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Garnet to hydrogarnet: effect of post synthesis
treatment on cation substituted LLZO solid

electrolyte and its effect on Li ion conductivity+t
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We investigated why commercial Li;LasZr,O1, (LLZO) with Nb- and Ta substitution shows very low mobility
on a local scale, as observed with temperature-dependent NMR techniques, compared to Al and W

substituted samples, although impedance spectroscopy on sintered pellets suggests something else:

conductivity values do not show a strong dependence on the type of substituting cation. We observed
that mechanical treatment of these materials causes a symmetry reduction from garnet to hydrogarnet
structure. To understand the impact of this lower symmetric structure in detail and its effect on the Li
ion conductivity, neutron powder diffraction and Li NMR were utilized. Despite the finding that, in some

materials, disorder can be beneficial with respect to ionic conductivity, pulsed-field gradient NMR
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measurements of the long-range transport indicate a higher Li* diffusion barrier in the lower symmetric

hydrogarnet structure. The symmetry reduction can be reversed back to the higher symmetric garnet
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1. Introduction

The garnet-type structure LazLisM,0;, (M = Nb, Ta) was first
described by Mazza' and Hyooma® in 1988. Li,;La;Zr,0O;,
(LLZO), with Zr substituted for Nb and Ta yielded remarkably
high Li* conductivities (3 x 107 S em™" at 25 °C) and made the
ceramic material a promising candidate as a solid-state Li-ion
conductor.®* A comprehensive overview of LLZO materials and
the recent development of oxide based all solid-state batteries
were published recently,* e.g. by Wang et al.’> To improve the
ionic conductivities, high mobility and a high density of charge
carriers must be achieved. Among other methods, substitution
in the cation lattice has been proven to increase the ionic
conductivity in LLZO materials.® Aliovalent substitution of the
cations is on the one hand required for the stabilization of the
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structure by annealing at 1100 °C. This unintended phase transition and thus a reduction in conductivity
is crucial for the processing of LLZO materials in the fabrication of all-solid state batteries.

cubic structure at ambient conditions, which yields much
higher conductivities as compared to tetragonal counterparts.
On the other hand, it can induce disorder into the structures,
which is known to be beneficial for ionic conductivities.”*°
Substitution with higher valent cations can lead to a higher
local mobility of ions." It is assumed, that a maximum of
sublattice entropy in garnet-type structures could have an
enhancing effect on the Li* conductivity.*® The introduction of
defects and distortions via ball milling can have a positive effect
on conductivity, as explained by Schlem et al.** Liu et al. follow
this by stating that an understanding of this local defect
structure is also important in order to prevent dendrite forma-
tion.” Thorough choice of the substituents allows tuning the
materials properties and gaining more efficient sintering
conditions and thus economic fabrication for industrial appli-
cation. Well-balanced substitution of Zr** by e.g. Nb**, Ta>" and
W® reduces the required synthesis temperature and duration
as compared to the common AI’* substitution as summarized in
Table 1. All materials were obtained from a ceramic synthesis
and the total conductivity was measured by impedance spec-
troscopy. While the resultant conductivities of the LLZO
samples do not differ significantly, in order to get a reasonable
conductivity in Al containing LLZO much longer sintering times
are required (up to 36 hours). Using the other substituents, the
maximum necessary sintering time was 15 h. Therefore, Nb-,
Ta- and W-substituted LLZOs are beneficial for large-scale
battery production. Cations suitable for substitution in cubic
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Table 1 Comparison of bulk ionic conductivities, as reported in the literature, for A®*-, Nb®*, Ta>*, W8*-substituted LLZO synthesized from

Li2C03, Lazog, ZrOZ, Nb205, Ta205, W03 and A1203

Stoichiometry Calcination steps Bulk conductivity Ref.

1 wt% Al as Al,O; between (2) and (3) calcination (1) 900 °C, 5 h 4.4 x 107425 °C 14 and 15
(2)950°C,12 h
(3) 1180 °C, 36 h

Lig sLazZr; sNbg 501, (1) 900 °C, 8 h 6.6 x 10 *21°C 16
(2)1230°C, 15 h

Li 675183211 625Ta0 37501, starting from LiOH (1)950°C, 12 h 5.0 x 104,25 °C 17
(2) 1000 °C, 12 h
(3) 1000 °C, 12 h

Lis 3La3Zr;.6sWo.35015 (1) 900 °C, 12 h 8.0 x 107, 25 °C 18

(2) 1200 °C, 12 h

LLZO and their preferred coordination in binary oxides are
listed in Table S1 in the ESLt

While most of LLZO materials crystallize in the classical
garnet structure type, space group Ia3d (no. 230), a different
garnet structure is also known: “hydrogarnet” (I43d, no. 220).
The latter has been observed for Ga and Fe substituted
samples.’*** Due to their small ionic radius, these ions are ex-
pected to occupy the Li site(s). In contrast, larger atoms such as
Nb, Ta, and W substitute on the Zr site. The similarity of both
structures can be seen in Fig. 1. In contrast to the garnet
structure, the hydrogarnet structure lacks a general threefold
inversion axis. We note that the term hydrogarnet refers to the
structure type of space group no. 220 and not to an exchange of
protons or hydroxide groups.

