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Solid-state lithium metal batteries (SSLMBs) are promising next-generation high-energy
rechargeablg batteries. However, the practical energy densities of the reported SSLMBs have been
Movers‘tated due to the use of thick solid-state electrolytes, thick lithium (Li) anode and thin

ere, a high-performance NASICON-based SSLMB wusing a thin (60 upm)

cP FP) cathode is reported. The thin and dense LAGP electrolyte prepared by hot-pressing
B BTSRRI Li ionic conductivity of 1x10~ S cm™ at 80° C. The assembled SSLMB can thus deliver
an Wcreased areal capacity of ~1 mAh/cm” at C/5 with a high capacity retention of ~ 96% after 50

cy 80 °C. Furthermore, it is revealed by synchrotron X-ray absorption spectroscopy and in
si rgy X-ray diffraction that the side reactions between LAGP electrolyte and LFP cathode
are\gigni tly suppressed, while rational surface protection is required for Ni-rich layered cathodes.

This study provides valuable insights and guideline for the development of high-energy SSLMBs

-

With i idg energy demand on the portable electronic devices and electric vehicles, the

developm of lithium-ion batteries (LIBs) with higher-energy-density is essential. Lithium is the

N

ultimate anode that can dramatically boost the energy density of lithium batteries.! However,

current ligQi olytes are flammable and will trigger the formation of lithium dendrite during

cycling, evere safety concern and deteriorated cycle stability.” Solid-state lithium metal

batterie s) using solid-state electrolytes (SSEs) have been considered as promising next

M

generation rechargeable batteries because of their increased energy density and improved safety
performan xisting LIBs."®! Various types of SSEs have been reported, including solid polymer

electrolyte @ sulfides-based, halides-based and oxide-based SSEs.™ Among them, SPEs suffer

or

from poor igai ductivity at room temperature, limited stability towards oxidation, despite easy

h

processi sulfides and halides are sensitive to moisture, limiting their practical

{

applicatio

AU
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Oxides SSEs, including NASICON-type, perovskite-type and garnet-type have attracted significant

interest because they possess the advantages of high ionic conductivity, good oxidation/thermal

£

P

stability, and_excellent mechanical strength as well as better moisture stability than sulfides and
halides.® | rs, oxide SSEs have been successfully implemented with LiFePO, (LFP),*??

LiCoO, EC and LiNiCo,Mny,,0, (NCM)[“‘ 2731 cathodes and demonstrated comparable

specific capacitypand cycle stability with that in the conventional liquid electrolytes. Deng et al.

Cl

reported a attery using LisPO,4-coated LigsLasZr, sTags04, (LLZTO) electrolyte, which delivered

a specific cdpa@ity gf ~ 130 mAh/g at 1.5 C for 400 cycles.[”] Chen et al. designed a Au-LLZTO-PCE SSE

$

for Li/LFP hich demonstrated a high specific capacity of 164 mAh/g with a stable cycle life

]

U

up to 300 These studies provide valuable guidelines for the design and fabrication of

durable S Bs. However, the practical energy densities of the reported SSLMBs based on the

g

configurati ure 1a were in fact very low, making them hard to compete with current LIBs.

d

This is becalise thickness of these oxide-based SSEs was typically over 0.5 mm, which not only

increased rnal resistance and the manufacturing cost, but also significantly decreased the

WY

gravim tric energy density. According to the simulation from Sun’s group™ and Huang’s

group™, an oxide-based SSE with 0.5 mm thickness resulted in a low practical gravimetric energy

I

density of < /kg for SSLMBs regardless of cathode specific capacity (from LFP to NCM to

sulfur). Th gduse the inactive but thick SSEs account for over 70 wt.% weight of the whole

SSLMB cell ore, reducing the thickness of SSEs is urgently required for practical SSLMBs.

