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Abstract: Batteries with an aqueous catholyte and a Li metal
anode have attracted interest owing to their exceptional energy
density and high charge/discharge rate. The long-term oper-
ation of such batteries requires that the solid electrolyte
separator between the anode and aqueous solutions must be
compatible with Li and stable over a wide pH range.
Unfortunately, no such compound has yet been reported. In
this study, an excellent stability in neutral and strongly basic
solutions was observed when using the cubic Li,La;Zr,0,,
garnet as a Li-stable solid electrolyte. The material underwent
a Li*/H" exchange in aqueous solutions. Nevertheless, its
structure remained unchanged even under a high exchange rate
0f 63.6 %. When treated with a 2m LiOH solution, the Li*/H*
exchange was reversed without any structural change. These
observations suggest that cubic Li,La;Zr,0, is a promising
candidate for the separator in aqueous lithium batteries.

The imminent exhaustion of fossil-based fuels demands
alternative power sources with comparable energy densi-
ties.'”7 Recently, various new battery configurations have
been proposed to achieve significantly higher energy densities
than the state-of-the-art lithium-ion batteries. Despite the
different chemistries, these new batteries frequently have
several features in common. Pure Li metal is typically used as
the anode to maximize the energy density, as it exhibits the
highest possible specific capacity for lithium batteries.'™¥
Additionally, aqueous solutions are often adopted as the
“catholyte”, because their unique combination of low cost,
high reliability, and super-fast Li* transport circumvents most
of the long-standing issues in the conventional Li-ion
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batteries.”) Promising batteries showing these characteristics
include the aqueous Li-air and Li-redox-flow batteries.'™ In
particular, the theoretical energy density of the aqueous Li-
air battery reaches 2450 Whkg™',B! which is approximately
10 times of that in the conventional Li-ion battery
(<300 Whkg™).

To realize long-term operation of aqueous lithium bat-
teries, special attention must be paid to the solid electrolyte
separating the Li metal and the aqueous solutions.™™
Amongst the many required characteristics, the stability of
the solid electrolyte over a wide pH range is particularly
desirable, as the amount of H" in the aqueous catholyte could
vary dramatically during charge/discharge.!!l If the associated
pH change deteriorates the performance of the solid electro-
lyte, the battery can no longer function properly. Beyond this,
the ability to adapt to different pH values also provides more
options for selecting the aqueous catholytes that can be used
with the solid electrolyte.] However, few solid electrolytes
show satisfactory performance in this regard; many of them
(e.g., LIiPON and most sulfides) simply decompose in aqueous
environments regardless of the pH value.*” Presently, nearly
all studies on aqueous Li batteries have utilized
a Li; ., AL Ti, P; Si O, (LATP) glass ceramic (Ohara Inc.,
Japan)!' as the solid electrolyte,>™"I which corrodes
rapidly unless the pH value is maintained between 7 and
10.12 If immersed in strongly basic solutions, the LATP
decomposes and forms a high-resistance phase.’® This is
particularly detrimental for aqueous Li-air batteries, where
the pH value could drastically increase upon deep discharge
(either by 4Li+O,+4H*—4Li"+2H,0 or 4Li+O,+
2H,0—4LiOH).l" In addition, LATP is chemically unstable
against Li, which requires an additional buffer layer to keep it
from the anode and thus compromises the overall energy
density.'! These drawbacks necessitate a solid electrolyte that
is compatible with Li metal and is stable over a wide pH
range.

