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SUMMARY

Toward building non-flammable lithium-ion batteries with high en-
ergy density, Li7La3Zr2O12 (LLZO) has recently attracted consider-
able attention as a compelling solid-state lithium-ion electrolyte.
Unlike other lithium-ion soft solid conductors such as those based
on sulfides, LLZO can be manufactured with a bilayer dense-porous
microstructure, which prevents the issues of dynamic volume
change of the anode and the formation of voids at the lithium/
solid-state electrolyte interface during cycling. Here, we report a
facile, ultrafast sintering methodology for the fabrication of LLZO
solid-state electrolytes in the form of self-standing bilayer dense-
porous LLZO membranes. The thicknesses of the dense and porous
layers are approximately 8 and 55 mm, respectively, which hypothet-
ically allows them to achieve the high gravimetric and volumetric en-
ergy densities of lithium-garnet batteries of 218 Wh kg�1 and 769
Wh L�1, respectively. Electrochemical measurements confirm that
the LLZO membranes possess a high critical current density up to
1.7 mA cm�2.
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INTRODUCTION

At present, an immense research effort is underway to replace liquid electrolytes in

lithium-ion (Li-ion) batteries with their non-flammable and non-toxic solid counter-

parts based on Li7La3Zr2O12 (LLZO) with a garnet-type structure.1–3 LLZO solid-state

systems are not just poised to address the urgent need for safe and temperature-

tolerant energy storage batteries but also improve energy density and cycle life

compared with their conventional liquid-electrolyte-based Li-ion counterparts.4–8

These anticipations are dictated by a number of advanced intrinsic properties of

LLZO: high Li-ion conductivity of up to 1 mS cm�1 (room temperature [RT]),3,9,10 rela-

tively low electronic conductivity of ca. 10�8 S cm�1 (RT),11 wide electrochemical sta-

bility window (>6 V vs. Li+/Li obtained in the experiments),12 and high thermal sta-

bility and chemical stability with metallic Li. Until now, however, the integration of

LLZO solid-state electrolytes (SSEs) into batteries has faced a number of serious chal-

lenges, of which the sintering aspects are of paramount importance.13 Specifically,

the major sintering issues lie in maintaining the proper Li stoichiometry (cubic

LLZO structure) after sintering and in the reproducibility of the LLZO microstructure

as well as the cost and scalability of the sintering process. To circumvent the above-

mentioned issues, considerable efforts have been made recently to develop innova-

tive sintering technologies for LLZO ceramics, such as microwave-assisted
Cell Reports Physical Science 4, 101473, July 19, 2023 ª 2023 The Authors.
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sintering,14,15 spark plasma sintering,16 flash sintering,17 and ultrafast high-temper-

ature sintering (UFS).18–20

Of all these approaches, UFS is probably the most appealing sintering method

because it allows decreasing the sintering time of LLZO ceramics from hours to sec-

onds, allowing high control of Li stoichiometry and LLZOmicrostructure. In addition,

UFS is considered a scalable roll-to-roll sintering process that might greatly facilitate

the eventual commercialization of solid-state lithium-garnet batteries. UFS has

received a great deal of attention since a publication by the group of Hu in

2020,18 where the sintering of ceramic materials between two Joule-heating carbon

felts was demonstrated. Subsequent studies by the same group further extended

the applicability of UFS, demonstrating the sintering of LLZO in the form of thin

membranes.21 However, the produced LLZO membranes have not been electro-

chemically characterized with respect to Li plating/stripping. Additionally, the mem-

branes were co-sintered with Al2O3 substrate, questioning their further employment

in full solid-state cells.

Herein, we demonstrate the applicability of the UFS method to produce LLZO SSEs

in the form of self-standing bilayer dense-porous membranes. We note that

compared with fully dense LLZO SSEs, porous LLZO membranes offer a compelling

solution for mitigation of dynamic volume changes of the Li anode and the formation

of voids, both of which are assumed to be major causes of Li dendrites.22–26 Such

porous ceramics are usually combined with a thin dense part, which acts as an addi-

tional, mechanically protective layer to reduce the probability of short circuits during

battery charging.27–36 We report that the UFS method allows the production self-

standing LLZO membranes with minimal thicknesses of both the dense (8 mm) and

porous (55 mm) layers. Ultrafast-sintered LLZO membranes in symmetrical cell

configuration (Li/LLZO/Li) exhibited a critical current density of up to 1.7 mA cm�2

and cycling stability of over 160 cycles at a current density of 0.4 mA cm�2.
RESULTS AND DISCUSSION

Ultrafast sintering of LLZO membranes

The preparation of green-body LLZO membranes yielding bilayer dense-porous

LLZO membranes after ultrafast sintering was carried out in a few steps: (1) prepara-

tion of slurries for dense and porous LLZO coatings, (2) sequential tape casting of the

slurries onto a substrate, (3) removal of the tape-casted coatings from the substrate,

and (4) their subsequent de-binding (annealing) process at T = 600�C in air to re-

move organics. Typical slurries were prepared by pre-mixing and further ball milling

Li6.25Al0.25La3Zr2O12 (Al-LLZO), Li2CO3 (2.5 wt %), plasticizer, surfactant, and binder

with isopropanol. To prepare the slurry for the porous LLZO layer, pore-forming

agents (poly(methyl methacrylate) [PMMA]) were additionally used. A more detailed

description of the process can be found in the experimental procedures.

