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A Review on Li*/H™ Exchange in Garnet Solid Electrolytes:
From Instability against Humidity to Sustainable Processing

in Water

Ruijie Ye,”® Martin Ihrig,”’ Nobuyuki Imanishi,” Martin Finsterbusch,*™® % and

Egbert Figgemeier® ¥

Garnet-based Li-ion conductors are one of the most promising
oxide-ceramic solid electrolytes for next-generation Li batteries.
However, they undergo a Li"/H™ exchange (LHX) reaction with
most protic solvents used in component manufacturing routes
and even with moisture in ambient air. These protonated
garnets show a lower Li-ionic conductivity, and even if only the
surface is protonated, this degraded layer hinders the Li-ion
exchange with, for example, a metallic Li anode. Furthermore,
the resulting unstable surface properties during the processing
in air lead to challenges with respect to reproducibility of the
final component performance, limiting their commercial applic-

1. Introduction

Lithium-ion batteries (LIBs) are currently the main energy source
of most portable electronic devices and electric vehicles
worldwide.! However, the flammable organic electrolytes in
the LIBs have raised concerns over their safety especially in
combination with Li-metal anodes for high-energy-density cells.
To overcome this disadvantage of conventional LIBs, both
academia and industry are dedicated to replacing liquid electro-
lytes with novel solid-state Li* conductors that enable the use
of metallic Li anodes.” Among various solid-state Li"™ conduct-
ing materials, the garnet solid electrolyte has drawn increasing
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ability. However, in recent years, the knowledge about the
underlying chemical mechanisms has led to the development
of mitigation strategies and enabled a push of this promising
material class towards sustainable and scalable fabrication
routes. This Minireview covers the following four aspects, which
are relevant for a comprehensive understanding of these
developments: (1) reports of LHX phenomenon in garnets
exposed to air and solvents; (2) recent understandings of the
fundamentals and properties of LHX; (3) strategies to prevent
LHX and to recover garnets; and (4) sustainable application of
LHX for material processing and energy-related devices.

attention due to its high Li-ionic conductivity (up to 1 mScm™'

at 25°C), broad electrochemical window (>6V vs. Li*/Li) and
intrinsic chemical stability toward metallic Li.®!! However, even
though garnets are in principle stable in air, they have been
found to form a passivating surface layer in humid air that not
only leads to challenges regarding the component fabrication
and processing,™ but also hinders the Li* conduction and thus
impairs the battery performance.” This instability of garnets
against moisture is mainly attributed to the Li*/H* exchange
(LHX) reaction between garnets and water.® Hence, under-
standing the mechanism of this LHX reaction can help with
handling garnets in ambient atmosphere and solvents during
processing and application. Understanding and ultimately
mitigating the adverse effects of the LHX will be key to fully
utilize the advantages of garnets, especially with respect to
environmental friendliness of this fluorine-free, non-toxic elec-
trolyte and the possibility for sustainable manufacturing of
garnet-based batteries.

In this Minireview, we focus on the LHX in garnet solid
electrolytes from fundamental to practical aspects. At the start,
we provide a short introduction of garnet Li* conductors. After
showing the degradation phenomenon of garnets in humidity
by LHX, we present the reaction mechanism behind the Li*/H*
chemistry and the impact of LHX on garnet structures and
properties. The Minireview further introduces the up-to-date
applications of LHX in solvent-assisted processing and garnets
in water-based energy-related fields.
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2. Garnet Li* Conductors

The first Li* conductor of the garnet family was reported by
Thangadurai etal. in 2003 as LisLa;Ta,0,, with a bulk con-
ductivity around 10°°Scm™' at 25°C."” Later, they showed an
improved Li™ conductivity of 4x107°Scm™ at 22°C for
Li;BaLa,Ta,0,,.® In 2007, Murugan et al. achieved an important
breakthrough with the Li-stuffed garnet Li,La;Zr,0,, (LLZO),
which led to an enhancement in bulk conductivity by one order
of magnitude to 3x107*Scm™" at 25°C™ Since then, the Li*
conductivity of LLZO was further increased to 1072 Scm™ by
introducing various dopants and substitutions like Al, Ta, Ga,
and Nb."”

