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ABSTRACT: Li7La3Zr2O12 (LLZO) and related compounds
are considered as promising candidates for future all-solid-
state Li-ion battery applications. Still, the processing of those
materials into thin membranes with the right stoichiometry
and crystal structure is difficult and laborious. The sensitivity
of the Li-ion conductive garnets against moisture and the
associated Li+/H+ cation exchange makes their processing
even more difficult. Formulation of suitable polymer/ceramic
hybrid solid state electrolytes could be a prosperous way to
reach the future large scale production of solid state Li-ion
batteries. In fact, solvent mediated and/or slurry based wet-
processing of the LLZO, e.g., tape-casting, could result in
irreversible Li-ion loss of the pristine material due to Li+/H+ cation exchange. The concomitant structural changes and loss in
functionality in terms of Li-ion conductivity are the results of the above process. Therefore, in the present work a systematic
study on the chemical stability and structural retention of Al-substituted LLZO in different solvents is reported. It was found
that Li+/H+ exchange in LLZO occurs upon solvent immersion, and its magnitude is dependent on the availability of −OH
functional groups of the solvent molecules. As a result, a larger degree of Li+/H+ exchange causes higher increase of the lattice
parameter of the LLZO, determined by synchrotron diffraction analyses. The expansion of the cubic unit cell was ascertained,
when Li+ was replaced by H+ in the host lattice, by ab initio computational studies. The application of the most common
solvent as dispersion medium, i.e., high purity water, causes the most significant Li+/H+ exchange and, therefore, structural
change, while acetonitrile was proven to be the best suitable solvent for wet postprocessing of LLZO. Finally, computational
calculations suggested that the Li+/H+ exchange could result in diminished ionic, i.e., mixed Li+−H+, conductivity due to the
insertion of protons with lower mobility than that of Li-ions.

KEYWORDS: garnet type Li7La3Zr2O12, lithium ion conductor, solvent compatibility, wet-processing, composite electrolyte,
all-solid-state Li-ion battery

■ INTRODUCTION

With the rising demand for portable electronic devices and
electromobility, energy storage systems with increased energy
density and significantly enhanced safety are needed. All-solid-
state lithium ion batteries are considered as an improvement of
commercially available lithium ion batteries based on liquid
electrolytes regarding both safety and energy density.1 By
replacing the flammable, organic liquid electrolyte with a

nonflammable solid alternative, the safety of the battery cell
could be increased. Furthermore, using solid state electrolytes
is thought to enable the use of lithium metal as the negative
electrode material along with high voltage positive electrode
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materials, thereby increasing the energy density of the battery
cell. Recently, several materials have been considered as
suitable solid state electrolytes. Among them, the garnet type
oxide ceramics with the approximate formula of Li7La3Zr2O12
(LLZO) have been found to be promising materials. The cubic
crystal modification with acceptable high ionic conductivity is
usually stabilized using various substitution elements, such as
aluminum,2,3 gallium,4 or tantalum.5

Recently, the combination of ceramic garnets with polymer
electrolytes has attracted attention to form “hybrid” or
composite electrolytes. Several attempts have been made to
create composites of LLZO and polymer electrolytes to realize
thin membranes. In the most facile way, LLZO particles are
dispersed in a solution consisting of the polymer electrolyte
precursors, namely, the polymer (usually poly(ethylene oxide)
(PEO)) and a lithium salt (lithium perchlorate (LiClO4) or
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)) dis-
solved in an organic solvent (e.g., acetonitrile).6−11 The
dispersion is cast onto a flat surface and dried. Other
processing techniques for garnets are tape casting a solution
and drying/sintering the ceramic slurry, hot-pressing the
polymer−ceramic mixture,12 or infiltrating an electrospun
ceramic scaffold with a polymer electrolyte solution.13−15 In all
cases, solvents are needed to process the ceramic. By using wet
postprocessing steps such as tape casting, slurry based blade-
coating for the fabrication of LLZO powders into Li-ion
conductive polymer/ceramic membranes, the applied solvents
have to match several requirements. Being chemically inert
against LLZO and a good solvent for both Li-salt and applied
polymer is especially important. Polar protic solvents such as
water or alcohol homologues are good solvents for many Li-
salts and polymers such as PEO. However, the intimate contact
and the treatment of the LLZO with water may result in
leaching out the mobile Li+-ion species from the oxide ceramic.
It has been shown that LLZO garnets are sensitive to

humidity,16,17 reacting to form LiOH in the first step, followed
by the reaction with atmospheric CO2 to form Li2CO3
eventually.17−21 The underlying mechanism behind this
reaction is a lithium/proton (Li+/H+) cation exchange process.
Very recently, the significant deterioration of the Li-ion
transfer kinetics in partially protonated Li6.55Ga0.15La3Zr2O12
by water treatment was experimentally demonstrated.22

