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Garnet-type LisLasZr,O4, (LLZ) is regarded as a promising oxide-based solid electrolyte (SE) for solid-state
lithium batteries (SSLBs) or other advanced Li-battery concepts like Li—air or Li—S batteries. A thin free-
standing LLZ sheet can be fabricated by tape-casting and used e.g. as separators in SSLBs, since tape
casting is an industrially established process and enables large-scale production of such SEs. However,
organic solvents and additives employed in conventional slurry recipes for tape-casting give rise to health
and safety concerns and also cause a high cost for solvent recovery. Hence, development of a green,
water-based processing route can reduce both manufacturing costs and environmental footprint. In this
work, we developed a tape-casting process for LLZ SEs using water as solvent, the water-soluble bio-
polymer methylcellulose as binder and other eco-friendly polymers as plasticizers. Although a Lit/H*
exchange takes place during our procedure, we demonstrate that the Li*/H* exchange reaction is revers-
ible in our procedure and results in the formation of stoichiometric cubic LLZ at the end. The obtained
free-standing LLZ sheets with thickness of 150 pm and relative density of approx. 90% offer an ionic con-
ductivity of 0.15 mS cm™* at room temperature. We thereby prove that it is feasible to use water as dis-
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Introduction

Lithium ion batteries (LIBs) power almost all portable elec-
tronic devices, electrical vehicles and increase their market
share in stationary storage applications."”” However, the
energy density of the conventional LIBs comprising organic
liquid electrolytes will soon reach its physicochemical limit.®
Additionally, the flammable organic electrolytes raise concerns
regarding safety when cells and systems are scaled up. In con-
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persion medium and eco-friendly polymer additives for the fabrication of thin garnet-based SE layers.

trast, solid-state lithium batteries (SSLBs) that use solid elec-
trolytes (SEs) instead of liquid ones are becoming a promising
solution for safer batteries with higher energy density.®’
Common materials used for SEs are oxides, sulfides and poly-
mers. In general, the ionic conductivities of oxide and sulfide
SEs are 2 to 4 orders of magnitudes higher than the ones of
polymer SEs, and the oxides have higher chemical stability
than sulfides in air, which enables the production and proces-
sing of oxides SEs in ambient atmosphere.'*> Among
different solid electrolytes, the garnet-type compound
Li;LasZr,0;, (LLZ) has drawn particular attraction as a per-
spective solid lithium ion conductor for different battery
concepts.”*™"® LLZ has a relatively high ionic conductivity of
up to 107 S ecm™" at room temperature (r.t.) enhanced by
different substitutions such as Al, Ta, Ga and Nb.">*® The
unique feature of LLZ is its high chemical and electrochemical
stability versus lithium metal,'®?° which makes LLZ a very
attractive SE material for the use with a metallic Li anode.
Since the discovery of LLZ in 2007,”" an intensive research was
conducted to integrate LLZ in SSLBs or to use LLZ as single
ion conducting separators in other post Li-ion-battery concepts
such as Li-air and Li-S."*™® However, the progress in the
development of LLZ-based electrochemical energy storage
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devices is still slow due to the multiple challenges with the
fabrication process.**> Processing methods that are cheap,
scalable and environmentally benign are needed to demon-
strate economic feasibility of LLZ-based devices. In particular,
the fabrication of dense thin layers acting as SE separators in
SSLBs using scalable industrial methods still needs to be
developed.

Tape casting is a well-known technique for large-scale pro-
duction of free-standing ceramic components with layered
structures, e.g. in the field of solid oxide fuel cells (SOFCs) that
are usually composing more than 3 layers for a SOFC.>¢7®
Large area foils of ceramic material are prepared from a slurry
containing ceramic powder, dispersing agents, binders and
plasticizers in a suitable solvent, which is cast in a continuous
process and can be cut into desired shape and sintered at elev-
ated temperature in a subsequent step to obtain the desired
component. Recently, several researchers have reported apply-
ing this technique for the fabrication of LLZ thin layers
(Table 1). Yi et al.**?° successfully fabricated ultrathin layers
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with a thickness less than 30 pm from Ga- and Al-doped LLZ
nanopowders. Wachsman and co-workers made great efforts in
fabrication of not only dense but also porous LLZ layers.>'?
Several studies reported the using of additional sintering addi-
tives, e.g. Li;BO;,>! Zn0,* Al,0;,°® Li,0* to achieve higher
density of the LLZ tapes, which, however, can lead to the
reduction of their electrochemical performances. Furthermore,
the tape casting slurries in all these works used organic sol-
vents, raising health and safety concerns and increasing the
manufacturing costs due to the need of solvent recovery.
Hence, the development of a green, water-based processing
route that can reduce both manufacturing costs and environ-
mental footprint are of concern. Since LLZ is known sensitive
to water,*® there are few reports on water-based processing of
LLZ till now. To our knowledge, there are only two demon-
strated examples in literature reporting the aqueous tape-
casting of LLZ*® and an aqueous-based gelcasting process of
LLZ.*° The reported aqueous tape-cast LLZ was found to par-
tially decompose during sintering in air forming Zr-containing