The experiments on ultrafast sintering of heat-treated LLZO membranes were per-

formed using a custom-made setup containing two copper electrodes and two

superimposed carbon felts clamped between the electrodes. In a typical sintering

experiment, the LLZO membrane was sandwiched between two carbon foils and

BN plates, followed by their insertion between two pieces of spanned carbon felts

(Figures 1A–1C; Videos S1 and S2). BN substrate was selected due to its thermal sta-

bility at operating temperatures, high structural resistance against violent thermal

shocks, and high thermal conductivity of �550 W m�1 K�1.37,38 The UFS setup was

operated with a direct current power source in an Ar-filled glovebox. The electric
2 Cell Reports Physical Science 4, 101473, July 19, 2023



Boron Nitride SubstrateCarbon Foil

LLZO Membrane

Sintering zone
IR Pyrometer

Stainless steal framework

Cu electrode
A B

D

C

0 20 40 60 80 100 120
Time (s)

700
800
900

1000
1100
1200

Te
m

pe
ra

tu
re

 (°
C

)

Sintering temperature: 1200 °C
Sintering time: ca. 90 sec
Heating rate: ca. 60 °C sec-1

Sintering zone
Carbon felt

Carbon felt

Figure 1. Scheme of the custom-made ultrafast sintering setup

(A) Schematics of the custom-made ultrafast sintering setup.

(B and C) The configuration of the sintering zone.

(D) A typical experimental temperature profile used for ultrafast sintering of LLZO membranes.
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current was applied to the carbon felt via the electrodes, resulting in an ultrafast

heating of the carbon felt within seconds. The temperature of the heating zone

was monitored by an infrared (IR) camera. A typical experimental sintering profile

is shown in Figure 1D.

As shown in Figure 2, cross-sectional scanning electron microscope (SEM) images

before and after ultrafast sintering confirmed the formation of flat bilayer dense-

porous LLZO membranes with a pin-hole-free, dense LLZO layer. Top-view images

of dense and porous layers can be found in experimental procedures section (Fig-

ure S1). Importantly, flat LLZO membranes were only formed when the membranes

were sandwiched between BN substrates to mechanically maintain a flattening pres-

sure. Otherwise, sintering resulted in highly curved and cracked ceramics (Figure S2).

Detailed characterization of the ultrafast-sintered LLZO membranes by X-ray

computed tomography (Figure 3; Table S1) revealed only small variations in porosity

within the porous layer in the range of 40–55 vol % and the absence of closed

porosity. The size of the pores was in the range of 1–9 mm.

Aiming to identify phase changes that occur during de-binding and sintering of

LLZO tapes, the latter were analyzed during their heat treatment up to 1,000�C us-

ing in situ synchrotron X-ray diffraction (SXRD). The heating rate of the LLZO mem-

branes was set to the highest possible value, ca. 100�C min�1, which mimics the

heating rate of ultrafast sintering. Several chemical processes have been identified
Cell Reports Physical Science 4, 101473, July 19, 2023 3
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Figure 2. Cross-section SEM images of LLZO membranes

(A and B) Single porous layer LLZO membranes before (A) and after (B) ultrafast sintering (20 mm

scale bars).

(C–E) Bilayer dense-porous LLZO membranes before (C) and after (D and E) ultrafast sintering

(C and D: 20 mm scale bars; E: 200 mm scale bar).
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(Figure 4). Initially, as follows from the comparison of as-prepared tapes and de-

binded LLZO membranes, de-binding results in the formation of a relatively large

quantity of the La2Zr2O7 (LZO) phase due to Li losses. The de-binding is also

accompanied by an intensity increase for the Li2CO3 peak, which is the result of

an intensified chemical reaction of LLZO with CO2. Upon further increase of temper-

ature to 750�C–770�C, the SXRD pattern of LLZO membranes revealed the

decrease of the intensities of Li2CO3 reflections as a result of Li2CO3 melting.

The following heating results in the appearance of ZrO2 and La2O3 secondary

phases for a short time, followed by their complete disappearance together with

the LZO phase at ca. 850�C. A further increase of the temperature up to 1,000�C
does not result in any phase transformations, confirming the pure cubic LLZO struc-

ture of sintered membranes (Figure S3; the space group, Ia 3 d, a = 12.9622(2) Å,

V = 2177.89 Å3, ICSD 235896).
4 Cell Reports Physical Science 4, 101473, July 19, 2023
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Figure 3. X-ray computed tomography analysis of one ultrafast-sintered bilayer dense-porous

membrane

(A) Average porosity distribution in bilayer dense-porous LLZO membrane.

(B) Size histogram of the pores inside of porous LLZO layer. For details on the performed analysis,

see experimental procedures section.
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Importantly, the SXRD results revealed that the addition of Li2CO3 as an additive to

compensate high Li losses during the de-binding process is paramount for obtaining

an impurity-free cubic LLZO phase, which is consistent with previous studies by Lim-

pert et al.39 Additional experiments have shown that sintered membranes without

the addition of 2.5 wt % Li2CO3 contained LZO phase (see Figure S4). On the other

hand, the incorporation of high amounts of Li2CO3 resulted in the formation of a

tetragonal LLZO phase, which has two orders of magnitude lower ionic conductivity

compared with its cubic counterpart. Moreover, it has been revealed that the addi-

tion of Li2CO3 has a significant impact on the densification of LLZO membranes,

which is associated with the melting point of Li2CO3 at ca. 723�C. This low melting

point promotes the sintering process at lower temperatures compared with Li2CO3-

free systems. Notably, apart from the Li2CO3 content, the sintering temperature and

time had a strong impact on the microstructure of sintered LLZO membranes. Thus,

it has been identified that the formation of mechanically stable c-LLZO membranes

can only be achieved within narrow ranges of sintering temperature and time of

1,150�C–1,200�C and 90–120 s, respectively. Lower sintering temperatures and

shorter times result in under-sintered, fragile membranes. A collection of XRD pat-

terns and cross-section SEM images of LLZO membranes sintered under different

conditions can be found in Figures S5 and S6.