N

Ben advanced manufacturing, the fabrication of thin SSEs (< 100 um) has been

t

realized by using $olution/slurry casting, tape-casting, hot/cold pressing and etc.””! Recently, Peng

U

and co-worker nthesized a thin Liy,AlLTi,(POs); (88 um) film for Li/LFP battery using

A
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hydrothermal approach, which enabled a specific capacity of 130 mAh/g for up to 30 cycles.[m] Jiang
et al. reported a Li/PEO-LLTO-PEO/LFP battery with an ultrathin LLTO SSE (41 um) by tape-casting,
which deeciﬁc capacity of 150 mAh/g at 0.1C for 50 cycles.” However, the areal cathode
active mat ings in both works were only ~ 2 mg/cm?, corresponding to an areal capacity
Ioading%f Mh/cmz. Moreover, most of the literature work used thick Li metal (>0.5 mm) to
pair with thjg caghodes.®* %1202 Both of them will dramatically decrease the practical energy
density of YTable 1, Figure 1c and 1d summarize the cell parameters of the reported SSLMBs

using oxidetbaSed JSSEs, which clearly show that an SSLMB configuration based on thin oxide SSE,

S

thin Li me hick cathode (Figure 1b) to enable high practical energy density has yet to be

U

reported.

N

It has wn that NASICON-type SSEs deliver higher energy density than perovskite-type

and garnet-t nder the same thickness due to their lower specific gravities.” For the

d

consid ergy density, here we fabricated a thin (60 um) and densified self-standing

losGe15(P0O4)s (LAGP) SSE by using a novel sacrificial polycarbonate binder to
avoid the formation of residual side products during hot-pressing, which possessed a high ionic

conductiviff{ of 1x10° S cm™ at 80 °C. The assembled SSLMB using ultrathin Li anode (36 pm), thin

8

LAGP elect d dense LFP cathode with a high areal loading of 8 mg/cm? delivered a specific

O

capacity of Ah/g after 50 cycles at 80 °C with a high capacity retention of ~96%. Synchrotron

X-ray abs@tption spectroscopy (XAS) and in situ high-energy X-ray diffraction (HEXRD)

9

charact ildicated that the excellent cell performance is attributed to the significantly

{

suppressed parasitic reactions between LAGP electrolyte and LFP cathode.

Ul

A
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LFP was selected as cathode material due to its low cost, source abundance, and unsurpassed
safety as well as promising pack energy density.m] The fabrication process of the LAGP/LFP-LAGP
pellet bmmficial polycarbonate binder was shown in Figure Sla. Hot pressing has been
used to fa in SSEs by heating the mixtures of SSEs and polymer binder, in which the binder
was moﬁeimance the flexibility of SSEs.3! However, the addition of conventional binders will

decrease t jc conductivity of SSEs because they would form residual products after hot

pressing. | rk, we used a volatile polycarbonate binder during the densification of LAGP and

LAGP-LFP ¢ath@dejpellet because it can completely decompose and form volatile cycling carbonate

$

species du ressing (Figure S1b).2* 3! Therefore, it will not leave any residual products after

U

hot pressi an therefore increase the densification and ionic conductivity of the pellet. As

shown in Rigure 2a, the self-standing SSE film composed by LAGP electrolyte and polycarbonate

)

polymer b pressing exhibited high porosity (marked with purple/pale blue contrast in Back

d

Scattering Eféc image). After hot pressing at a temperature of 650° C and a pressure of 56 MPa,

it produce LAGP SSE with very little porosity of < 10% (Figure 2b). The total ionic conductivity

\

of thin s measured to be 1.4x10™ S cm™ at room temperature and 1x10° S cm™ at 80° C

(Figure 2c), These numbers are one magnitude higher than that of our previously developed LAGP

SSE using as sacrificial binder,[36] which formed residual carbonaceous products after hot