Two stable crystal structures exist for LLZO: a cubic phase
with the space group (SG) la-3d and a tetragonal phase with
the space group /4,/acd. The cubic LLZO has a Li™ conductivity
two orders of magnitude higher than that of the tetragonal
form.2>¥ Figure 1a shows the crystal structure of cubic LLZO
that consists of 8-fold coordinated LaOg; dodecahedra, 6-fold
coordinated ZrOg octahedral, and Li ions partially occupying the
interstitial sites. Based on neutron diffraction studies, the Li ions
in cubic LLZO possess three different interstitial sites, namely (i)
tetrahedral (24d), (ii) octahedral (48 g), and (iii) off-centered
octahedral (96 h). As shown in Figure 1b, the 24d tetrahedral
and the 48 g/96 h octahedral share the faces to each other,
forming a Li™ pathway so that fast Li* conduction is achieved
in cubic LLZO. The 24d Li ions trapped in the tetrahedral site
are immobile, whereas the Li ions on the 96 h site, which are
slightly off the 48 g sites, are most anisotropic showing higher
mobility."*
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Figure 1. (a) Crystal structure of cubic Li,La;Zr,0;,. (b) Wyckoff positions of Li
ions and two potential Li* migration pathways A (preferred in LisLa;M,0,,)
and B (preferred in Li,La;Zr,0,,). Reprinted from Ref. [10a] with permission.
Copyright 2019, Royal Society of Chemistry.

3. LiT/H* Chemistry in Garnets
3.1. Instability of garnets against humidity

Although LLZO is is in principle chemically stable in air so that
the storage and processing of LLZO in ambient conditions is
feasible, several studies reported the formation of a lithiophobic
Li,CO; layer on the LLZO pellet surface after exposure to air for
a period of time, which is detrimental for the electrochemical
performance of the material (e.g. large Li/garnet interfacial
resistance due to the poor Li wettability of surface impurities).'
A widely accepted explanation for the degradation of LLZO in
humidity is a two-step reaction route including the LHX LLZO
and moisture in air [Eq. (1)] and the subsequent formation of
Li,CO; from the as-formed LiOH [Eq. (2)]:
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Li;La;Zr,0,, + x H,0 —

1
Li, H,La,La,0;, + x LiOH (1)

2 LiOH + CO, — Li,CO, + H,0 2)

Besides, the LiOH-H,0 formed from the LiOH can be a
necessary intermediate prior to or simultaneously with the
reaction with CO, to form Li,CO,."?

Since the LHX is the key step in the degradation of LLZO in
humidity, many investigations regarding LHX were carried out
on various garnets [i.e, LisLa;M,0,, (M=Ta, Nb)"?
LigMLa,Nb,0,, (M=Ca, Ba)"¥ and Li,La;Zr,0,, with different
substitutions (e.g. Al, Ta, Nb)"™] in aqueous solutions or organic
acids. In most cases, severe Li losses in garnets along with a pH
increase of the aqueous solutions were observed, indicating the
LHX according to Equation (1).

3.2. Mechanism

So far, the general LHX mechanism for garnets is not yet
clarified due to the complications introduced by the replace-
ment of Li ions with protons, which is highly dependent on the
garnet composition and substitution content.

Ma et al. proposed a LHX mechanism for polycrystalline
cubic Li,La;Zr,0,, powder in water at room temperature.* The
LHX preferentially occurs at the most anisotropic Li site, 96 h,
leaving both 48 g and 24d sites largely unaffected. With the
depletion of Li* on the 96 h site, the 48 g site might be further
dominant in the exchange, but no LHX takes place at the 24d
site. As a result, the final product of the water treatment has its
24d sites occupied by Li ions, 48 g sites occupied by Li ions and
protons, and 96 h sites solely occupied by protons. This is
consistent with the observation by Li et al. on LigsLa;Zr, sTags0;,
that the Li-ion occupancy of the 24d sites is the same before
and after LHX, whereas those of 48 g and 96 h sites are reduced
after LHX."® Liu etal.’? and Hiebl etal”” supported this
explanation, based on the investigation on Lig,sLa;Nbg,sZr; 7504,
and single-crystal Al-substituted LLZO, respectively. It has also
been found that the crystal structure of LLZO maintains centric
la-3d during the LHX process but with a minor lattice expansion
due to the replacement of strong Li—O bonds with the weaker
0O—H--0 bonds."*'¥ Modelling suggests this lattice expansion
has a linear correlation versus the retained Li content in
LLzo."

In contrast, Truong and Thangadurai found that Li ions at
the tetrahedral sites in Lis, ,Ba,la; Nb,O,, favor the LHX while
octahedral-site ions are rather stable.”” Similarly, Nyman et al.
suggested that Li ions in the tightly bound, immobile sites in
LisLa;Ta,0,, are removed by LHX with protons."* Recently,
Redhammer et al. also found that LHX occurs preferably at the
24d sites in single-crystal LigLa;ZrTa0,,.?" It could be attributed
to the small displacement of Li* away from 24d to a general
96 h position due to the Ta-substitution, which leads to an
enhanced mobility of Li* at 24d sites. This displacement does
not alter the garnet la-3d structure at 27°C. In the case of the
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LHX taking place at 90°C, a symmetry reduction from la-3d to
non-centrosymmetric /-43d is observed, and the preferable LHX
occurs at the 48e site (equivalent to the 96 h site). However, Liu
et al. addressed that this phase transition can take place even at
room temperature for Lig,sAly»sLasZr,0,, with an intensive
exchange (>75%).”? Galven et al. reported a similar observa-
tion when LigCala,Nb,0,, was treated in refluxed acetic acid.'*
In addition, there have been another two symmetries reported
for protonated LisLa;Nb,O,,, namely the non-centric cubic /2,3
and the orthorhombic P2,2,2,."**% These symmetry changes as
well as the structural disorders are generally induced by the
change of site occupation and atomic interaction between Li, H,
and O ions.

