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Abstract

Garnet-based Li;La;Zr,0,, (LLZO) is considered one of the most promising oxide-ceramic solid electrolyte materials for
inorganic all-solid-state batteries. Dopants and substituents like Al, Ta, Nb, Ga, and W were shown to have a high impact
on the total ionic conductivity, increasing it from 107 S/cm up to 10~ S/cm. However, natural zirconium sources always
contain a small amount of hafnium which could also act as dopant, but the separation of these two elements is complicated
and expensive. In this work, we investigate the influence of various Hf-impurity concentrations on the performance of tan-
talum-doped LLZO. We synthesised Lig 45Al, osLasZr, _ Hf Ta; ,0,, (LLZHO with x=0 — 1.6) via conventional solid-state
synthesis and have demonstrated that up to x=0.1, hafnium impurities do not have a significant impact on the performance
of the material. Above this concentration, the Li-ion conductivity is steadily reduced to around 70% when zirconium is fully
substituted by hafnium resulting in Lig 45Al, osLa;Hf; (Tay 40,,. As the purity of Zr precursors has a great impact on their
price, these findings can help to reduce the price of LLZO in general, as lower grade zirconium can be used in industrial
scale applications.
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Introduction

In the upcoming years, the demand for safe electrical energy
storage devices with high energy density will increase drasti-
cally, due to the electrification of the transportation sector
and stationary storage for renewable energies. Advanced
electrochemical energy storage technologies like all-solid-
state batteries (ASBs) are commonly regarded as next gener-
ation concepts and thus pushed towards commercialisation.
They offer several advantages over conventional lithium ion
batteries (LIBs), especially with regard to stability, safety,
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and energy density [1-3]. Lithium-stuffed garnet-based
Li;La;Zr,0,, (LLZO) materials are particularly attrac-
tive solid electrolytes for all-solid-state batteries [4—8]. In
2007 Murugan et al. discovered the high ionic conductiv-
ity (> 107* S/cm) in the compound Li;La;Zr,0, and could
show their potential as solid electrolyte for all-solid-state
batteries [9]. Later, LLZO was found to be stable towards
metallic lithium [10], allowing the use of Li-metal anodes,
resulting into very high energy densities [2, 6, 11]. To sta-
bilise the highest conducting cubic garnet phase, a doping
of the material is necessary. In recent years, several dopants
have been investigated to enhance the electrochemical per-
formance of Li;La;Zr,0,,, with the most promising candi-
dates being Al, Ta, Ga, W, and Nb [7, 12—15]. Especially
tantalum shows outstanding performances in terms of con-
ductivity (up to 1.261073 S/cm at room temperature [12]) and
stability towards cathode materials [16—18] and also metallic
lithium [19]. In our group, first fully inorganic ASBs were
realised without the use of sintering additives or interface
modifications, which rely on high total Li conductivity of
LLZO to obtain high electrochemical performance [20, 21].
Thus, a detailed understanding of the impact of the various
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dopants and impurities on the Li-ion conductivity and den-
drite formation is essential to obtain reliable and reproduc-
ible cell performance.

The fact that element doping, even in trace amounts, has
a high impact on the resulting properties of LLZO struc-
tures was also demonstrated, e.g. for tantalum and niobium.
The chemical properties of both elements are very similar
[22], and they are often found together in ores. However,
their separation is complicated and expensive. Despite their
chemical similarity, the substitution of tantalum by nio-
bium decreases the ionic conductivity [23]. Furthermore, it
reduces the stability of LLZO towards metallic lithium [19].
This example shows that even small changes in the LLZO
structure can affect the Li-ion pathway and have a big influ-
ence on the performance of the material.

Another contamination that is always present are Hf
impurities in Zr precursors, since natural zirconium ores
always contain around 1-3% of hafnium [24]. Hafnium and
zirconium are chemically very similar, which makes the
separation of this two materials even more expensive and
complicated [25]. For example, in September 2020, the price
for standard ZrO, (containing up to 2% hafnium) was around
150 € per kg, while for the purer one (< 100 ppm hafnium),
the price reached 500 € per kg [26]. Due to the chemical
similarity of the two elements, the Hf impurities in zirco-
nium play hardly any role for most applications. Therefore,
also in case of LLZO, most authors do not consider or even
mention whether they use standard up to 2% hafnium con-
taminated Zr- or Hf-free Zr precursor. In 2012, Tietz et al.
investigated the influence of different ZrO, precursors on the
phase purity of Al-substituted LLZO. They found out that
the starting materials with up to 2% hafnium show a higher
phase purity of the final sintered LLZO than almost Hf-free
ZrO,, but no electrochemical performance tests were per-
formed at that time [27]. To close this knowledge gap, which
is essential for industrial up-scaling of LLZO, we investigate

the effect of various Hf contents on the conductivity and
critical current density of sintered LLZO pellets.