-

pressing. @ ication process was able to further fabricate a thin LAGP-LFP pellet with a total

thickness 100 um. Atomic Force Microscopy (Figure S2) image of pellet surface shows the

result o ting process that occurred to LAGP nanoparticles after hot pressing step. Figure 2d

t

shows cle ross-section dark-field SEM image of the LAGP-LFP pellet, which exhibited a flat

U

LAGP layer ickness of 60 um and a flat cathode layer (30 um) on the top of graphite foil. The

A
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EDS mapping in Figure 2e further shows the uniform distribution of Ge in the LAGP layer, Ge and Fe

in the cathode layer. Moreover, there is no visible gap between LAGP and LFP cathode layer,

indicating! d physical contact between them. This can significantly reduce the interfacial
resistance the transport of Li* in the SSLMB.
H I

Li/ionigliquid interlayer/LAGP/LFP SSLMBs were then assembled by using the aforementioned

k

LFP-LAGP et al@l a thin Li metal (36 um) in coin-cells, in which the thickness of LAGP and Li metal
are both very thin compared to many previous reports (Figure 1d). The areal LFP material loading in
the electr e controlled at ~ 8 mg/cm? which is higher than many previously reported
SSLMBs using LFPi:athodes (Figure 1c). A 20 um thick ionic-liquid interlayer consisting of LAGP,
polycarbon Pyr13TFSI ionic liquid was inserted between half-cell and lithium metal to avoid

side reacti Methods Section), which remains quasi-solid at a temperature up to ~ 140 °C

(Figure S3 mis is different from the previously reported approach by directly adding liquid
electrol i ell fabrication and testing.”” The use of LAGP/ionic-liquid interlayer is critical to
the cell perfa e as confirmed by a comparison with that using a different LiTFSI/PEO interlayer

(Figure S5): the lower coulombic efficiency observed for cell with IL:LAGP:QPAC interlayer (= 95%)

with respes to the one with PEO (= 99%) could be due to polycarbonate binder reduction at lithium
metal inte ring charge process. The cells were tested within 2.5-4.0 V at 80 °C and the
electroche rformance were shown in Figure 3. Figure 3a shows the cycle performance of the
Li/ionic-liq!d interlayer/LAGP/LFP cell at a charge/discharge rate of C/5, while the inset shows the
corresp“ge/discharge curves. The cell was under formation at C/24 and C/10 for two

cycles, which de!ired a reversible capacity of 135 mAh/g and 130 mAh/g, respectively. When

increasing the E to C/5, the specific capacity was stabilized at ~ 120 mAh/g after 50 cycles,
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corresponding to a high areal capacity loading of ~1.0 mAh/cm?. Compared to most of the previously

reported SSLMBs using oxide-based SSEs (Figure 1c and Table 1), our areal cathode capacity loading

{

P

represents” a_considerable improvement. Figure 3b shows the electrochemical impedance
spectrosco Il after different cycles. The result clearly showed that there is no visible

. [ . . . L
increase in,the internal resistance, which remained a small value of < 100 Q. The results indicated

£

that there ate ngsignificant interfacial impediments or barriers for the ion migration in the cells. This

C

is indirectl iged by Figure 2c in which the temperature dependence of conductivity is plotted.

An estimat€ offthgactivation energy (strictly speaking apparent heat of activation) is around 16.62

S

kilojoules which is about 4 kcal per mole. Such a low value is characteristic of a diffusion

U

process, r n an activation-controlled charge transfers across the interfaces. Such diffusion-

controlled Gate-determining- step (rds) is consistent with the impedance curves in Figure 3b in which

A

the usual s es associated with charge transfer impedance are absent. Instead, one only gets

d

straight lin€s, i ating again a diffusion-controlled process as the rds in this region. We further

increased e/discharge rate to C/3, which can still maintain a reversible capacity of ~ 110

\

mAh/g capacity retention of ~ 96% after 60 cycles (Figure 3c), demonstrating excellent

cycle stability at elevated charge/discharge rate. The rate capability was also tested (Figure 3d),