3.3. Phase transition from tetragonal to cubic

The phase transition from tetragonal to cubic induced by LHX
has been firstly observed by Galven etal. for the tetragonal
Li,La;Sn,0,, with SG /4,/acd, which turned into cubic
Li,,sH,75La3Sn,0;, with SG la-3d after a treatment in refluxed
benzoic acid/ethanol solution.¥ The correspondence between
the Li™ sites in the two structures was described as following
(Figure 2a): i) the 24d site in the cubic phase are derived from
8a (fully occupied by Li*) and 16e (vacancies) sites of the
tetragonal one; ii) the 48 g site of cubic phase originates from
32 g and 16f (both occupied by Li*) in the tetragonal phase; iii)
the 96 h sites in cubic phase are the former empty 32 g sites in
the tetragonal one. Later, the same phase transition in LLZO
triggered by humidity in air was observed as well. According to
Larraz etal, the phase transition caused by protonation is
irreversible upon heating above 650 °C,*¥ while the cubic phase
without LHX is formed solely by reaching the tetragonal—cubic
phase-transition temperature for LLZO (625-645 °C) and returns
to tetragonal phase after cooling (Figure 2b).** Moreover, Orera
et al. claimed that a non-centrosymmetric /-43d cubic phase is
obtained below 150°C after the protonation of tetragonal LLZO,

a LizLasSn,04, LizH,LazSn,0;,
8a:Li1 ——u L
16e: o =+ 24d:Li1
32g:Li2 @ ——— .
1ef:Li3 —————  489:Li2
3x32g: 0 — > 96h:Li3
645 °C
b tetragonal HT-cubic
. )
Lijla;Zr,0;, < gooec LislasZr,0p (reversible)
C .
/Oé’
Lslibie T T HI=ebic (irreversible)
LizH,La;Zr,05, > 650 °C Li;LasZr,04,

Figure 2. (a) Correspondence between the Li sites in the two garnet
structures: tetragonal Li,La;Sn,0,, and cubic Li, H,La;Sn,0;,. Reproduced
from Ref. [15d] with permission. Copyright 2011, American Chemical Society.
(b) Phase transition between tetragonal, LT-, and HT-cubic Li,;La;Zr,0,,.
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while annealing above 300°C results in a centric la-3d cubic
phase with lower H" content."" Overall, these findings suggest
that H* can act as a dopant to stabilize the cubic structure of
LLZO. This cubic garnet structure stabilized by H* is usually
called low-temperature (LT) cubic garnet structure.”® In con-
trast, the cubic phase without LHX is called high-temperature
(HT) cubic garnet.

3.4. Kinetics

Figure 3 a presents the tendency of Li loss in garnets upon the
duration of LHX in water or acids based on 13 references as
listed in Table S1. It is a challenge selecting the most water-
stable garnets, because the Li losses of the garnets even with
the same composition vary among different reports. This might
be attributed to different test conditions and characterization
methods. However, it is revealed from Figure 3a that powders,
due to larger surface area, usually show higher LHX than pellets.
Depth profile analyses of garnet samples exposure to humid air

revealed that Li,CO; and LiOH with a gradient distribution were
only detected in the first 400 nm of the samples (Fig-
ure 3b).'"*? The LHX is usually assumed to be fast in the very
beginning at the surface of garnets towards water, which leads
to an H*-enriched garnet surface layer. This surface layer
consequently hinders the further reaction of water with the
interior positions in the garnet and can thus be considered
somewhat self-limiting. A study on LHX behavior of polycrystal-
line LigLla;ZrTaO,;, powder in different surroundings (Figure 3c)
revealed that the exchange rates in all conditions are similar
(0.9-1.8x 107" mol s™") except for the one in warm water (4.6 x
10" mol s7'), which results in a much higher estimated H*
equilibrium concentration than others. Hence, it is believed that
the reaction kinetics is more limited by the temperature-
dependent proton diffusion inside garnets rather than by the
H™ concentration in aqueous/acid media.”" Hiebl et al. deter-
mined the H™ diffusion coefficient as 2x107"7" m?s™" in a
protonated Al-doped LLZO.["”