The highest Li-ion conductivities for garnet-based
materials were reached with a concentration of 6.4-6.5 Li
per unit cell [13, 29], and it is known that Al contamina-
tions in Ta-doped LLZO act as sintering aids, allowing a
higher density after sintering [30]. Therefore, we chose a
tantalum and Al-substituted sample with the composition
Lig 45Al gsLasZr, ¢ Hf Ta, ,0,, (LLZHO) to investigate the
influence of hafnium doping and compared the results to
“natural” occurring Hf-impurities stemming from cheaper
ZrO, precursors.

To make the results more precise in the doping region
expected in industrial applications, we put the focus on the
zirconium rich side to investigate whether slight variations
of the standard Hf contaminations in ZrO, have an influence
on the performance of the material in commercial ASBs.

Experimental

The garnet LLZHO materials were synthesised via a clas-
sical solid-state reaction in three steps. The starting materi-
als LiOHeH,O (Applichem, 99%), La,0; (Merck, 99.9%,
10 h pre-dried at 900 °C), ZrO, (Alfa Aesar, 99.5%, haf-
nium < 100 ppm), Ta,O5 (Treibacher, 99.99%), Al,O; (Infra-
mat, 99.9%), and HfO, (Alfa Aesar, 99%) were weighed in
an analytical balance (Quintix 224-1S, Sartorius AG, Got-
tingen, Germany). An excess of 20% LiOH«H,0O was used
to prevent a loss of lithium during sintering. All samples
were prepared in 50 g batches and are listed in Table 1. One
sample was produced using the cheaper Hf-contaminated
ZrO, (Alfa Aesar, 99.5%, < 2% hafnium). This ZrO, precur-
sor contains an unknown Hf content below 2% according to
the manufacturer. Since for most sellers this is the regular
Zr0,, we are referring to this sample as our standard sample
with the sample ID: Hf_St.

Table 1 Stoichiometries of

; Hf concentration on ~ Composition Mol-fraction of hafnium Abbreviation
the pre.pa.red samples with the 16a site per unit cell
abbreviations
0% Lig 45Alj gsLasZr; ¢Ta, 4,04, 0 Hf0
1% Lig 45Al osLasZr; sgsHf( 161294015 0.016 Hf0016
2% Lig 45Al) osLasZr; sesHf( 03,T29 4015 0.032 Hf0032
3% Lig 45Al) osLasZr; s5,Hf( 048T29 4015 0.048 Hf0048
4% Lig 45Al) osLasZr; s36Hf) 064729 4015 0.064 Hf0064
5% Lig 45Alj gsLasZr; 5,Hf, g Tay 4045 0.08 Hf008
10% Lig 45Aly gsLasZr; 4, Hfy 1¢Tay 4045 0.16 Hf016
25% Lig 45Alj gsLasZr, ,Hf; 4 Tay 0, 0.4 Hf04
50% Lig 45Al) gsLasZr sHf() sTa 4,0, 0.8 Hf08
100% Lig 45Al) gsLasHf, ¢Taj 4,04, 1.6 Hf16
1-2% Lig 45Alj gsLasZr, ¢Ta, 4,04, 0.016-0.032 Hf_St
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The weighed powder was mixed and ground with using
a mortar mill RM 200 (Retsch GmbH, Haan, Germany)
with tungsten-carbide crucible and pestle for 1 h at a speed
of 100 rpm. From the homogenised powder, pellets were
pressed (uniaxial, 45-mm diameter, at 20 MPa) and calcined
twice for 20 h in alumina crucibles. The first calcination step
was performed at 850 °C, while the second one was per-
formed at 1000 °C. After each calcination step, the pellets
were ground to powder and repressed to pellets. The final
pellets for the sintering step were prepared from roughly 7 g
powder and were uniaxial pressed into a 13-mm-diameter
press mould with a strength of 120 MPa. These pellets were
placed on a magnesium oxide plate. To avoid possible con-
tamination of the MgO, a layer of the same powder was
applied between the MgO plate and the pellets. The pellets
were placed in a closed alumina crucible and sintered in air
at 1175 °C for 10 h in a high temperature muffle furnace
(RHF 15 with a Eurotherm 3508 temperature controller,
Carbolite Gero GmbH & Co. KG, Neuhausen, Germany).
The heating ramp for the calcination and sintering steps was
steadily controlled at 5 Kemin~'with a natural cooling rate
of 5 Kemin~! or lower.