However, the advantageous effect of the Li+/H+ cation
exchange during highly dense full-ceramic membrane process-
ing have been also demonstrated recently.23,24 As it can be
conceived, protonation (i.e., Li+/H+ cation exchange) of the
cubic LLZO could positively affect its densification during the
combined casting−sintering membrane process by introducing
additional densification reaction mechanisms between the
formed Li2CO3 and the constituent oxides of the LLZO.
The stability of the Li-ion conducting garnet structures has

been investigated regarding the structure stability of proton
exchanged garnet forms.25,26 In these experiments, LLZO was
stirred in water for several days27 or acidic media25 to achieve
high ion exchange rates. Further attempts of proton exchange
have been made by treating pristine powders with ethanol/
benzoic acid solution.25,26 In all cases, changes in the crystal
structure were observed. For small proton exchange rates, an
increase in the lattice parameters was observed, while for high
proton exchanges rates (small Li content remaining in the
garnet) a change from a symmetric to a non-centro-symmetric
space group was detected.25,27 The aim of the previous
investigations was to identify changes in crystal structure as a

function of the proton content in the lattice and the location of
the protons in the garnet structure. A comprehensive review of
proton exchange of Li garnet materials in aqueous media was
recently published by Thangadurai et al.28 Nevertheless, the
results raise questions about garnet stability in other liquid
media used during wet postprocessing steps at ambient
temperatures without further heat treatment of the solvent-
treated LLZO garnets.
In that sense, solvent compatibility of Li-ion conductive

garnets is of great importance with respect to materials science
and especially the processing/manufacturing technology. In
the present study we report a systematic study of structural
changes of Al-substituted Li7La3Zr2O12 (LLZO) on solvent
treatments. The magnitude of the Li+/H+ exchange upon
solvent treatment of the pristine powder was probed by optical
emission spectroscopy (ICP-OES). Structural changes in the
Al-substituted LLZO by Li+/H+ cation exchange were
investigated by synchrotron X-ray diffraction analyses
combined with ab initio computational studies.
The magnitude of Li+/H+ exchange and the resulting

variations in the lattice parameter (a) of the cubic LLZO were
determined dependent on solvent chemistry. On immersion of
LLZO into solvents with different chemistries, the Li+/H+

cation exchange occurred to different degrees. This in turn
resulted in structural changes in the solvent treated Al-
substituted LLZO powders. The observed Li+/H+ cation
exchange might ultimately deteriorate Li-ion conductivity of
the solid-state Li-ion electrolyte. Accordingly, an assessment of
the most suitable solvents as dispersion media for LLZO using
the wet-chemical postprocessing route is reported.

■ EXPERIMENTAL SECTION
1. Sample Preparation. LLZO powder was prepared by a

coprecipitation technique and described elsewhere.3 Briefly, con-
stituent metal nitrates were dissolved in aqueous solution and
precipitated as hydroxides using an ammonium hydroxide solution.
To stabilize the cubic structure, 0.25 per formula unit Al3+ was added
as a substitution element. The precipitate was dried afterward and
mixed with lithium salt. To account for lithium losses during
calcination, excess lithium (10 mol %) was used. The dried hydroxide
precipitate/lithium salt mixture was calcined at 850 °C to yield high
purity, cubic garnet powder in a tubular oven using a lockable quartz-
tube inlay. Already, during the cool down ramp, the calcined LLZO
powder was held under argon in order to avoid direct contact with
ambient air, thereby suppressing Li2CO3 formation on the LLZO.
Subsequently, the calcined LLZO powder that is placed under argon
inside the lockable quartz tube was transferred into the argon filled
glovebox (H2O and O2 < 0.1 ppm). All further processing steps were
carried out in the glovebox environment to avoid contamination with
moisture from the air.

2. Procedure for Li+/H+ Exchange by Solvent Treatment. To
induce Li+/H+ cation exchange of the Al-stabilized cubic LLZO
garnet on solvent treatment, 1 g of the pristine LLZO was weighed
into glass vials (Vvial = 40 mL) inside the glovebox. The corresponding
amount of the solvents, i.e., 0.2 mol, was added to the powders before
the vials were sealed. Besides high purity water (Millipore) as the
treatment medium, the following solvents were used: methanol
(MeOH, reagent grade, 100%, VWR Prolabo Chemicals), ethanol
(EtOH, absolute, dried, max. 0.01% H2O, >99.9%, Merck), 1-
propanol (n-PrOH, puriss, >99%, Merck), 2-propanol (i-PrOH,
reagent grade, 100%, VWR Prolabo Chemicals), acetonitrile (AcN,
anhydrous, >99.8%, Sigma-Aldrich), and cyclohexane (c-Hex, reagent
grade, 99.9%, VWR Prolabo Chemicals). The solvents were stored in
the glovebox and dried using molecular sieves (3 Å). All dispersions
were stirred on a vibrating plate for 2 weeks to provoke more
significant changes in Li+/H+ compositions. After 2 weeks, the solid
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phase and solution were separated by filtration. No additional solvents
were introduced for washing since this would have inevitably changed
the LLZO/solvent ratio. This step was carried out in ambient
atmosphere, but care was taken to limit the exposure time of the
powder to air to a minimum. Therefore, the filtered and still solvent-
wetted LLZO pastes were transferred immediately after filtration back
to the glovebox for drying. In the end, the powder was dried overnight
in an oven at 60 °C in a glovebox environment.
3. Sample Characterization. Thermogravimetric/mass spec-