-

which delivered a specific capacity of 133.0 mAh/g, 127 mAh/g, 120 mAh/g, 111.8 mAh/g, 93.5

mAh/g anad @ Ah/g at C/24, C/12, C/6, C/3, 1C and 2C, respectively. Such rate performance

surpassed port by Jiang et al. on the Li/LLTO/LFP SSLMB cell using thin LLTO (41 um) and

thin LF mg cm ’) cathode in terms of specific capacity and areal capacity loading.” The cell

th

showed sli erent voltage curve at low charge/discharge rate, which might be related to the

L

formation (PO,); during hot-pressing.[38] Nevertheless, the combination of increased areal

A
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capacity, thin LAGP and thin Li metal could thus result in a significant increase of the practical energy
density. We further tested the cell at a lower temperature of 60° C. The cell could deliver a specific
capacityH 129 mAh/g at C/24, 119 mAh/g at C/10 and 110 mAh/g at C/5 (Figure S6).
However, at room temperature, the cell exhibited much lower specific capacities during
cycling Riiw which should be related to the decreased ionic conductivity of LAGP at room
temperature,and, insufficient mechanical bonding between LFP and LAGP,® and hence requires

further rati rface engineering to reduce the operation temperature.

ol

To un origin for the stable cycle life of the above Li/ionic-liquid interlayer/LAGP/LFP

SSLMB, we furtheMconducted synchrotron XAS to reveal the local geometry and electronic structure

Ul

changes of E and LFP cathode after cycling. Figure 4a shows the Ge K-edge X-ray absorption

I

near edge opy (XANES) spectra of LAGP electrolyte before and after cycling for 50 cycles,

which can gro @ he oxidation state information for Ge in the LAGP during cycling. As shown, there

dl

ge shift or intensity decrease after repeated charge/discharge, indicating the
structure of electrolyte was well maintained. We further conducted the extended X-ray
absorption fine structure (EXAFS) analysis on the pristine and cycled LAGP to reveal the local
structure c!anges. As shown in Figure 4b, no visible intensity decrease for the magnitudes of the
first, seco third peaks can be observed, indicating no formation of new phases and no
breakdown stallinity inside LAGP electrolyte. The results indicate that there were limited

parasitic rsctions between LAGP and Li metal or LFP cathode during charge/discharge. Figure 4c

and 4d Me K-edge XANES and EXAFS spectra of LFP cathode before and after cycling with

a referenceE Ee s;I, respectively. As shown in Figure 4c, no significant change in the Fe K-edge

XANES can be Sff' indicating limited structural changes on the cycled LFP in comparison with the
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pristine one. In the Fe K-edge EXAFS, the pristine LFP exhibited obvious Fe-O, Fe-P and Fe-Fe bond,

which can be all well maintained even after 50 cycles of charge/discharge.

T

In situ n the cathode materials and liquid electrolytes have been widely used to predict
their react relate with their electrochemical performance and safety performance.?” As
H I

reported byHu et al.,l* temperature can trigger similar structural degradation to battery materials
as that du@rochemical cycling, but at a much faster speed (within hours). Thus, to further
explore the interfacial stability between LFP cathode and LAGP electrolyte, we conducted in situ
HEXRD ch ation on the LFP/LAGP (50/50, w/w) mixture during heating from room
temperature to 800 °C followed by holding at 800 °C for 9 h and then naturally cooling, which can

monitor tfﬁacial reaction under high-temperature calcination. Figure 5a and 5b show the in

situ HEXR s and the corresponding contour plot of the LFP/LAGP mixture, respectively.