To obtain information about the phase purity and struc-
ture of the samples, characterisations were performed
using X-ray diffraction (XRD). The instrument is a Bruker
D4 Endeavour instrument using Cu-Ka radiation and
equipped with a 1D detector LYNXEY and a DIFFRAC
Plus BASIC package, which was released in 2009. All sam-
ples were measured from 10 to 140° 20 with 0.02° step
sizes. For the measurements, the pellets were crushed and
mortared to fine powder to ensure good statistics. Rietveld
refinements were performed for all samples using the pro-
gram Fullprof [31]. A structural starting model was used
with the space group Ia3d and atomic coordinates; ther-
mal and occupation parameters were taken from neutron
diffraction experiments [32]. The impurities could not be
stably co-refined due to their small amounts (< 5%). The

background was fitted using a 6-polynomial function, and
the profiles were assumed as asymmetric pseudo-Voigt
functions. The lattice parameters were refined, while
the atomic positions and thermal parameters were kept
according to the neutron diffraction experiments. The ratio
between tantalum, zirconium and hafnium was kept at the
ideal ratio from the weighted in elements, which corre-
sponds well to the later shown ICP-OES results.

Inductively coupled plasma optical emission spectrom-
etry (ICP-OES; Thermo Elemental, IRIS Intrepid iCAP
7600, Waltham, USA) was used to measure the stoichiom-
etry of the sintered LLZO:Al:Ta:Hf samples by dissolving
two 50-mg sample weights in 4 mL sulfuric acid with the
addition of 2 g ammonium sulphate under strong heating.

The density was measured geometrically. The pellet
geometries can be found in Table 2. The rel. density was
calculated as the ratio between the geometrically deter-
mined density and the crystallographic density determined
by the Rietveld refinements.

For microstructural investigations all samples were
embedded in epoxy and mirror polished. Scanning electron
measurements were taken on a Hitachi, TM 3000 tabletop
microscope.

To measure the Li-ion conductivity, the prepared LLZO
pellets were polished with SiC sandpaper up to 4000er
grit to remove possible impurities from the surface. Gold
blocking electrodes were applied via sputtering (Cressing-
ton 108auto Coater, Dortmund, Germany) onto both sides
of the polished pellets. The dimensions of the measured
pellets can be found in Table 2. Using a BioLogic VMP-
300 Multipotentiostat (Bio-Logic Sciences Instruments
Ltd, Claix, France), the room temperature impedance of
the pellets was measured, and the resistance and conduc-
tivity calculated from the fitted curves. The measured fre-
quency was varied from 7 MHz to 1 Hz with an electrical
field perturbation of 10 mVmm™".

Table 2 Total conductivities

. Sample m h d Total conductivity  Capacitance  p(XRD)  p(geo) Rel. p

and capacities of all 5 1 5 5

samples from impedance (2) (mm) (mm) (1077 S/cm) (100 F) (g/em?’) (glem”) (%)

spectroscopy. The relative HfO 53853  10.63 1137 0.651 4.96 5.333 4990  93.56

density is calculated from

the measured densities and Hf0016 62181 1242 1132 0.674 4.60 5.344 4.975 93.09

the crystallographic density Hf0032  4.888 9.57 11.45  0.607 5.29 5.359 4.960 92.56