Table 1 Examples of fabrication of garnet solid electrolytes by tape casting

Ionic
Thickness Sintering conductivity
Powder Solvent  Dispersant Binder Plasticizer [pm] parameters [mS em™] Ref.
Lig »5La3Alg 521,01, Ethanol PAA PVB BBP 28 1080 °C, 1 h, 0.2 (r.t.) 29
N,
Acetone 800 °C, 1-4 h,
O,
Lig»5La;Gag 252,015 Ethanol PAA PVB BBP 25 1130°C, 0.3 h, 1.3 (r.t.) 30
N,
Acetone 800 °C, 1-4 h,
O,
Li;La, 55Cag 2571 75Nbg 55015 Toluene Fish oil PVB BBP 35 (dense) 700 °C, 4 h, air  0.22 (22 °C) 31 and
IPA 70 (porous) 1100 °C, 6 h, 32
air
Lig.75Las 75Ca9.25Z11.5Nbg 5015 Toluene Fish oil PVB BBP 14 (dense) 1050 °C, 1 h, Not 33
IPA 70 (porous) air mentioned
Li;LazAlg1Zr, 7;5Nbg 55015, Toluene  Fish oil EC PEG 150-175 650 °C, 1 h, air  0.283 (r.t.) 34
Li;BO; Ethanol DBP 1000 °C, 6 h,
Ar
Lig 16La3Alg 571,015, ZNO Ethanol  Fish oil PVB PEG 500 600 °C, 1 h,air  0.08 (25°C) 35
Xylene BBP 1250 °C, 5 h,
Toluene air
Li;LasZr,01,, Al,O5 THEF, Rhodaline PVA Not 80-100 900 °C, 6 h, air 0.1 (22 °C) 36
IPA mentioned
Butanol PVB 1200 °C, 6 h,
Ar/H,
Lig 4LazZry 4Tag 6045, Li,O Ethanol None PAR MB 200 650 °C, 1 h, air  0.52 (30 °C) 37
BuAcO 1100 °C, 6 h,
air
Lig sLa, sGag 221y 75Nbg 2501, Water None WB04B-53 None 90 (green) 800 °C, 2 h, air 0.5 (r.t.) 39
1040 °C, 2 h,
Ar
LigsLasZry sTay.5012 Water None WB4101 Not 800 °C, 2 h, air  0.32 (r.t.) 39
mentioned 1140 °C, 2 h,
Ar
Li.a5Alo.05La3Zr1 6Ta0 4015 Water None MC PEG 150 750 °C, 1 h, air  0.15 (r.t.) This
Glycerol 1175 °C, 4 h, work

air

IPA: isopropanol; THF: tetrahydrofuran; BuAcO: butyl acetate; PAA: polyacrylic acid; PVB: polyvinyl butyral; PVA: polyvinyl acetate; EC: ethyl
cellulose; PAR: polyacrylic resin; MC: methylcellulose; BBP: benzyl butyl phthalate; DBP: dibutyl phthalate; PEG: polyethylene glycol; MB: methyl

benzoate; r.t.: room temperature.
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secondary phases, which lowered the ionic conductivity by
factor of two. The gel-cast SE, on the other hand, is much
thicker (1 mm) than tape-cast ones and would thus decrease
the energy density on cell level. Moreover, both of them
applied synthetic binders and used LiOH to prevent Li'/H'-
exchange, which complicates the process and make it more
expensive. Therefore, in our study we developed a water-based
tape-casting process of LLZ by using green binders and plasti-
cizers, making it even simpler and more environmentally
benign. This advancement can pave the way for scaled indus-
trial application of high ionic conductive LLZ SEs for SSLBs
and advanced Li-batteries.

