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Bilayer Dense-Porous Li,La;Zr,0,, Membranes for
High-Performance Li-Garnet Solid-State Batteries
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Dogan Tarik Karabay, Martin Nesvadba, Sunhyun Hwang, Antonia Neels,
Maksym V. Kovalenko,* and Kostiantyn V. Kravchyk*

Li dendrites form in Li,La;Zr,0,, (LLZO) solid electrolytes due to intrinsic
volume changes of Li and the appearance of voids at the Li metal/LLZO
interface. Bilayer dense-porous LLZO membranes make for a compelling
solution of this pertinent challenge in the field of Li-garnet solid-state batteries
(SSB). Lithium is thus stored in the pores of the LLZO, thereby avoiding i)
dynamic changes of the anode volume and ii) the formation of voids during Li
stripping due to increased surface area of the Li/LLZO interface. The dense
layer then additionally reduces the probability of short circuits during cell
charging. In this work, a method for producing such bilayer membranes
utilizing sequential tape-casting of porous and dense layers is reported. The
minimum attainable thicknesses are 8-10 um for dense and 32-35 um for
porous layers, enabling gravimetric and volumetric energy densities of
Li-garnet SSBs of 279 Wh kg~ and 1003 Wh L™, respectively. Bilayer LLZO
membranes in symmetrical cell configuration exhibit high critical current
density up to 6 mA cm~2 and cycling stability of over 160 cycles at a current
density of 0.5 mA cm~2 at an areal capacity limitation of 0.25 mAh cm=2.

1. Introduction

Currently, the replacement of liquid Li-ion electrolytes with
their non-flammable and non-toxic solid counterparts based on
Li;La;Zr,0,, (LLZO) with the garnet-type structure is pursued
as a compelling approach to improve the energy density, cy-
cling stability, and safety of Li-ion batteries.'] The initial stud-
ies of Werner Weppner on the exploration of garnet type LLZO

solid-state electrolytes (SSE)I®l have now
evolved into a broad research field,’] en-
compassing all aspects of underlying elec-
trochemistry of Li-garnet solid-state bat-
teries (SSB): the LLZO/Li interface,31%
the electrochemical voltage window of
LLZO,MB] and compatibility of LLZO
with current cathode chemistries.'*'] Un-
til now, however, the performance of Li-
garnet SSBs has not come close to meeting
commercial requirements. Li metal anodes
combined with dense LLZO ceramics are
characterized by low cycling stability at cur-
rent densities of >0.5 mA cm~2 and areal
capacities of >0.5 mAh cm~2.1>22] Under
these electrochemical conditions, the elec-
trodeposited Li penetrates rapidly into the
LLZO SSE forming dendrites that eventu-
ally short-circuit the cell.[?3]

In the context of mitigating the issues as-
sociated with Li dendrites, employment of
a vastly different design of the LLZO SSE
based on a dense/porous LLZO microstructure has been recently
proposed (Figure 1).12%7] Such approach promises to mitigate
dynamic volume changes of the Li anode and the formation of
voids, both of which are assumed to be major causes of Li den-
drites. On the one hand, Li can be stored in the pores of the LLZO
scaffold during Li deposition, thereby avoiding dynamic changes
in cell volume. On the other hand, the formation of voids dur-
ing stripping can be mitigated by the larger surface area of the
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Figure 1. Schematics of the charging process of Li-garnet solid-state batteries based on dense/porous LLZO membrane.

LLZO/Li interface in the scaffold compared to dense LLZO ce-
ramics. The upper dense part of the membrane could actas an ad-
ditional protective layer that mitigates potential short circuits dur-
ing cell charging. To date, the works on porous LLZO membranes
have been published mainly by the group of Wachsman.[2428-33]
The developed approach is based on tape-casting of porous and
dense LLZO tapes followed by their compressing, drying, and
sintering. Considering the necessity of the cathodic or anodic
substrates when employing other methods (wet-chemical, PVD,
CVD), the tape-casting technology that enables the fabrication of
free-standing membranes is considered one of the most promi-
nent fabrication strategies for the industry.>**] Tape-casting ap-
proach, nevertheless, still faces a number of obstacles before it
can be practically deployed. Some of the major issues lie in main-
taining the flatness of the membranes, the contact between dense
and porous layers, and the proper Li stoichiometry after sintering.
Moreover, with respect to the achievable energy densities of Li-
garnet SSBs, minimizing the thickness of the dense and porous
layers is of paramount importance.3¢ The achievable energy den-
sity of Li-garnet SSB comprising reported LLZO membranes is
estimated to be 150-250 Wh kg~! and 390-820 Wh L, based on
the thickness of the porous and dense layers (discussed below).

In this work, we present a novel tape-casting method for fabri-
cating LLZO membranes based on sequential tape-casting of the
porous and dense layers. The presented approach enables i) to
produce LLZO membranes with minimal thicknesses of both the
dense (8-10 pm) and porous (32-35 um) layers and ii) to mitigate
the issues of the delamination of porous and dense LLZO layer
after the sintering. We demonstrate that developed LLZO mem-
branes in symmetrical cell configuration exhibit a high critical
current density (CCD) of up to 6 mA cm~2 and low overpotentials
of 14-16 mV at a current density of 1.0 mA cm~2. Additionally,
the symmetrical cells delivered high Li plating/stripping cycling
stability of over 160 cycles at a current density of 0.5 mA cm™
with an areal capacity limitation of 0.25 mAh cm=2. The electro-
chemical performance of dense/porous LLZO membranes is also
assessed with a LiFePO, (LFP) cathode. Li/LLZO/LFP full cells
deliver stable capacities of around 0.4 mAh cm=2 at 0.1 C rate (a
current density of 0.05 mA cm~2) for 30 cycles.