Upon heat—theta position of LAGP peak (012) and LFP peaks (200, 210 and 011) all shifted

to low e to thermal expansion. During holding at 800 °C for 9 h, no visible phase

transition nor_i sity decrease can be observed. During the cooling process, the peaks of both

LAGP an shifted towards higher angles due to thermal contraction, and then returned to their
original 2-!eta position after cooling down to room temperature, indicating a highly reversible
crystal stru olution during heating/cooling. The Rietveld refinement in Figure S8 showed that
both pristirQoled samples can be well refined by standard LAGP and LFP. In addition, the cell
unit paramgters for LAGP and LFP undergo less than 0.2% change during this process. The results
clearly Me superior stability of LAGP against LFP cathode, which should account for the

good eIectrocEe5al performance of the assembled SSLMB. The cross-section SEM image of cycled

cell showed thi:here is no separation at the LFP-LAGP interface (Figure S9), confirming no
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occurrence of structural fracture and limited parasitic reactions between them during cycling. HEXRD
pattern of cycled LFP-LAGP pellet confirmed no formation of new phase after repeated cycling

(Figure

Sld
In ord&% increase the energy density of SSLMB, coupling LAGP electrolytes with high-

H I
capacity cathodes such as NCM811 is required. We therefore probed the interfacial reactivity

between P el@ctrolyte and conventional polycrystalline NCM811 cathode by conducting the
same in sit ating on the LAGP/NCMS811 (50/50, w/w) mixture. Figure 5c shows the
our plot of in situ HEXRD patterns during heating from room temperature to 800

correspon

°C, which clearly rsealed the occurrence of phase transition at high temperature. Figure 5d zoomed

in the in si patterns in the temperature range of 600-800 °C. The intensities of LAGP and
NCMS811 c ere gradually decreased and completely disappeared at ~ 760 °C, followed by the
formation s of new peaks. These peaks can be well assigned to the (Ni,Co,Mn);(PO,), with
P21/n Such phase transition should come from the high reactivity between LAGP and

NCMS811, whi uld decrease the ionic transport at the interface and thus deteriorate the cell
performance of Li/LAGP/NCM811 SSLMB during cycling. Future work will be focused on rational

surface prt!ection on either LAGP electrolyte or Ni-rich NCM cathodes to enable the deployment of

high areal @i—rich NCM cathodes in the practical SSLMBs.!****!

Re(ﬁckness of solid-state electrolytes/lithium metal anode and increasing the areal
cathod rial loading are essential to increase the practical energy density of SSLMBs. By
using a volltile Binder during hot-pressing, we have successfully fabricated a thin and dense LAGP
SSE, which increas@d the ionic conductivity to 1x10° S cm™ at 80° and hence significantly facilitated
i+

the trans and decreased the internal cell resistance. When further coupling with an
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ultrathin (36 um) Li metal and high-loading LFP cathode, the fabricated solid-state cell demonstrated
significantly improved areal capacity and cycle stability over many previously reported SSLMBs using
oxide-baseﬁ.Such excellent electrochemical performance was attributed to the limited side
reactions P and LFP cathode as revealed by synchrotron X-ray characterization. The

present-W(!E IS @ good demonstration on the development of SSLMBs under practical conditions,

which will @the advance of SSLMBs with high practical energy density.
e

Experimenm)n

Materials: LAGP 55 purchased from MSE (USA), the typical granular particle size distribution (PSD)

was D10/ EZ; D50/ um= 0.512; D90/ um=0.769. LiFePO,@C was purchased from Sumitomo

with a narrow particle size distribution (D50/ um =0.140), while graphite was purchased from

Hitachi. lo Pyr13-TFSI was purchased from Solvionic. LiTFSI was purchased from Solvay
while ‘e QPAC 25 was purchased from Empower with a molecular weight MW from
approxi ,000 to 200,000. Hot pressing was performed in an argon-filled hot press that was

purchased from OxyGon (New Hampshire, USA).