An additional site for Li transport in the hydrogarnet struc-
ture is described by Wagner and Rettenwander.” They propose
that the symmetry reduction is caused by the presence of
Gallium. Robben et al. follow this assumption.” In a later
publication dealing with Fe-substituted LLZO, Wagner et al.
propose that the hydrogarnet structure is formed by ordering of
Fe’" on the tetrahedral Lil (12a) site.® To the best of our
knowledge, the formation of the hydrogarnet structure has not
been reported for LLZO substituted with AI**, Nb>*, Ta>* or W**
so far. In this paper, four differently substituted (AI**, Nb>",
Ta’", or W*") commercial LLZO materials are examined on the
crystal structure and local distortions by means of X-ray and
neutron powder diffraction (XRD/NPD) as well as by °Li and *’Al
magic-angle spinning (MAS) nuclear magnetic resonance
(NMR) spectroscopy. Total scattering pair distribution function

Garnet /a3d Hydrogarnet /43d
16a (%) 16c
Li1 12a
Li1 24d (5 Li242b

P Li2.00h Li3 48e

24c 24d

Fig.1 Comparison of the crystal structures garnet (space group 230)
vs. hydrogarnet (space group 220) and their cation coordination and
Wyckoff positions. Oxygen atoms are depicted as polyhedron corners.
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analysis (PDF) provides insights into the structural impact of
the synthesis steps. We investigate the formation of geometric
frustration induced by ball milling and its reversal by temper-
ature treatment with XRD and PDF. The short-range Li‘'-ion
dynamics are studied using temperature-dependent static “Li
NMR lineshape measurements and "Li NMR spin-lattice relax-
ation experiments (T;). Examining the short-range Li" transport
and ion hopping, the commercial hydrogarnet-structured LLZO
is compared to our synthesized garnet LLZO reference samples.

We show that the thermal treatment induces the
hydrogarnet-to-garnet transformation. This influences the bulk
Li" conductivity, which becomes that much enhanced that it
can be assessed by “Li pulsed field-gradient (PFG) NMR and
impedance measurements on sintered pellets.

2. Experimental

LLZO samples were purchased from MSE supplies with
different substituents. Their stoichiometry provided by the
supplier is: Lig 1Aly3La3Zr,04,, LigsLasZry sNbg 5012, LigasLas-
Zry 55Tag.75012, LigsLasZry 6sWo.3501,. The stoichiometry was
revised by X-ray fluorescence spectroscopy (XRF) (Pioneer S4,
Bruker AXS), inductively-coupled plasma optical-emission
spectroscopy (ICP-OES) (iCAP 7600 ICP-OES Duo, Thermo
Fisher Scientific) and carrier gas hot extraction (CGHE) (TC 600,
LECO) for oxygen, as described below. The results are listed in
the ESI in Table S2. LLZO reference compounds were prepared
according to the composition specified by the manufacturer as
listed above by a high-temperature route using Li,CO; (Alfa
Aesar), ZrO, (Alfa Aesar) and La,O; (Alfa Aesar) and either AINO;
(Alfa Aesar), NbO,, Ta,05 or WO, 4 for the substituents (Alfa
Aesar). The starting materials were mixed in stoichiometric
amounts (5 wt% Li,COj3 excess was used) and milled for 1 h in 2-
propanol in a planetary ball mill (Fritsch, Pulverisette 7,
premium line) with zirconia balls and grinding bowls. After
calcination at 1100 °C in MgO crucibles, garnet-type LLZO was
obtained as a white powder. The powder was ball milled
subsequently as described above or pressed to pellets, covered
with mother powder, and sintered at 1100 °C for 10 h. LiOH
(Sigma Aldrich) as a reference was dried in vacuum overnight.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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For the XRF measurement, 25 mg (accuracy + 0.05 mg) of
each sample together with 6000 mg (49.75% Li,B,0; + 49.75%
LiBO, + 0.5% LiBr) has been balanced in a platinum crucible
and fused by 1100 °C. Afterwards the flux has been poured out
in a platinum dish. For the calibration, four fusion tablets with
matrix-adapted standards (Li,COj3, Al,O3, ZrO,, La,03, Nb,Os,
Ta, 05, WO;) were melted. The range of the calibration solutions
did not exceed a decade. Two to three energy lines of the
elements have been used for calculation. For the ICP-OES
measurement, 30 mg of the samples (accuracy + 0.05 mg) was
dissolved in 4 ml hydrochloric acid, 4 ml sulfuric acid and
0.02 ml hydrofluoric acid at 250 °C for 12 h in the pressure
digestion vessel DAB-2 (Berghof). The analysis of the elements
was accomplished with four different calibration solutions and
an internal standard (Sc). The range of the calibration solutions
did not exceed a decade. Two to three wavelengths of the
elements have been used for calculation. The oxygen concen-
tration was calibrated with the certified standard KED 1025,
a steel powder from ALPHA. The calibration was verified with
two oxide powders (La,Oj, ZrO,). The calibration range was
close to the concentration of the samples. The standards and
the samples were weighed with 3 mg to 100 mg (weighing
accuracy £ 0.05 mg) in Sn crucibles (5 x 12 mm). 5 mg graphite
was added and wrapped. Combined with a Sn pellet (about 200
mg) it was put into a Ni crucible. The package was loaded in an
outgassed double graphite crucible. The measurements take
place at 5800 W. The evolving gases CO, and CO were swept out
by helium as an inert carrier gas and measured by infrared
detectors.

X-ray diffraction patterns were measured on a STOE Stadi P
powder diffractometer using monochromatic Mo-K,; radiation
(A = 0.70932 A). Powder samples were measured in Debye-
Scherrer geometry in sealed glass capillaries. A LaB, reference
(NIST660b) was measured accordingly to account for instru-
mental contributions and alignment.

Neutron powder diffraction (NPD) studies were performed at
the high-resolution powder diffractometer SPODI (research
neutron reactor FRM II, Garching, Germany).> Monochromatic
neutrons (A = 1.5482 A) were obtained at a 155° take-off angle
using the 551 and 331 reflections of a vertically focusing
composite Ge monochromator, accordingly. The vertical
position-sensitive multidetector (300 mm effective height)
consisting of 80 *He tubes and covering an angular range of
160° 26 was used for data collection. Measurements were per-
formed in the Debye-Scherrer geometry. The powder sample
was filled into a cylindrical thin-wall vanadium container of
10 mm diameter under argon and metal sealed using indium
wire. Exposure time was set to 4 h per pattern. The instrumental
resolution function was determined using a Na,CazAl,Fi,
reference. The Rietveld co-refinement against both X-ray and
neutron diffraction patterns was performed using the FullProf
software package.” Cell parameters were determined from the
X-ray data.