d + powder ——in water
71
—_ +  peliet - = =in acid
2 N
= L T - - - in hot water or hot air
Q 5
| =
f
)
e
: 34 Li,La,Ta,0,,
g Li;La,Nb,O,, Lig ;LagZr, . Ta, .O,,
-E 24 lssB3, sLa, ;N Lig 7sLayZr, ;sNby 5504,
Q g : Li,La,Sn,0,,
o 1 N e Li;La,Zr,0,,
0 \
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Figure 3. (a) Retained Li content in garnet after aqueous or acid treatments based on references listed in Table S1. (b) Depth profile for the concentration of
Li, C, O, Zr, and La from the X-ray photoelectron spectroscopy analysis of garnet after preparation in ambient air and a corresponding schematic depicting the
contamination layers. Reproduced from Ref. [11b] with permission. Copyright 2017, Royal Society of Chemistry. (c) Concentration profiles for garnet powder,
fitted exponentially to estimate qualitatively the H' equilibrium concentration ¢, Y. Reprinted from Ref. [21] with permission. Copyright 2020, American

Chemical Society.

ChemSusChem 2021, 14, 4397 - 4407 www.chemsuschem.org

4400 © 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH


http://orcid.org/0000-0002-6621-7419

Chemistry

protonated garnets to replace H*. If the chemical formula
[Eg. (1)] is written in ionized chemical balance, we obtain
Equation (3):

Li,La;Zr,0,, + x H,0 =

Li,- H,La;La,0;, + x Li* +x OH™ 3)

In order to shift the equilibrium to the left side, we can,
according to the principle of Le Chatelier, either remove water
from the system or increase the concentration of Li* and/or
OH~, for example, by adding Li salts and/or alkali.

Concentrated Li salt and/or base aqueous solutions [e.g.,
LiCl and LiOH solutions (>1m)] have been proven to
sufficiently suppress the occurrence of LHX for pristine garnets
(e.g., entry 13 in Table 1).1*¢#6155291 The high chemical potential
of Li* and/or OH™ in the aqueous media pushes the chemical
balance [Eq. (3)] towards the left side, meaning that the LHX is
hardly happening. However, to our knowledge, a complete
reverse exchange of already protonated garnets has not been
achieved in aqueous solutions yet. This might be related to the
energy barrier of the replacement of H* by Li". The closest
attempt to completion was performed by Truong and Thanga-
durai (entry1 in Table 1).* The reverse-ion-exchanged
LisLasNb,0,, has a cell constant of a=12.789(3) A, which is only
slightly larger than the pristine one [12.775(2) A], and no
significant weight loss (only ~0.5%) between 300 and 500°C
was observed, indicating only limited decomposition due to H-
substitution.

On the other hand, a complete reverse LHX can be
accomplished by thermal treatment with the presence of
additional Li sources.” Larraz etal. proposed this thermal
evolution of LLZO from its protonated form as following steps
[Egs. (4) and (5)]:%4
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Table 1. Investigations on reverse Li*/H™ exchange of garnets.
Entry Protonated garnets Condition® Composition after reverse LHX Ref.
1 Lio sgHa 4sLasNb,0O; 5 M LiNO,, RT, 4 days “LisLa;Nb,0,,” [20]
2 LisH, sBagsLa, sNb,0;, 5 m LiNO,, RT, 4 days “Lis sBagsLay sNb,O;," [20]
3 Li, gH, ,BaLa,Nb,O;, 5 m LiNO,, RT, 4 days “Li;BaLa,Nb,0,," [20]
4 Liy 70Hs 0sLa5Zr 75NDg 2501 5 M LiNO,, 25°C, 4 days Liy 55Hs 018571, 75Nbg2s015 [15¢]
5 Lis 70Hs05LasZr; 75Nbg 55012 5 m LIiNO;, 60°C, 24 h Li1 soHag5La3Zr1 75NDg 2501, [15d]
6 Liy 7oHs gsLasZr, 7sNbyg 5501 5 M LiNOs, 60°C (ht), 24 h Liy g1Ha gal@sZr; 7sNbg 55015 [15c]
7 Liy 70Hs05La3Zr; 75Nbg 5501, sat. LiOH, 60°C (ht), 24 h Li; 05H3 77La3Zr 75Nbg 5504 [15c]
8 Liy ssHq 45L5Z1,05, 2 M LiOH, RT, 15 min Lig 15H,5L35Zr,01, [15€]
9 Lis 0gHs 5,La52r,Tag40, 1 M LiOH, RT Lis 36H1 24La5Z1, 2401, [15b]
10 Lis 4aHs3 15La5Zr,Tag 0, 1 m LiOH, RT Lis ssH, gsLasZr,Tag 401, [15b]
1 Lis 4oHs 1;LasZr,Ta, 40, 1 m LiOH, RT Lis 64Ho06L25Zr, 204015 [15b]
12 Lis ggH5.0,L5Zr,Ta40, 1 M LiOH, RT Lis 04Ho 56La5Zr>Ta0.4015 [15b]
13 Lig s3Ho07L25Zr,Ta.4O15 1 m LiOH, RT Lig s3Ho 071252, Ta4015 [15b]
14 Lis g6Ho14La5Z1,04, surface Li,CO;, 700°C, 15 min Li,La;Zr,0,, [24]
15 Lis 4Hy oLasZr, {NboO1, LiNO, + LiOH powder, 400°C, 98 MPa, 6 h Li4LasZr, ;Nbo 01, [28]
[a] RT: room temperature; sat.: saturated; ht: hydrothermal.
400 — 450°C : Li;-H,La3Zr,0,, —
3.5. Reversibilit . (4)
y Liy-La;Zr,01 35 + X/2 H,0
Several reports, as summarized in Table 1, have shown the 650 — 700°C : Liy-La3Zr, 045, + x/2 Li,CO; —
phenomenon of reverse LHX in garnets, that is, Li* reenter the (5)