To assess the chemical purity of the LLZO surface after UFS, the membranes have

been analyzed by Raman spectroscopy. As follows from Figure 5, indicated by the

presence of G and D bands in the Raman spectra of LLZOmembranes, the LLZO sur-

face after sintering was contaminated with graphite impurities, originating from the

use of graphite foil as a substrate for UFS. To remove the graphite contamination,

we therefore heat treated sintered membranes in air at 600�C for 30 min. Afterward,

the membranes were additionally annealed at 900�C for 10 min in an Ar-filled glove-

box.40 As follows from the disappearance of the Raman peaks at 155 and 1,090 cm�1,

such additional heat treatment enabled us to remove Li2CO3, which was formed on

the LLZO surface during heat treatment of the membranes at 600�C in air. Other

Raman peaks, in the range of 100–600 cm�1, which correspond to the cubic structure

of LLZO, did not change. Importantly, despite additional Li losses during heat treat-

ment of the membranes at 600�C and then at 900�C, the cubic LLZO structure of the

membranes was still preserved (Figure S3). The removal of Li2CO3 from the LLZO sur-

face was of paramount importance, as its presence increases the Li/LLZO interfacial

resistance and triggers the formation of Li dendrites.41–43
Cell Reports Physical Science 4, 101473, July 19, 2023 5
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Figure 4. In situ SXRD measurements of de-binded LLZO membrane during heat treatment

(A) Combined SXRD patterns of LLZOmembrane during heat treatment to 1,000�C at a heating rate
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Electrochemical characterization

To determine the Li-ion conductivity of LLZO after sintering, we additionally pre-

pared highly dense (95%–98% of the theoretical density of 5.1 g cm�3) 45-mm-thick

LLZO membranes. The membranes were then coated with 100-nm-thick symmetric

Au electrodes by thermal evaporation. The fabrication process of the dense LLZO

tapes and their sintering protocol were similar to those of the bilayer dense-porous

membranes (see experimental procedures for details). Importantly, electrochemical

impedance spectroscopy (EIS) measurements of the dense LLZO membranes

confirmed that their ionic conductivity of 1.43 10�4 S cm�1 (see Figure S8) was com-

parable with the Li-ion conductivity previously reported for LLZO pellets.44–47

To study the Li plating/stripping electrochemical behavior in the porous part of the

membranes, symmetric Li/LLZO/Li cells were prepared separately using single-layer

porous LLZO samples. The cells were fabricated by cold isostatic pressing of Li onto a

single-layer porous LLZO membrane at ca. 71 MPa. This technique allowed impreg-

nation of up to ca. 15 mm Li within the porous LLZO scaffold (Figure S9), correspond-

ing to an areal capacity of ca. 1.5 mAh cm�2. The critical current density (CCD) of the

studied symmetric cells, i.e., the current density at which the formation of Li den-

drites/filaments begins, was determined by their galvanostatic cycling at various cur-

rent densities of 0.1–8mAcm�2with an area capacity limit of 0.1mAh cm�2. As shown

in Figure 6A, the symmetric cells exhibited a high CCD of up to 1.7 mA cm�2. Galva-

nostatic cycling experiments, conducted at a current density of 0.1 mA cm�2 with an

areal capacity limit of 0.1 mAh cm�2 per half-cycle, showed high cycling stability of

the prepared cells for ca. 100 h and relatively low voltage polarization of 30–45 mV

during cycling (Figure 6B). The cells were tested at RT and without applying external

pressure. The electrochemical performance at high temperature (75�C) is shown in

Figure 6C. The galvanostatic cycling experiment was conducted at a current density

of 0.4 mA cm�2 with an areal capacity limit of 0.2 mAh cm�2 per half-cycle over 160 h

without applying external pressure. More measurements performed at a higher ca-

pacity limitation and current density are shown in Figure S10.
Cell Reports Physical Science 4, 101473, July 19, 2023 7



0 1 2 3 4

-300

-200

-100

0

100

200

300

Time (h)

Cumulative capacity (mAh cm-2)

C
el

l p
ot

en
tia

l (
m

V)

0 2        4                      6          

-4

-2

0

2

4

 C
ur

re
nt

 d
en

si
ty

 (m
A 

cm
-2

)

@ RT
Areal capacity limit: 0.1 mAh cm-2

0 0.2 0.4 0.6 0.8

0 42 83 125 167

2

2.5

3

3.5

4

Gravimetric capacity (mAh g-1
LFP)

 0.058
 0.14
 0.29
 0.58
 0.87

   [mA cm-2]

C
el

l p
ot

en
tia

l (
V)

Areal capacity (mAh cm-2)

@ 60 oC 0

42

84

126

D
is

ch
ar

ge
 c

ap
ac

ity
 (m

Ah
 g

-1 LF
P)

0

20

40

60

80

100

Ef
fic

ie
nc

y 
(%

)

0 5 10 15 20 25 30 35 40 45 50
0

0.2

0.4

0.6

0.8

D
is

ch
ar

ge
 c

ap
ac

ity
 (m

Ah
 c

m
-2

)

Cycle number

0.
07

3 
C

0.
05

8 
m

A 
cm

-2
, 1

2 
m

A 
g-1 LF

P

0.
14

 m
A 

cm
-2

0.
29

 m
A 

cm
-2

0.
14

 m
A 

cm
-2

0.
05

8 
m

A 
cm

-2

0.
29

 m
A 

cm
-2

0.
58

 m
A 

cm
-2 0.

87
 m

A 
cm

-2

0.
58

 m
A 

cm
-2

0.
29

 m
A 

cm
-2

0.
14

 m
A 

cm
-2

0 20 40 60 80 100 120 140 160 180
-4

-2

0

2

4

Time (h)

C
el

l p
ot

en
tia

l (
m

V)

-0.8

-0.4

0

0.4

0.8

 C
ur

re
nt

 d
en

si
ty

 (m
A 

cm
-2

)30 min per each half cycle
@ 75 oC

0.1 mA cm-2 0.4 mA cm-2

0 20 40 60 80 100
-200

-100

0

100

200

Time (h)

C
el

l p
ot

en
tia

l (
m

V)

@RT
Areal capacity limit: 0.1 mAh cm-2

-0.2

-0.1

0

0.1

0.2

 C
ur

re
nt

 d
en

si
ty

 (m
A 

cm
-2

)

C

1.7 mA cm-2

A B

D E

Figure 6. Electrochemical performance of Li/porous LLZOmembrane/Li symmetrical cells and LFP/bilayer dense-porous LLZOmembrane/Li full cells

(A and B) Voltage profiles of Li/porous LLZO membrane/Li symmetrical cells, measured at different (A, 0.1–8 mA cm�2) and constant (B, 0.1 mA cm�2)

current densities with capacity limitation of 0.1 mAh cm�2 per half-cycle. The measurements were conducted at room temperature without applying

stack pressure.