The substitution of the solvent from organic to water in
conventional tape-casting slurries is a good way to make the
processing simpler and thus cheaper. However, to make the
process even more “green” and thus further increasing the
environmentally benign, the employed binders also need to
undergo a green evolution (Fig. 1).*' Polytetrafluoroethylene
(PTFE) and poly(vinylidene fluoride) (PVdF) are widely used
binders for electrodes that are used in supercapacitors and
LIBs.*>** Both of them are F-containing while PVAF even
requires the use of the hazardous organic solvent N-methyl
pyrrolidone (NMP),** so that they do not meet the criterion of
non-toxic green process. F-free Polyvinyl acetate (PVA) and poly-
vinyl butyral (PVB) are usually employed as binder in ethanol-
based tape casting processes,>**??>3¢ but they are still inco-
munitedible with aqueous processing due to their poor solubi-
lity in water. Higher water solubility is obtained for polyvinyl
alcohol (PVOH) and poly(acrylic acid) (PAA) owing to the
hydrophilic hydroxyl and carboxyl group, respectively.***’
However, the production of all these synthetic polymers highly
relies on non-renewable fossil resources. One step further
towards green binders is the application of bio-polymers and
their derivatives that originate from sustainable resources, for
instance polysaccharides. Polysaccharides are polymeric carbo-
hydrates consisting of a large amount of monosaccharides
linked glycosidically, which can be often found in form of
starch, cellulose, alginate, chitosan, pectin etc.”' Among them
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Fig. 1 Green evolution of binders.
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carboxymethyl cellulose (CMC) is an intensively studied bio-
derived binder used in the fabrication of electrodes for
LIBs.**™*® However, the commercial CMC is usually only avail-
able in the form of its sodium salt, where the Na-containing
compound can react with LLZ at elevated temperatures as
shown in Fig. S3.1 Therefore, it is crucial to find new bio-
derived binders that are composed of only C, H and O for the
manufacturing of garnet based SEs for SSLBs and advanced Li-
batteries.

In this work, we developed a novel aqueous tape casting
route to fabricate thin, dense, free-standing films of LLZ. All
binders and additives used in here are bio-polymeric or non-
toxic substances. After sintering in air and a subsequently
annealing process in Ar, the obtained LLZ layers show a high
ionic conductivity and enable the use of metallic Li as anode
for SSLBs and other advanced Li-battery concepts. In addition,
we also investigated the effect of water on LLZ during the
whole procedure to prove that this developed aqueous proces-
sing route is feasible to obtain desired garnet SE with pure
cubic phase with high ionic conductivity.

Experimental

Garnet solid electrolyte preparation

Ta- and Al-Substituted Lig 45Alp05La3Zr; ¢Tay 401, (LLZ:AlTa)
was selected as the SE material because Ta and Al can stabilize
the cubic structure of LLZ and lead to an increased ionic
conductivity.'®*® LLZ:AlTa powder was prepared via a four-step
solid-state reaction as described in our previous work.’® The
synthesized powder corresponds to a cubic LLZ phase, as
follows from the X-Ray diffraction (XRD) patterns (Fig. S17). A
small impurity phase of Li,CO;3 detected in XRD can be attrib-
uted to the excess lithium reagent added into the synthesis
process for compensating lithium loss during the whole sinter-
ing process, which is confirmed by ICP-OES giving the overall
lithium  concentration  high  than  the  targeting
Lig.45Alg gsLasZr, ¢Tay 401, (Table S1t). The as-prepared LLZ:
AlTa powder was then milled for 60 h with 5 mm diameter
ZrO, grinding media in isopropanol (99.5%, Alfa Aesar), fol-
lowed by drying in an oven at 70 °C.

An aqueous polymer solution was prepared in advance by
dissolving methylcellulose (MC, Alfa Aesar), polyethylene
glycol (PEG, Merck) and glycerol (Merck, 99%) in deionized
water. The ball-milled LLZ:AlTa powder was added into the
polymer solution. This suspension was then homogenized
under vacuum (10 kPa) with 5 mm diameter ZrO, beads in a
planetary mixer (Thinky, USA) at 1000 rpm for 5 min to form
the slurry for tape casting. The formulation of the slurry is
summarized in Table 2. Afterwards, the obtained slurry was
cast on a Mylar foil using a moving doctor blade. The thick-
ness of green tapes were controlled by varying the gap of a
doctor blade. After drying overnight at ambient atmosphere,
the green tapes were manually peeled off the Mylar foil and
cut into desired sizes. Two layers of the green tape were lami-
nated at 80 °C with a pressure of 120 MPa for 2 min to
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Table 2 Formulation of slurry for tape casting

Materials Function Weight percent [%]
LLZ:AlTa Solid 52.40
deionized water Solvent 43.66
Methylcellulose Binder 0.44
Polyethylene glycol Plasticizer 1.75
Glycerol Plasticizer 1.75

improve the packing density. The laminated green tapes were
punched into discs with 14 mm diameter for sintering.