Room temperature synchrotron total scattering experiments
were performed at the Powder Diffraction and Total Scattering
beamline P02.1 at PETRA III, DESY, using radiation with
a photon energy of ~60 keV (1 = 0.20723 A).>* The data was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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acquired using a Perkin Elmer area detector with a sample-
detector distance of 350 mm. The exposure time for each
diffraction pattern was 20 min. The obtained 2D images were
integrated to 1D patterns by using the program DAWNscience.>
Powder samples were measured in sealed glass capillaries with
0.5 mm diameter. An empty capillary was measured under the
same conditions and used for background subtraction. To
account for the instrumental resolution function, LaBg
(NIST660a) and a Ni reference were measured. The corre-
sponding pair distribution function was calculated using
pdfgetx3 (ref. 2°) with Q. = 20 A~ ', Calculation of PDFs based
on molecular models and real space Rietveld fitting was per-
formed with PDFgui.”” Coordination analysis was calculated
using the Software OVITO*® based on a crystal structure pub-
lished by Awaka et al.*

°Li and *’Al magic-angle spinning (MAS) nuclear magnetic
resonance (NMR) spectroscopy was performed with Bruker
Avance 500 MHz spectrometer at a field of 11.7 T, which
corresponds to resonance frequencies of 73.6 MHz and 130.3
MHz, respectively. For these measurements, the samples were
packed into 2.5 mm zirconia rotors in an argon-filled glove box
and spinning was performed at 30 kHz. The spectra were
recorded with a rotor-synchronized Hahn-echo pulse sequence.
The chemical shifts were referenced to aqueous solutions of 1 M
LiCl for °Li and 1 M Al(NO;); for *’Al

Temperature-dependent static 'Li NMR spectra were
acquired on a Bruker 200 MHz spectrometer. The spectrometer
was equipped with a high-temperature probe which allows
measurements in a temperature range from —100 to 250 °C.
Static spectra were measured with a quadrupolar-echo pulse
sequence with an inter-pulse delay of 30 ps. The relaxation
delays were optimised for every measurement based on the
spin-lattice relaxation time. 7; relaxation times were obtained
with a saturation-recovery pulse sequence.

PFG NMR measurements were accomplished on a Bruker
300 MHz spectrometer at a static field of 7.05 T. A stimulated-
echo pulse sequence with bipolar gradients was used to
measure the long-range translational motion of the ’Li ions.
The temperature range assessed with the gradient probe is 25 to
80 °C. A pre-scan delay has been chosen based on the prior
relaxation time measurements. The diffusion parameters were
optimized before measurements in order to gain a visible drop
of a signal intensity as a function of gradient strength. The
diffusion times varied in the range 75-100 ms and the gradient
duration was set between 3 and 4.5 ms.

Raman spectroscopy was performed on a LabRAM HR
Evolution spectrometer (HORIBA Scientific) using a 100x
magnification objective with an excitation wavelength of
632.81 nm. The spectral data were recorded with exposure times
of 10 s over the wavenumber range of 100 to 1100 cm ™. All
samples were measured in sealed glass capillaries. All Raman
spectra were baseline corrected using the Horiba Labspec 6
software.

Electrochemical impedance measurements were performed
using a BioLogic SP300 potentiostat at frequencies from 7 MHz
to 1 Hz with a 10 mV sinusoidal amplitude. A sintered pellet was
sandwiched between stainless steel cylinders, sputtered with

RSC Adv, 2021, 11, 30283-30294 | 30285
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Au, with a weight of 3 t. The ionic conductivity ¢ was calculated
with ¢ = I/(A x R). l is the pellet thickness, A is the area and R is
the resistance.

Prior to the EIS measurements, 150 mg powder was pressed
for 10 minutes with 5 t and sintered for 10 h at 1100 °C after
covering with mother powder in a MgO crucible.

Scanning electron microscopy images were recorded using
a Zeiss Merlin microscope using 10 kV acceleration voltage.

3. Results and discussion

3.1 Crystal structure of commercial LLZO in garnet and
hydrogarnet structure

XRD and NPD patterns of commercial Al-, Nb- Ta-, and W-
substituted LLZO together with corresponding Rietveld refine-
ments are shown in Fig. 2, 3 and S1, S2.7 The refinement reveals
LLZO in garnet-type structure with symmetry Ia3d (space group
no. 230) as the main phase for W-substituted LLZO with lattice
parameter a = 12.934 A. Both Li positions 24d and 96 h are
refined to low occupancy in a free refinement.

An attempt to refine the structural models using the diffraction
data of Nb- and Ta-LLZO, applying a garnet-type structure model,
could not accurately reproduce the data and the reflection 310 at
26 = 9.9° could not be assigned. Additionally, a superposition of
reflections in the X-ray diffraction data of Nb- and Ta-LLZO is
observed. Eventually, a refinement with a hydrogarnet 743d model
and two different lattice parameters describes the diffraction data
precisely, revealing the structural inhomogeneity of the samples.
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Fig. 2 Rietveld co-refinement against, top: X-ray diffraction pattern
(Mo K,;) and bottom: neutron diffraction pattern (A = 1.5482 A) of
commercial Nb-substituted LLZO.

30286 | RSC Adv, 2021, 11, 30283-30294

View Article Online

Paper

The lattice parameters were refined to @ = 13.104 A and @’ = 12.985
A for Nb-LLZO, and @ = 13.104 and ¢ = 13.013 A for Ta-LLZO,
respectively.