trometry analysis (TGA-MS) of the LLZO powder was performed on
a Netzsch STA 449F3 apparatus using 5 K/min heating rate in Ar
atmosphere in the 35−950 °C range. FT-IR analyses were performed
on a Bruker Equinox 55 spectrometer in the 3600−600 cm−1 range,
averaging 32 scans per measurement. High-resolution synchrotron
powder diffraction data were collected using the beamline 11-BM at
the Advanced Photon Source at Argonne National Laboratory with a
calibrated wavelength of 0.4126680 Å at 295 K. Discrete detectors
covering an angular range from −6 to 16° 2θ are scanned over a 34°
2θ range, with data points collected every 0.001° 2θ and scan speed of
0.1°/s. Rietveld refinements of the obtained diffraction patterns were
performed using the General Structure Analysis System II (GSAS-
II).29 The space group Ia3̅d and the structural data of Li7La3Zr2O12
were used as the initial structural model.30 A minor amount Li2ZrO3
was identified in all of the samples as an additional secondary phase
(<2 wt %).31

Inductive coupled plasma optical emission spectroscopy (ICP-
OES, 7000DV, PerkinElmer) was employed to determine the Li+

content of the pristine and solvent treated powders. Samples for ICP-
OES measurements were prepared as follows. About 0.02 g of powder
(pristine or solvent treated) was dissolved in aqua regia. The aqua
regia for dissolving the LLZO samples is composed of a mixture of
high purity hydrochloric acid (HCl, 37%, ARISTAR for trace analysis,
VWR Chemicals) and nitric acid (HNO3, 67%, NORMATOM for
trace metal analysis, VWR Chemicals). The molar ratio of HCl:HNO3
is 3:1. The solution was stirred at room temperature overnight until
the powder was fully dissolved. Then, the solution was diluted before
use. In the course of the ICP-OES analyses the diluted sample
solutions were delivered to the plasma applying 1.5 mL/min flow rate.
Since detection at 610.362 nm resulted in a lower quality spectrum,
detection at 670.784 nm provided high quality signal for lithium. For
all samples, three parallel measurements were performed for the better
statistics, and the arithmetic average of the measurement results was
calculated. The calculated standard deviations of the three parallel
analyses fall into the 0.003−0.010 mg/L range and correspond to
0.5−1.7%. The stability of the plasma was controlled using an internal
standard by adding 1 mg/L yttrium. The signal was detected at λ =
371.029 nm.
4. Computational Details ab Initio Calculations. The

CRYSTAL17 code32 was adopted for all the ab initio calculations
in its massively parallel implementation.33 All calculations were
performed within the Density Functional Theory, adopting the Becke,
3 parameters, Lee−Yang−Parr (B3LYP) hybrid functional.34 The
tolerance for the SCF cycle convergence has been kept at the default
value of 10−7 Ha. Values of the tolerances that control the Coulomb
and exchange series in periodical systems were set to 10−7 and 10−14

Ha, respectively.35 The Hamiltonian matrix was diagonalized using 8k
points (shrinking factor = 2).36 Li and O were described by all-
electron split valence double-ζ basis sets: 6-11G for the former37 and
6-31G(d,p) for the latter.38 An Ahlrichs’s pVDZ basis was used for
H.39 Hay−Wadt small-core pseudopotentials were employed for Zr
and La.40 The Zr 4s2 4p6 4d2 5s2 and La 5s2 5p6 5d1 6s2 electrons were
treated explicitly in order to take into account the pressure-induced
relaxations of the outer core electrons.41,42 Both cell parameters and
internal coordinates were optimized, using the analytical gradient
method. Although, due to the modeling procedure, the space group
for cubic LLZO had to be set to P1, with all atoms in the
crystallographic unit cell included in the irreducible unit, cubic
constraints (a = b = c and α = β = γ = 90°) were maintained during
the optimization. Default convergence values were used for the
maximum allowed gradient, the maximum atomic displacement and

their maximum allowed root-mean-square values for convergence
(0.00045 Ha·bohr−1, 0.00180 Bohr, 0.00030 Ha·bohr−1, and 0.00120
Bohr, respectively). The choice of the computational approach,
allowed by the efficient implementation of hybrid functionals and all
electron basis sets in the CRYSTAL code, was guided by the
requirement of high accuracy in the prediction of the cell parameters.

■ RESULTS AND DISCUSSION
I. Structural and Chemical Composition Analyses.