The green discs were placed between two MgO plates with
LLZ-coatings inside a closed alumina crucible. The crucible
was heated up in air at a heating rate of 1 °C min™" to 700 °C
with 1 h dwell time and subsequently at a heating rate of 10 °C
min~" to 1175 °C with 4 h dwell time for sintering. Afterwards,
the sample were free cooling to r.t. The obtained dense garnet
discs were labeled as LLZ-air. Samples of LLZ-air were further
placed on an alumina boat and annealed in a tube furnace
with flowing argon at 800 °C with 1 h dwell time and were
noted as LLZ-Ar.

Material characterization

The samples were characterized for their phase purities by
XRD on a Bruker D4 Endeavor device (Bruker, Germany) using
Cu Ko radiation equipped with a 1D detector LynxEye. The
TOPAS V4 software (Bruker AXS) was used for Rietveld refine-
ments to determine the lattice parameters of the samples.
Raman spectroscopy was carried out with a Renishaw inVia
Raman microscope using a solid-state 532 nm excitation laser
and 1800 lines per mm grating. Inductively coupled plasma
optical emission spectroscopy (ICP-OES) was used to deter-
mine the stoichiometry of the LLZ-Ar sample. Particle size dis-
tribution (PSD) was determined by Fraunhofer diffraction
using a Horiba LA-950V2 instrument (Horiba, Japan). The vis-
cosity of the slurry was measured by a rheometer Physica
MCR100 (Anton Paar, Austria) with a cylinder
DG26.7 measuring system. The thermogravimetric analysis
(TG) was conducted on the thermal analyzer (Netzsch STA 449
F1 Jupiter) coupled with a mass spectroscopy (MS) (Netzsch
403 C Aeolos). For microstructural investigation on cross-
section, samples were embedded in EpoFix epoxy resin
(Struers, Germany) and mirror-polished. Back-scattered elec-
tron (BSE) images of the microstructure were taken by a scan-
ning electron microscope (SEM) (TM3000 tabletop microscope,
Hitachi). Density was calculated by phase analysis of the cross-
sectional SEM image using the image processing software Fiji
(NIH Image).

Electrochemical characterization

For electrochemical measurements, a VMP-300 multi-potentio-
stat (BioLogic) combined with a climate chamber (Votsch
VT4002EMC) was used. A cyclic voltammetry (CV) measure-
ment was conducted in the potential range from —0.02 V to 5

Green Chem.
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V vs. Li*/Li at a scan rate of 0.02 mV s™'. The garnet solid elec-
trolyte sample for CV measurement was sandwiched between
one metallic Li foil and one In foil. Electrochemical impe-
dance spectroscopy (EIS) was measured in the frequency range
from 7 MHz to 10 mHz with an electrical field perturbation of
20 mV. A fitting of the impedance spectrum was conducted in
the software ZView (Scribner). For EIS measurement, sample
was sandwiched between two metallic Li foils and heated up
to 300 °C to obtain a better contact at the interface. The same
symmetric cell was also used to conduct the Li stripping/
plating tests at 80 °C with 1 h per cycle. All these measure-
ments were performed in Swagelok cells, which were
assembled inside an Ar-filled glovebox.

Results and discussion
Tape casting of garnet solid electrolyte layers

For tape casting, a slurry comprising the milled LLZ:AlTa
powder and aqueous binder system was prepared. PSD of the
LLZ:AlTa powder (Fig. 2) shows a trimodal curve for the
powder before ball-mill, indicating the presence of large par-
ticles or agglomerates, whereas the powder after ball-milling
shows only one narrow peak with a Ds, value of 1.17 pm and is
suitable for the tape casting process. As mentioned before, the
commercial CMC binder contains sodium, which might
exchange with Li" in the structure of LLZ at elevated tempera-
ture. To avoid this uncertain effect, we choose therefore Na-
free MC binder. It is also worth noting that the MC, PEG and
glycerol in this aqueous binder system are all non-toxic that
are often used as food additives or pharmaceutical appli-
cations due to their harmless to humans.” Major advantage of
the aqueous slurry preparation presented here is that there is
no additional organic dispersant needed, because the water
itself is already good dispersant. Additionally, it is well known
that the immersing of LLZ in water triggers a Li'/H" exchange
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Fig. 2 PSD of LLZ:AlTa powder before and after ball-milling.
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reaction with water and results in the increase of pH up to
11-12 52-54