(C) Voltage profiles of Li/porous LLZO membrane/Li symmetrical cell, measured at current density of 0.4 mA cm�2 (after initial 12 cycles at 0.1 mA cm�2)

with capacity limitation of 0.2 mAh cm�2per half-cycle. The measurements were conducted at 75�C without applying stack pressure.

(D and E) Galvanostatic voltage profiles and discharge capabilities of LFP/bilayer dense-porous LLZO membrane/Li full cells measured without external

pressure at different current densities of 0.058–0.87 mA cm�2 and at 60�C.
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We then probed the electrochemical functionality of the ultrafast-sintered bilayered

dense-porous LLZOmembranes in full cell configuration. Themembranes were com-

bined with a paste-type LFP cathode based on LiFSI-Pyr13FSI ionic liquid electrolyte

(see experimental procedures for details). The cathode paste was tape casted on the

Al current collector and then gently placed on the surface of the dense-porous LLZO

membrane facing the dense layer. The opposite porous side of the LLZO membrane

was infiltrated prior with metallic lithium by isostatic pressing at 71MPa. The average

loading of the LFP active material was ca. 5 mg cm�2. The cells were tested at 60�C
and without applying external pressure. The applied currents were normalized to

the surface area of the Li anode. Figures 6D and 6E show voltage profiles and

discharge capacities of the LFP/LLZO/Li full cell measured in the voltage interval of

2–4.2 V vs. Li+/Li at different current densities of 0.058–0.87mA cm�2. Themeasured

areal capacities were in the range of 0.6–0.2 mAh cm�2. The significant drop of the

areal capacity at current densities of >0.3 mA cm�2 can be attributed to the slow

Li-ion diffusion and/or low electronic percolation within the LFP electrodes, eventu-

ally leading to severe cell polarization and a significant reduction of the accessible ca-

pacity of the electrodes under fast-charge conditions. These results suggest that

future work should be focused on further optimization of the LFP cathode as well

as detailed studies of chemical and electrochemical compatibility of fabricated

LLZO membranes with the LiFSI-Pyr13FSI ionic liquid electrolyte. The comparison

of the electrochemical performances of symmetrical and full cells assembled with ul-

trafast-sintered and previously reported27–36,48 LLZO membranes can be found in

Tables S2 and S3. Notably, a significantly higher electrochemical performance has

been reported in previous studies by Wachsman et al.27–33 for conventionally sin-

tered LLZO membranes with Al2O3 or amorphous carbon nanocoatings. Based on

these findings, we anticipate that employing a similar approach in ultrafast-sintered

membranes, specifically by incorporating Li/LLZO interfacial layers, can lead to

further enhancements in performance as a result of improved lithiumwetting and ho-

mogenized Li plating/stripping processes. Moreover, the employment of porous-

dense-porous LLZO membranes, rather than solely porous ones, could potentially

enhance the performance. The middle dense part of the membrane could serve as

an additional protective layer, effectively reducing the risk of short circuits during

cell cycling. It is important to note, however, that the use of a dense layer may lead

to a notable decrease in the energy density of Li-garnet solid-state batteries (SSBs).22

Assessment of the energy density of Li-garnet SSBs based on ultrafast-

sintered membranes

We assessed the feasibility of employment of ultrafast-sintered self-standing LLZO

membranes in commercial Li-garnet SSBs considering their thickness and porosity.

The evaluation of the achievable energy densities of full cells comprising ultrafast-

sintered LLZO membranes was performed using the LiNi0.8Mn0.1Co0.1O2

(NMC811) cathode due to its high gravimetric and volumetric capacities (180 mAh

g�1 and 763 mAh cm�3) and discharge voltage of 3.8 V vs. Li+/Li. Shortly, the calcu-

lations were performed for a full cell consisting of an NMC811 cathode with an areal

capacity of 3 mAh cm�2, a porous-dense LLZO membrane, and a thin layer of a Li-

metal anode, impregnated into the porous side of the membrane with a thickness

of 10 mm (Figure S7). The cathode consisted of NMC811 active material, a polyviny-

lidene fluoride (PVDF) binder, carbon black, and Li-ion electrolytes of various den-

sities (LLZO [5.1 g cm�3], Li7P3S11 [LPS; 2 g cm�3], and 0.3 M LiFSI-Pyr13FSI [1.4 g

cm�3]). All other parameters used for the calculations, such as the thicknesses of

the Al and Cu current collectors and the Al packaging foil, are listed in Table S4.

Our analysis shows that Li-garnet batteries based on developed LLZO membranes

enable us to achieve high gravimetric and volumetric energy densities. Specifically,
Cell Reports Physical Science 4, 101473, July 19, 2023 9
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the gravimetric energy densities of Li-garnet batteries with NMC811/LLZO,

NMC811/LPS, and NMC811/ionic liquid cathodes were 194, 214, and 218 Wh

kg�1, respectively. The volumetric energy density of the hypothetical Li-garnet bat-

teries was determined to be 769 Wh L�1. Energy densities of Li-garnet batteries

based on other cathodes such as LiNi1/3Mn1/3Co1/3O2 and LiFePO4 can be found

in Tables S4 and S5.