Since laboratory X-ray diffraction is not suitable for the
accurate and thorough structural study of the partially
protonated garnet phases, high-resolution synchrotron powder
diffraction data were collected. Structural changes such as
alteration of the lattice parameters and phase purity of the Al-
substituted LLZO upon Li-ion extraction were assessed for the
pristine and for each solvent treated sample. A representative
synchrotron diffraction pattern of the pristine LLZO using a
Rietveld refinement can be found in Figure 1.

The diffraction patterns of all samples exhibit a high degree
of asymmetry which leads to a “shoulder” at lower diffraction
angle as demonstrated in Figure 2a. This asymmetry cannot be
described sufficiently by the instrumental asymmetry, suggest-
ing that it belongs to the targeted LLZO phase itself. The
asymmetry itself cannot be properly fit with a single cubic
garnet phase (i.e., LLZO1, see Figure 2a). By adding two
additional cubic garnet phases (LLZO2 and LLZO3), i.e., the
exact same structure with only slightly larger lattice constants,
as secondary LLZO phases significantly improves the fit. This
multiphase f itting approach necessitates manual centering of the
lattice parameters and is shown in Figure 2b,c using the
representative fits of the reflection from (400) Miller plane;
however, the asymmetry can be found in all Bragg reflections
with sufficient intensity. In Figure 2b the result of the fit with
one additional LLZO phase (LLZO2) with a lattice parameter
larger by 0.02966 Å is presented. In Figure 2c the fit with the
further third LLZO phases (LLZO3) with a lattice constant
larger than LLZO2 by 0.03289 Å is represented. We attribute

Figure 1. Representative Rietveld refinement for the pristine LLZO,
including profile fit and profile difference using three LLZO phases
and the impurity phase Li2ZrO3. The top ticks are for the majority
LLZO (LLZO1) phase and the bottom ones are for the La-deficient
minor impurity Li2ZrO3. The inset is showing a magnified region of
the same representative fit. Rwp = 9.40%, and GoF = 2.17. Obtained
phase fract ions are LLZO1 :LLZO2 :LLZO3 :L i 2ZrO3 =
82.7:12.6:3.0:1.7.
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this distribution of unit-cell parameters to the known instability
of these lithium conducting garnets in humid (ambient)
atmosphere,16,25,26,43,44 as the resulting Li+/H+ exchange is
known to lead to an increase in the unit-cell parameters. In
reality, while three phases are used to describe the asymmetry
the resulting phases likely represent a continuous spread of
nondiscrete lattices in LLZO as previously observed for the
garnets.45 The difference in the lattice parameters of the main
phase and the secondary phases are in the range of 0.06 Å. For
an overview, only the lattice parameters of the majority phase
are reported in Table 1.

In order to understand the occurring changes in the samples
in different solvent media, the following procedure was
performed: the changes in the lattice parameters and degree
of peak asymmetry of differently processed samples were
addressed by shifting only the lattice parameters with the fixed
phase fractions (LLZO1:LLZO2:LLZO3 = 82.7:12.6:3.0), as
obtained from the Rietveld refinement of the pristine,
nontreated LLZO sample, while retaining the differences in
the lattice parameters of main and secondary phases
(a(LLZO2) − a(LLZO1) = 0.02966 Å and a(LLZO3) −
a(LLZO2) = 0.03289 Å), and instrumental parameters
obtained from pristine LLZO.
Figure 3 shows a zoom into the (400) reflections of all

samples processed in the different solvents. Two main
observations can be made, i.e., a remarkable shift in the
maximum of the (400) reflection, as well as a growing peak
asymmetry, depending on the solvent. Diffraction data in
Figure 3 demonstrate that certain solvents affect the crystal
structure of the LLZO more severely, for instance, protic polar
solvents, such as H2O, and primary, short-chain aliphatic
alcohol homologues (i.e., MeOH, EtOH, n-PrOH). Regarding
these samples, the peak shift of the (400) reflection compared
to the pristine, nontreated LLZO (the center of the peak
position is marked with the dashed line) and the rather high
peak asymmetry is obvious. The apparent shift in the 2θ-
position of the reflection can be attributed to a more severe
Li+/H+ exchange. Shifting of the peak maximum to lower
diffraction angles indicates the increasing unit cell parameters,
which originate from the partial substitution of Li-ions with
protons in the host LLZO (cf. Table 1). Furthermore, the
growing asymmetry of the (400) reflection is the result of the
nondiscrete spread in lattice parameters of the LLZO caused
by the more severe Li+/H+ exchange. The nonideal peak shape,
i.e., growing asymmetry can further be correlated to a degree of
“cleanliness” of the LLZO after treatment in the solvents.
Protic solvents with readily available −OH functional groups

are a good source for protons compared to aprotic solvents;
hence, the Li+/H+ cation exchange occurs with a larger
magnitude. On the other hand, treatment with other solvents
such as aprotic polar (i.e., AcN) or nonpolar (i.e., c-Hex)
results in lower Li+/H+ exchange rate and, therefore, in smaller
changes of chemical composition and crystal lattice parame-
ters. The latter is demonstrated by the less significant peak shift
of the (400) reflection and the less pronounced peak
asymmetry (see in Figure 3).