Ady. Sci. 2023, 10, 2205821

2. Results and Discussion

2.1. The Preparation of Li,La,Zr,0,, Membranes

In short, bilayer porous-dense LLZO membranes were prepared
in a few steps that include: i) Preparation of slurries for the fabri-
cation of porous and dense LLZO layers, i) their sequential tape-
casting on a glass substrate, iii) drying of the deposited layers, iv)
pilling off the LLZO tape from the substrate, v) followed by their
de-binding (600 °C, air), and vi) sintering (1100 °C, N,). Both
slurries were prepared using similar procedure by ball milling
of LLZO, Li,CO,, plasticizer, surfactant, binder, and solvent. In
the case of preparation of the slurry for porous LLZO layers,
polymethyl methacrylate (PMMA) pore-formers were addition-
ally used.

It was found that sequential tape-casting of porous and dense
layers (Figure 2a) allows achieving high adhesion of the two lay-
ers. As shown in Figures S1, Supporting Information, and Fig-
ure 2d—f, no delamination was observed between the two lay-
ers along the entire interface of the prepared membranes after
both de-binding and sintering. Notably, we found that the previ-
ously reported methods for producing bilayer LLZO membranes,
based on i) pressing pre-dried porous and dense LLZO tapes, fol-
lowed by their de-binding and sintering, or ii) sintering of su-
perimposed porous and dense membranes after de-binding were
far less reproducible. Specifically, cross-section scanning electron
microscopy (SEM) images of sintered membranes revealed nu-
merous delaminated areas between both porous and dense layers
(Figures S2 and S3, Supporting Information).

The characterization of the produced membranes by SEM
(Figure 2b—f) and X-ray computed tomography (Figure 3) con-
firmed the formation of porous LLZO microstructure with a
pore size of 2-10 um. The average porosity was ~50-55 vol%
within the whole thickness of the porous layer of LLZO mem-
brane (Figure 3). Importantly, as follows from the analysis of
X-ray tomography images of LLZO membranes, the porous
layer contains only open-pore channels (Table S1, Supporting
Information). As to the dense LLZO layer, top-view SEM, and
X-ray tomography images of LLZO membranes indicate the
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Figure 2. a) Schematic of sequential tape-casting of porous and dense
LLZO layers on the glass substrate. Top-view SEM images of b) porous
and c) dense layers of LLZO membranes. d—f) Cross-section SEM images
of LLZO membranes after sintering.

formation of a non-porous, pin-hole-free, and continuous dense
LLZO layer (Figure 2c—d and Figure 3a,b).

X-ray diffraction (XRD) analysis confirmed the formation of
a phase-pure cubic LLZO structure (Figure S4, Supporting In-
formation, the space group, la3d, a = 12.9622(2) A, V = 2177.89
A3, 1CSD 235 896). Importantly, our preliminary experiments re-
vealed that the addition of Li,CO, as an additive to compensate
Li-losses during de-binding and sintering is paramount for ob-
taining an impurity-free cubic LLZO phase. Thus, it was identi-
fied that in the case of using LLZO powder without the addition
of Li,CO;, the sintered LLZO membranes contained large quan-
tities of La,Zr,0, (LZO).

For comprehending the chemical transformations that occur
during de-binding and sintering of tape-casted LLZO tapes, the
tapes were analyzed by in situ synchrotron X-ray diffraction
(SXRD) during their heat-treatment up to 1000 °C. It has also
been revealed that multiple chemical processes occur (Figure 4).
First, the de-binding causes the formation of a relatively large
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quantity of the LZO phase, as follows from the comparison of
as-prepared LLZO tape and de-binded LLZO membranes. Upon
further increase of temperature to 760 °C, however, the inten-
sity of LZO reflections starts to disappear, resulting in the forma-
tion of a solely cubic LLZO structure. This process accompanies
by the disappearance of the Li,CO; peak at 716 °C, which is
most probably associated with the melting of Li,CO,. Notably,
the thermal decomposition of Li,CO, has also been confirmed
by TGA-DSC-MS measurements (Figure S5, Supporting Infor-
mation). Specifically, it was identified significant weight losses of
tape-casted LLZO tapes at ~600 °C, which was accompanied by
the appearance of MS CO, peak at m/z = 16, 28, and 44. This pro-
cess intensifies at 730 °C, followed by a sharp decrease of LZO
phase at 760 °C, and the total disappearance of LZO phase at
860 °C.

Importantly, we noticed that membranes with higher Li,CO,
content had higher density as compared with lower or no
Li,CO; content after sintering under the same conditions (Fig-
ure S6, Supporting Information). This observation is in line with
the reported impact of Li,CO; on the densification of LLZO
pellets.3738] We assume that this effect is related to the melt-
ing of Li,CO;, which allows for initiating the sintering process at
lower temperatures. The impact of Li,COj is similar to that ob-
served when LiF is used as a sintering agent for sintering Al,O,-
based ceramics.?*#!1 LLZO ceramics without additional Li,CO,
requires a higher temperature and longer time for sintering and
potentially causing huge Li-loss.

2.2. Surface Characterization

To solve the issue of poor wettability of the sintered LLZO scaf-
folds by lithium metal, caused by the presence of LiOH and
Li,CO; on the LLZO surface, the membranes were annealed at
600 °Cin Ar atmosphere. The presence of LiOH and Li,CO; hasa
decisive impact on the electrochemical performance of Li-garnet
SSBs.[*2%] First, it leads to an increase in Li/LLZO interfacial re-
sistance and consequently to high-voltage polarization of the cell
upon Li plating/stripping. Second, this triggers the formation of
Li dendrites due to the inhomogeneous distribution of the ap-
plied current density. As shown by the Raman spectroscopy mea-
surements, heat-treatment of the sintered LLZO membranes at
600 °C for 1 h significantly reduced the amount of Li,CO; on the
LLZO surface (Figure 5a). In particular, the Raman spectroscopy
data showed that the Raman peaks at 95 and 1090 cm™!, which
are associated with the presence of Li,CO; on the LLZO surface,
had almost disappeared after the heat treatment. Other Raman
peaks, such as those in the 100 to 600 cm™! range, which corre-
sponds to the cubic structure of LLZO, did not change. Impor-
tantly, the heat treatment preserved the cubic LLZO structure of
the membranes, as follows from their XRD patterns before and
after annealing. Of note, the heat treatment of the LLZO mem-
branes at higher temperatures of 750 and 900 °C resulted in the
formation of the LZO phase due to intensified Li losses (Figure
S7, Supporting Information).