Li;La;Zr,0,, + x/2 CO, T

With the help of an in-situ synchrotron-based high-energy
X-ray diffraction technique (HEXRD) (Figure 4) Cai et al. recently
suggested that the stoichiometric restoration of LLZO can be
completed at higher temperatures (730-950°C) due to the
increased melting point of the eutectic solution of LiOH and
Li,CO,, thereby impeding the reverse LHX.®" In this process the
stoichiometric LLZO is formed via the reaction of Li,CO; with
the intermediate La,Zr,0,, which is the decomposition product
of protonated LLZO by heating.

Alternatively, a combination of LiNO; and LiOH enables the
Li recovery at lower temperature due to their lower melting

Time (h)

14 16
2-Theta (degree)

2.0 22
2-Theta (degree)

1000500 0O
Temp. (°C)

Figure 4. High-temperature in-situ HEXRD phase evolutions of LLZO. The
“=£", " and “t" symbols stand for LLZO, La,Zr,0;, and Li,COs, respectively.
Reprinted from Ref. [31] with permission. Copyright 2021, Elsevier.
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points than Li,CO;, resulting in the overall reaction shown in
128

Equation (6):
400°C : Lig4-H,LasZr, ;NbyO;,+

x/2 LiINO; + x/2 LiOH — Lig 4LasZr, 4Nby6O0;,+
x/2 NO, 1 +H,0 1

(6)

3.6. lon mobility and conductivity

Sanjuan et al. proposed a concerted Li*—H* diffusion mecha-
nism in Lis,H,La;Nb,O,, (Figure 5a).”¥ Li* hopping from a
tetrahedral to an octahedral site can only occur if there is no H*
inside the target cage and vice versa. For instance, the Li*
move #1 is allowed but the move #1’ is not. Similarly, the H*
move #4 is restricted if the tetrahedral site is occupied by Li*. In
addition, H" reorientation around a tetrahedral (#2) liberates an
octahedral vacancy which may be occupied by the neighboring
Li* (#5). Therefore, the Li* migration must be along with the
H* movement simultaneously. Besides, the stable O—H bonding
is expected to prevent H® mobility, leading to a lower Li*
mobility in the protonated garnet than in non-exchanged

O

! O

. Occupied Li site

Vacant Li site
® Occupied H site
VacantH site

bo-“’ { Pristine LLZO { -
} H-LLZO r
0.3 E
o . o
E Mobile Li* r
0 0.2 ~
g % -
0.1 -
20 5 Mobile H*
0.0 5 %
Immobile H*
0 100 200 300 400 500
TK]

log(oT/S cmK)

form."" Liu et al. recently differentiated the conduction behav-
ior of H* and Li* ions in Lig,s,H,Aly,sLasZr,0,, at various
temperature (Figure 5b) and claimed that H* ions are immobile
at room temperature and have enhanced mobility only at
elevated temperatures, while the Li* ions always maintain a
good mobility over the whole temperature range.”? However,
the Li* conductivity is expected to be reduced by two orders of
magnitude upon a high degree of LHX, which is consistent with
the results of molecular dynamics simulation made by Yow
et al. (Figure 5¢)."*” The Li™ mobility with an activation energy
of 0.32 eV is hardly affected and clearly dominates over the H*
mobility in the LigsHysLasZr,0,, that shows only minor proton
exchange. In the case of high degree of LHX (i.e., Li;H,La;Zr,0,,
in Figure 5¢) the activation energy for Li™ migration is increased
to 0.85 eV, while the H" maintains a lower energy barrier of
0.58 eV for its migration. Thus,Li;H,La;Zr,0,, shows a mixed H*
and Li™ conductivity.