determined by Rietveld Hf0048  7.4451 1428 11.53  0.600 4.79 5.367 4.993 93.04

refinements Hf0064  6.6321 1323 1134  0.706 4.93 5375 4963 9234
Hf008  7.078 1384 115 0612 4.80 5.385 4924 9143
Hf016 69291 1361 11.62 0.653 4.44 5.427 4.801 88.46
Hf04 56004 11.15 1134 0578 4.81 5.554 5.053 90.98
Hf08 55138 1040 1140 0.564 4.86 5.787 5.194  89.76
Hf16 75474 1249 1142 0455 4.77 6.223 5.899  94.80
Hf St 68233 1330 1173 0.654 4.74 5.350 4.747 88.73
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To investigate the impact on dendrite formation, sym-
metrical Li/LLZO/Li cells were prepared. The sintered
LLZO pellets were cut in discs with a thickness of roughly
1 mm by an IsoMet low speed diamond saw (ITW Test &
Measurement GmbH, Esslingen am Neckar, Germany).
Afterwards, they were prepolished in air with SiC-sandpaper
with a 800er grit, transferred into an argon oven, and heated
to 750 °C under static vacuum for 2 h to remove residual
Li,CO; from the surface. After cool-down, the discs were
transferred directly into a glovebox (GS Glovebox System-
technik GmbH, Malsch, Germany). The pellet geometries
can be found in Table 3.

Both sides of pellets were then polished by SiC sandpa-
per with up to a 4000er grit, and freshly calendared lithium
(99.9%, Alfa Aesar) was manually pressed on the separators.
To improve the contact, the symmetrical cell was placed
between two nickel current collectors and heated to 300 °C
for 5 min. After cooling down to room temperature, the sym-
metrical cells were transferred into Swagelok cells, sealed,
and taken out of the glovebox for analysis.

To determine the critical current density (CCD) for Li-
dendrite formation, lithium stripping and plating experi-
ments were performed using the same BioLogic VMP-300
Multipotentiostat as before and a VT 4002EMC climate
chamber (Votsch Industrietechnik GmbH, Balingen, Ger-
many). The cells were heated to 60 °C, and galvanostatic
cycling with 1 h per current direction was performed, start-
ing at 75 pA/cm? with an increment of 25 pA/cm? per cycle
until voltage drops were observable. These voltage drops
are our criterion for dendrite growth, since they indicate a
micro short circuit. The temperature of 60 °C was chosen
to minimise the influence of conductivity and to look more
closely on other parameters.

Results

The XRD patterns of Lig 4sAlj gsLasZr, _ Hf Ta, , samples
with different hafnium content are shown in Fig. 1. For all
investigated hafnium concentrations, the patterns corre-
spond to almost phase pure cubic LLZO structure. Minor
reflections in some samples could be indexed by the phases
Li,CO; (ICSD: 100324) [33] and La,Li, sAl, sO, (ICSD:
202439) [34].

The crystal radius of Hf** (0.85 A) is slightly smaller
than that of Zr** (0.86 A) in an octahedral environment
[35]. Therefore, a slight decrease of the lattice parameter is
expected for the incorporation of hafnium. Figure 2 shows
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Fig.1 The figure shows all XRD-pattern for

Lig 45Al gsLasZr, ¢ Hf Ta, , with 0<x < 1.6 as well as in red the pat-
tern for the Hf_St sample. At the bottom, the theoretical diffraction
pattern of cubic LLZO is plotted [32]. It can be seen that the cubic
garnet structure was formed in all samples

Table 3 Pellet geometry,

. . . Hf0_1 Hf0_2 Hf016 Hf08 Hfl6 Hf_St

geometrical density, resistance

gomponents, det.er.mir.led m(g) 0.4942 0.4917 0.4510 0.4484 0.5375 0.4881

lgig‘g?;:%‘i‘;&gg:{ggfam h (mm) 0.98 0.98 0.99 0.89 0.94 0.95

and lithium, and CCD of d (mm) 11.42 11.42 10.76 11.28 11.18 11.76

symmetrical Li-LLZO-Li cells A (cm?) 1.024 1.024 0.9093 0.9993 0.9817 1.086
p(geo) (g/cm?) 4.923 4.898 5.010 5.042 5.825 4.730
Rel. p (%) 92.33 91.85 92.31 87.12 93.60 88.42
Rp . fraction (%) 96.5 91.0 92.2 94.3 89.0 96.0
Rgg fraction (%) 35 9.0 7.8 5.7 11.0 4.0
Cond. at RT (107 S/cm) 0.73 0.76 0.571 0.50 0.46 0.63
Interface resistance at RT b/w. 16.22 7.24 22.29 9.35 1.48 28.47

LLZO-Li (Qecm?)

Critical current density (pA/cm?) 550 350 425 325 300 450

@ Springer



lonics (2022) 28:53-62

57

12.96 A T T T T T T T

AN

A,
12.95 A

12.94 .

lattice parameter a [A]

N
g
©
@
1
1

12.92 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12 14 1.6

X in Lig 45Al 0585211 6-Hf, T8 404,

Fig.2 Lattice parameters a determined by Rietveld refinements of
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tice parameter

the lattice parameter in relation to the Hf content. The
lattice parameter shrinks from 12.951(1) A for 0% Hf to
12.931(1) A for the fully substituted sample. This is just as
expected for the smaller Hf ion.