Next, the surface chemistry of the sintered LLZO membranes
before and after heat-treatment was investigated using X-ray
photoelectron spectroscopy (XPS). Notably, the characterized
LLZO membranes were transferred under an Ar shielding gas
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Figure 3. a) Top (dense) and b) bottom (porous) view of reconstructed micro-computed tomography slices of dense/porous LLZO membranes. c) The

computed porosity of the LLZO membrane along the Z-axis (thickness). d)

Size histogram of pores inside of porous LLZO layer. Detailed information

on the analysis of the reconstructed 3D images of LLZO membranes can be found in Section 4.
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Figure 4. In situ SXRD measurements of LLZO membrane during heat-treatment to 1000 °C. a) SXRD patterns of LLZO membrane at different stages
of the heat-treatment. XRD patterns of as received LLZO powder and tape-casted LLZO tape are given for comparison. b) Measured SXRD map of LLZO
membrane during heat-treatment. Right side: Temperature profile of the heat-treatment.

atmosphere to the XPS instrument, thus hindering a reaction
of the highly-reactive LLZO surfaces with air. To correct for
differential charging of the insulating LLZO surfaces during
XPS analysis, the recorded photoelectron spectra were charge
corrected by shifting them corresponding to the difference
between the adventitious C 1s peak (at the lower binding energy
side of the C 1s peak envelop in the recorded XPS survey) and
the recommended reference value for adventitious carbon at
284.8 eV (Figure S8, Supporting Information). Figure 5b shows
the charge-corrected Zr 3d, O 1s, C 1s, and Li 1s spectra of the
sintered LLZO membranes before and after heat treatment.
As follows from the analysis of O 1s binding energies shown
in Figure 5b, the probed surface of the non-heat-treated LLZO
membranes contains two O chemical states. The main O1
s component at 532.2 eV can be assigned to Li,CO,/LiOH,

Adbv. Sci. 2023, 10, 2205821 2205821

whereas the minor component at 533.5 eV is attributed to C = O
bonding states.[*/l Evaluation of the C 1s and Li 1s lines for the
non-heat-treated LLZO membranes confirms the presence of a
Li,CO,/LiOH surface layer. The C 1s peak at 290.2 eV and the O
1s peak at 532.2 eV can be attributed to Li,CO,."81 The main C
1s peak at 284.6 eV can be assigned to adventitious carbon (C-C
bond), which inevitably arises from the interaction of volatile or-
ganic species in the glove box (as originating from the chemical
synthesis environment) with the membrane surface. Note that
no Zr signal from the LLZO lattice (in the range of 178-186 eV)
could be detected before the heat treatment. The probing depths
for the Zr 3d, O 1s, C 1s, and Li 1s spectra recorded from LLZO
using Al-Ka X-ray radiation (hv = 1486.7 eV) are 5.5, 4.8, 5.5, and
6.6 nm, respectively.®] Hence, the Li,CO,/LiOH surface layer for
the non-heat-treated LLZO membranes should be significantly

(4 of 10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. a) Raman spectra and b) charge-corrected Li 1s, Zr 3d, C 1s, and O1s XPS spectra of LLZO membranes before and after heat-treatment (HT)
at 600 °C for T h. Raman spectrum of polished c-LLZO pellet and Li,CO; powder are given for comparison.

thicker than 6 nm. After the heat treatment, the Zr peaks from
the LLZO lattice (at 183.0 and 180.6 eV) could be detected. More-
over, the C 1s and O 1s spectral contributions from Li,CO, were
significantly reduced. In addition, an additional O 1s peak arises
at around 530.7 eV, as attributed to O in the LLZO lattice. As
discussed in ref. [8] the chemical shifts of the Li 1s photoelectron
lines between the individual chemical species are relatively small
(as compared to their respective intrinsic peak widths) and can
therefore not be resolved unambiguously. However, a spectral
contribution from Li in the LLZO lattice should give rise to an
effective shift of the Li 1s peak envelop toward lower binding
energies, as indeed observed after the heat treatment (the Li
1s shifts from about 55.5 to 55.3 eV). The XPS analysis clearly
indicates that the Li,CO,/LiOH surface contamination layer is
largely removed by the heat treatment. The remaining O 1s and
C 1s signal intensities from Li,CO,/LiOH imply an effective
Li,CO,/LiOH layer thickness well below 5 nm. The XPS analysis
clearly shows that the heat treatment of LLZO membranes very
effectively removes the Li,CO,/LiOH contamination layer.

2.3. Electrochemical Characterization

Aiming to determine the Li-ion conductivity of sintered LLZO
ceramics, we fabricated 38 pm thick, highly dense (95-98% of
the theoretical density of 5.1 g cm~3) LLZO membranes. Electro-
chemical impedance spectroscopy (EIS) measurements revealed
that the ionic conductivity of the LLZO membranes was ~1.9 x
103 S ecm™! (see Figure S9, Supporting Information), which is
consistent with the values of Li-ion conductivity of LLZO pel-
lets reported in the literature. In addition, we performed EIS
measurements on Li/LLZO/Li symmetrical cells assembled with
non-heat-treated and heat-treated (600 °C; 1 h; Ar atmosphere)
LLZO membranes. As shown in Figure S10, Supporting Infor-
mation, the heat-treatment leads to a decrease in Li/LLZO inter-
facial resistance from 192 kQ cm? (RT) to 116 Q cm? (600 °C). As
discussed above, such difference is associated with the decrease
of Li,CO,/LiOH content on the LLZO surface.