Li;LazZr, 05, + xH,O
— Liy_yH,LazZr,Oq, + xLi*T + xOH~ (1)
A large amount of OH™ anions will be adsorbed on the
surface of LLZ particle to provide the electrostatic repulsive
force, which further stabilizes the suspension (details in ESIT).
In our case, the pH value of the prepared slurry, due to the
high solid loading, reached pH 12.5 directly after mixing LLZ:
AlTa powder with the aqueous polymer solution. The rheologi-
cal behavior of the prepared slurry was then investigated,
which shows a shear thinning behavior (Fig. 3a) in the suitable
range for tape casting. The high viscosity of the slurry at low
shear rate will prevent the inhomogeneous sedimentation of
ceramic particles during the drying step after casting. This is
an important point to the process, because the drying of
aqueous tapes takes much longer time than ethanol-based
ones due to the slower evaporation rate of water. In industrial
processing, however, the drying time can be reduced through
application of heat below and/or over the tapes. The dried
green tape, as shown in Fig. 3b, was soft and flexible, which
can be easily cut into desired sizes and shapes for the sub-
sequent sintering step. Through controlling the height of
doctor blade, the thickness of green tapes can be varied from
60 to 140 pm. Although the slurry was prepared as foam free,
the green tapes still exhibit certain porosities created by the
evaporation of solvent. Therefore, it is necessary to laminate
and compress the green tapes to increase their green density.
In the TG analysis of the green tape several steps with
weight loss were observed (Fig. 3c). MS was applied to identify
the source of each weight loss step. The MS curves corres-
ponding to H,O (m/z = 18) and CO, (m/z = 44) are presented in
Fig. 3c as well. The remaining water in the green tapes starts
to evaporate at around 50 °C. The weight loss at the tempera-
tures between 200 and 620 °C is about 15%, which is close to
the total organic content in the green tapes, indicating that all
organic additives are burned out at this stage (debinding
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stage). The CO, evolution is observed between 650 and 900 °C,
which can be assigned to the decomposition of Li,CO; present
on the surface of the LLZ:AlTa powder (as evident from
Fig. S17). No further weight loss was observed beyond 900 °C.
For the final densification the tapes were sintered at a temp-
erature of 1175 °C with 4 h dwell time, which was shown to be
the optimum sintering temperature reported in our previous
work.?® The fresh sintered sheets of LLZ-air show a yellowish
color, as shown in the inset of Fig. 4a. The sintered thin sheets
have a thickness of ~150 pum the apparent density of approx.
90% (Fig. 4c). The yellowish color of LLZ-air can be attributed
to a Li,CO; layer on the surface, which can be seen clearly in
the BSE-SEM image (Fig. 4a), showing a phase in dark color.
This observation is in agreement with Li et al.>> was observed.
The presence of Li,CO; is also detected in XRD pattern
(Fig. 4d) showing diffraction peaks at 21° and 24° but with
quite low intensity due to the bulk sensitivity of XRD. A
surface sensitive Raman spectroscopy was used to confirm the
existing of Li,CO3, which is indicated by the strong band at
1090 cm™' originated from the CO;>~ symmetric stretching
vibration of Li,CO; (Fig. 4e).’® Since the Li,CO; in the syn-
thesized powder as well as the one in the green tapes formed
during drying has been thermally decomposed during the sin-
tering at elevated temperature according to the TG results, it is
reasonable to suggest that this impurity layer was formed
during the cooling process in ambient atmosphere.