In this regard, a recently discovered garnet, the cubic
Li;La;Zr,0,, (LLZO) with the Ia3d symmetry,”'*! appears
to show great promise as a solid electrolyte. It not only has
a high ionic conductivity of 107*Scm™!, which greatly
surpasses that of all the other garnets,* but also has excellent
stability even in molten Li.*!l Furthermore, unlike many other
solid electrolytes, LLZO does not suffer from conductivity
degradation upon exposure to humid atmospheres.?"*! While
these unique properties have attracted considerable research
interest, the impact of aqueous environments with different
pH values on the structure and chemistry of LLZO has not yet
been investigated in detail.” Based on reported studies, most
garnet superionic conductors do not decompose or corrode in
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aqueous solutions, but a Li"/H* exchange reaction typically
occurs.”*! Depending on the pH value, the proton exchange
could be intense in certain compounds, leading to the
transformation into a different garnet structure and a severe
degradation of the ionic conductivity.’’* Despite this, the
behavior of cubic LLZO in aqueous environments remains an
open question. Clearly, the feasibility of utilizing this com-
pound in aqueous lithium batteries cannot be properly
evaluated unless its structural and chemical evolutions in
aqueous environments are well understood. Specifically, the
questions that need to be answered are: 1) Does the cubic
LLZO experience a Li*/H" exchange in water like other
garnets? 2) Under what range of pH values can LLZO
maintain its /a3d structure? 3) Can the changes associated
with the Li*/H" exchange be reversed by using aqueous
solutions with a higher pH value? 4) How does the Li
distribution in the LLZO vary during the proton exchange
process?

In this study, using the state-of-the-art scanning trans-
mission electron microscopy (STEM) and electron energy
loss spectroscopy (EELS) analysis, we provided answers to all
these questions. The Li*/H" exchange reaction with water was
observed in hot-pressed (97 % relative density), polycrystal-
line cubic LLZO. In sharp contrast to other garnets, no
structural changes occurred even under a high exchange rate
of 63.6%. When the LLZO was exposed to a strongly basic
solution, the Li*/H" exchange reaction was reversed without
any structural change. The excellent stability of the la3d
garnet structure in both neutral and strongly basic environ-
ments suggests that cubic LLZO could be a more appropriate
solid electrolyte for the aqueous lithium batteries than LATP,
which has been the sole extensively used separator to date.

Prior to conducting detailed STEM and EELS analyses,
experiments were performed to estimate the time scale of the
possible Li*/H* exchange reaction. Powders of cubic LLZO
were placed in de-ionized water and stirred at room temper-
ature while the pH value was monitored (Figure S1 in the
Supporting Information). The pH value increased almost
immediately upon addition of the LLZO powder, and then
stabilized in less than one minute. The increase in pH was not
accompanied by gas evolution, and X-ray diffraction data
(Figure S2) indicated no trace impurity phases that could
possibly cause such a dramatic change in pH value. Therefore,
the LLZO powder must have taken up a considerable amount
of H" from the water within a very short time.

Since the pH measurements provided little information
regarding the structure and chemistry changes of the material,
the EELS analysis was performed (Figure 1). A comparison
of the Li-K edge before and after exposing the TEM specimen
to water revealed a drastic decrease in the Li content; the
integrated intensity calculated from the spectra suggested that
only 36.4% of the total Li remained in the water-treated
specimen. This observation, along with the pH increase in the
experiment described above, confirmed that the cubic LLZO
experienced a rapid and spontaneous Li*/H" exchange in
water. Furthermore, such an exchange was found to be
reversible to an extent; after being immersed in a 2m LiOH
solution, the Li content of the protonated LLZO increased,
reaching 59.3 % of that in the pristine state.
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Figure 1. EELS data from pristine, water-treated, and reverse proton
exchanged LLZO specimens.

In addition to the edge intensity, the fine structures of Li-
K edge varied (Figure 1). The Li-K edge acquired from the
pristine LLZO clearly showed a well-defined doublet, while
the water-treated specimen exhibited no such feature. After
the reverse exchange in 2m LiOH solution, this doublet
emerged again. As the Li-K edge originates from the
transition from the 1s to 2p orbitals, its fine structure is very
sensitive to the electronic environment of Li.* In the Ia3d
garnet structure, Li ions are distributed among three different
sites: the tetrahedral (24d), octahedral (48g), and the
displaced octahedral (96h) sites.”>?¥1 As a result, the
average electronic environment of Li could be modified
under two possible circumstances. It could either be a simple
change of the Li distribution among the three differently
coordinated sites without any alteration of the Ia3d frame-
work, or a structural phase transition that leads to a com-
pletely different Li configuration within the lattice. Before
reaching a conclusion, the crystal structures and possible
grain-boundary phases must be fully interrogated.