To examine the electrochemical performance of self-standing
porous LLZO membranes with respect to Li plating/stripping,

Adv. Sci. 2023, 10, 2205821

symmetric Li/LLZO/Li cells were fabricated by cold isostatic
pressing Li onto a heat-treated LLZO single porous layer mem-
brane at ~#71 MPa. This method allowed impregnation of up
to ~#10 um of Li within the 50% porous LLZO scaffold (Figure
S11, Supporting Information), corresponding to an areal capac-
ity of 1 mAh cm™2. The achievable CCD of the studied systems,
that is, the current density at which the propagation of Li den-
drites/filaments starts, was determined by galvanostatic cycling
experiments at different current densities. Specifically, the cur-
rent density was increased from 0.1 to 1.5 mA cm~? with a step of
0.1 mA cm™2, from 1.5 to 3 mA cm~2 with a step of 0.5 mA cm 2,
and from 3 to 10 mA cm™? with a step of 1 mA cm™2, transfer-
ring the same amount of Li for each half cycle (0.1 mAh cm™2).
The tests were performed at 60 °C without applying any stack
pressure. Symmetric cells are found to have a high CCD of up to
6 mA cm~? (Figure 6a).

Additionally, galvanostatic cycling experiments were con-
ducted using a capacity limitation of 0.25 mAh cm~? per half-
cycle at a current density of 0.5 mA cm~2 without external pres-
sure at room temperature. The typical galvanostatic voltage pro-
files of symmetrical cells and cross-sectional SEM images of
LLZO membrane after half-cycle of Li plating are shown in Fig-
ure 6¢ and Figure S11, Supporting Information, respectively. Im-
portantly, cells demonstrated high cycling stability over 160 cy-
cles.

Next, we probed the electrochemical functionality of the devel-
oped bi-layered dense/porous LLZO scaffolds in full hybrid-type
cells in combination with paste-type LFP cathode (Figure 7). In
short, the cathode paste was prepared by mixing LFP (41 wt%),
carbon black (13.7 wt%), and 0.3 M LiTFSI in a PY,,TFSI ionic
liquid electrolyte (45.3 wt%). The paste electrode was deposited
directly on the cellulose separator (placed on the dense side of
the LLZO membrane), and then covered with Al foil as a cur-
rent collector. The opposite porous side of the LLZO membrane
was prior infiltrated with metallic lithium by isostatic pressing at
71 MPa. The average loading of LFP active material was ~3 mg
cm~2. The cells were tested at room temperature and without
applying external pressure. The applied currents were normal-
ized to the surface area of the Li anode. All electrochemical mea-
surements were performed using galvanostatic cycling within the
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voltage range of 2-4.2 V versus Li*/Li. Figure 7 shows the volt-
age profiles and cycling stability measurements of LFP/LLZO/Li
full cell measured at 0.1 C rate. Cell delivered the capacity of LFP
of #100-150 mAh g~!, which corresponds to the areal capacity
of ~0.3-0.45 mAh cm™2. The results demonstrate relatively low
capacity retention of 65% after 30 cycles, pointing to the need for
further optimization of the cathode.

Apart from the experimental results, we assessed the feasibil-
ity of employment of developed LLZO membranes in commer-
cial Li-garnet SSBs and compared them with previously reported
LLZO membranes considering their thickness and porosity. The
evaluation of the achievable gravimetric and volumetric energy
densities of full cells was performed using LiNi,4Mn,, Co,,0,
(NMC811) cathode due to its high discharge voltage of 3.8 V ver-
sus Li*/Li and gravimetric and volumetric capacities (180 mAh
g~! and 858 mAh cm3). Briefly, the calculations were performed
for a full cell consisting of a porous/dense LLZO membrane, and
an NMC811 cathode with an areal capacity of 3 mAh cm=2, as
recently reported in our work (see ref. [44, 45] for details). The
anode side is designed to be anode-free.

The cathode consisted of NMC811 active material, carbon
black, pVdF binder, and Li-ion electrolyte of different densities
(1 M LiTFSI in PY14TFSI (1.7 g cm™), Li,P,S,, (LPS) (2.0 g
cm™), or LLZO (5.1 g cm™)) (see Figure S12, Supporting In-
formation, for details). All other parameters used for the calcu-

Adv. Sci. 2023, 10, 2205821 2205821

lations are given in Table S2, Supporting Information. Below,
we summarize the key parameters of the reported dense/porous
LLZO membranes, such as the thicknesses of the dense/porous
layers and the porosity of the porous layers (Figure 8a), and the
corresponding achievable energy densities of hypothetical full
cells based on these LLZO membranes (Figure 8b). Our analy-
sis shows that the developed LLZO membranes enable to achieve
gravimetric and volumetric energy densities of Li-garnet batter-
ies that are superior to those based on the previously reported
dense/porous LLZO structures. Specifically, the gravimetric en-
ergy densities of Li-garnet batteries with NMC811/ionic liquid,
NMC811/LPS, or NMC811/LLZO cathodes were 279, 275, and
244 Wh kg, respectively. The volumetric energy density of the
hypothetical Li-garnet batteries was determined to be 1003 Wh
L. On the one hand, the calculated results clearly show the im-
portance of minimizing the thickness of the dense layer. On the
other hand, the obtained data indicate that the thickness of the
porous layer should only slightly be higher than the thickness re-
quired for complete deposition of Li in the pores of the LLZO scaf-
fold. It should be noted, however, that both the gravimetric and
volumetric energy densities of non-optimized full cells based on
LFP cathode, whose electrochemical performance demonstrated
in Figure 7 were 58 Wh kg~! and 111 Wh L, accordingly. Such
low values are primarily associated with low areal capacity of used
LFP cathodes.