The presence of the Li,CO; passivation layer on the surface
of sintered LLZ sheet is disadvantageous as it is known to
increase the interfacial resistance between garnet and lithium
metal.>” Li,CO; layer can be however removed by annealing in
Ar.*® After annealing in Ar, the obtained free-standing garnet
solid electrolyte LLZ-Ar is partially transparent with color in
white (shown in the inset of Fig. 4b), indicating the successful
removal of the impurities. SEM image (Fig. 4b) reveals a clean
surface of LLZ-Ar, and there are no diffraction peaks in XRD
(Fig. 4d) or Raman bands (Fig. 4e) related to Li,CO;. ICP-OES
reveals the final composition of the solid electrolyte LLZ-Ar
close to the stoichiometric composition (Table S17). It should
be noted however that the freshly sintered tapes in our process
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Fig. 3 (a) Viscosity versus shear rate curve of the prepared slurry for tape casting; (b) photograph of the green tapes (size of the small square tape:

1.5 cm X 1.5 cm; size of the large square tape: 9 cm X 9 cm); (c) TG with MS of green tape.
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(a) Surficial SEM image of LLZ-air (inset: photograph of LLZ-air, size: ca. 11 mm in diameter); (b) surficial SEM image LLZ-Ar (inset: photo-

graph of LLZ-Ar, size: ca. 11 mm in diameter); (c) cross-sectional SEM image of LLZ-air; (d) XRD patterns of LLZ-air and LLZ-Ar; (e) Raman spectra of

LLZ-air and LLZ-Ar.

are carbonate-free and the Li,CO; layer is formed during the
cooling step in ambient atmosphere. Therefore, an additional
annealing step can be avoided by performing sintering in a dry
room or switching the atmosphere during the cooling step.

Effect of water

To fully understand the effect of water in this developed
aqueous processing for LLZ, the impact of the Li'/H"-exchange
reaction was investigated. For that, we prepared samples to
carry out ICP-OES and XRD measurements on all LLZ samples
for each step of the whole fabrication procedure: (1) starting
powder “LLZ:AlTa”, (2) solid filtrated from water-based slurry
“LLZ-slurry”, (3) the green tape “LLZ-green”, (4) the sintered
“LLZ-air” and “LLZ-Ar”. Lattice parameters for cubic LLZ were
calculated from Rietveld refinement of the respective XRD
data. The obtained results of elemental compositions from
ICP-OES and lattice parameters as well as corresponding
phase contents from Rietveld refinement are compiled in
Table S1f and Table 3, respectively. The elemental analysis
reveals severe Li loss for LLZ particles in “LLZ-slurry” by nearly
one third when compared to the starting powder, indicating
strong Li'/H'-exchange between garnet powder and the
aqueous medium in slurry, which results in the dramatically
increasing of pH value of the slurry up to 12.5. On the other
hand, the Li loss in the sintered samples is related to the
expected Li evaporation at high temperature. Li,CO; is hardly

Green Chem.

to find in “LLZ-slurry” because the carbonate in pristine
powder as well as LiOH (the product of Li'/H"-exchange) was
dissolved in water and left in filtrate. The solid “LLZ-slurry”
after such severe Li'/H'-exchange could hardly further form
new carbonate when exposure to air. It should be mentioned
that “LLZ slurry” is not a step involved in our aqueous tape-
casting process and is demonstrated here only for the purpose
of investigation on Li'/H"-exchange. In comparison we found
an increasing portion of Li,CO; in green tapes “LLZ-green”,
which can be attributed to the Li'/H"-exchange. These carbon-
ates provide Li source for the Li-recovery in LLZ at elevated
temperature that we will discuss later in this section.
Interestingly, we found two cubic phases of LLZ in all samples
after the Rietveld refinement. One of them has a smaller
lattice parameter around 12.95 A, noted as phase #1, and the
other has a relatively larger lattice parameter over 13.00 A,
noted as phase #2. Quantitative phase analysis results at
different steps showed that the ratio of phase #1 decreases
with the increasing ratio of phase #2 when LLZ powder is
immersed in water, whereas the phase #2 is almost completely
converted into phase #1 upon sintering. Comparing the lattice
parameters of both phases with literature data of Ta-substi-
tuted LLZ,>* we can conclude that phase #1 is cubic phase LLZ
stabilized by Ta-substitution without proton, while the phase
#2 is stabilized by proton, in which the proton substitution
leads to a lattice expansion. The observed reversibility of this

This journal is © The Royal Society of Chemistry 2020
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Table 3 Lattice parameters and phase analysis of LLZ samples from each step of fabrication procedure