Solid electro’yge and cathode thin film fabrication: The solid electrolyte slurry was prepared in a dry
room by P (95% w/w) and polycarbonate binder (5% w/w) with DMF-THF (1/1, v/v) in a
Thinky ma 10 minutes (International Patent: W0O/2020/223799). The slurry was then coated

on polyprgpylene film and dried at 50 °C for 10-15 minutes. To prepare the cathode thin film,

LiFePO4@cjed with LAGP and graphite at an optimal weight ratio of 50:45:5 (see Figure S11
p I

for a com th different ratio). The mixture (95% w/w) was further mixed with polycarbonate
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binder (5% w/w) and NMP in Thinky machine for 10 minutes. The slurries were coated on

polypropylene films and then dried at 50 °C. The areal LiFePO, loading in the electrodes was

t

P

controlled 9t ~ 8 mg cm™.

Electron m d chemical mapping: Scanning transmission electron microscopy images were

|
acquired ng an annular dark field mode (ADF-STEM) on a JEM-2200FS transmission electron

microscopdfoperated at 200 kV (JEOL, Japan). Chemical mapping was performed using an energy

G

dispersive X-ra ectrometer (EDXS) in the scanning mode. The cross section were prepared using

S

an Ar lon Mij 4000 Plus (Hitachi, Japan) with a ion beam energy of 6 kV with a fast and 30 @

rotation for 4 houls. The cross section surfaces were analyzed using scanning electron microscope

b

(SEM) Lyra AN) and elemental composition obtained using windowless energy dispersive

Il

spectrome Extreme (Oxford instruments). The micrograph and x-ray map were acquired at

an acceleratin age of 5 and 10 kV, a probe current of 500 pA, and a working distance of 10 mm.

a

The ph ion in Figure 2 was obtained from a compositional (BSE) image and the pixel

intensity. A ra pixel intensity is manually selected for each phase and the Tescan software tool

Object Area calculate the image pixel fraction of each phase and a phase image.

Synchrotro and XAS characterization: In situ synchrotron high-energy XRD characterization
during hes @ e conducted at Beamline 11-ID-C and 17-BM of the Advanced Photon Source
(APS) at Ar ational Laboratory. The X-ray wavelength in 11-ID-C and 17-BM were 0.1173 A
and O.Zﬁpectively. The 2-theta was normalized to the same wavelength (0.1173 A). By
using the FFT2D program calibrated against a CeO, standard, we converted 2D images into a 1D plot

of 20 versus intensity. LiFePO, powder was mixed with LAGP powder with an weight ratio of 50/50.

As a compakis@f, LiNiysCog1Mng10, powder was mixed with LAGP powder with the same weight
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ratio. The mixtures were pressed into a pellet with a diameter of 7 mm before in situ heating. The
samples were heated to 800 °C in a TS-1500 furnace with a constant heating rate of 5 °C min™.

HEXRD pattr were continuously collected during the course of the experiment. Ge K-edge and Fe

K-edge XA nd cycled LAGP were carried out in transmission mode at Beamline 20-BM-B
of the A’S._!

lonic condutivitPRin order to perform the electrical conductivities measurements, we hot pressed a
self-standing LAGP self-standing electrolyte on graphite. After densification at 650 °C, the

electrolyte safidwiched between two graphite disk in coin cell. The electrical conductivity of the

S

sample was calculated taking into account the dimensions and the distance between the electrodes

U

and the valu sistance (Q) obtained.

a

Battery preparation and testing: the self-standing films of cathode and solid electrolyte were

d

punched inidis 6 mm of diameter (corresponding to an area of 2 cm?). Then, the two disks were
hot-pre n-filled hot press by applying a pressure of 56 MPa and 650 °C for 1 hour. The

final dis assembled with thin metallic lithium (36 um thick-Hydro-Québec) in the Ar-filled

\%

glove box, in which a 20 um interlayer was inserted between them to prevent side reactions
between GP. Then the battery was cycled in 2032 coin cell at 80 °C. The ionic-liquid

interlayer epared by coating a slurry consisting of LAGP (60% w/w) of polycarbonate binder

Of

(15% w/w) i thyl pyrrolidone (NMP) followed by the addition of 1M LiTFSI in pyr13TFSI (25%

%

w/w). pm PEO:LITFSI (EO:Li = 20:1, w/w) interlayer was also used between the LAGP

i

and lithi e S5). The Li//PEO-LITFSI//LAGP//LFP-LAGP all-solid battery was prepared by hot

pressing lithium tal and an LAGP//LFP-LAGP half-cell at 80 °C using a PEO-LITFSI interlayer to

G

protect the |j etal from side reactions with LAGP.