A chemical inhomogeneity in Ta-substituted LLZO was sus-
pected by Yamada et al.*® A similar superposition of reflections
from two LLZO phases with different lattice parameters was
observed by Zeier et al.** For Ta substituted LLZO, the phase
model with the larger lattice parameter is refined to high Ta
substitution and no occupancy of Li2. The phase model with the
smaller lattice parameter however is refined to lower Ta amount
and high occupancy of Li2. Due to the practically identical
scattering cross-section of Nb and Zr, the evaluation of the Nb
distribution between the two hydrogarnet phases is not possible
from diffraction data. Because of the chemical similarity of Nb
and Ta, however, it can be assumed that the Nb distribution is
equal to that in the Ta-substituted LLZO: the large cell is Ta-
poor, the small cell Ta-rich. The similar occupancy trend for
Li is observed: in the larger cell, Li2 is refined to zero occupancy,
in the smaller cell it is fully occupied. The structural details of
Ta substituted hydrogarnet LLZO can be found in Table 2. A
fully occupied Li2 position can be regarded as a bottleneck for
bulk Li transport, as depicted in Fig. 4.

Yet our data quality set limits the significance of the differ-
ences between the two phases to some extent. The proportion of
the larger cell is overweighted with neutron data (2.2:1)
compared to X-ray data (1 : 1). We furthermore raise the point
that the hydrogarnet phase, like cubic LLZO garnet, presumably
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Fig. 3 Rietveld co-refinement against, top: X-ray diffraction pattern
(Mo K,1) and bottom: neutron diffraction pattern (A = 1.5482 A) of
commercial W-substituted LLZO.
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Table 2 Structural model of Ta-LLZO with hydrogarnet structure

Phase 1 Phase 2
Space group 143d I43d
Lattice parameter a, a'/A 13.104 13.013
Atomic coordinates Lil 12a
X 0.37500 0.37500
y 0.00000 0.00000
4 0.25000 0.25000
oce 1 1
Atomic coordinates Li2 12b
X — 0.87500
y — 0.00000
4 — 0.25000
occ — 0.8(11)
Atomic coordinates Li3 48e
x 0.169(3) 0.090(3)
y 0.100(3) 0.203(3)
z 0.459(3) 0.450(3)
oce 0.6(11) 0.9(11)
Atomic coordinates Li4 48e
X 0.380(5) —
Y 0.425(4) —
z 0.098(4) —
occ 0.4(11) —
Atomic coordinates Zr 16¢
x —0.01370(15) —0.00999(13)
y —0.01370(15) —0.00999(13)
z —0.01370(15) —0.00999(13)
occ 0.524(7) 0.552(6)
Atomic coordinates Ta 16¢
x —0.01370(15) —0.00999
y —0.01370(15) —0.00999
z —0.01370(15) —0.00999
oce 0.226(7) 0.448(6)
Atomic coordinates La 24d
x 0.1171(2) 0.1182(3)
y 0.00000 0.00000
z 0.25000 0.25000
oce 1 1
Atomic coordinates O 48e
x 0.0897(2) 0.1128(4)
y 0.1874(8) 0.1864(4)
z 0.2722(7) 0.2700(4)
oce 1 1
Atomic coordinates O 48e
x 0.0359(7) 0.0293(5)
y 0.4419(9) 0.4604(5)
z 0.1382(8) 0.1482(5)
occ 1 1
Structural strain
dp/D x107* 47.65(3) 58.8(10)

requires a cationic substituent, since an unsubstituted hydro-
garnet LLZO cubic phase has not yet been described in the
literature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Lithium positions and diffusion paths within garnet and
hydrogarnet.

Diffraction data of AI-LLZO can be described using both
types of structures with a lattice parameter of a = 13.023 A.
Based on the crystallographic hydrogarnet structure published
by Wagner and Rettenwander et al.,*® AI*" is located on both
a tetrahedrally coordinated position of Li1 and an octahedrally
coordinated position of Zr. The total occupancy of the position
is constrained to the defined stoichiometry detected using ICP-
OES. In contrast, Nb**, Ta®" and W°" are located on the octa-
hedrally coordinated position of Zr*" and the total occupancy of
the position is constrained to the stoichiometry as described
above. The results of the refinements are listed in Table 3.

Traces of anhydrous LiOH have also been noticed in NPD
datasets for AI-LLZO (1 wt%) and Nb-LLZO (11 wt%). Reflections
of crystalline Li,CO; are detectable in NPD data of AI-LLZO
(1 wt%), Ta-LLZO (3 wt%), and W-LLZO (2 wt%). 3 wt% crys-
talline La,Zr,O, and 2 wt% La(OH); are found in Al-LLZO.
Results of the crystallographic analysis and refinements of the
synthesized samples can be found in the ESI in Fig. S4 and
Table S3.F

3.2 Local structure

After demonstrating that commercial Al, Nb, and Ta substituted
LLZO does not crystallize in the garnet structure as specified by
the manufacturer, we synthesized LLZO samples with Al, Nb,
Ta, and W substitution to provide a reference for all substitu-
ents in garnet structure.

Fig. 5 presents the °Li MAS NMR spectra of commercial and
synthesized Al-, Nb-, Ta-, and W-LLZO. Strong differences can be
observed in the line width of the peaks in the spectra. The peaks
of hydrogarnet LLZO are broader than those of garnet LLZO,
which points to stronger variations in the local environment
around the Li site. In addition, the spectra of commercial Ta-,
Nb- and Al-LLZO (hydrogarnet) represent at least two chemically
inequivalent Li positions/environments. In contrast, all
synthesized samples and the commercial W-LLZO show
a different structural arrangement - a narrow °Li peak is located
at 1.12-1.3 ppm. This signal includes resonances from the Li
sites in octahedral and tetrahedral environments in which fast
exchange can occur. A similar chemical shift for unsubstituted
garnet-type LLZO has been observed and discussed by Larraz
et al.>

Two lithium sites in commercial Nb- and Ta-substituted
LLZO can be distinguished. It can be assumed that the signal
at 0.2 ppm stems from the additional highly occupied Li3 site
featured in the hydrogarnet structure. The °Li signals of the

RSC Adv, 2021, 11, 30283-30294 | 30287
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Substituent: stoichiometry

Crystal structure(s)