To verify the elemental stoichiometry in the sintered
samples, ICP-OES elemental analysis was performed. The
resulting amounts of hafnium and zirconium are shown in
Fig. 3 and correspond to the amounts which were weighted

N
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Fig.3 Zr and Hf content per unit cell determined by ICP-
OES are plotted against the weight in amount of Hf (x in
Lig 45Alg gsLasZr, ¢_ Hf Tay,0,,). Triangles are used for Hf and cir-
cles for Zr. The red filled symbols are the Hf_St sample for compari-
son

in. The hafnium concentration in the Hf St sample prepared
using contaminated ZrO, was 0.02 mol%, which corresponds
to 1.3% of the total zirconium content. The hafnium content
of this sample is therefore within the specified range (<2%).

Figure 4 shows the density of different samples in rela-
tion to the hafnium content. As it can be seen from the
obtained results, the low hafnium concentrations (up to 3%)
have practically no influence on the density of the samples,
which is around 93%. However, for higher levels of hafnium,
there is a distinct effect on the density of the sintered pellets,
continuously decreasing with the increasing amounts of haf-
nium to reach relative densities below 90% for 10% hafnium.
The density remains relatively low (~90%) for the mixed
samples and increases again for pure LLHO sample Hf16 to
reach the highest measured density of 94.8%. The reference
sample Hf_St does not completely follow the trend, with a
density of only 88.7% at an expected hafnium content of
1-2%. Scanning electron micrographs of the samples HfO,
Hf0048, Hf08, and Hf16 are shown in Fig. 5. They reflect
the measured relative densities, with a high density of HfO
and Hf16, while a bigger porosity is observable for Hf0048
and Hf08.

The Nyquist plots of the impedance spectra of pel-
lets with different hafnium concentrations show one
slightly depressed semicircle in the high frequency region
(7 MHz-30 kHz) and a capacitive tail in the low frequency
region. The flattened semicircle corresponds to the bulk
resistance and the grain boundaries of the LLZO and can be
described with one R-CPE element. The fitted capacitances
for all samples are in the region of 107!! F and show that
this semicircle is dominated by the bulk resistance. Unfortu-
nately, a separation of the resistances into grain boundaries

100 T T T
95 4 AN
- 4
S
2 A A Pt
g 904 - - AT _
[0) v\ os
o 7 NG
°
85+ B
80 T T T T T T
0.0 0.4 0.8 1.2 1.6

X in Lig 45Alg osL@sZry ¢ Hf,Tag 404

Fig.4 Relative density of Lig 45Al) osLasZr; ¢ Hf Ta; 4O, in relation
to the hafnium content x. The red filled triangle is the Hf_St sample
for comparison
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Fig.5 Scanning electron micro-
graphs of the samples a HfO, b
Hf0048, ¢ Hf08, and d Hf16
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Fig. 6 Fitted and measured impedance spectra of Hf0, Hf08 and Hf16
samples

and bulk resistance was not possible with reasonable errors
on the fitting parameters. The low frequency tail is a clear
sign for ionic blocking electrodes, typical for gold elec-
trodes, and has been reported before and may be described,
e.g. by a CPE element [4, 9]. The measured and fitted spectra
for Hf0, Hf08, and Hf16 are shown in Fig. 6. The measured
and fitted spectra for the other synthesised samples can be
found in the supporting information in Figure S1. The total
conductivities of the samples in relation to the hafnium con-
tent are shown in Fig. 7. The highest conductivities were
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powder sample

measured for hafnium contents below 10% (0.6-0.71073 S/
cm). With increasing Hf content, the conductivity decreases
and reaches a minimum of 0.45¢107 S/cm for Hf16. The
conductivity of Hf St is with 0.64+1073 S/cm in a good
agreement with the other samples with similar hafnium
contents, despite a lower relative density.

To investigate whether dendrite formation is affected by
the hafnium content, impedance spectra of symmetric Li/
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LLZO/Li cell were recorded first, and then critical current
density (CCD) measurements were performed for five differ-
ent compositions (Hf_St; HfO; Hf016; Hf08; Hf16).

