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Li-rich garnet solid electrolytes are promising candidates for all-solid-state batteries, allowing for
increased energy densities, compatibility with Li-metal anodes and improved safety by replacing
flammable organic-based liquid electrolytes. Li-stuffed garnets typically require aliovalent doping to
stabilise the highly ionic conductive /a3d cubic phase. The role of dopants and their location within the
garnet framework can greatly affect the conduction properties of these garnets, yet their impact on the
structure and resulting ion transport is not fully understood. Here, we evaluate the effect of aliovalent
doping with A>*, Ga®* and Zn?* in the LigBala,Ta,O1, (LBLTO) garnet material. A combination of PXRD
and XAS reveals a linear cell parameter contraction with an increase in doping and the preference of the
24d Li* sites for AP and Zn®' dopants, with Ga®* occupying both the 24d and 48g Li* sites.
Macroscopic ionic conductivity analyses by EIS demonstrate an enhancement of the transport properties
where addition of small amounts of A®* decreases the activation energy to Li* diffusion to 0.35(4) eV.

Received 4th July 2024, A detrimental effect on ionic conductivities is observed when dopants were introduced in Li* pathways

Accepted 29th September 2024 and upon decreasing the Lit concentration. Insights into this behaviour are gleaned from microscopic
diffusion studies by muon spin relaxation (u*SR) spectroscopy, which reveals a low activation energy
barrier for Li* diffusion of 0.16(1) eV and a diffusion coefficient comparable to those of Li;LasZr.Oq»

(LLZO) benchmark garnet materials.
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A. Introduction

Flammable solvents employed to dissolve electrolyte salts in
current Li-ion batteries (LIBs) exhibit inherent safety concerns and
limit the energy density and power capabilities accessible due to
potential dendrite growth with Li-metal anodes. All-solid-state
batteries are positioned as a promising next-generation battery
technology, where replacing the liquid electrolyte with a solid-
state Li-ion electrolyte may permit increased safety and energy
density, together with the compatibility with Li-metal anodes and
high-voltage cathodes. With several families of Li* conductors as
candidate solid-state electrolytes, including NASICON, thio-
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LISICON, (anti)perovskites, Li;oGeP,S;,, argyrodite or recent
thio-phosphates,’ Li-rich garnet electrolytes represent an out-
standing candidate with high electrochemical stability with Li
metal and high voltages beyond 6 V and ionic conductivities in the
mS cm* range.’

The Li garnet crystal structure is derived from that of the garnet
mineral which can be described using the formula A;B;C,045,
where A cations are located in an oxygen-tetrahedral environment,
B cations are surrounded by 8 oxygen anions and C cations are
accommodated in oxygen-octahedral sites. For Li-stuffed garnets,
Li" sit on the A sites with the B sites typically occupied by a rare
earth metal or a large alkaline earth metal and the C sites can be
occupied by a wide range of metal cations with oxidation states
usually ranging from 4+ to 6+. Conventional LizLn;M,0;, garnets
crystallise in a body centred cubic structure with the Ia3d space
group, where Li" ions occupy the tetrahedral 24d positions, Ln**
ions are located in the 8-fold 24c positions and M®* cations are
located in the octahedral 16a positions with the O* sitting on the
96h positions making up the anionic framework. Replacing B-site
or/and C-site cations with lower oxidation state elements can
increase the number of Li" ions per formula unit of the garnet
material, with Li" then occupying partially filled 24d tetrahedral

© 2024 The Author(s). Published by the Royal Society of Chemistry
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X Ba?*/La%*

Fig. 1 Crystallographic representation of the unit cell for the LigBala,-
Ta,O1, garnet structure with la3d cubic symmetry where Ba?* and La®" cations
are enclosed in blue polyhedra, Ta>* in brown polyhedra with Li* ions; 3D
chains are presented showing Li* in tetrahedral 24d sites in bright green and Li*
in 489 distorted octahedra in dark green. Li* dimers are shown separately for
clarity where one 489 octahedral site is surrounded by two 24d tetrahedral sites.