Lattice parameters a/A

Structural strain [Ad/d x 107

Al: Lig 55Al 25La3Z1,014,

Nb: Lig sLazZr; sNbg 504,
Ta: Lig5La3Zr1.25Ta0.75012
W: Lig sLasZry 65Wo.35012

Garnet/

hydrogarnet
Hydrogarnet/hydrogarnet
Hydrogarnet/hydrogarnet
Garnet

13.023

13.104/12.985
13.104/13.013
12.934

16.28

37.93/64.50
47.66/55.64
26.09

hydrogarnet structure in Nb-and Ta-LLZO (commercial
samples) are shifted upfield compared to those of the garnet
signals and occur at 0.54 and 0.58 ppm. The corresponding
signals of Nb- and Ta-LLZO with garnet structure (synthesized
samples) occur at 1.25 and 1.12 ppm. Synthesized Ta-LLZO
shows a shoulder comparable to that of commercial Al-LLZO
so we can assume the presence of both garnet and hydro-
garnet structure. The assignment of the upfield signal to the
tetrahedral and the low-field signal to the octahedral coordi-
nation made by van Wiillen* is contradictive to our refinement,
according to which these two positions are calculated to low
values of occupancy. We assume that Li", apart from the Li3 site
in the hydrogarnet structure, is highly mobile and occupies two
not clearly distinguishable sites.

The appearance of the °Li NMR spectra correlates very well with
the conclusions deduced from structural studies with XRD and
neutron diffraction. However, we could not observe LiOH and
Li,CO; signals with NMR spectroscopy. The reason can be that the
intensity of these signals is very small due to the low abundance
and that signals are superimposed by the main phase resonances.
The spectrum of LiOH and Li,CO; can be found in the Fig. S5 in
the EIS in agreement with Hu et al.** The Raman spectra of LLZO,
LiOH and Li,CO; depicted in Fig. S31 can provide further infor-
mation about LiOH and Li,CO; as surface species.

The *’Al MAS spectra allow gaining further insight into the
structure of AI-LLZO. The *’Al spectra of the commercial and

A

SLi MAS NMR 27A1 MAS NMR
[AI10,)

62.5 ppm

96k

1.30 ppm

16
Al-LLZG [AlO4)
[AIO,] 334
76.5 ppm ppm
[AI0,)
13.5 ppm
Synthesized
Al-LLZO:
Garnet
Ta-LLZO
Arcir™ A
\
Commercial
Al-LLZO:
"\ A Garnet +
W-LLZO / AW \,,__Hydrogarnet
n ol Aty
r T T T T nl T T T T T
6 4 2 0 -2 -4 150 100 50 0 -50

Chemical shift / ppm Chemical shift / ppm

Fig. 5 Left: SLi MAS NMR spectra of LLZO with Al-, Nb-, Ta-, W
substituent, solid lines: commercial samples, dashed lines: synthesized
samples. Right: 2’Al MAS NMR spectra of Al-substituted LLZO samples.
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synthesized samples are depicted in Fig. 5 on the right. The
commercial sample exhibits Al in three different coordinations:
tetrahedral 24d, fivefold and octahedral coordination of Al by O-
atoms. In contrast, an additional signal at 76.5 ppm can be
assigned to a 96% position that is also tetrahedrally coordinated in
the synthesized Al-LLZO.* There are no significant indications for
Al-containing side phases, so we assume a multiple substitution of
Lil 24d, Li2 96h, and Zr 16a by Al. As described by Buschmann
et al., it was not possible to locate the octahedrally coordinated Al
in the crystal structure with our diffraction data either.*

3.3 Structural conversion

Only the commercial W-LLZO and all of the synthesized refer-
ence samples are present in the expected garnet structure as
demonstrated by XRD, NPD and NMR. This indicates that not
the substitution of aliovalent cations itself leads to the observed
symmetry reduction, but an additional treatment of the
samples. Routinely, these samples are ball milled after
synthesis to achieve a better homogeneity of the samples,
therefore, we had a closer look on the ball milling process.

No additional reflections are observed with XRD after ball
milling of Nb- and Ta-substituted LLZO (Fig. 6). A decrease in
the reflection intensities is due to a loss of crystallinity after the
harsh mechanical treatment. Additionally, no further separa-
tion of the two cubic phases in each material can be noted. The
characteristic 310 hydrogarnet reflection is still observed after
ball milling, revealing that the hydrogarnet structure is
preserved during the mechanical treatment.

——AHLLZO pristine
——AI-LLZO atfter ball milling 310

——Nb-LLZO pristine
—— Nb-LLZO after ball milling|

Intensity / a.u.
Intensity / a.u.

L ‘

15 0 2 0 5 10 15 20 2 0

——Ta-LLZO pristine
310 Ta-LLZO after ball milling ——W-LLZO pristine

W-LLZO after ball milling

Intensity /a.u
Intensity / a.u

2Theta/*

Fig. 6 Mo K, diffraction patterns of Al-, Nb-, Ta- and W-LLZO,
pristine and after ball milling.
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Fig. 7 Rietveld refinement based on diffraction data of W-substituted
LLZO after 1 h ball milling with a hydrogarnet model.

No clear statement about a phase transition between garnet
and hydrogarnet of AI-LLZO is possible with the data displayed
in Fig. 6. Besides the missing assignment of the pristine phase,
the determination of the phase is additionally hindered by
superimposing peaks of Li,CO;.

| AI-LLZO sintered

Al-LLZO pristine

Nb-LLZO sintered

—J

Nb-LLZO pristine

Intensity / a.u.

Ta-LLZO sintered

- . y _M..Uil_t_‘.J_uJ.uJﬁ_wA

Ta-LLZO pristine ‘ |
|

W-LLZO sintered

L s UL

1
W-LLZO pristine J‘
=) 10 15 20 25 30 35 40 45 5.0 75 100
2Theta /°
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—,

calc
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Bragg positions

Intensity / a.u.