Figure 2a shows a typical high-angle annular dark-field
(HAADF)-STEM image of the pristine LLZO material along
the [001] zone axis. Given that the intensity, /, in the HAADF-
STEM image is dictated by the atomic number, Z, through 7
Z'5-7'8 381 the typical garnet pattern can be straightforwardly
identified (see the overlaid atomic model on Figure 2a). After
exposure to water, the LLZO showed an increased sensitivity
to the electron beam, which prevented the acquisition of

Figure 2. a) HAADF-STEM image of the pristine cubic LLZO along the
[001] zone axis (image quality improved with the Butterworth filter).
The atomic model is shown as an overlay. b) HRTEM image of a grain
boundary in the pristine specimen. ¢) HRTEM image of a grain
boundary after Li*/H* exchange in water.
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atomic-resolution HAADF-STEM images. Such beam sensi-
tivity was most likely due to the replacement of the relatively
strong Li—O bonds with the weaker O—H--O bonds during
Li*/H* exchange in water.””* Under conventional TEM
imaging mode, the beam damage can be decreased by
spreading the electron beam and lengthening the camera
exposure time. Conventional and high-resolution TEM
(HRTEM) imaging were thus successfully performed. The
low-magnification TEM images indicated no corrosion in
either the water- or LiOH-treated LLZO specimens. In
addition, the HRTEM study was performed to examine the
grain boundaries (Figure 2b,c). Consistent with previous
studies,’” the grain boundaries in the pristine LLZO did
not contain any impurities or amorphous phase. After
exposure to water and the subsequent 2m LiOH solution,
such a grain-boundary feature remained unchanged; no
secondary phase emerged. This observation ruled out the
possibility that the Li*/H" exchange was associated with the
emergence of any secondary grain-boundary phases.

Several Ia3d garnets (isostructural with the cubic LLZO
in the present study) transformed to a different crystal
structure after the Li*/H® exchange.””? The reported
powder X-ray or neutron diffraction patterns of the proton-
ated samples for these garnet compounds were essentially the
same, implying that the Ia3d garnets experienced the same
structural change upon protonation. Nevertheless, two space
groups, 12,3 and 743d,” had been proposed to describe the
structure of the protonated phase. Figure 3 displays the
simulated selected area electron diffraction (SAED) patterns
for the Ia3d, 12,3, and I43d structures oriented along the [001]
zone axis, as well as the SAED patterns collected experi-
mentally from the pristine and protonated LLZO materials. A
comparison between the simulated Ia3d (Figure 3a) pattern
and that of the pristine specimen (Figure 3d) revealed the
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presence of theoretically prohibited diffraction spots, 00/ with
[=2n (indicated by dashed circles) in the latter. Instead of
indicating a structure other than Ia3d, these spots actually
resulted from double diffractions, which was evidenced by
their absence along another zone axis, [011] (Figure S3).%”!
Although the double-diffraction spots should not be used to
determine the crystal structure, the three space groups can
still be unambiguously distinguished. If the protonated
sample belonged to the 12,3 or I43d space group, the
characteristic diffraction spots (indicated by solid circles in
Figure 3b,c) that did not overlap with the double-diffraction
spots would emerge. Nevertheless, none of them was present
in the SAED pattern of the water-treated specimen (Fig-
ure 3e). Clearly, the structural transition associated with the
protonation of other garnets,”?! no matter which space
group it led to, did not take place during the Li*/H* exchange
of the cubic LLZO in water. The SAED patterns only
indicated a decrease of the lattice parameter from 12.97 to
12.95 A, implying the protons were present as H' rather than
the much larger H;O" in the lattice. As for the specimen
treated by the 2m LiOH solution, no additional diffraction
spots were observed in the SAED pattern either (not shown
here), implying the structure was identical to that of the
pristine LLZO specimen. These results suggested the la3d
structure was stable in both neutral and strongly basic
solutions.

