 °C for 12 h. To
compensate the Li loss during the long time high-temperature
sintering process, additional mother powders were paved around the
green bodies. The control pellets for Li retention study were sintered at
1200 °C for 12 h in a furnace without using additional mother powder
bed.

Co-Sintering of Electrode and Electrolyte Multilayers: The as-obtained
Nby, W30, electrode powders and LATP electrolyte powders were
pressed into a double-layer green body with electrode layer and
electrolyte layer. The electrode layer was consisted of Nby,W;O0y,, LATP,
and conductive carbon black (60:37:3 in wt%). The electrolyte layer
only contained LATP powders, and the co-sintering procedure was the
same as sintering of single ceramic electrolyte. For the co-sintering
of electrode and electrolyte multilayers by conventional furnace, the
sintering condition was 1000 °C for 1 h.

Materials Characterizations: Grain size distribution statistics of garnet
electrolyte with various sintering times were carried out by using the
Nano Measurer software. And for each sample, 50 grains were measured.
The density was measured by Archimedes’ method. A theoretical density
of 5.5 g cm™ was used to calculate the relative density of samples. XRD
was performed on a Bruker D8 Advance using a Cu Ka radiation source.
ICP-OES was conducted on an iCAP 7400 Radial. Scanning electron
microscopy (SEM) images were recorded using a JEOL JSM-7800F. The
cross-section of electrode—electrolyte interface was polished using ion-
beam (JEOL, IB-19520CCP). TEM observation and EDS were conducted
using a JEOL F200. The temperature of MAUST was measured by an
infrared thermometer (Optris).
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Figure 6. TEM characterization of ASSLMBs enabled by ultrafast co-sintering. A) TEM image of the electrode/electrolyte interface. B-F) Corresponding
EDS mappings. G) TEM image of the electrolyte area. H) SAED pattern taken from the region within red circle in (G). I) Corresponding HRTEM image.
J) TEM image of the electrode area. K) SAED pattern taken from the region within red circle in (J). L) Corresponding HRTEM image.

Electrochemical Tests: For measuring the ionic conductivity of various
ceramic electrolytes, the blocking electrode was formed via sputtering
gold for 5 min on the both sides of pellet. The EIS measurement was
performed using a Biologic VMP300 potentiostat over a frequency
range from 1to 7 MHz. For a typical LijMAUST-LLZTO|Li symmetric cell
assembly, Li foil (Adamas-beta) was melted at =250 °C, and LLZTO pellet
was directly placed into melted Li. After taking out the LLZTO pellet
from melted Li and natural cooling down to room temperature, the Li
symmetric cell was obtained. And the CCD value was determined under
an initial current density of 0.02 mA cm= with an increasing step of
0.02 mA cm™2 at room temperature. The charge and discharge duration
was set to be 30 min. The cells were also tested by galvanostatic cycling
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at 0.1 mA cm™2 and 0.1 mAh cm=2 with LAND system and Neware battery
cycler. For the all-solid-state Li|PCE|LATP[NWO cells, the obtained NWO-
LATP multilayer was used as electrode and electrolyte, respectively.
Besides, an Au layer was sputtered as current collector and a PCE was
added between LATP and Li to avoid the side reaction. The PCE was
made by simply dissolving 5 mol% LiTFSI in succinonitrile (SN) at
60 °C. Besides, to stabilize the Li metal interface, 2 wt% LiNO; additives
were added. Then, a piece of glass fiber (GF/C1822-047, Whatman)
was used as host to soak PCE and was cooled down to room
temperature to get a solid-state PCE film. The ASSLMBs were tested at a
current density of 20 LA cm™ and room temperature. The voltage range
was 1.0-3.0 V.
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