In summary, we report on ultrafast sintering as a compelling methodology for fabri-

cation of self-standing bilayer 8-mm-dense/55-mm-porous LLZO membranes. The

presented method enables maintenance of the flatness of LLZO membranes after

sintering and allows for proper contact between the dense and porous layers after

sintering. The sintering of LLZO membranes in the range of 1,150�C–1,200�C for

90–120 s was found to be the primary parameter for obtaining phase-pure c-LLZO

membranes with a porosity of the porous layer of ca. 55%. The sintering at lower

temperatures and shorter time results in the formation of under-sintered, highly frag-

ile LLZO membranes. Instead, the employment of higher sintering temperatures

yields LLZO membranes of significantly lower porosity, and the appearance of the

secondary LZO phase due to intensified Li losses.

Performed calculations of the energy density of the hypothetical full cells comprising

developed LLZO membranes indicated that the thicknesses of dense and porous

layers of ultrafast-sintered membranes were close to those required for achieving

high gravimetric and volumetric energy densities of Li-garnet SSBs. The assessed

values of the energy densities of Li-garnet batteries composed of the developed

dense/porous LLZO membranes are 202 Wh kg�1 and 715 Wh L�1, respectively (in

combination with the NMC111 cathode impregnated with the 0.3 M LiFSI-Pyr13FSI

ionic liquid electrolyte). Using an advanced set of characterization methods such

as Raman and SXRD, we unveiled chemical and structural transformations occurring

during de-binding and sintering of LLZO membranes. It has been revealed that

phase-pure cubic LLZO membranes can be obtained only upon addition of

Li2CO3, which compensates Li losses during de-binding and sintering steps. Other-

wise, an LZO secondary phase additionally forms. We determined that porous LLZO

membranes exhibit a high CCD of up to 1.7 mA cm�2 at RT and without the employ-

ment of external pressure. The electrochemical performance of bilayer dense-

porous LLZO membranes has also been analyzed in a full cell configuration with

an LFP cathode, delivering areal capacities of 0.2–0.7 mAh cm�2 at current densities

ranging from 0.058 to 0.87 mA cm�2. Our studies are currently underway to evaluate

the scalability of ultrafast sintering as a method for large-scale fabrication of self-

standing LLZO membranes.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Maksym V. Kovalenko (mvkovalenko@ethz.ch).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This study did not generate any datasets. Any additional information needed about

data within the paper is available from the lead contact upon reasonable request.
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Preparation of LLZO slurry and single-layer LLZO tapes

Al-LLZO (Ampcera, Al-doped LLZO, 500 nm nanopowder), polymethyl methacrylate

pore former (PMMA, 2–10 mm, SUMPMMA-S, Sunjinbs), Li2CO3 (Sigma-Aldrich),

surfactant solution (MALIALIM), plasticizer (G-260, SEKISUI S-LEC), and solvent

(5 vol % isopropanol, 87 vol % ethanol, and 8 vol % 1-propanol) were pre-mixed

with a spatula in a bowl followed by ball milling at 165 rpm for 18 h. Afterward,

the suspension was mixed with a binder solution (polyvinyl butyral in isopropanol)

and further ball milled at 200 rpm for 2 h. Tape casting of the resulting slurries

was performed onto glass substrate. Formed LLZO tapes were pre-dried under

ambient conditions and then peeled off from the substrate for further de-binding

and sintering. Single-layer dense LLZO tapes were prepared analogously to porous

LLZO tapes but without the use of PMMA pore formers.

Preparation of bilayer porous-dense LLZO tapes

Bilayer porous-dense LLZO tapes were prepared by sequential tape casting of dense

(without PMMA) and porous (with PMMA) LLZO slurries onto glass substrate with a

time delay of ca. 1 min. The prepared tape was dried at RT for 1 h and then was

removed from the substrate for further steps such as de-binding and sintering.

De-binding and sintering of LLZO membranes

LLZO tapes were cut into ca. 13 1 cm2 squares, followed by their heat treatment be-

tween two alumina plates in air at 600�C. The heat treatment enabled us to remove

the solvent (up to 150�C), PMMA pore formers (ca. 350�C), and residual organics

such as binder and plasticizer (at ca. 600�C). The de-bindedmembranes were placed

between two graphite foils and then sandwiched by two additional BN plates. The

ultrafast sintering was performed using a custom-made setup (Figures 1A–1C) under

argon atmosphere. The UFS setup was operated with an alternating current/direct

current (AC/DC) power source (Aim-TTi CPX400DPDual 420W PowerFlex DC Power

supply). The sintering temperature was monitored by an IR camera (MAURER

Pyrometer KTRD 4085-1). We note that although the sintering temperature profiles

showed some overheating issues above the target temperature (Figure 1D), the total

overheating time was very short (a few seconds) and thus did not affect the proper-

ties of the LLZO membranes. However, a longer duration of the sintering at higher

temperatures (>1,250�C) could lead to Li losses and the formation of LZO impurities.

The resulting LLZO membranes were than heat treated at 600�C for 30 min in air to

remove graphite residue from the LLZO surface. Afterward, LLZO membranes were

additionally heat treated at 900�C for 10 min under Ar atmosphere to remove any

contamination originating from the presence of Li2CO3 or LiOH on the LLZO surface.

The photos of LLZO membranes after ultrafast sintering are shown in Figure S12.

Materials characterization

SEM images were recorded using a Hitachi TM3030Plus Tabletop microscope with

an acceleration voltage of 10 kV.

X-ray computed tomography measurements were conducted on EasyTom XL Ultra

230-160 micro/nano-CT scanner (RX Solutions, Chavanod, France). The scanner

operated at 90 kV and a current of 160 mA. The samples were scanned for a full

360� with a rotation step of 0.2� and a frame average of 10. The nominal resolution

was set at 850 nm voxel size. Image reconstruction was performed using the X-Act

computed tomography software (RX Solutions, Chavanod, France). Quantitative

3D and 2D analyses of the 16 bit TIFF format reconstructed images were performed

using GeoDict software. First, the local Otsu segmentation technique was applied to
Cell Reports Physical Science 4, 101473, July 19, 2023 11
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the 2D images taken by X-ray tomography. The solid and porous regions were

labeled in the segmentation. Afterward, a 3D virtual twin of the membrane was

generated by the segmentation process. Then, microstructural material analysis

was performed on the virtual twin of the membrane.