Co o cubic Li7La3Zr2012
. PO " 4 Li6.5H0.5La3Zr2012 Li+conductivity
L 3 OO(}@_V W Li6.5H0.5La32r2012 H+ conductivity
1 - ® <o o0
1 o
1 @
0.6 1 14 18 2.2 2.6 3 34

1000/T /K1

W Li3H4La3Zr2012 H+ conductivity

# Li3H4La3Zr2012 Li+ conductivity

1 < EA(H') = 0.58 eV

| E4(Li*) = 0.85 eV

0.6 i lfd l‘.8 2?2 2?6 ; 3?4
1000/T /K1

Figure 5. (a) Scheme depicting possible Li* and H* exchange events depending on occupancy of available sites. The tetrahedral is represented by triangle
and octahedral by square. Reprinted from Ref. [23] with permission. Copyright 2018, Royal Society of Chemistry. (b) Average mean-square-displacement (MSD)
of pristine and protonated garnets. Reprinted from Ref. [22] with permission. Copyright 2019, Royal Society of Chemistry. (c) Arrhenius plots of Li* and H*
ionic conductivity derived from the MSD of the respective mobile species in molecular dynamics simulations of the protonated LLZO. Reprinted from Ref.

[15b] with permission. Copyright 2016, Elsevier.

ChemSusChem 2021, 14, 4397 - 4407 www.chemsuschem.org

4402

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH


http://orcid.org/0000-0002-6621-7419

Chemistry
Europe

European Chemical
Societies Publishing

Minireviews

ChemSusChem doi.org/10.1002/cssc.202101178

4, Sustainable Applications
4.1. Solvent-assisted processing

The LHX of garnets was also observed in several common
organic solvents, which was shown by the change of the lattice
parameter in Lig,sAl,2sLasZr,0,, after immersion (Figure 6)."”
Especially, primary alcohols such as ethanol, methanol, and 1-
propanol have significant LHX rates due to the higher acidity
and reactivity of the hydroxyl group [Eq. (7)]:

Li,La,Zr,0,, + x R-OH —

Li;-H,Las;La,0;, + x R-OLi @)

2-Propanol is a special case, where less LHX occurred due to
the weaker acidic character of the secondary alcohol as well as
a possible steric hindrance. In comparison, aprotic solvents
without proton-giving functional groups such as cyclohexane
and acetonitrile react much less with garnets. Therefore, aprotic
solvents are recommended for wet processing of garnets to
prevent LHX. Another study on solvent-assisted ball-milling
showed that acetonitrile successfully limits the Li loss of
Lig4LasZr, 4;Tagc0,, to a mere 4%, whereas the powder milled in
ethanol showed a Li loss of approximately 30%.5%

However, in large-scale powder production, organic solvents
usually cause safety, cost, and recycling issues. Hence, water-
based processing is highly attractive to facilitate a more
sustainable “green” industrial-scale production.?® Nevertheless,
the final component properties of water-processed LLZO need
to match the ones from the organic route in order to maintain
the attractive electrochemical performance of LLZO. To that
regard, Truong and Thangadurai found that the reverse-ion-
exchanged LisLa;Nb,O;, (entry 1 in Table 1) had better sinter-
ability than the pristine one and thus higher Li-ionic
conductivity.”™ Huang et al. demonstrated an aqueous powder
processing route for Lig,LasZr,,Ta,c0;, combining the water-
based attrition milling with the spray drying (Figure 7a).5¥
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Uniform fine garnet powder with a particle size of 300 nm was
prepared by attrition milling and formed large sphere-like
secondary granulates of 5-20 um after subsequent spray drying.
The pellets sintered from this powder had a relative density
close to 94% and a conductivity of 0419 mScm™' at room
temperature. Peng et al. introduced an aqueous-based gelcast-
ing process to fabricate Lig,LasZr,,Taos0,, solid electrolytes
(Figure 7b), which had a high Li-ionic conductivity of
0.74mScm™' at 25°CE? This gel-casting technique proved
suitable to fabricate structured garnet electrolytes by casting on
elaborate molds. Moreover, sustainable fabrication of thin
freestanding Lig4sAlggsLasZr, ¢Tag40;, separators were recently
presented by us via a water-based tape-casting process (Fig-
ure 7¢).@ The thickness of the dense garnet separators
produced via this “green” manufacturing route can be reduced
below150 um, which is much smaller than the conventionally
sliced garnet pellets with thicknesses above 300 um, and can
thus further decrease the inner resistance of a solid-state Li
battery. In addition, Jonson et al. reported recently that 5 wt%
MgO can help densify the water-based tapes and enhance the
ionic conductivity.’® When the tape-cast aqueous slurry is
freeze-dried, vertically oriented porous structures can be
obtained in the garnet layers (Figure 7d).®” The garnet frame-
works fabricated by this freeze-casting technique can be
applied as structural support for composite cathodes that have
improved Li-ionic conduction compared to electrodes from
pure cathode active material or highly tortuous composite
cathodes from powder mixing.