(7 0f10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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3. Conclusions

In summary, we report a facile methodology for fabricating
10-um-dense/35-um-porous LLZO membranes with thicknesses
maximally 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 279 Wh kg~!
and 1003 Wh L1, accordingly (in combination with NMC811
cathode that impregnated with 1 m LiTFSI in PY14TFSI ionic
liquid electrolyte). It has been found that for obtaining proper
contact between the dense and porous layers after sintering, the
use of sequential tape-casing of the two layers on one substrate
is of utmost importance. Other methods in which the dense and
porous layers are tape-casted separately are far less reproducible.

With a suite of diverse characterization methods—SXRD, Ra-
man, and TGA-MS—chemical and structural transformations
occurring during de-binding and sintering of LLZO membranes
were unveiled. It was also found that the addition of Li,CO; as
an additive, which allows to compensate Li losses at high tem-
peratures, is a major factor in obtaining phase-pure cubic LLZO
membranes after sintering. After removing impurities from the
surface of LLZO membranes by Ar heat-treatment at 600 °C for
1h, their electrochemical performance was evaluated in symmet-
rical and full cell configurations. We determined that developed
LLZO membranes exhibit a high CCD of up to 6 mA cm~ and
long cycling stability for 160 cycles at a current density of 0.5 mA
cm and the areal capacity limitation of 0.25 mAh cm~ without
the employment of external pressure. The electrochemical per-
formance of dense/porous LLZO membranes has also been as-
sessed with an LFP cathode. Li/LLZO/LFP full cells delivered ini-
tial areal capacities of around 0.45 mAh cm~2 and 65% of this ca-
pacity was retained after 30 cycles at a current density of 0.05 mA
cm~2 (~0.1 C). In the context of future work, we propose that sub-
sequent research on LLZO membranes should focus on imple-
menting scalable roll-to-roll sintering processes to enable even-
tual commercialization of Li-garnet SSB.

4. Experimental Section

Chemicals:  Al-LLZO (Ampcera, Al-doped LLZO, 500 nm nano-
powder), PMMA spheres (2-10 pm, SUMPMMA-S, Sunjinbs), Li,CO;
(Sigma-Aldrich), isopropanol (Emsure), ethanol (Sigma-Aldrich), 1-
propanol (99.5%, AcroSeal), LiTFSI (Solvionic), PY14TFSI (lolitec).

Preparation of Li,La;Zr,Oq, Slurry and Tape-Casted Single-Layer
Li;La3Zr,0, Tapes: Al-LLZO, PMMA (pore former), Li,CO;, surfactant
solution, plasticizer, and solvent (5 vol% of isopropanol, 87 vol% ethanol,
and 8 vol% 1-propanol) were premixed with a spatula in a ball milling jar
followed by their ball-milling at 165 rpm for 18 h. Then, a binder solution
(Polyvinyl butyral in isopropanol) was added to the suspension, which
was further ball-milled at 200 rpm for 2 h. Prepared LLZO slurry was
tape-casted onto glass substrate. After keeping prepared LLZO tapes for
1 h under ambient conditions for solvent evaporation, LLZO tape was
peeled off from the glass substrate for further de-binding and sintering.
For the preparation of dense single-layer LLZO membranes or dense
LLZO layers in bilayer dense/porous LLZO membranes, the slurry without
PMMA pore formers was used.

Preparation of Tape-Casted Double-Layer (Porous/Dense) Li;LazZr,O;,
Tapes: Tape-casted double-layer (porous/dense) LLZO tapes were pre-
pared by sequential tape-casting of LLZO slurries with and without PMMA
pore formers with the time delay of ~60 s. Prepared LLZO tape was kept for
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~1 h under ambient conditions followed by their removal from the glass
substrate for further de-binding and sintering.

De-Binding and Sintering of Li;La3Zr,0;, Membranes: LLZO tapes
were cut into &1 x 1 cm? squares, which were placed between two alu-
mina plates. Afterward, LLZO squares were treated in air to 600 °C, result-
ing in complete removal of used solvent (up to 150 °C), decomposition
of PMMA pore formers (~350 °C) and removal of residual organics such
as binder and plasticizer (at ~600 °C). The de-binded membranes were
placed between two graphite foils, sandwiched by two additional carbon
plates and sintered at 1100 °C for 15 min under an N, atmosphere. Af-
terward, sintered LLZO membranes were heat-treated at 600 °C in air to
remove carbon residue from the LLZO surface. This heat-treatment proce-
dure was followed by the additional heat-treatment in the air-filled glove-
box at 600 °C for 1 h to remove any contamination originating from the
presence of Li,CO; or LIOH on the LLZO surface.

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 Easy-
Tom XL Ultra 230-160 micro/nano-CT scanner (RX Solutions, Chavanod
France). The scanner operated at 90 kV and a current of 160 pA. The sam-
ples were scanned full 360° with a rotation step of 0.2° and frame average
of 10. The nominal resolution was set at 850 nm voxel size. Image recon-
struction 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.

In situ SXRD measurements were performed at the Swiss Norwegian
Beamline (SNBL), BMOT, at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France) using the PILATUS@SNBL diffractometer (4 =
0.68966 A) in a high-intensity beam mode (=200 mA). The experiments
were conducted under N, atmosphere using custom-made furnace,[“°!
which was gradually heated at the ramp rate of 20 °C per min up to 1000 °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. The visualization of SXRD peaks during sintering was
done by Modulation-Enhanced Diffraction Viewer and Editor (Medved)
software, developed by SNBL.[*7] TGA and mass spectrometry (MS) were
performed using a Netzsch simultaneous thermal analyzer (STA 449 F5
Jupiter) coupled with a quadrupole mass spectrometer (QMS 403 D Aéo-
los). The samples (10 mg) were heated to 1150 °C at 450 °C h~" under Ar
gas flow (20 mL min~") in alumina crucibles.