In situ SXRD measurements were performed at the Swiss Norwegian Beamline (SNBL),

BM01, at the European Synchrotron Radiation Facility (ESRF; Grenoble, France) using

the PILATUS@SNBL diffractometer (l = 0.68966 Å) in a high-intensity beam mode

(�200 mA). The experiments were conducted under N2 atmosphere using a custom-

made furnace,49 which was gradually heated at a ramp rate of 100�C per min up to

1,000�C. The data acquisition time was 10 s per pattern. The 2D diffraction data from a

Pilatus 2 M detector were processed using the SNBL Toolbox and BUBBLE software.

Thedemonstrationof SXRDpeakswasdonebyModulation-EnhancedDiffractionViewer

and Editor (Medved) software, developed by SNBL.50

Raman spectroscopy measurements were conducted on a confocal Raman micro-

scope (Horiba, LabRAM HR Evolution) equipped with Nd:Yag 532 nm laser (Cobolt

Samba). The measured LLZO samples were sandwiched in between two thin glass

slides, which were sealed inside of an Ar-filled glovebox by epoxy glue in order to

prevent their exposure to air.

EIS measurements were conducted using a frequency range of 1MHz to 0.1 Hz with a

sinus amplitude of 10 mV.
Preparation of symmetrical and full cells

Symmetric cells were fabricated by interposing porous LLZO membranes between

two Li-metal electrodes. The electrodes were fabricated by isostatic cold pressing

of the Li foil (at ca. 71 MPa for 5 min) onto the surface of the porous LLZO membrane

using PW 100 EH cold isostatic press (P/P/Weber). Importantly, cross-sectional

SEM (Figure S9) and X-ray radiography (Figure S13) measurements of the fabricated

Li/LLZO/Li cells confirmed that the membranes were not mechanically damaged

after isostatic pressing with metallic Li. Additionally, the EIS measurements of the

Li/LLZO/Li symmetrical cells confirmed a low Li/LLZO interfacial resistance of ca.

133 Ohm cm2 (Figure S11).

Full cells were prepared in two steps. First, metallic Li was deposited by the cold

isostatic pressing of Li foil at ca. 71 MPa for 5 min on the porous side of the bilayer

porous-dense LLZO membrane. Afterward, a paste-type LFP cathode (tape casted

on an Al current collector) was placed on the dense side of the LLZO membrane

and pressed at ca. 15 MPA for 2 min by cold isostatic pressing. The LFP paste-

type cathode was prepared by mixing LFP active material, LiFSI-Pyr13FSI ionic

liquid electrolyte, carbon nanotube conductive additive, polyethylene oxide (PEO)

polymer, and PVDF binder. The content and loading of the LFP active material

were ca. 52 wt % and ca. 5 mg cm�2, respectively.
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G., Rheinheimer, W., Bram, M., Finsterbusch,
M., and Guillon, O. (2021). Li7La3Zr2O12 solid
electrolyte sintered by the ultrafast
high-temperature method. J. Eur. Ceram. Soc.
41, 6075–6079.

20. Wang, R., Ping, W., Wang, C., Liu, Y., Gao, J.,
Dong, Q., Wang, X., Mo, Y., and Hu, L. (2020).
Computation-guided synthesis of new garnet-
type solid-state electrolytes via an ultrafast
sintering technique. Adv. Mater. 32, 2005059.

21. Wang, R., Dong, Q., Wang, C., Hong, M., Gao,
J., Xie, H., Guo, M., Ping, W., Wang, X., He, S.,
et al. (2021). High-temperature ultrafast
sintering: exploiting a new kinetic region to
fabricate porous solid-state electrolyte
scaffolds. Adv. Mater. 33, 2100726.

22. Kravchyk, K.V., Zhang, H., Okur, F., and
Kovalenko, M.V. (2022). Li–Garnet solid-state
batteries with LLZO scaffolds. Acc. Mater. Res.
3, 411–415.

23. Krauskopf, T., Richter, F.H., Zeier, W.G., and
Janek, J. (2020). Physicochemical concepts of
the lithiummetal anode in solid-state batteries.
Chem. Rev. 120, 7745–7794.

24. Krauskopf, T., Hartmann, H., Zeier, W.G., and
Janek, J. (2019). Toward a fundamental
understanding of the lithium metal anode in
solid-state batteries—an electrochemo-
mechanical study on the garnet-type solid
electrolyte Li6.25Al0.25La3Zr2O12. ACS Appl.
Mater. Interfaces 11, 14463–14477.

25. Shen, H., Yi, E., Heywood, S., Parkinson, D.Y.,
Chen, G., Tamura, N., Sofie, S., Chen, K., and
Doeff, M.M. (2020). Scalable freeze-tape-
casting fabrication and pore structure analysis
of 3D LLZO solid-state electrolytes. ACS Appl.
Mater. Interfaces 12, 3494–3501.

26. Okur, F., Zhang, H., Karabay, D.T., Muench, K.,
Parrilli, A., Neels, A., Dachraoui, W., Rossell,
M.D., Cancellieri, C., Jeurgens, L.P.H., et al.
(2023). Intermediate-stage sintered LLZO
scaffolds for Li-garnet solid-state batteries.
Adv. Energy Mater. 2203509.
14 Cell Reports Physical Science 4, 101473, July 1
27. Yang, C., Zhang, L., Liu, B., Xu, S., Hamann, T.,
McOwen, D., Dai, J., Luo, W., Gong, Y.,
Wachsman, E.D., and Hu, L. (2018). Continuous
plating/stripping behavior of solid-state
lithium metal anode in a 3D ion-conductive
framework. Proc. Natl. Acad. Sci. USA 115,
3770–3775.