_J\J’_._ﬂku*uwmr_wmmﬁgw“wﬁwwﬂmﬂﬂw

10 20 30 40 50
2 Theta/°®

Fig. 8 Top: Mo K, diffraction patterns of Al-, Nb-, Ta- and W-LLZO,
pristine and after calcining, right inset shows a zoom into the region
were the additional 310 reflection of the hydrogarnet structure shows.
Li,COs insintered Al-LLZO is marked with an asterisk. Bottom: Rietveld
refinement of diffraction data of sintered commercial Ta-LLZO with
a garnet model.
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Ball milling the garnet-structured W-LLZO, however, results in
the formation of the hydrogarnet structure, as depicted in Fig. 6 and
7. This leads to the conclusion that the commercial samples have
already been milled by the supplier, except for the W sample. After
ball milling of the W-LLZO, its diffraction pattern can be modelled
with two hydrogarnet phases with different lattice parameters,
likewise to the Nb- and Ta-substituted hydrogarnet LLZO.

We performed XRD measurements on subsequently sintered
commercial samples as collected in Fig. 8. It can be concluded
that the sintering procedure (10 h at 1100 °C in air resp.
motherpowder) results in a complete conversion into the garnet
structure independent from the pristine state (hydrogarnet or
garnet), crystallinity, or substituting element. The impurities in
the AlI-LLZO sample result in a large number of secondary
phases after sintering. A refinement of a diffraction pattern is
exemplarily shown in Fig. 8 for sintered commercial Ta-LLZO.

3.4 Origins of the structural difference from
a crystallographic perspective

To investigate the ball milling process in detail we focus on the
phase pure W-LLZO, which was not yet ball milled. While the
symmetry reduction causes only minor changes in the XRD
pattern, bearing the risk of being overlooked, the local struc-
tural changes are more obvious. In Fig. 9 the low r (<5 A) region
of the PDFs acquired after all three synthesis steps (pristine, ball
milled, and sintered) are displayed. The differences below 3 A
are small and the corresponding distances are hard to distin-
guish from each other. The two peaks corresponding to [Zr/W-
La] and [La-La] distances, however, differ clearly in the PDF of
the ball milled sample. While the peak at 3.98 A only changes its
intensity, the one at 3.62 A shifts to 3.50 A. In the garnet
structure, Zr/W and La occupy the special Wyckoff sites 16a (0,
0, 0) and 24c (1/8, 0, 1/4), respectively. Therefore, the [Zr/W-La]
distance can only be reduced by a reduction of the symmetry.

pristine 3.62 i398  W-LLZO
0g{—ballmiled Z/W - La
sintered '
0.6 4 Zr/W - La
Li-O
0.4

0.2

normalized G(r)

0.0

-0.2 4

-0.4

2.0 25 3.0 35 4.0 4.5 5.0
r/A

Fig. 9 Zoom into short-range normalized pair distribution functions
of W-LLZO before (pristine), after ball milling (ball milled) and after
sintering at 1100 °C for 10 h (sintered), respectively. Corresponding
long-range PDFs are given in the ESI in Fig. S6.F
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Fig. 10 Left: real space Rietveld-based refinement on PDF of a W-
LLZO sample after ball milling. The hydrogarnet structure described in
the text was used to model the G(calc). Right top: zoom onto low r
(<6.5 A) region. Right bottom: a hydrogarnet structure model with
anisotropic displacement factors for La ions was utilized.

This is the case in the hydrogarnet structure, where the 16¢ site
becomes (x, x, x) and 24d (x, 0, 1/4), respectively. Fitting the PDF
(Fig. 10) in a so-called real space Rietveld approach (small box
modelling), reveals that the hydrogarnet structure is a suitable
model that fits the observed PDF sufficiently well on a large r
scale (50 A). Nevertheless, a closer look at the above mentioned
low-r part reveals the inability of an averaged model to fully
describe the short-range order, even if two models are used as
described for XRD and NPD. Especially, the intensity of the peak
at 3.50 A is not reproduced well in the modelled PDF. Only
a model with strongly anisotropic displacement factors of the
La cations sufficiently fits the peak. Increasing the r range above
6.5 A, results in a decrease of the anisotropy and simultaneously
a decrease of the intensity, revealing that this is a local
phenomenon. Keeping in mind that the short-range order was
altered by ball milling only, it is likely that local lattice distor-
tions are the root cause for this finding and not a chemical
short-range order by substitution.

The La sublattice consists of corner sharing triangles
depicted in Fig. 11. The only possible displacement of La is in

allowed
displacement

real (x,0,0.25) —
displacement

ke

Fig. 11 Sketch of the La sublattice, view onto crystallographic (111)
plane. The zoom on the right highlights the discrepancy between the
allowed displacement of La cations by symmetry constraints (grey
spheres) and the observed displacement in green, based on the
anisotropic displacement factors ull, u22, u33. The probability of the
displacement “ellipsoid” is 50%.
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the x direction. This is exemplified in Fig. 11 by two additional
grey atoms occupying (0.10, 0, 0.25) and (0.15, 0, 0.25), respec-
tively. The displacement factor in green, however, indicates
a displacement perpendicular to the one allowed by the
symmetry constraints. This implies that the local symmetry
could even be lower than the global /43d. The discrepancy
between local and global symmetry leads to a geometrically
frustrated system concerning the La sublattice.

A comparison of the structural models used for pristine W-
LLZO and sintered W-LLZO using the program compstru (Bilbao
Server of crystallography), yields the measure of similarity (0.001)
and the degree of lattice distortion (0.0012).*”*® This confirms the
already observed recovery of the garnet structure after the addi-
tional sintering step. Details and a comparison of all other struc-
tural models used in PDF analysis are given in the ESLT

3.5 Local Li ion hopping

NMR spectroscopy provides a variety of techniques to investi-
gate ion dynamics in a wide range of time scales. The local
hopping of Li ions on time scales of some ns can be investigated
by temperature-dependent measurements of the so-called spin-
lattice relaxation rate 7, '. This hopping causes fluctuations in
the local magnetic/electric fields at the sites of the Li nuclei that
in turn induce transitions between the nuclear Zeeman levels
and thus result in effective relaxation of the nuclear polariza-
tion. This relaxation is most effective when the average hoping
rate of the Li ions equals the resonance frequency of the Li
nuclei (7! = wy). For the case of isotropic and uncorrelated
motion of the Li ions, the overall temperature dependence of
the relaxation rate T; ' can be described according to Bloem-
bergen, Purcell and Pound.***!