Figure 2. Representative synchrotron diffraction patterns and
corresponding Rietveld refinement shown for the reflection of the
(400) Miller plane as obtained from the pristine, nontreated
(“pristine”) LLZO. (a) A lattice constant of the majority LLZO
(LLZO1) is adjusted to fit the reflection. (b) Fit with an additional
LLZO phase (LLZO2) with a lattice parameter larger by 0.02966 Å.
(c) Fit with one more LLZO phases (LLZO3) with a lattice constant
larger than LLZO2 by 0.03289 Å. The fit is significantly improved by
including additional LLZO phases for a given lattice constant of
LLZO1, showing a nondiscrete spread in lattice parameters due to
Li+/H+ exchange. The fit with three LLZO was then used as a
reference to assess the degree of asymmetry of peaks from solvent
treated samples.

Table 1. Li+/H+ Compositions in the Pristine and Solvent
Treated LLZO Samples, Lattice Constants, and the Refined
Parameters from the Rietveld Analyses Based on
Synchrotron Data

sample and treatment
method

residual Li+/H+

contenta
lattice parameter ab

(Å)

pristine (nontreated) Li5.90H0.35 12.9927
H2O Li4.67H1.23 12.9995
MeOH Li4.68H1.22 12.9965
EtOH Li4.70H1.20 12.9965
n-PrOH Li4.63H1.27 12.9965
i-PrOH Li5.45H0.45 12.9930
AcN Li5.50H0.40 12.9930
c-Hex Li5.40H0.50 12.9935

aFrom the ICP-OES analyses after solvent treatment. bBased on
synchrotron data.
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Noteworthy is that, among the used solvents containing
−OH functional groups in the present study, the less polar
secondary alcohol, i-PrOH, shows rather weak ability for Li+/
H+ exchange. However, its regioisomer n-PrOH possesses
strong capability to leach Li-ions from the LLZO crystals.
Comparing the Li-ion leaching strength of the solvents n-
PrOH and i-PrOH (with quite similar physicochemical
properties), the secondary alcohol i-PrOH causes less
pronounced changes in the chemical composition, and thereby
alteration in lattice parameters of the LLZO during solvent
treatment. It is assumed, that this effect could be accounted for
the weaker acidic character of the secondary alcohol, i-PrOH.
Nevertheless, due to the conformational differences between n-
PrOH and i-PrOH, the lower Li+/H+ exchange rate for i-PrOH
could be discussed in terms of steric hindrance, as well. In
summary, protic solvents with stronger acidic character (i.e.,
H2O, MeOH, EtOH, n-PrOH) result in more severe
compositional changes, i.e., Li+/H+ exchange reactions,
whereas aprotic and nonpolar solvents such as AcN and c-
Hex can preserve the pristine LLZO structure.
The observed crystallographic changes in the LLZO samples

on solvent treatment were correlated to their chemical
compositions. We assumed that the peak shift, as it is
demonstrated in Figure 3, is a direct consequence of the Li+/
H+ cation exchange in the host LLZO, and thus, it must be

reflected in the determined residual Li-ion concentrations of
the samples after solvent treatments. Therefore, ICP-OES
analyses have been carried out to quantitatively analyze
residual Li-ion content of the solid phases after solvent
treatments of the pristine LLZO.
In the present study the targeted, theoretical composition of

the as-synthesized LLZO (i.e., pristine, nontreated) is
LixAl0.25La3Zr2O12, where x = 6.25. Based on the results from
the ICP-OES measurements, the Li-ion content for the
pristine, nontreated LLZO along with the solvent treaded
powder samples were determined as presented in Figure 4. The
calculated stoichiometric proportion for lithium (x) is
displayed as the blue columns. The red bars show the
calculated stoichiometric amounts (y) for protons in the
LixHyAl0.25La3Zr2O12 compounds. The calculated amount of
protons is based on the electronic charge neutrality of the
material. Based on the ICP-OES data for the pristine LLZO
powder, a lithium concentration corresponding to x = 5.9 Li+

per formula was determined. The value is slightly lower than
the targeted x = 6.25. Lithium loss is expected during the high
temperature calcination step of the LLZO precursors, despite
using an excess amount of Li precursor in the course of the
synthesis. In fact, charges must be balanced in the LLZO
crystal lattice; thus, it is assumed that already in the pristine,
nontreated sample a partial H+ substitution has occurred.
Indeed, it has already been shown that, in the synchrotron
diffraction result, a certain cation exchange must have occurred
already in the pristine powder (see Figure 1). The necessity of
inclusion of multiple LLZO phases for a satisfactory fit is a
clear indication of the lower phase purity and mixed phase
character of the sample. The partial protonation, i.e., Li+/H+