28. Fu, K.K., Gong, Y., Hitz, G.T., McOwen, D.W.,
Li, Y., Xu, S., Wen, Y., Zhang, L., Wang, C.,
Pastel, G., et al. (2017). Three-dimensional
bilayer garnet solid electrolyte based high
energy density lithium metal–sulfur batteries.
Energy Environ. Sci. 10, 1568–1575.

29. Liu, B., Zhang, L., Xu, S., McOwen, D.W., Gong,
Y., Yang, C., Pastel, G.R., Xie, H., Fu, K., Dai, J.,
et al. (2018). 3D lithium metal anodes hosted in
asymmetric garnet frameworks toward high
energy density batteries. Energy Storage
Mater. 14, 376–382.

30. Xu, S., McOwen, D.W., Zhang, L., Hitz, G.T.,
Wang, C., Ma, Z., Chen, C., Luo, W., Dai, J.,
Kuang, Y., et al. (2018). All-in-one lithium-sulfur
battery enabled by a porous-dense-porous
garnet architecture. Energy Storage Mater. 15,
458–464.

31. Xu, S., McOwen, D.W., Wang, C., Zhang, L.,
Luo, W., Chen, C., Li, Y., Gong, Y., Dai, J.,
Kuang, Y., et al. (2018). Three-dimensional,
solid-state mixed electron–ion conductive
framework for lithium metal anode. Nano Lett.
18, 3926–3933.

32. Hitz, G.T., McOwen, D.W., Zhang, L., Ma, Z., Fu,
Z., Wen, Y., Gong, Y., Dai, J., Hamann, T.R., Hu,
L., and Wachsman, E.D. (2019). High-rate
lithium cycling in a scalable trilayer Li-Garnet-
Electrolyte architecture. Mater. Today
22, 50–57.

33. Xie, H., Yang, C., Ren, Y., Xu, S., Hamann, T.R.,
McOwen, D.W., Wachsman, E.D., and Hu, L.
(2021). Amorphous-carbon-coated 3D solid
electrolyte for an electro-chemomechanically
stable lithium metal anode in solid-state
batteries. Nano Lett. 21, 6163–6170.

34. Yi, E., Shen, H., Heywood, S., Alvarado, J.,
Parkinson, D.Y., Chen, G., Sofie, S.W., and
Doeff, M.M. (2020). All-solid-state batteries
using rationally designed garnet electrolyte
frameworks. ACS Appl. Energy Mater. 3,
170–175.

35. Shen, H., Yi, E., Amores, M., Cheng, L., Tamura,
N., Parkinson, D.Y., Chen, G., Chen, K., and
Doeff, M. (2019). Oriented porous LLZO 3D
structures obtained by freeze casting for
battery applications. J. Mater. Chem. 7, 20861–
20870.

36. Zhang, H., Okur, F., Cancellieri, C., Jeurgens,
L.P.H., Parrilli, A., Karabay, D.T., Nesvadba, M.,
Hwang, S., Neels, A., Kovalenko, M.V., and
Kravchyk, K.V. (2023). Bilayer dense-porous
Li7La3Zr2O12 membranes for high-performance
Li-garnet solid-state batteries. Adv. Sci. 10,
2205821.

37. Yuan, C., Li, J., Lindsay, L., Cherns, D.,
Pomeroy, J.W., Liu, S., Edgar, J.H., and Kuball,
M. (2019). Modulating the thermal conductivity
in hexagonal boron nitride via controlled boron
isotope concentration. Commun. Phys. 2, 43.

38. Cai, Q., Scullion, D., Gan, W., Falin, A., Zhang,
S., Watanabe, K., Taniguchi, T., Chen, Y.,
9, 2023
Santos, E.J.G., and Li, L.H. (2019). High thermal
conductivity of high-quality monolayer boron
nitride and its thermal expansion. Sci. Adv. 5,
eaav0129.

39. Limpert, M.A., Atwater, T.B., Hamann, T.,
Godbey, G.L., Hitz, G.T., McOwen, D.W., and
Wachsman, E.D. (2022). Achieving desired
lithium concentration in garnet solid
electrolytes; processing impacts on physical
and electrochemical properties. Chem. Mater.
34, 9468–9478.

40. Zhang, H., Paggiaro, G., Okur, F., Huwiler, J.,
Cancellieri, C., Jeurgens, L.P.H., Chernyshov,
D., van Beek, W., Kovalenko, M.V., and
Kravchyk, K.V. (2023). On high-temperature
thermal cleaning of Li7La3Zr2O12 solid-state
electrolytes. ACS Appl. Energy Mater. https://
doi.org/10.1021/acsaem.3c00459.

41. Xia, W., Xu, B., Duan, H., Tang, X., Guo, Y.,
Kang, H., Li, H., and Liu, H. (2017). Reaction
mechanisms of lithium garnet pellets in
ambient air: the effect of humidity and CO2.
J. Am. Ceram. Soc. 100, 2832–2839.

42. Duan, H., Oluwatemitope, F., Wu, S., Zheng,
H., Zou, Y., Li, G., Wu, Y., and Liu, H. (2020). Li/
Garnet interface optimization: an overview.
ACS Appl. Mater. Interfaces 12, 52271–52284.

43. Dubey, R., Sastre, J., Cancellieri, C., Okur, F.,
Forster, A., Pompizii, L., Priebe, A., Romanyuk,
Y.E., Jeurgens, L.P.H., Kovalenko, M.V., and
Kravchyk, K.V. (2021). Building a better Li-
garnet solid electrolyte/metallic Li interface
with antimony. Adv. EnergyMater. 11, 2102086.

44. Ping, X., Zheng, Q., Meng, B., Lin, W., Chen, Y.,
Fang, C., Zhang, H., and Liang, W. (2022).
Influence of sintering atmosphere on the
phase, microstructure, and lithium-ion
conductivity of the Al-doped Li7La3Zr2O12 solid
electrolyte. Ceram. Int. 48, 25689–25695.