sites and distorted octahedral 48g interstitial positions, which can
split into two 96h sites.®> Thangadurai and Weppner reported the
LigBaLa,Ta,0;, (LBLTO) Li-rich garnet in 2005 (Fig. 1) with con-
ductivities topping 10> S em™".* A benchmark Li,La;Zr,0;, garnet
was also reported by Thangadurai’s team with a conductivity of up
to 10~* S em ™% Theoretically, an upper limit of Li = 7.5 could be
accessed when taking into account the high electrostatic repulsions
occurring between Li* occupying the octahedral positions and the
tetrahedral sites if the two adjacent tetrahedral positions are also
occupied.® Experimentally, only compositions of up to Li &~ 7 have
been realised.®” Furthermore, Li = 7 garnets are thermodynamically
stable in a tetragonal phase with the space group I4/acd resulting
from Li* ordering into fully occupied sites, as in the case of
undoped Li;LazZr,0,, and Li;La;Sn,0;, garnets.g’9 This Li" order-
ing, phase transformation, and full occupancy of the Li" sites lead
to a dramatic decrease in the conduction properties of the garnet
down to 107® S cm ™. Aliovalent doping of the Li = 7 compositions
is required to avoid the phase transformation from the highly
conducting Ia3d cubic phase to the low ionic conducting 4/acd
tetragonal phase vig a vacancy-creation mechanism that stabilises
the cubic phase.'

While doping strategies have proven an efficient method for
improving ionic conductivities and electrochemical perfor-
mance in LLZO garnets,""™* studies focussing on the dopant
effect on the LBLTO family of garnets are limited, which is the
subject of the current study. Li-rich garnets with Li" integer
compositions, such as in LigLa,BaTa,0;, (LBLTO), can present
ordered ground-state crystal structures that lower Li* mobility
stemming from reduced Li-Li interactions within these ordered
phases.” The study of doped LBLTO is therefore desirable, since
suitable dopants may stabilise the cubic phase and simultaneously
influence the Li" diffusion dynamics. For example, the introduction
of additional repulsive forces between dopant and Li* ions'® or the
reduction of grain boundary resistances with better particle sinter-
ing may both work to improve ionic conductivity.””>° Furthermore,
doping with A’ has been shown to prevent Li loss at high sintering

© 2024 The Author(s). Published by the Royal Society of Chemistry
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temperatures, when residing at the grain boundaries.*" Thus,
introduction of additional Li* vacancies in the LBLTO garnet
structure via aliovalent doping is expected to influence the trans-
port properties of these materials. However, reports of the local
structural and dynamic behaviour in doped LBLTO remain scarce.
Here, we examine a series of doped LBLTO garnet materials with
the goal of studying the impact of these dopants on the local
structure and the resulting ion transport properties.

The location of the dopant within the garnet framework has
significant implications on the resulting transport properties
and remains a topic of debate. For example, in the case of Al- or
Ga-doped LLZO garnets, there are discrepancies as to where the
dopant is located depending on the characterisation technique
or synthetic methodology employed. Rettenwander et al
proposed Al and Ga dopants to reside with similar populations
in both the 24d and 96h sites within the garnet structure.”*?
Karasulu et al., however, have challenged this, proposing the
24d site as the preferential location for Al or Ga dopants in the
LLZO garnet.”” Differences can be ascribed to the choice of
synthetic conditions employed. To further complete this picture,
Li et al. reported the dopant to be sitting at the octahedral 48g
sites, the centre position between two 96h sites, by neutron
powder diffraction (NPD) studies.”> An intermediate route has
also been reported for Ga-doped LLZO, with 24d sites being
initially occupied followed by the occupation of 96h sites. It has
also been found that Ga-doping can lead to a change in the space
group from centrosymmetric /a3d to a non-centrosymmetric
I43d, due to the preferential occupation of 24d sites in the LLZO
garnet.”® A similar story occurs in the case of Ge-doped LLZO,
where Ge*" was initially found to be more likely sitting at the 96h
sites by XANES analyses,?” but later reported to be present in the
24d positions as observed by NPD measurements.>®

In this work, we present the microwave-assisted solid-state
synthesis of undoped and AI**-, Ga*"- and Zn**-doped LisBa-
La,Ta,0;, garnet materials. The use of microwave-assisted
solid-state synthesis reduces the required reaction temperatures
and synthesis times which can lower the risk of lithium evapora-
tion and contamination from crucibles, affording more precise
stoichiometries. Structural changes have been evaluated by PXRD
and XAS measurements to identify the most likely atomic position
for the dopants within the garnet framework. Variable tempera-
ture EIS studies of the synthesised materials have been employed
to study the interrelation between the aliovalent substitutions of
Li" and the ionic transport properties of the resultant materials.
With the dopant influencing the structural and transport proper-
ties of the garnet materials, we also wish to understand the origin
of the conductivity difference between Li = 6 and Li = 7 families
beyond the macroscopic effect of doping. To this end, we have
also carried out muon spin relaxation spectroscopy experiments
on the undoped LBLTO material to explore the microscopic
conduction properties of the material and compare these with
our previous results on the LLZO garnet,> where the required
synthetic temperatures and times are different, which could result
in differences in the total conductivity due to different grain
boundaries and grain sizes contributing to the macroscopic ionic
conduction as typically reported in EIS measurements.