Raman spectroscopy measurements were conducted on a confocal Ra-
man microscope (Horiba, LabRAM HR Evolution) equipped with Nd:Yag
532 nm laser (Cobolt SambaTM). The measured LLZO samples were sand-
wiched in between two thin glass slides, which were sealed inside of the
Ar-filled glovebox by epoxy glue in order to prevent their exposure to air.

XPS analysis was performed using a PHI Quantes spectrometer
(ULVAC-PHI), using the monochromated Al-Ka radiation (1486.6 eV;
power 100 W; beam diameter ~100 um). The XPS spectrometer was di-
rectly connected to an Ar glovebox, enabling to transfer LLZO under Ar
shielding gas. As such, air exposure of the as-prepared and heat-treated
membranes could be prevented. XPS survey spectra were recorded with a
pass energy of 280 eV and a step size of 0.5 eV. Detailed Li 1s, Zr 3d, C
1s, and O 1s regions were recorded with step size of 0.10 eV and a pass
energy of 69 eV. The energy scale of the hemispherical analyzer was cali-
brated according to ISO 15472 by referencing the Au 4f;, and Cu 2p3,
main peaks (as measured in situ for corresponding sputter-cleaned, high-
purity metal references) to the recommended BE positions of 83.96 and
932.62 eV, respectively. Charge neutralization during each measurement
cycle was accomplished by a dual beam charge neutralization system, em-
ploying low energy electron and argon ion beams (1V Bias, 20 pA current).

Powder XRD was measured on a STOE STADIP Dual Setup (Cu- and
Ag- radiation) with Mythen Detectors in transmission mode (Cu-Ke irra-
diation, 4 = 1.5406 A).

EIS measurements were conducted using a frequency range of 1 MHz
to 0.1 Hz with a sinus amplitude of 10 mV.

Preparation of Symmetrical and Full Cells: ~ Symmetric Li/LLZO/Li cells
were fabricated by thermal evaporation of 200 nm metallic Li followed by

2205821 (8 0f10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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cold isostatic pressing of Li foil (at %71 MPa for 5 min) on both sides of the
LLZO scaffold. Thermal evaporation and cold isostatic pressing of Li were
performed using Covap thermal evaporator (Angstrom) and PW 100 EH
cold isostatic press (P/P/Weber). Isostatic pressing allowed to impregnate
of up to 10 pum of Li at each side of LLZO scaffold, corresponding to the
areal capacity of ~1 mAh cm™2. It should be noted that prepared LLZO
membranes are fragile and require careful handling during cell assembly.

Full cells were prepared employing bilayer porous/dense LLZO mem-
branes. First, 200 nm metallic Li was evaporated on the porous side of the
LLZO membrane, followed by the cold isostatic pressing of Li foil at ~71
Mpa for 5 min. Afterward, a thin 20 um cellulose separator (Mitsubishi)
was placed on the dense side of LLZO membrane, and then covered by
paste-type LFP cathode and Al foil.

Fabrication of LiFePO, Cathodes: LFP (41 wt%), carbon black
(13.7 wt%), and 0.3 m LiTFSI in PYy,TFSI ionic liquid electrolyte
(45.3 wt%) were mixed in a mortar to form a paste-type LFP electrode.
The loading of active material was ~3 mg cm™2.

Electrochemical measurements were performed in the Ar-filled glove
box using a multichannel workstation (MPG -2, Bio-Logic SAS). EIS mea-
surements were conducted in a frequency range of 1 MHz to 0.1 Hz with
a sinus amplitude of 70 mV. The sharp drop of the overpotential and re-
sistance (Figure S13, Supporting Information) of Li/LLZO/Li symmetrical
cells was used as an indication of cell short-circuit.

Calculations of Energy Density: The achievable gravimetric and volu-
metric energy densities of anode-free Cu/LLZO/NMC811/Al full cells were
calculated considering cathode with the areal capacity of 3 mAh cm™2,
100% of NMC811 active material utilization, average cell voltage of 3.8 V,
and total weight or volume of all cell components. The cell volume was
calculated in the fully discharged state, which is the state in which the bat-
tery would be assembled. The cell was assumed to consist of 2 layers of
pouch-Al foil, 20 double-side coated cathode layers on Al foil, 20 layers
of Al foil, 40 layers of LLZO membrane, and 20 layers of Cu foil. The di-
mensions of the battery were 5.5 cm X 8.5 cm. It was assumed that the
cathode was composed of 30 vol% of electrolyte (LPS, LLZO, or LiTFSI-
PY14TFSI ionic liquid) and 70 vol% NMC811/CB/pVdF mixture, respec-
tively. NMC811/CB/pVdF mixture based on 95 wt% NMC active cathode
material, 3 wt% carbon black, and 2 wt% of the pVDF binder was consid-
ered. Additionally, it was assumed that there was no unoccupied pore vol-
ume. The thicknesses of NMC811 cathode, Al foil, Cu foils, and packaging
foil were 57, 16, 12, and 50 um, respectively. Areal weight of the packaging
foil was 10.5 mg cm~2. The densities of all cell components can be found
in Table S2, Supporting Information. In the case of calculations of energy
density for experimentally demonstrated full cells based on paste-type LFP
cathode, the same battery dimensions (5.5 cm X 8.5 cm) and similar other
parameters were considered. Specifically, it was assumed that the cell is
composed of 2 layers of packaging foil, 20 double-side coated cathode lay-
ers on Al foil, 20 layers of Al foil, 40 layers of 25-um-thick cellulose separa-
tor impregnated with ionic liquid electrolyte, 40 layers of LLZO membrane,
and 20 layers of 40-um-thick Li foil. The density of the cellulose separator
with ionic liquid electrolyte was 1.416 g cm™3.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

M.V.K. and K.V.K. very gratefully acknowledges Belenos Clean Power Hold-
ing Ltd. for generous funding. This research is part of the activities of
the joint Empa-Fraunhofer ICS project “IE4B,” which is financially sup-
ported under the ICON funding scheme. The authors are grateful to the
research facilities of ETH Zurich (Scientific Center for Optical and Elec-
tron Microscopy and Small Molecule Crystallography Center, Department
of Chemistry and Applied Biosciences) and Empa (Laboratory for Mechan-
ics of Materials & Nanostructures) for access to the instruments and for