A
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Figure 5. (a,"b situ HEXRD patterns and the corresponding contour plot of LAGP/LFP mixture
during and cooling; (c) Contour plot and (d) in situ HEXRD patterns of LAGP/NCM811 mixture
during heati 0 °C.
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Table 1 Literature review of solid-state lithium batteries based on oxides-type solid electrolytes.

Battery Li thickness* Thickness Working Current Specific Mass Areal Cycling [Ref]
of SSEs temperature density capacity loading capacity life
(mm) °c) (mA/cm?) (mAh/g) (mg/cm?®) | (mAh/cm?)
0.036 mm 0.06 80 0.272 120 8 0.96 50 This
work
Li/PEO-L 1 unlimited Li 0.041 65 0.034 150 2 0.3 50 B
unlimited Li 0.088 25 0.068- 130 225 0.26-0.325 30 [10]
0.085
Li/LPO-LLZO/LFP unlimited Li 0.5-0.8 25 0.1 ~130 1 0.13 400 [11]
unlimited Li 0.6-0.8 25 0.1 164.2 4.8 0.788 100 [12]
Li/1i1+2xM8,Z12.(PO4)3/LFP 0.1 mm 0.35 25 0.1 120 35 0.36-0.6 50 [13]
unlimited Li 1.2 25 0.095 150 43 0.645 100 [14]
unlimited Li 0.3 60 0.05 133 1.18 0.16 90 [15]
0.4 mm >0.5 60 0.051- 155 1.5-2.0 0.23-0.31 400 [16]
0.068
Li/LLZTO-PCE/LFP unlimited Li 1.06 25 0.0444 164 2.61 0.43 300 [17]
Li/LLZTO/LEP unlimited Li 1.0 60 0.05 150 1.17 0.175 100 (18]
unlimited Li 0.4 90 0.0544 140 1.6 0.22 200 [19]
unlimited Li 0.3 65 0.1 143 1.2-1.8 0.17-0.26 100 [20]
unlimited Li - RT 0.1 138 0.59 0.08 100 [21]
Li/LAGP/LFP 0.02 mm 1-2 RT 0.017- 96 2-3 0.19-0.28 50 [22]
0.0255
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Li/Cu;N-LLZO/LCO unlimited Li 1.0 25 0.024 125 2 0.25 300 [23]
Li/LCBO-LLZO/LCO unlimited Li 1 100 0.00575 106 1 0.106 40 [24]
% unlimited Li 2 25 0.0035 130 0.27 0.035 100 [25]
1 60 0.046 ~100 2 0.2 400 [26]
unlimited Li 1.2 25 0.15 150 5 0.75 120 [14]
0.6 mm 0.6 100 - 150 - - 100 [27]
unlimited Li 1 80 0.005 123.3 1 0.123 5 [28]
1 mm 1 80 ~0.18 ~160 2 0.32 500 [29]
unlimited Li 0.5 100 0.01 138 2 0.28 10 [30]
unlimited Li 0.3 RT 0.108- 180 35 0.54-0.9 170 [31]
PEGDA/NCMS11 0.18

*The thickn etal that was not provided in the literature was defined as unlimited Li.
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A solid-state lithium metal batteries using ultrathin Li metal anode, thin NASICON-based solid-state
electrolytes and thick LiFePO, cathode towards practical application is developed. Moreover, such
cell design significantly decreases the internal cell resistance and mitigates the parasitic reactions
betwee“and solid electrolytes, thus demonstrating excellent cycle stability and rate

capability mal capacity.
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