LLZ phase #1

LLZ phase #2

Li,CO;
Lattice parameter [A] Weight percentage [%] Lattice parameter [A] Weight percentage [%] Weight percentage [%]
LLZ:AITa 12.950(2) 83 12.99(6) 15 2
LLZ-slurry 12.965(3) 58 13.01(2) 42 0
LLZ-green®  12.97(1) 34 13.03(1) 62 3
LLZ-air 12.946(2) 92 12.98(9) 6 2
LLZ-Ar" 12.944(1) 95 12.98(6) 3 1

“ Rest impurities in “LLZ-green”: La(OH); (1%). ” Rest impurities in “LLZ-Ar”: La,Zr,0, (<0.5%) and La,0; (<0.5%).

e.g. in “LLZ-slurry” and “LLZ-gre:

o

i L, H LagZr,0450y

r.t, inair 1;___,__“?’13_5??3)_ ______ , >200°C
x LIOH v H,0
(x+y) H,0 ~
——————— <)
(7 ) o :
. o  Li;La;Zr,0,, | Li, H,La;Zr,0,,
LLZ-Ar ‘Arl (phase #1) | i %/2 H,0
X/2Li,CO,
>650°C Li. La.Zr,0 >400°C %/2 H,0
7xt83£015./2 /€1
X/2 CO,e— ol

Fig. 5 Schematic representation of the reversible phase transition
mechanism between pure LLZ and hydrated LLZ based on ref. 59. To
simplify the expressions, Al and Ta are removed in this schematic.

phase transition of water-treated LLZ upon heating can be
explained by the mechanism proposed by Larraz et al.’® and a
schematic representation thereof is shown in Fig. 5. Through
the Li'/H"™-exchange and the insertion of water molecules into
LLZ structure, a hydrated cubic garnet is formed, which can be
expressed as Li,_,H,LazZr,0;,-yH,0. This hydrated garnet
losses the water of hydration between 200-250 °C to result in
the cubic protonated garnet Li;_,H,LazZr,0,,, which further
releases water between 400-450 °C giving rise to a cubic garnet
with O-vacancy Li;_,LazZr,O;,_,,. The latter reacts with
Li,CO; at around 700 °C to form stoichiometric cubic
Li;LazZr,01,. Our results clearly show that the garnet stoichio-
metry is recovered at the end, though it is hydrated and proto-
nated at the beginning. The only two other reported works
regarding aqueous processing of LLZ, extra LiOH was inten-
tionally added to suppress the Li'/H'-exchange reaction.*®®°
However, our study clearly demonstrates that even without
additional LiOH was added into slurry, the stoichiometric
cubic LLZ can still be obtained after final heat treatment.
Therefore, the water-based processing route we developed is
feasible to obtain pure cubic garnet SEs.

Electrochemical characterization

The ionic conductivity of the “LLZ-Ar” sheets was determined
by EIS measurement using a Li|LLZ-Ar|Li symmetric cell. The
resulting Nyquist plot and its equivalent circuit are shown in
Fig. 6a. In the equivalent circuit, parallel elements of resistor
(R) and constant phase element (CPE) are used to fit semicir-

This journal is © The Royal Society of Chemistry 2020

cles, while an inductor (L) is added due to wiring. We can see
two semicircles that represent the resistances originating from
the LLZ-Ar at high frequency (corresponding capacitance 4.93
x 107'° F) and the LLZ-Ar/Li-interface at low frequency (corres-
ponding capacitance 3.94 x 107" F), respectively. The bulk and
grain boundary conductivities in polycrystalline ceramics
measured by EIS usually exhibit capacitances in 107'* F and
107"'-107® F range, respectively.®' Thus for our measurements,
we assign the high-frequency semicircle with a capacitance in
107'° F to the grain boundary resistance of LLZ-Ar (R2), while
the bulk resistance is presented by the serial resistance R1 at
high frequency. Thus, the total ionic conductivity of LLZ-Ar is
0.15 mS cm™" at room temperature (detailed calculation see
ESI and Table S2t), which is comparable with reported garnet
SEs fabricated by conventional (non-aqueous) tape-casting
(Table 1). The sample-electrode interface usually exhibits a
capacitance in the 1077-10"> F range. Hence, the low-fre-
quency semicircle with a capacitance in 10~> F was attributed
to the interfacial resistance between LLZ-Ar and Li metal.