Adv. Sci. 2023, 10, 2205821

www.advancedscience.com

technical assistance. Authors thank the Swiss Norwegian beamlines at
the ESRF for access and their staff: Francois Pegot, Charles ). McMona-
gle, Vadim Dyadkin, Dmitry Chernyshov and Wouter van Beek for excellent
support during the experiments. The authors acknowledge the Swiss Na-
tional Science Foundation (SNSF) Research Equipment (R’Equip) grant
No. 182987 for partly funding of the XPS facilities.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

Li;LazZr,O4,, Li-garnet solid-state batteries, lithium, membranes, solid-
state electrolyte

Received: October 7, 2022
Revised: December 23, 2022
Published online: January 20, 2023

[1 K. J. Kim, M. Balaish, M. Wadaguchi, L. Kong, J. L. M. Rupp, Adv.
Energy Mater. 2021, 11, 2002689.

[2] S. Xia, X. Wu, Z. Zhang, Y. Cui, W. Liu, Chem 2019, 5, 753.

[3] T. Placke, R. Kloepsch, S. Diihnen, M. Winter, J. Solid State Elec-

trochem. 2017, 21, 1939.

S. Afyon, K. V. Kravchyk, S. Wang, J. v. d. Broek, C. Hinsel, M. V. Ko-

valenko, J. L. M. Rupp, J. Mater. Chem. A 2019, 7, 21299.

K. V. Kravchyk, D. T. Karabay, M. V. Kovalenko, Sci. Rep. 2022, 12,

1177.

[6] R. Murugan, V. Thangadurai, W. Weppner, Angew. Chem., Int. Ed.

2007, 46, 7778.

T. Krauskopf, F. H. Richter, W. G. Zeier, ). Janek, Chem. Rev. 2020, 120,

7745.

R. Dubey, ). Sastre, C. Cancellieri, F. Okur, A. Forster, L. Pompizii,

A. Priebe, Y. E. Romanyuk, L. P. H. Jeurgens, M. V. Kovalenko, K. V.

Kravchyk, Adv. Energy Mater. 2021, 11, 2102086.

M.S. Indu, G. V. Alexander, O. V. Sreejith, S. E. Abraham, R. Murugan,

Mater. Today Energy 2021, 21, 100804.

[10] T. Krauskopf, H. Hartmann, W. G. Zeier, ]. Janek, ACS Appl. Mater.

Interfaces 2019, 11, 14463.
[11] W.D. Richards, L. . Miara, Y. Wang, J. C. Kim, G. Ceder, Chem. Mater.

[4

[5

7

[8

9

2016, 28, 266.
[12] F. Han, Y. Zhu, X. He, Y. Mo, C. Wang, Adv. Energy Mater. 2016, 6,
1501590.

[13] Y. Wang, A. Huq, W. Lai, Solid State lonics 2014, 255, 39.

[14] Y.Ren, T. Liu, Y. Shen, Y. Lin, C.-W. Nan, J. Mater. 2016, 2, 256.

[15] L. Miara, A. Windmiiller, C.-L. Tsai, W. D. Richards, Q. Ma, S. Uh-
lenbruck, O. Guillon, G. Ceder, ACS Appl. Mater. Interfaces 2016, 8,
26842.

[16] A. ). Samson, K. Hofstetter, S. Bag, V. Thangadurai, Energy Environ.
Sci. 2019, 12, 2957.

[17] M. ). Wang, R. Choudhury, ). Sakamoto, Joule 2019, 3, 2165.

[18] A. Sharafi, E. Kazyak, A. L. Davis, S. Yu, T. Thompson, D. J. Siegel, N.
P. Dasgupta, ). Sakamoto, Chem. Mater. 2017, 29, 7961.

[19] J.Zhang, J. Li, H. Zhai, G. Tan, X. Tang, ACS Appl. Energy Mater. 2020,
3,6139.

2205821 (9 0f10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILLOD @A 1.0 3|qeo! [dde 8L Aq peusenob 8 Sapoiie YO ‘8sn JO 3| 10y AeIq18UIUO AB]IM UO (SUORIPUOD-PUR-SWUB)ALI0O" A3 1M ARIq 1 BU1UO//SdNL) SUORIPUOD pue swie 1 8y 88 *[£202/70/TT] Uo Ariqi1auluO AB]IM ‘ISd INMISU| JB1:eYds [Med Aq 128502202 SAPe/Z00T 0T/I0p/AW0D A8 | Afe.q 1 jpuluo//:Sdny wouy pepeojumod ‘g ‘€202 ‘v¥8E86T2



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(20]

(21]

[22]

(23]

(24]

(25]

[26]

[27]

(28]

[29]

(3]

(37]

Ady. Sci. 2023, 10, 2205821

H. Huo, J. Liang, N. Zhao, X. Li, X. Lin, Y. Zhao, K. Adair, R. Li, X. Guo,
X. Sun, ACS Energy Lett. 2020, 5, 2156.

T. Deng, X. Ji, Y. Zhao, L. Cao, S. Li, S. Hwang, C. Luo, P. Wang, H. Jia,
X. Fan, X. Lu, D. Su, X. Sun, C. Wang, ).-G. Zhang, Adv. Mater. 2020,
32, 2000030.

S. A. Pervez, G. Kim, B. P. Vinayan, M. A. Cambaz, M. Kuenzel, M.
Hekmatfar, M. Fichtner, S. Passerini, Small 2020, 16, 2000279.

L. Porz, T. Swamy, B. W. Sheldon, D. Rettenwander, T. Frémling, H.
L. Thaman, S. Berendts, R. Uecker, W. C. Carter, Y.-M. Chiang, Adv.
Energy Mater. 2017, 7, 1701003.