45. Zhuang, L., Huang, X., Lu, Y., Tang, J., Zhou, Y.,
Ao, X., Yang, Y., and Tian, B. (2021). Phase
transformation and grain-boundary
segregation in Al-Doped Li7La3Zr2O12

ceramics. Ceram. Int. 47, 22768–22775.

46. Xue, W., Yang, Y., Yang, Q., Liu, Y., Wang, L.,
Chen, C., and Cheng, R. (2018). The effect of
sintering process on lithium ionic conductivity
of Li6.4Al0.2La3Zr2O12 garnet produced by solid-
state synthesis. RSC Adv. 8, 13083–13088.

47. Jin, Y., and McGinn, P.J. (2011). Al-doped
Li7La3Zr2O12 synthesized by a polymerized
complex method. J. Power Sources 196,
8683–8687.

48. Jiang, Z., Wang, S., Chen, X., Yang, W., Yao, X.,
Hu, X., Han, Q., and Wang, H. (2020). Tape-
casting Li0.34La0.56TiO3 ceramic electrolyte
films permit high energy density of lithium-
metal batteries. Adv. Mater. 32, 1906221.

49. Marshall, K.P., Emerich, H., McMonagle, C.J.,
Fuller, C.A., Dyadkin, V., Chernyshov, D., and
Van Beek, W. (2023). A new high temperature,
high heating rate, low axial gradient capillary
heater. J. Synchrotron Rad. 30, 267.

50. Chernyshov, D., Dyadkin, V., van Beek, W., and
Urakawa, A. (2016). Frequency analysis for
modulation-enhanced powder diffraction.
Acta Crystallogr. A 72, 500–506.

http://refhub.elsevier.com/S2666-3864(23)00252-7/sref14
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref14
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref14
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref14
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref14
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref14
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref14
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref14
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref15
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref15
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref15
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref15
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref16
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref16
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref16
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref16
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref16
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref16
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref16
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref16
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref16
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref17
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref17
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref17
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref17
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref17
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref17
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref17
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref17
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref17
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref17
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref18
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref18
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref18
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref18
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref18
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref19
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref19
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref19
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref19
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref19
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref19
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref19
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref19
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref19
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref19
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref20
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref20
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref20
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref20
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref20
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref21
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref21
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref21
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref21
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref21
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref21
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref22
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref22
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref22
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref22
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref23
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref23
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref23
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref23
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref24
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref24
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref24
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref24
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref24
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref24
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref24
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref24
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref24
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref24
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref24
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref24
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref25
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref25
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref25
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref25
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref25
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref25
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref26
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref26
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref26
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref26
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref26
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref26
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref27
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref27
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref27
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref27
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref27
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref27
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref27
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref28
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref28
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref28
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref28
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref28
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref28
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref29
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref29
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref29
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref29
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref29
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref29
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref30
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref30
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref30
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref30
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref30
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref30
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref31
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref31
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref31
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref31
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref31
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref31
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref32
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref32
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref32
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref32
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref32
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref32
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref33
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref33
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref33
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref33
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref33
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref33
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref34
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref34
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref34
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref34
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref34
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref34
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref35
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref35
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref35
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref35
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref35
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref35
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref36
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref36
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref36
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref36
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref36
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref36
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref36
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref36
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref36
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref36
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref36
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref37
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref37
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref37
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref37
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref37
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref38
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref38
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref38
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref38
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref38
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref38
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref39
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref39
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref39
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref39
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref39
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref39
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref39
https://doi.org/10.1021/acsaem.3c00459
https://doi.org/10.1021/acsaem.3c00459
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref40
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref40
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref40
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref40
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref40
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref40
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref41
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref41
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref41
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref41
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref42
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref42
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref42
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref42
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref42
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref42
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref43
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref43
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref43
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref43
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref43
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref43
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref43
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref43
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref43
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref43
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref44
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref44
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref44
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref44
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref44
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref44
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref44
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref44
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref45
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref45
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref45
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref45
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref45
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref45
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref45
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref45
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref45
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref45
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref46
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref46
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref46
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref46
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref46
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref46
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref46
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref46
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref47
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref47
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref47
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref47
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref47
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref47
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref47
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref47
http://refhub.elsevier.com/S2666-3864(23)00252-7/optD2AgqDj20v
http://refhub.elsevier.com/S2666-3864(23)00252-7/optD2AgqDj20v
http://refhub.elsevier.com/S2666-3864(23)00252-7/optD2AgqDj20v
http://refhub.elsevier.com/S2666-3864(23)00252-7/optD2AgqDj20v
http://refhub.elsevier.com/S2666-3864(23)00252-7/optD2AgqDj20v
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref48
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref48
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref48
http://refhub.elsevier.com/S2666-3864(23)00252-7/sref48

	Ultrafast-sintered self-standing LLZO membranes for high energy density lithium-garnet solid-state batteries
	Introduction
	Results and discussion
	Ultrafast sintering of LLZO membranes
	Electrochemical characterization
	Assessment of the energy density of Li-garnet SSBs based on ultrafast-sintered membranes

	Experimental procedures
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Preparation of LLZO slurry and single-layer LLZO tapes
	Preparation of bilayer porous-dense LLZO tapes
	De-binding and sintering of LLZO membranes
	Materials characterization
	Preparation of symmetrical and full cells

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