The structure analysis presented above allowed for
a reasonable interpretation of the EELS data in Figure 1.
Since the Ia3d framework was preserved after immersion in
water, the Li-K near-edge fine-structure change that signaled
a modification of the average electronic environment of Li
can only be attributed to the preferential removal of Li from
certain sites. Of the three Li sites in the Ia3d structure, the
displaced octahedral sites (96/) are more anisotropic than the
other two,?>?%1 and accommo-
date 59.6% of the total Li
atoms.®! Since it is commonly
agreed that the abundance in
the Li-K near-edge fine struc-
ture reflects an anisotropic elec-
tronic environment,*® the dou-
blet in the Li-K edge of the
pristine specimen must be pri-
marily caused by the 96# site.
The prominence of the doublet
thus implied the occupancy of
such an anisotropic Li site. This
is consistent with the exchange
rate calculated from the EELS

*) . data. After immersion in water,

- L -
000 "=* 400

Figure 3. Simulated and experimentally observed SAED patterns along the [001] zone axis. a) Simulated
la3d; b) Simulated 12,3; c) Simulated /43d; d) Experimentally observed pristine specimen; e) Experimen-
tally observed protonated specimen. The characteristic spots for the 12,3 and I43d structures are
highlighted with solid circles. The double-diffraction spots observed in the experiments are highlighted

with dashed circles.
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the disappearance of Li-K dou-
blet was accompanied by the
removal of 63.6% of the total
Li from LLZO, and this number
happened to be very close to the
percentage of Li occupying the
96h sites (59.6 % ).

As such, the interaction
between the cubic LLZO and
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water may be described below. The LLZO experienced
a rapid and spontaneous Li*/H® exchange reaction upon
exposure to water. The Ia3d structure persisted during this
process. The proton exchange preferentially occurred at the
most anisotropic Li site, 964, leading to the disappearance of
the doublet in Li-K near-edge fine structure. After the
depletion of Li from this site, the exchange barely proceeded
further, leaving both 48g and 24d sites largely unaffected.
During this stage, the 48g site might be dominant in the
exchange, as the 24d site was reported to be the least mobile
one in the cubic garnets.”**' In this way, the final product of
the water treatment was most likely a protonated /a3d garnet
with its 24d sites occupied by Li, 48 g sites occupied by Li and
a small amount of H, and 96 # sites solely occupied by H, as
illustrated schematically in Figure 4. This mechanism differs
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Figure 4. Schematic illustration for the Li*/H" exchange process of
cubic LLZO in water. Lil, Li2, and Li3 represent the 24d, 48g, and 96h
sites, respectively. The percentage numbers in the parentheses indicate
the site occupancy reported in Ref. [23], which is also reflected in the
portion of the site symbols that are colored.

significantly from that of other garnets, such as LisLa;Ta,0,,
and LisLa;Nb,O,, (although the exchange rate was compara-
ble),*! where all three Li sites participated in the protona-
tion.””*" Since the 24d site was believed to be a “framework
site”,[*l its minimum involvement in the Li*/H* exchange
must have played a critical role in the stability of LLZO.
Beyond this, if focusing on the product instead of the detailed
reaction process, the only difference between the Li*/H'
exchange reactions of the cubic LLZO and that of the other
isostructural garnets lies in the fact that LLZO preserved its
Ia3d structure during protonation. Therefore, it appears
reasonable to believe that such a difference in structural
stability is primarily responsible for the variation in macro-
scopic conductivity after the Li*/H" exchange: it must be the
persistence of the Ia3d structure that assured the cubic LLZO
remained free from the severe protonation-induced conduc-
tivity degradation®™' that occurred in all the other Ia3d
garnets.’=!

In summary, we have elucidated the microscopic process
of the interactions between cubic LLZO and aqueous
solutions. The material underwent a reversible Li"/H"
exchange reaction in water. In sharp contrast to other garnets,
the proton exchange process was not accompanied by any
structural transition even under a high exchange rate of

www.angewandte.de

63.6%. When immersed in a 2M LiOH solution, the Li' re-
entered the lattice by reverse Li*/H" exchange, without
causing any structural change. Such an excellent structural
stability is believed to be the key to the absence of severe
conductivity degradation upon Li*/H" exchange. These
results indicated that cubic LLZO could serve as a better
solid electrolyte in aqueous Li batteries than LATP, which has
been the only material of choice so far.
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