The measured impedance spectra show three contribut-
ing semicircles. Each spectrum was fit with three R-CPE
elements. The first belongs to the bulk resistance of LLZO
(Cgu~ 107" F), the second one to the grain boundaries
of LLZO (Cgg ~ 107 F), and the third one describes the
interface resistance between LLZO and lithium. While the
first two are used to calculate the total conductivity of the
pellet and the fractions of bulk and grain boundaries resist-
ance, the last resistance gives information about the con-
tact between electrolyte and lithium. The measured and fit
impedance spectrum of the symmetrical cell of Hf016 is
shown in Fig. 8 and for the other samples in the supporting
Information S2-S6. The fitted data can be found in Table 4.

The CCD measurements show typical flat voltage pla-
teaus for lower current densities. With increasing current
densities, the voltage plateaus show an increasing slope
which is a typical sign for a slow depletion of the active lith-
ium at the LLZO/Li interface and therefore rising interface
resistance between LLZO and lithium [11]. The CCD meas-
urement of Hf016 (Fig. 9) shows in the cycle at 425 pA/cm?
a voltage drop. This is a clear sign for a short circuit and
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Fig.8 Measured and fit impedance spectrum at 25 °C of the sample
with 10% hafnium doping Hf016
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Fig.9 Critical current density measurement at 60 °C for the sample
with 10% hafnium doping Hf016

therefore dendrite formation. The determined CCD of all
samples can be found in Table 3.

Discussion

Table 5 summarises total conductivities of LLZO and LLHO
with and without tantalum doping reported in the literature,
as well as the results obtained in this work. For LLZO and
LLHO, the tetragonal phase has a lower conductivity by
the order of at least two magnitudes. The results for our
samples are in a good agreement with literature data. Tsai
et al. reported a conductivity of 0.71s1073 S/cm for LLZO
with the same stoichiometry and sintered under similar
conditions, which is close to our value of 0.65¢1073 S/cm
[12]. Goodenough et al. found a conductivity of 0.3s107> S/
cm for tantalum substituted (Ta0.4) LLHO [28]. They did
not include aluminium intentionally, but since they used
alumina crucibles, it can be expected that aluminium was
incorporated to some amount. The conductivity measured
by Goodenough et al. is only slightly lower than the conduc-
tivity obtained in our work for a comparable composition,
despite the different aluminium contaminations and sinter
conditions.

Up to 10% of hafnium, the conductivity of LLZHO is
relatively stable but strongly decreases for hafnium concen-
trations above 10%. This behaviour can be explained when

Table.4 Fitted bulk and

: , Hf0_1 Hf0_2 Hf016 Hf08 Hf16 Hf_St

grain boundary resistances

and capacitances of the CCD Ry () 126.9 1144 176.6 167.0 185.2 133.8

tested symmetrical cells. Cou (1071 F) 3.61 5.74 9.22 9.36 8.59 8.95

The impedance spectra were Y

measured at 25 °C Rgp (Q) 4.54 11.28 14.92 10.03 22.96 5.55
Cop (107 F) 119 2.933 4.07 4.24 6.95 7.43
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Table.5 Selected Li-ion
conductivities from literature
and compared with own data

Compound Sintering conditions total conductiv-  Activation Reference
ity (S/cm) energy (eV)
Li,La;Zr,0,, 1130°C, 12 h 2¢107° 0.49 [39]
Lig 45Al) gsLasZr; ¢Ta, 4,04, 1150 °C, 10 h 0.71+1073 0.42 [12]
Lig 45Al) gsLasZr; ¢Ta, 4,04, 1175°C, 10 h 0.651¢107° This work
Li;La,Hf,0,, 980 °C, 5h 741077 0.53 [40]
Lig ¢LasHf, (Ta, 4,0, 1130 °C, 48 h 02991073 0.440 [28]
Lig 45Al, gsLasHf, (Tag 4,0, 1175°C, 10 h 0.455¢1073 This work

considering the conductivity mechanism in LLZO. The con-
ductivity of a Li-ion conductor depends mainly on two dif-
ferent parameters: the concentration of mobile Li-ions and
their mobility [22]. The optimal concentration of mobile
Lit-ions was subject of many investigations and was found
to have an optimal value between 6.4 and 6.5 mol Li per unit
cell [28, 29, 36]. By choosing a doping of Ta0.4 and Al0.05,
we are perfectly within the optimum Li concentration. The
mobility of the Li* ions is structurally influenced by the size
of the Li migration channels. It is generally assumed that,
by the incorporation of a larger ion in solid electrolytes, the
Li*-ions have more space to move and therefore the con-
ductivity rises [37]. This fits to our observation, where the
incorporation of the smaller Hf-ions leads to a decrease in
lattice parameter and conductivity.