Mater. Adv,, 2024, 5, 8826-8835 | 8827
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B. Results and discussion
Synthesis, and structural and morphological studies

Al-, Ga-, and Zn-doped LBLTO garnet materials were synthe-
sised by a microwave-assisted solid-state approach. The use of
this microwave method allows for higher energy efficiency
compared with conventional heating methods. Our previous
work has demonstrated that this can lead to shorter reaction
times and lower synthetic temperatures to obtain phase pure
cubic garnet materials.”® In the case of this LBLTO garnet
material, the use of this microwave-assisted method led to a
reduction in the reaction times and temperatures required to
obtain phase pure materials compared with the original synth-
esis reported by Thangadurai and Weppner.* The reaction
temperature was lowered by 100 °C and the time required to
obtain phase pure materials reduced from 24 hours to 6 hours.

PXRD data of the parent compound LBLTO were indexed
successfully to the Ia3d cubic space group with narrow Bragg
peaks, indicating the high crystallinity of the synthesised
material (Fig. 2). The refined unit cell parameter value was
13.0018(1) A, in good agreement with the reported value of
13.00 A for undoped LBLTO.**° Additional details on atom
positions, fractional occupancies, thermal energies and cell
parameters calculated from Rietveld refinements can be found
in Table S1 (ESIt).

Stoichiometries for the doped LBLTO garnets were tailored
in a manner such that the dopant cations are inserted into the
Li" ionic sublattice, replacing the Li" ions in the garnet struc-
ture. The selection of the aliovalent dopant replacing the Li"
was rationalised in terms of atomic size, charge compensation
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Fig. 2 Rietveld refinements of PXRD data for the LigBala,Ta O, material.
Bragg peak positions for the cubic LigBalLa,Ta,O1, garnet structure are
indicated by vertical grey tick marks. Fit was in good agreement with the
cubic space group /a3d with the following cell parameters: a = 13.0018(1) A
and V = 2197.89(3) A*. Rwp = 0.1381, R, = 0.1002, Re2 = 0.0344 and
%% = 2.055.
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and site geometry. Li" ions have a cation size of 59 pm in a
tetrahedral environment and an increased size of 74 pm if the
coordination environment is octahedral.?® AI**, Ga®" and Zn**
have cation sizes of 39, 47 and 60 pm respectively in tetrahedral
coordination, while their cation sizes increase to 53, 62 and 75
pm in octahedral coordination, respectively.*’ In addition to
this, La** and Ba** have far larger cation sizes (>100 pm on
their 8-fold coordination)®' and the relatively low valence of
Zn”* compared to the Ta>* cations makes it unlikely for Zn** to
replace Ta’" in the garnet structure since this position is
occupied predominantly by M~ ** cations.” The relatively close
ionic sizes and charges between the dopants and the Li" ions
indicate that doping into the Li" positions is a plausible route
for the insertion of the dopants into the LBLTO garnet struc-
ture. Computational studies over a wide range of dopants for
the garnet structure have shown that AI>*, Ga®* and Zn*" display
a preference for the Li* positions.>* Moreover, similar substitu-
tion routes have been experimentally explored for the LLZO
garnet family, also demonstrating the preference of Al**, Ga®*
and Zn*" towards the Li* positions.'®*#333* The dopant con-
centrations were chosen to allow for direct comparison between
various doped materials in terms of the Li* carrier concentra-
tions on the ionic conductivity analyses. The Li* concentration
was set at two values to generate two comparable material
groups: one with a Li* content of 5.25 moles per formula unit
and the other at 5.7 moles per formula unit.