The LHX can be reversed at elevated temperature in the
presence of excess Li sources (see Section 3.5), for which LiOH
and Li,CO; are commonly used in these above-mentioned
water-based methods. Therefore, aqueous processing of garnets
is harmless to the electrochemical performance, if a final
sintering step at temperatures around 1000°C is used. Thus,
suitable routes for a sustainable fabrication of garnet-based
battery components exist, but challenges remain regarding
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Figure 6. Residual Li stoichiometry and lattice parameter of garnet Lig,sAly,sLa;Zr,0,, powder after immersion in solvents. Reprinted from Ref. [19] with

permission. Copyright 2018, American Chemical Society.
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low-temperature sintering, which is often necessary to incorpo-
rate high-energy-density cathode active materials.*®

Wang et al. densified Lig,Aly;La;Zr,0,, by cold sintering at
350°C using water or HNO; as aqueous media.*® Although
relative densities around 90% were achieved, the Li-ion
conductivities of the cold-sintered garnet pellets were found to
be five orders of magnitude lower than the ones obtained by
conventional sintering. This degradation of conductivity was
likely due to the dissolution of Al species from the Al-
substituted garnet and its precipitation on the grain bounda-
ries, which severely hinders the Li* conduction among grains.
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Ohta etal. achieved the sintering of Lis,LasZr, ,;Nb,cO;, trig-
gered by a reverse LHX reaction at 400°C, which further
enabled the densification of composite cathode consisting of
this garnet and LiNi;;Co,3Mn,;0,.2® As shown in Figure 7e,
LiOH and LiNO; play the role as Li* providers to recover the Li
content in protonated garnet during the hot pressing. It is
notable that a high pressure (98 MPa in this research) is
necessary in this process to assist densification. The sintered
garnet pellet had 90 % relative density and a Li* conductivity of
0.22mScm™' at 25°C. Moreover, the solid-state Li battery
prepared by the same method shows a low interfacial resistance
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around 200 Qcm? (both cathode and anode sides), which is
promising for industrial battery application.

LHX can also be involved in constructing a tailored Li/garnet
interface. Cai et al. demonstrated such aqueous strategy for in-
situ lithiophilic metal oxide (e.g., Ag,0, ZnO, PbO) layer
formation (Figure 7f).“% After dropping an aqueous metal salt
precursor solution onto garnet surface, it reacted with the LiOH
released by LHX of garnet to form a deposition layer, which is
further decomposed to corresponding metal oxide by a rapid
heat treatment. These metal oxide layers serve as mixed Li-ionic
and electronic conductive interlayers, which lead to uniform Li
ion flow and a significant reduction of Li/garnet interfacial
resistance to around 10 Q cm?” at room temperature.

The passivation layers on the surface of air-aged garnets
consisting of the LHX products Li,CO; and LiOH are conven-
tional-ly removed by thermal decomposition at 500-750°C."*>""
However, this processing step is energy- and time-consuming.
Recently, rapid acid treatments have been developed for
removing and retrieving the lithiophilic surface of garnets
(Figure 7g). Huo et al. applied 1 m HCl aqueous solution to
transform the lithiophobic Li,CO; into a lithiophilic LiCl layer.*"
Similarly, H;PO, and NH,F have also been used to form a Li;PO,
and LiF coating, respectively.®”? As shown in Figure 7h, Ruan
et al. employed mixed aqueous acids of HCl and HF to build a
3D cross-linking LiCI-LiF surface, which is not only lithiophilic
but also electronically insulting, leading to effective suppression
of Li dendrite penetration.”® It is notable that the acid treat-
ment time should be controlled precisely because excess acid
could corrode the bulk garnet and thus lower its Li-ionic
conductivity.