exchange in the pristine LLZO sample, originates supposedly
from the ambient atmosphere (some steps of the sample
preparation procedure has been carried out under ambient
atmosphere) or from the amorphous, mixed-hydroxide
precipitate mediated wet-chemical processing route of the
LLZO. Therefore, the overall initial composition of pristine,
nontreated powder more l ike ly corresponds to
Li5.90H0.35Al0.25La3Zr2O12.
In case of the solvent treated powders, the Li-ion

compositions determined by ICP-OES show a good agreement
with the order of crystallographic characteristics (cf. Figure 3)
and phase purity. The determined lattice parameters (a) from
the Rietveld refinements (cf. Table 1) are also represented in
Figure 4 (please note, dashed line is only for the purpose of
better readability of the data points). Regarding the LLZO
samples dispersed in i-PrOH, AcN, and cHex, lattice
parameters show quite similar values as expected from the
residual lithium concentrations determined by ICP-OES,
which are, in fact, close to the value of the pristine LLZO.
On the other hand, MeOH, EtOH, and n-PrOH treated LLZO
samples show larger deviations from the pristine LLZO with
respect to residual lithium content. For these three samples,
the lowest amounts of residual Li-ion content were
determined. According to the larger shift in the position of
the (400) reflection, as it is shown in Figure 3, increased lattice
parameters and, thereby, significant lattice volume expansion
have been ascertained.
As already seen in the diffraction data, the highest Li-ion loss

in the LLZO is detected after the treatment with n-PrOH
(22%), with only about 4.63 Li+ per formula unit remaining in
the sample. In general, the lithium loss is high for primary
alcohols (i.e., MeOH, EtOH, n-PrOH) and less pronounced

Figure 3. Representative patterns for the (400) reflections including
profile fit and profile residuals of the corresponding refinements. The
dashed-black line indicates the position of the (400) reflection from
the pristine LLZO with a = 12.9927 Å. The degree of peak asymmetry
as well as the lattice parameter of the majority phase grows with more
protic solvents.
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for the other organic solvents (i.e., i-PrOH, AcN, c-Hex). The
Li-ion loss in all cases is assumed to be the result of a Li+/H+

cation exchange process that has been described for LLZO
before,46 e.g., for Sn containing garnets.25 In Sn containing
garnets (Li7La3Sn2O12), 68% (4.75) of the Li-ions can be
exchanged for H+ ions using ethanol/benzoic acid solution. In
contrast, in Ta-substituted LLZO, only four Li-ions can be
removed from the crystal structure by water.47 The difference
between the value reported here and previous studies may be
the variation in elements (Zr vs Sn), a variation in solvent/
LLZO concentration, or exchange conditions (heated under
reflux for 1 week in ref 25). From the results above, it is
obvious that primary hydroxyl-group containing organic
solvents cause significant losses in Li-ion content in the
lithium-bearing garnets and by using less polar solvents the Li-
ion loss is reduced drastically.
In the special case of water treatment of the LLZO, the

determined lattice parameter from the Rietveld refinement of
the synchrotron diffraction data suggests much higher lithium
loss than was determined by ICP-OES analysis. Among the
investigated samples in the present study, water agitated LLZO
powder exhibits the largest lattice parameter (a = 12.9995 Å)
and, thereby, the highest rate of Li+/H+ exchange. Never-
theless, residual lithium concentration after water treatment is
in the same range as for the lithium content of the LLZO
samples treated with primary, short-chain aliphatic alcohols. It
is assumed that the reaction between LLZO and water
molecules can be described with the following equation:

+ → +−x xLi La Zr O H O Li H La Zr O LiOHx x7 3 2 12 2 7 3 2 12

followed by the reaction between LiOH and dissolved CO2 in
the aqueous phase to Li2CO3. The formed Li2CO3 can deposit
and accumulate on the surface of the LLZO particles. The
formation and accumulation of Li2CO3 on the LLZO are also
evidenced by exposing the powder to ambient air. Simulta-

neous TGA-MS analyses showed that above 300 °C
decomposition of the superficial Li2CO3 occurs with the
concomitant release of CO2 as one of the decomposition
products (see Figure S1). In the case of the water treated
sample, presumably, in the beginning of the treatment
procedure the formed Li2CO3 might be dissolved in the
aqueous phase. However, after the concentration of the
dissolved Li2CO3 reaches the saturation limit in the aqueous
phase, the formed Li2CO3 (i.e., due to the still ongoing Li+/H+

exchange) deposits on the surface of the dispersed particles
due to solubility issues. In fact, the presence of the formed
superficial carbonate species (e.g., originating from the formed
Li2CO3) has been ascertained by FT-IR measurements; see
Figure S2. This, in turn, results in two phenomena. First, the
detection of the carbonate containing surface film on the
LLZO grains is hardly possible by diffraction techniques (i.e.,
laboratory XRD or synchrotron diffraction), but in fact, it
contaminates the sample. Second, this superficial carbonate
deposition on the LLZO particles causes positive errors by the
ICP-OES analyses, suggesting less Li-extraction from the
LLZO phase. All lithium species found in the solid phase will
be detected and analyzed by the ICP-OES measurement
irrespective of their origin, i.e., originating from the solvent
treated LLZO or from superficial Li2CO3 film. However, in
reality, a much higher Li-ion extraction could occur from the
LLZO that the ICP-OES data suggests. This latter is evidenced
by the significant enlargement of the unit cell lattice parameter
for the water treated LLZO (see Figure 4). In contrast, by
treatment with primary, short-chain aliphatic alcohols, such as
MeOH, EtOH, and n-PrOH, the following reaction with
LLZO is assumed:

+ ‐ → + ‐−x xLi La Zr O R OH Li H La Zr O R OLix x7 3 2 12 7 3 2 12

where R = −CH3 (Me), −C2H5 (Et), or −C3H7 (Pr). The
formed Li-alkoxide species will be dissolved in the correspond-

Figure 4. Calculated residual lithium stoichiometry of the LLZO powder samples determined by ICP-OES analyses (x values) and lattice
parameter (a) obtained from Rietveld refinement of the synchrotron diffraction data (y values are calculated based on electronic charge neutrality
of the compounds).
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ing liquid phase and, therefore, removed from the LLZO/
solvent dispersion, i.e., during the mechanical phase separation,
afterward. Accumulation of the Li-alkoxide molecules by
adsorption on the partially protonated LLZO is supposed to
be negligible.
In summary, water treatment has probably the largest impact

on the LLZO structure and results in the highest level of
lithium leaching from the pristine LLZO structure. Accord-
ingly, it is hypothesized, the Li-ion conduction of the water
treated LLZO diminishes significantly, and it loses its
functionality as possible solid-state electrolyte. In the case of
using short-chain, primary alcohols, the extent of the Li+

extraction from the LLZO was less pronounced compared to
the effect of water, but still significant. A substantial change in
the Li-ion conductivity of those samples has to be considered.
By using aprotic polar solvents or apolar solvents the degree of
Li+/H+ exchange was found to be low. Therefore, in view of
structural retention, those solvents are more suitable for further
wet postprocessing of LLZO, suggesting a sustainable Li-ion
conduction of the solid-state electrolyte material.
II. Computational Studies. The changes in LLZO lattice

parameters due to the Li+/H+ exchange as observed from the
diffraction analyses were further supported by quantum
mechanical simulations. The main goal was to confirm that
the perceived increase of the lattice parameters and the
concomitant expansion of the unit cell in cubic LLZO upon
solvent treatment are indeed due to the supposed Li+/H+

exchange. Furthermore, the underlying mechanisms are
elucidated by atomistic insights.
At the initial step, to find the sufficient base model for the

cubic LLZO is a rather difficult procedure, because in this
phase the Li sublattice is always disordered. Experimentally,
occupancies lower than one have been determined for cubic
LLZO.48 Indeed, two different types of Li symmetry sites exist
in cubic LLZO: tetrahedral “Li1” (24d) and displaced
octahedral “Li2” (96h) sites, accounting for a total of 120
crystallographic positions for just 56 Li-ions per unit cell.49

Experimental and computational investigations have been
performed in the past to define “rules” governing the
occupation of the Li sites.49−53 According to simulation
studies in literature, however, no significant effect on the
computed properties was observed by choosing different ion
arrangements.52 For this reason, in the present simulations,
only one possible configuration has been chosen. Starting from
the experimental crystal structure by Buschmann et al.48 we
distributed the 56 Li-ions in the cell according to the
procedure suggested by Xu et al.,51 24 Li-ions were distributed
over the tetrahedral “Li1” (24d) sites, and the remaining 32
ions were randomly distributed over the octahedral “Li2”
(96h) sites with the constraint that Li-ion pairs cannot occupy
adjacent 96h sites due to unfavorable electrostatic repulsion.
The resulting unit cell after performing a geometry

optimization is reported in Figure 5 (x = 7.0). In accordance
with previous results,51 the relaxation causes significant
displacements of the Li-ions, so that in the end the
configuration is quite different from the initial guess. Despite
this, the predicted cell parameter is in extremely good
agreement with the starting experimental structure (Δa =
0.0035 Å), validating both the model and the chosen level of
theory. Indeed, since very subtle volume changes are predicted
as an effect of Li+/H+ exchange, a high precision in the cell
parameter prediction is a strong requirement for our
simulations.