For application in SSLBs or other advanced battery con-
cepts, the SE must show broad electrochemical stability
window. To characterize the electrochemical stability, the
LLZ-Ar layers were assembled in a Li|LLZ-Ar|In cell and CV
measurements were carried out with a two-electrode set-up
using Li as both counter and reference electrode. In the CV
shown in Fig. 6b, the reduction peak onset at 0.61 V vs. Li'/Li
can be assigned to the formation of Li-In alloy, while the
corresponding oxidation peak onset at 0.62 V vs. Li'/Li rep-
resents the de-alloying of Li from the formed Li-In alloy.®?
Another reduction peak near 0 V vs. Li'/Li is the Li plating
process together with subsequent non-redox Li diffusion into
In forming the Li-In alloy. No other redox peaks are observed
in the whole scan range, indicating electrochemical stability of
the prepared SE. Meanwhile, the wide voltage window up to 5
Vs, Li'/Li, i.e. 4.4 V vs. Li'/Li-In allows the use of high-voltage
cathode materials in SSLBs in the future. Nevertheless, other
operando and ex situ characterization methods are still
required to comprehensively determine the electrochemical
stability window of the SE separator versus Li metal.®*®*

To further practically investigate the Li-conducting behavior
of the prepared SE, Li stripping/plating tests were carried out
with stepwise increasing current density (from 5 to 30 pA cm™>
with increment of 5 uA ecm™ per step) first to determine the

Green Chem.
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(a) Nyquist plots of a Li|LLZ-Ar|Li symmetric cell measured at r.t. (inset shows the equivalent circuit for fitting, where R is resistor, L is induc-

tor and CPE is constant phase element); (b) CV curve of a Li|LLZ-Ar|In cell measured at room temperature (inset schematically represents the test
cell for CV with WE: working electrode, CE: counter electrode and RE: reference electrode); (c) voltage profile of a Li|LLZ-Ar|Li symmetric cell under
variable current densities at 80 °C; (d) galvanostatic cycling of a Li|LLZ-Ar|Li symmetric cell at 10 pA cm~2 at 80 °C.

critical current density and later with a constant one (10 pA
ecm~?) to study the long-term cycling performance. 80 °C was
chosen as the operation temperature because of a faster Li
diffusion in SE and a higher ductility of the Li metal anode at
this temperature. In the voltage profile under variable current
densities (Fig. 6¢) we found that the Li|LLZ-Ar|Li symmetric
cell can cycle steadily up to a current density of 15 pA cm™>
(with some polarization) whereas increasing the current
density further to 20 pA cm™> leads to a short circuit most
likely caused by dendrite formation. Although this critical
current density value is still far away from practical application
and some reports show 1-2 orders of magnitude higher
ones,*>*? it is still in the range of reported operational current
densities of ASSLBs with dense, free sintered garnet SE separa-
tors. It seems that the low Li self-diffusion in the Li metal
results in poor contact between garnet and metal anode,
leading to fast dendrite formation."”®® Therefore, a safe
current density for the prepared SE was set to 10 pA cm 2,
which was then applied for the long-term cycling. The
obtained cycling profile (Fig. 6d) shows the steady Li-conduct-
ing performance over 100 hours without short circuit, though
we observed slightly increased voltages after 90 hours as a con-
sequence of increasing Li/SE-interface resistance due to the

Green Chem.

roughness on the SE surface. Since we did not do any Li/SE-
interface modification, the observed critical current density as
well as the Li-stripping/plating performance could depend
rather on the Li/SE-interface contact than on the conductivity
of SE itself. The Li foils in these demonstrated cells were all
attached by hand, which may lead to large difference in the Li/
SE-interfacial resistance from one cell to another. To avoid this
issue, it would be better to deposit Li onto the SE by for
instance an evaporator.

Conclusions

We successfully developed a water-based tape-casting process
using eco-friendly binders to fabricate thin free-standing
garnet solid electrolyte (SE). We showed that the occurring Li'/
H'-exchange reaction is completely reversible in our process
and enables the formation of stoichiometric Ta- and Al-substi-
tuted LLZ with cubic phase. The obtained garnet SEs shows a
total ionic conductivity of 0.15 mS cm™" at room temperature
and is (electro-)chemically stable against lithium metal within
the boundaries of the experiment. Therefore, our developed
water-based tape-casting process paves a green way to fabricate

This journal is © The Royal Society of Chemistry 2020
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free-standing garnet SE separator, which is suitable to be
employed in SSLBs with SE-supported configuration or in
other advanced Li-battery having Li-metal anodes. Further
work needs to be done on modification of SE/Li-interface to
achieve a higher applicable current density and better long-
term cycling performance.
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