_ T
T, e~ 2 1)
1+ (wp1)
E
| A
T =1 Xexp| —7——= 2
T (2)
T/°C
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Fig. 12 ’Li NMR relaxation rates T;~! vs. inverse temperature for
commercial and synthesized Al-, Nb-, Ta-, and W-substituted LLZO.
Solid lines show fits according to egn (1) and (2).
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Table 4 Motional parameters for local hopping estimated from T1~ ! relaxation studies, extrapolated to 25 °C

1

Sample EaleV s Dim*s™! g/Scm™

Garnet Nb-LLZO, synthesized 0.23 2.5 x 107 1.3 x 107" 1.8 x 107*
Garnet W-LLZO, commercial 0.22 3.1 x 107 1.6 x 10 2.3 x 107
Garnet W-LLZO, synthesized 0.23 1.4 x 107 7.1 x 107" 1.0 x 107*

here, wy, is the resonance frequency of the Li nuclei at a given
magnetic field, 7, ' is a pre-exponential factor for the Arrhenius
expression, E, is the activation energy for single Li ion jumps, kg
is the Boltzmann constant, and 7T is the temperature. Fig. 12
shows the temperature dependence T, ‘(T~") for all LLZO
samples. In the case of commercial garnet W-LLZO and
synthesized garnet Nb-LLZO and W-LLZO, a clear maximum is
observed and a fit according to eqn (1) and (2) is added as solid
line. From the hopping rate of the Li ions, a diffusion coefficient
D can be roughly estimated via the Einstein-Smoluchowski
equation,*>** again assuming uncorrelated jumps:
12

D= P (3)
here [ is the average jump length of the Li ions, estimated from
the shortest Li-Li distance in the crystal structure. From the
diffusion coefficient D, a Li ion conductivity oy; can be esti-
mated via the Nernst-Einstein equation:

DNg?

OLi = kB—T (4)

N and g are the concentration and the charge, respectively, of
the charge carriers. The extracted motional parameters are
summarized in Table 4.

These three garnet-structured samples reveal similar local
dynamics with estimated Li conductivities in the range between
0.23 and 0.50 mS cm ™", For the other samples that crystallize in
the hydrogarnet structure, the maximum in 7, (7" ") occurs at
higher temperatures outside the experimentally accessible
temperature range, indicating slower local dynamics of the Li ions.
An exception is the ALI-LLZO synthesized reference sample,

W-LLZO Nb-LLZO

J 553K I
| 513k oo A
| 473K A

| 433K A
1 393K oo A

B 333K

D G 303K «MMJ\«W

\ 283K e N

A 263K

A 2UBK

-75-50-25 0 25 50 75 75-50-25 0 25 50 75
v(’Li), kHz

Fig. 13 Static “Li NMR spectra of commercial samples for tempera-
tures between 243 and 553 K.

© 2021 The Author(s). Published by the Royal Society of Chemistry

crystallizing in the garnet structure, but featuring a slower Li
hopping than the other garnet samples. The Al atoms, in contrast
to Nb, Ta and W, occupy Li positions, as we have proven by *’Al
NMR, which could be a reason for hindered local Li diffusion.

Further insights into the dynamics of the Li ions on time
scales of some ms can be obtained by the temperature depen-
dence of static ‘Li NMR spectra (nuclear spin / = 3/2). Fig. 13
shows exemplarily the spectra of commercial W-LLZO and Nb-
LLZO for temperatures between 243 K and 553 K.

At 243 K, a broad contribution is visible for W-LLZO in the
range £50 kHz corresponding to the quadrupolar satellites, i.e.
the nuclear spin transitions |+3/2) < |+1/2) and |—1/2) < |3/
2). On top of this broader contribution, a narrower signal is
visible with a width of about 8 kHz corresponding to the central
transition |[+1/2) < |—1/2). With increasing temperature, a so-
called motional narrowing is visible, i.e. a reduction of the
width of both contributions to the spectrum. This narrowing
occurs when the average hopping rate of the ions/nuclei exceeds
the width of the spectral components resulting in temporal
averaging of the local environments around the Li nuclei on
time scales of the inverse line width. The line width (full width
at half maximum = FWHM) is shown for all samples in Fig. 14,
again for temperatures between 243 K and 553 K. For some
samples, e.g., commercial and synthesized Ta-LLZO, a clear
step-like behaviour is observed. At low temperatures, a plateau
is visible with a width of about 7 kHz, representing the strength
of interactions of the “Li nuclei with their environment. At
temperatures between 350 K and 450 K, the motional narrowing
can be observed. Above 450 K, a high-temperature plateau with

12 12
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= Synthesized

E, =047 eV (0.11)
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Fig. 14
LLZO.

Linewidth vs. temperature for Al-, Nb-, Ta- and W-substituted
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Table 5 Diffusion coefficient D, activation energy E, and Li conductivity g, as derived from the PFG NMR experiments in garnet structured LLZO

1

Sample Dim*s™! EpleV g/Scm™

Garnet Nb-LLZO, synthesized (0.28 4 0.16) x 10~ ** 0.45 £ 0.15 4.0 x 107°
Garnet W-LLZO, commercial (0.78 + 0.11) x 10 ** 0.35 + 0.05 11 x 107"
Garnet W-LLZO, synthesized (0.96 & 0.69) x 10~ ** 0.26 + 0.23 1.4 x 107*

a width of about 0.5 kHz is visible which just reflects the
inhomogeneity of the external magnetic field.