Dendrite formation and growth is a complex phenom-
enon, and multiple parameters have to be observed. The
impedance spectra of the symmetrical cells give information
about the conductivity of the used LLZO. While the first two
are used to calculate the total conductivity of the pellet and
the fractions of bulk and grain boundaries resistance, the
last resistance gives information about the contact between
electrolyte and lithium. The next important information is
the relative density of the pellet. From a pure mechanical
point of view, one would expect the sample with the highest
density to also have the highest resistance to dendrite forma-
tion, which is clearly not the case in our study. In general,
samples with a higher conductivity show a higher CCD.

The Hf free sample Hf0_1 reached the highest CCD of
550 uA/cmz. The material failed, when the useable lithium
depleted; the contact area shrank; and the cell polarised.
The dendrite was formed when voltage reached 3.6 V. Due
to strong polarisation and reduced contact area, the effec-
tive current density is probably higher and caused the mate-
rial failure. With an improved contact or shorter stripping
and plating times, a higher CCD should be measurable. The
material had the highest conductivity of 0.73¢107 S/cm
and the lowest partial grain boundary resistance of 3.5%
despite its mediocre density of 92.3%. It is important to
mention that other samples of the same batch (Hf0_2) did
not show the same performance. Some samples had a com-
parable density and a conductivity of around 0.7¢1073 S/

@ Springer

cm, but a higher grain boundary resistance of 9%. During
their CCD tests, dendrites were formed already at current
densities of 350 uA/cm? without strong polarisation. This
shows the strong influence of the grain boundary resistance
and microstructure of the pellets and should be investigated
in the future.

The second-best CCD of 450 pA/cm? was achieved for
the standard material LLZ_St. The dendrite was also formed
after some polarisation at a voltage of 0.15 V. The sample
showed a good conductivity of 0.64¢10~> S/cm and a partial
grain boundary resistance below 5%. The CCD was repro-
ducible in the range of 400-450 uA/cm?.

The third-best result with 425 pA/cm? was observed for
the 10% doped sample Hf016 and is in the same range as
the reference material LLZ_St. Dendrite formation began
at 0.017 V, before a significant polarisation was observed.
Therefore, the effective current density matches the applied
current density. Despite its higher density, Hf016 has a
higher proportion of grain boundary resistance and lower
conductivity compared to HfO and Hf_St.

All other samples showed a worse performance, although
some parameters were better. Especially, HfO8 shows in
comparison to Hf016 that the partial grain boundary resist-
ance is not the only governing factor for dendrite formation.
The resistance is only 5.6% of the pellets resistance, but the
conductivity is lower and results in a CCD of just 350 pA/
cm?. The pure Hf-phase Hf16 has the highest relative density
of all materials, but the lowest conductivity and the highest
partial grain boundary resistance. This results in the lowest
CCD of 300 pA/cm? and shows that a high density is clearly
not a guarantee for a high CCD. In our opinion, the compo-
sition is a minor factor for the dendrite formation, and the
reproducibility shows that a high conductivity paired with a
low grain boundary resistance gives the best results.

Conclusions

The garnet structured ceramic Li-conducting electro-
lyte Lig 45Aly gsLasZr, o Hf Ta,,0,, was prepared with
x=0 — 1.6 via a solid-state reaction. Up to x=0.1, the
total Li-ion conductivity remained independent of the Hf
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content. Further increasing the hafnium concentration leads
to a decrease in total conductivity, which is expected since
a decrease of the lattice parameter is known to impede the
Li-ion pathway. In terms of resistance to dendrite formation,
symmetrical cell tests with Li metal electrodes show that
the composition has only a minor influence on the CCD in
comparison to the general effect of conductivity and grain
boundary resistance stemming from the manufacturing and
sintering process. Based on the obtained results, it can be
concluded that the usage of cheaper ZrO, precursors with
higher percentage of hafnium impurities does not have a
significant impact on the electrochemical performance of the
material in ASBs. This result is encouraging, as the price for
LLZO needs to drop significantly (below 50 $/kg) in order to
be a viable option for large-scale industrial application [38].
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