K. Fu,Y.Gong, G.T. Hitz, D. W. McOwen, Y. Li, S. Xu, Y. Wen, L. Zhang,
C. Wang, G. Pastel, J. Dai, B. Liu, H. Xie, Y. Yao, E. D. Wachsman, L.
Hu, Energy Environ. Sci. 2017, 10, 1568.

H. Shen, E. Yi, M. Amores, L. Cheng, N. Tamura, D. Y. Parkinson, G.
Chen, K. Chen, M. Doeff, J. Mater. Chem. A 2019, 7, 20861.

H. Shen, E. Yi, S. Heywood, D. Y. Parkinson, G. Chen, N. Tamura,
S. Sofie, K. Chen, M. M. Doeff, ACS Appl. Mater. Interfaces 2020, 12,
3494,

E.Yi, H. Shen, S. Heywood, J. Alvarado, D. Y. Parkinson, G. Chen, S.
W. Sofie, M. M. Doeff, ACS Appl. Energy Mater. 2020, 3, 170.

C. Yang, L. Zhang, B. Liu, S. Xu, T. Hamann, D. McOwen, |. Dai, W.
Luo, Y. Gong, E. D. Wachsman, L. Hu, Proc. Natl. Acad. Sci. U. S. A.
2018, 115, 3770.

B. Liu, L. Zhang, S. Xu, D. W. McOwen, Y. Gong, C. Yang, G. R. Pastel,
H. Xie, K. Fu, ). Dai, C. Chen, E. D. Wachsman, L. Hu, Energy Storage
Mater. 2018, 14, 376.

S. Xu, D. W. McOwen, L. Zhang, G. T. Hitz, C. Wang, Z. Ma, C. Chen,
W. Luo, ). Dai, Y. Kuang, E. M. Hitz, K. Fu, Y. Gong, E. D. Wachsman,
L. Hu, Energy Storage Mater. 2018, 15, 458.

S. Xu, D. W. McOwen, C. Wang, L. Zhang, W. Luo, C. Chen, Y. Li, Y.
Gong, J. Dai, Y. Kuang, C. Yang, T. R. Hamann, E. D. Wachsman, L.
Hu, Nano Lett. 2018, 18, 3926.

(32]

(33]
(34]

35]
(36]

(37]
(38]
(39]
[40]

[41]

[42]
[43]
[44]
45]

[46]

[47]

www.advancedscience.com

G. T. Hitz, D. W. McOwen, L. Zhang, Z. Ma, Z. Fu, Y. Wen, Y. Gong,
J. Dai, T. R. Hamann, L. Hu, E. D. Wachsman, Mater. Today 2019, 22,
50.

H. Xie, C. Yang, Y. Ren, S. Xu, T. R. Hamann, D. W. McOwen, E. D.
Wachsman, L. Hu, Nano Lett. 2021, 21, 6163.

Z.Jiang, S. Wang, X. Chen, W. Yang, X. Yao, X. Hu, Q. Han, H. Wang,
Adv. Mater. 2020, 32, 1906221.

K. V. Kravchyk, M. V. Kovalenko, Sci. Technol. Adv. Mater. 2022, 23, 41.
K. V. Kravchyk, F. Okur, M. V. Kovalenko, ACS Energy Lett. 2021, 6,
2202.

Y. Jin, P.J. McGinn, J. Power Sources 2011, 196, 8683.

K. Liu, J.-T. Ma, C.-A. Wang, J. Power Sources 2014, 260, 109.

A. C. Sutorik, G. Gilde, J. J. Swab, C. Cooper, R. Gamble, E. Shanholtz,
J. Am. Ceram. Soc. 2012, 95, 636.

A. C. Sutorik, G. Gilde, C. Cooper, J. Wright, C. Hilton, J. Am. Ceram.
Soc. 2012, 95, 1807.

J. L. Santos, R. L. S. B. Margal, P. R. R. Jesus, A. V. Gomes, E. P. Lima,
S. N. Monteiro, J. B. de Campos, L. H. L. Louro, Metall. Mater. Trans.
A 2017, 48, 4432.

W. Xia, B. Xu, H. Duan, X. Tang, Y. Guo, H. Kang, H. Li, H. Liu, J. Am.
Ceram. Soc. 2017, 100, 2832.

H. Duan, F. Oluwatemitope, S. Wu, H. Zheng, Y. Zou, G. Li, Y. Wu, H.
Liu, ACS Appl. Mater. Interfaces 2020, 12, 52271.

X. Zhan, S. Lai, M. P. Gobet, S. G. Greenbaum, M. Shirpour, Phys.
Chem. Chem. Phys. 2018, 20, 1447.

K. V. Kravchyk, H. Zhang, F. Okur, M. V. Kovalenko, Acc. Mater. Res.
2022, 3, 411.

K. P. Marshall, H. Emerich, C. J. McMonagle, C. A. Fuller, V. Dyad-
kin, D. Chernyshov, W. van Beek, J. Synchrotron Rad. 2023, 30,
267.

D. Chernyshov, V. Dyadkin, W. van Beek, A. Urakawa, Acta Crystallogr.
A 2016, 72, 500.

2205821 (10 0‘F10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILLOD @A 1.0 3|qeo! [dde 8L Aq peusenob 8 Sapoiie YO ‘8sn JO 3| 10y AeIq18UIUO AB]IM UO (SUORIPUOD-PUR-SWUB)ALI0O" A3 1M ARIq 1 BU1UO//SdNL) SUORIPUOD pue swie 1 8y 88 *[£202/70/TT] Uo Ariqi1auluO AB]IM ‘ISd INMISU| JB1:eYds [Med Aq 128502202 SAPe/Z00T 0T/I0p/AW0D A8 | Afe.q 1 jpuluo//:Sdny wouy pepeojumod ‘g ‘€202 ‘v¥8E86T2