The overall temperature dependence of the line Av width can
be described with the empirical expression by Hendrickson and
Bray:**

Au(T) = Avg {1 + (AT”;R— l)exp( - kiAT)]_l +D (5

here, Avg is a parameter describing the low-temperature plateau
value, D represents the magnetic field inhomogeneity, and B
describes the line width of the thermally activated ions/nuclei.
Corresponding fits and activation energies are shown in
Fig. 14 as solid lines. It should be noted that for commercial/
synthesized W-LLZO (garnet) and for synthesized Nb-LLZO
(garnet), the low-temperature plateau is not accessible in this
temperature range, i.e., the motional narrowing starts already at
lower temperatures. This again indicates fast local diffusion in
garnet LLZO in contrast to hydrogarnet, fully consistent with
the T,~! NMR results described above.

3.6 Li diffusion

The long-range transport of the Li ions was investigated by “Li PFG
NMR measurements on the garnet LLZO samples, see Table 5. For
the other samples, diffusion was not fast enough to get meaningful
signals. Fig. 15 shows the results for commercial W-LLZO for
temperatures between 313 K and 343 K. The echo damping I/, as
a function of the gradient strength g can be well described with
a Gaussian function, as expected from the Stejskal-Tanner equa-
tion.* The extracted diffusion coefficients are listed in Table 5. The
Li conductivity can again be calculated from the diffusion coeffi-
cients according to eqn (4). Overall, we see faster Li mobility for
garnet LLZO in comparison to hydrogarnet LLZO. A good agree-
ment is obtained for the Li conductivity and the activation barriers
when comparing T;”' measurements (ns time scale) with
motional narrowing (ms) and PFG NMR (75 ms).

Signal intensity / a.u.

A=75ms

0+
0 500 1000 1500 2000 2500 3000 29 3.0 31 32 33

Gradient strength g / T/cm T/ (103 K"

Fig. 15 Echo damping vs. gradient field strength g and extracted
diffusion coefficients for commercial W-LLZO.
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Using the approach described in the relaxation studies
section, the diffusion coefficients can be transformed into
conductivities. These values are also included in the tables and
can be compared with the data obtained by impedance
spectroscopy.

Impedance measurements at 25, 35, and 45 °C of sintered Nb-,
Ta-, and W-LLZO pellets and equivalent circuits are depicted in
Fig. $8-510.7 The Li" conductivity is extracted from R2 and listed
in Table 6. No data could be measured for sintered commercial Al-
LLZO, probably due to the high degree of La,Zr,0, impurity. We
calculated an activation energy for Lithium diffusion with an
Arrhenius approach according to eqn (6).

-k

The conductivities are lower than the highest conductivities
reported for each substituent: Nb-LLZO,'® Ta-LLZO,"” W-LLZO,"
which we attribute to the relatively shorter sintering time and
lower sintering temperature, which in turn can result in a higher

Table 6 Results of Li* conductivity and activation energy of sintered
pellets as measured by impedance spectroscopy

Sample a/Sem™! EpleV
Nb-LLZO, commercial 1.3 x 107* 0.33
Nb-LLZO, synthesized 8.4 x 107° 0.37
Ta-LLZO, commercial 1.8 x 107* 0.39
W-LLZO, commercial 6.1 x 10°° 0.33

\ - . 5 :}:" v
5 b S0 1 k|
ig\‘; ‘ l’ Al-1zo il Ta-LL70

Fig. 16 SEM micrographs of commercial Al-, Nb-, Ta-, and W-
substituted LLZO samples.
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concentration of grain boundaries. Based on the same sintering
procedure, we can estimate a slightly lower conductivity for W-
LLZO and a slightly higher activation energy of Li diffusion in
Ta-LLZO compared to literature values. The comparison of the
conductivities obtained with two independent techniques, NMR
and impedance, show good agreement. The activation energies are
similar, despite a higher experimental error due to the data scat-
tering in PFG-experiments. The conductivities are also of the same
order of magnitude. The majority of the particle sizes observed
with SEM are larger than the diffusion distance probed during the
PFG signal decay at A¢ = 75 ms, corresponding to displacements of
several micrometers*® as pictured in Fig. 16. We note that the EIS
results of Nb-LLZO and Ta-LLZO refer to the garnet structure due
to the phase transition during sintering.

A lower activation energy for Li diffusion in Nb-substituted
LLZO in comparison with Ta-substitution has also been
measured by Thangadurai et al.*’

4. Conclusions

We investigated the formation of a hydrogarnet structure
starting from garnet LLZO with Al, Nb, Ta, and W substitution
with XRD, NPD, total scattering PDF, °Li and ?’Al MAS NMR.
Ball milling transforms the higher symmetric garnet structure
to the hydrogarnet structure and annealing causes the reverse
effect. The formation of the hydrogarnet structure does not
seem to depend on the substituting cation. The two crystal
structures can be distinguished by diffraction methods due to
the symmetry reduction Ia3d — I43d, i.e., a loss of the threefold
inversion axis in the hydrogarnet structure. PDF analysis shows
a distortion of the octahedral MOg (M = Al, Zr, Nb, Ta, W)
coordination in the hydrogarnet. With °Li MAS NMR, we
observe two different local environments of Li in the hydro-
garnet structure and one in the garnet, as expected from the
XRD and NPD results. The hydrogarnet structure offers an
additional Li site that is highly occupied and therefore is
supposed to slow down the Li diffusion. The Li diffusion in the
hydrogarnet structure was measured on different time/length
scales from single local jumps to bulk and long-range conduc-
tivity with “Li T; relaxation and motional line narrowing NMR.
Both methods reveal that the local mobility of Li in hydrogarnet
LLZO is inferior to that of garnet LLZO. Regardless of the type of
substituting cation, care must be taken with LLZO garnet that
mechanical treatment does not unintentionally transform the
structure into hydrogarnet, which has a lower Li ion
conductivity.
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