4.2. Aqueous lithium metal batteries and relatives

Aqueous lithium metal batteries (ALBs) combine the advantages
of Li metal anodes [i.e., the low redox potential (—3.04V vs.
standard hydrogen electrode) and high theoretical capacity
(3869 mAhg™)] with the advantages of aqueous electrolytes
(i.e., the high Li-ionic conductivity and safety as well as
environmental friendliness).*” Hence, they are promising
candidates for sustainable high-density energy storage. How-
ever, metallic Li is unstable in direct contact with aqueous
electrolytes. One approach to protect the metallic Li anodes
from aqueous electrolytes is to introduce a dense ceramic solid
electrolyte separator (Figure 8a). Most garnets show intrinsic
chemical stability toward Li metal, and several of them are also
highly stable in concentrated Li salt/base aqueous solutions.
Their high density ensures the protection of the metallic Li from
water. In addition, garnets can provide high Li* conduction and
eliminate H™ crossover.” Imanishi et al. evaluated the possible
application of garnet separator in aqueous Li-air batteries, and
found that the garnet separators suffered from fast short circuit
due to Li dendrite growth at high current (e.g., 0.5 mAcm™?),
though the garnet had a relatively high density and was
supposed to suppress the Li dendrite formation.?****! Thus, an
interfacial modification of garnet separators on the anode side
is needed to eliminate this limiting factor for the application of
garnets in ALBs. Liu and Wang demonstrated a Li-H,0, semi-
fuel cell”™ in which a garnet Lig,La;Zr,,Tags0;, thin sheet
(200 pm thick, ~94 % relative density) was applied to separate
the organic electrolyte [1 m LiPF, in ethylene carbonate and
diethyl carbonate (1:1 v/v)] on anode side and the flowing
aqueous electrolyte (2 m LiCl and 0.1 m H,0, in H,0) on the
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Figure 8. (a) Schematic of structure of an aqueous lithium metal battery. (b) Li—H,O, semi-fuel cell. Reprinted from Ref. [46] with permission. Copyright 2014,
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cathode side (Figure 8b). This semi-fuel cell gave a stable
discharge at 2.5V for 1500 min with a constant current of
0.44 mAcm™2, and the average utilization of Li metal in the
anode was 82 %. Recently, Zhan et al. demonstrated an aqueous
Li ion capacitor equipped with the garnet Lig,sLasZr, ;sNbg,50;,
as protection layer for metallic Li*” Concentrated LiTFSI
aqueous solution was used as electrolyte on the cathode side,
whereas a gel polymer was applied on the other side to
improve the interface between garnet and Li metal anode
(Figure 8c¢). This capacitor delivered a capacity of 30.1 mAhg™,
a specific energy of 78.7Wh kg™' and a specific power of
6.6 kWkg ™" with 0.5 mAcm2 at 60°C.

5. Summary and Outlook

Li*/H" exchange (LHX) unavoidably occurs when garnets are
exposed to ambient air containing moisture, as well as in
aqueous and acidic solution and primary alcohols. The initially
very fast reaction slows itself down due to a reduced proton
diffusion in the already protonated garnets. Compared to the
un-protonated garnets, the protonated ones have a much lower
Li™ conductivity, since a concerted Li—H diffusion mechanism is
hindered by the relatively immobile protons. In Li-stuffed
garnets like Li,La;Zr,0,, and its doped or substituted deriva-
tives, the LHX preferentially takes place at the 96 h sites,
whereas the 24d sites are favored in garnets with low Li content
(for instance <6 pfu). However, due to the large family of
garnet materials, the existing experimental studies represent
only spotlights on this very broad topic and a comprehensive
picture over the full composition/substitutions and structural
range as well as various ambient conditions is needed. Future
studies using computation methods like modeling and machine
learning are suggested here, in order to enable the screening of
even more variations.*® With a more complete picture,
elucidating the influence of dopants and substitutions as well
as the Li™ or OH™ concentration in the aqueous media on LHX
even further, a stable water/garnet system can be designed and
further improve the sustainability of this promising no-toxic
material.

With the aspect of practical processing, it is suggested to
have large grain size and less grain boundary content in the
garnet-based cell component in order to increase the stability
against moisture air. After the final sintering step, the garnet
separators would be better to be preserved in dry room or
inert-gas protected glovebox for avoiding the adverse effects of
LHX. Nevertheless, LHX was shown to be reversible by a high-
temperature thermal treatment combined with additional Li
sources and is found to be suppressed when garnets are treated
in concentrated Li salt or base solutions. Therefore, handling
and processing garnet materials in ambient atmosphere and by
water-based processing are already feasible options to develop,
for example, all-solid-state batteries or aqueous Li-air batteries
as future high-energy density storage systems, though the issue
of Li dendrite remains challenging especially at high-rate
operation. In addition, the tendency to LHX could be used in
future recycling strategies, as it could easily leach the Li from
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garnet materials in batteries properly designed and prepared
for recycling. This way, a sustainable life cycle for future
batteries, from materials preparation over cell design and
manufacturing all the way to end-of-life and recycling can help
to shape a greener future.
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