Starting from the optimized cubic LLZO crystal structure,
the proposed Li+/H+ exchange mechanism has been modeled.
In a random fashion, Li-ions have been replaced by H+, at
various degrees of substitution, i.e., 4, 8, 12, and 16
substitutions per unit cell, corresponding to x = 6.5, 6, 5.5,
and 5 in the sum formula of LixH7−xLa3Zr2O12. For each value
of x, at least 10 different random configurations were tested,
taking then the average value of lattice parameter “a” and using
the standard deviation to estimate the error. One structure per
degree of substitution is reported in Figure 5, and the variation
of the cell parameter “a” with respect to x is shown in Figure 6.
A clear linear correlation (adjusted R2 = 0.991) is observed

between the two variables, i.e., the cell volume increases
linearly with the degree of Li+/H+ ion substitution. The size of
the error bars shows that the chosen level of theory is capable
of capturing the overall trend in the change of the lattice
parameter upon Li+/H+ exchange, despite only a 0.04 Å
increase in lattice parameter being observed from x = 7 to x =
5. Both the trend and the absolute values of the cell parameter
increases are in remarkable agreement with the experimental
findings, upholding the hypothesis that LLZO experiences a
process of Li+/H+ exchange when treated in protic solvents.
Note that the Al3+ substitutions in the above simulations were
not included. Therefore, the values of x are not fully
comparable with the experimentally obtained ones (every
Al3+ ion replaces three Li-ions in the unit cell). A fully Li+/H+

exchanged system was also modeled (x = 0), resulting in a
lattice parameter of 13.1682 Å, suggesting that the linear trend
would continue for higher degrees of substitution. However,
under experimental conditions the synthesis of a pure and
entirely protonated “hydrogarnet-like” phase was seemingly
not possible, but its existence should not be ruled out.26

Regarding the reason behind the volume increase in response
to the Li+/H+ exchange, a comparison between the starting
substituted geometries (not shown here) and the optimized
ones of Figure 5 suggests that it is dominated by ion

Figure 5. Optimized geometries of the models for the pristine (x =
7.0) and proton substituted cubic LLZO at various degrees of
substitution, identified by the value of the x subscript in the sum
formula LixH7−xLa3Zr2O12. Color code: Li, cyan; H, blue; La, green;
Zr, magenta; O, red; cell borders in black. For the proton substituted
structures, only the protons are highlighted, while the rest of the
structure is reported in gray. Only one among the tested proton
configurations, for each value of x, is reported, for simplicity. A
magnification of a ZrO8 octahedron is included, to show the
formation of OH groups after ion substitution.
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rearrangements. Indeed, when only the cell of an x = 5
substituted model was allowed to relax, keeping the atomic
positions fixed at those in pristine LLZO, a lattice parameter of
12.8863 Å was computed, smaller than the unsubstituted case.
In contrast, an average lattice parameter of 13.0066 Å is
obtained when all atomic positions were allowed to relax (cf.
Figure 5). Particularly, the newly inserted H+ ions move
toward the oxygen atoms of the ZrO8 units forming −OH
groups (new O−H distance ≈ 0.98 Å), which can be observed
in Figure 5. The formation of covalent bonds between the H+

ions and the ZrO8 units, if confirmed, could suggest a lower
mobility of the protons with respect to the Li-ions they replace.
In turn, this could mean that the loss in Li-ion conductivity
would not be compensated by H+ conductivity, after
substitution.

■ CONCLUSIONS
In the present systematic study, the chemical compatibility of
the Li-ion conductive garnet solid state electrolyte in different
solvents is reported. By the selection of the solvents, their
chemical character in terms of polarity and presence/absence
of −OH bearing functional groups was decisive. The Al-
substituted cubic Li7La3Zr2O12 (LLZO) was treated with
equimolar amounts of solvents with different chemistries.
Refined data from the synchrotron diffraction studies pointed
out that the Bragg (400) reflection is shifted to significantly
lower diffraction angles upon treatment of the LLZO with
polar protic solvents. Concomitantly, an increasing peak
asymmetry was ascertained. The continuous spread of the
nondiscrete lattices for the pristine and also solvent treated
LLZO samples could be fitted by using the multiphase fitting
approach. The lattice parameter (a) for the major LLZO phase
was found to increase with higher magnitude of Li-ion leaching
from the pristine LLZO. This finding is in good agreement
with the chemical compositions (i.e., determined residual Li-
ion content) of the solvent treated LLZO samples. Ab initio
computational studies supported the hypotheses, that Li+/H+

cation exchange in the pristine LLZO results in increase of the

lattice parameter, a, and causes expansion of the unit cell
volume. In fact, the chemical bond between the introduced H+

ions and ZrO8 units in the LLZO tends to have rather covalent
character, which could result in lower ionic mobility. Hence, a
diminished ionic conductivity of the solvent treated LLZO is
predicted. We found that treatment of the LLZO with
common, high purity water results in the highest deterioration
of its crystal structure and also functionality in respect to Li-ion
conduction. Based on our studies, we assume that aprotic polar
solvents must be used by the wet postprocessing of the Li-ion
conductive garnets, in order to retain its chemical structure and
full functionality as a solid state electrolyte. In the case of wet-
processing of polymer/ceramic hybrid solid state electrolytes,
acetonitrile, for instance, would be a good choice as the
dispersion medium and solvent. It has low impact on the
LLZO structure, and it is a good solvent for many lithium salts
and also polymers, such as PEO.
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