The PXRD profiles of the different doped LBLTO garnets
(Fig. S1, ESIt) display sharp peaks, indicative of the high
crystallinity of the microwave synthesised materials with no
other discernible Bragg reflections from impurities detected.
The dotted line corresponding to the (402) reflection is used as
a guide for the eye to follow the small displacement of the peak
towards higher diffraction angles indicating lattice contraction
with progressive doping.*

Fig. 3 shows the variation of the unit cell parameter with
respect to the dopant concentration on the LBLTO material.
Since the three different dopants have a smaller or similar size
to the substituted Li" ions, the cell parameter experienced a
linear decrease with increasing concentration of the dopant as
expected. Attempts were made to prepare materials with higher
dopant concentrations, for example, Li,sAlysBaLla,Ta,0q;.
However, as the solubility limits of the dopant were surpassed,
these attempts resulted in materials with high impurity con-
tent. The cell parameter variation is in good agreement with
Vegard’s law, confirming the effective formation of a solid-
solution and dopant inclusion into the garnet framework.>®

Zn”" ions have a similar ionic radius to Li*, thus displaying
the lowest gradient in the Vegard fit. The larger cationic charge
on Zn** ions results in stronger bonding to the surrounding
oxygen anions leading to a smaller cell parameter to compen-
sate for the higher oxidation state of the Zn" cation. In the case
of AI*", despite possessing the largest difference in atomic size
compared with Li", the slope of the Vegard fit for the AI** doped
samples is smaller than that for the Ga** dopant, with a smaller
ionic size difference with Li*. This could be indicative of Ga**
cations occupying the larger 48h octahedral positions, where

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Unit cell parameter evolution following Vegard's law for the cubic
la3d garnet crystal structure with an increase in A®*, Ga** and Zn®* dopant
concentrations.

Ga®* can be accommodated, allowing the crystal cell to further
contract.

To analyse the local coordination environment of the
dopants in the garnet structure, XAS measurements were
carried out on Ga and Zn K-edges (10.37 and 9.66 keV respec-
tively) (Fig. 4). Measurements on the Al K-edge (1.56 eV) were
not possible as this edge falls outside the energy range avail-
able. The presence of strong absorption edges from the Ta Ly
(11.14 keV) and Lyy; (9.89 keV) edges precluded a detailed EXAFS
analysis of the local coordination shells of the dopant, limiting
to qualitative assessments of the XANES region of the dopant
against standards with known coordination environments.

ZnO and Zn(NOj3),-6H,0 were chosen as standards for Zn K-
edge analyses. ZnO crystallises in the wurtzite structure under
ambient conditions with a P6;mc group space symmetry.’” In
this crystal structure, Zn>" cations are tetrahedrally coordinated
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Fig. 4 (a) XANES region of the XAS data measured on the Zn K-edge for
Lis »5ZNg 37BalasTa>O1,, and Zn(NOsz),-6H,0 and ZnO standards. (b) XANES
region of the XAS data measured on the Ga K-edge for Lis 25Gag »2sBalas-
Ta,O015 and, Ga(NO3)3-9H,0O and Ga,Os standards. Coloured boxes indi-
cate common features in the XANES profiles between the different
materials analysed.
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to four O°~ anions. In the case of Zn(NO;),-H,Og, the compound
crystallises in the orthorhombic space group Pnma, where the
Zn** cations are coordinated to six O®>  anions forming an
octahedron.®® Fig. 4(a) shows the Zn K-edge XANES data of the
Zn-doped Lis »5Zn, 3,Bala,Ta,0,, garnet material together with
the ZnO and Zn(NO;),-6H,O standards. The profile of the
Lis »5Zn, 37Bala,Ta,0;, garnet spectrum shares almost identical
features with the ZnO standards, where Zn>* forms oxygen-
coordinated tetrahedra. The absorption intensity of the Zn K-
edge is induced by electronic transitions from Zn 1s orbital to
empty Zn 4p orbitals. The absence of empty 3d orbitals in Zn>*
cations precludes the easy differentiation between tetrahedral and
octahedral coordination due to the lack of a pre-edge feature in
the Zn K-edge spectra. In the former, a pre-edge feature could
appear from s to d transitions while in the latter the centrosym-
metry of the octahedral environment would forbid this transition.
In the case of Zn®" in an octahedral environment, a single strong
peak is observed. When the local environment is changed to a
tetrahedral coordination, a split on the main peak is produced
with a shoulder noted. A similar profile is noted for the
Lis 552N, 37Bala,Ta,0,, material. This indicates that the Zn*'
cations in the garnet structure tend to occupy the tetrahedral
Li* 24d positions.

Analogous analyses were carried out for the Lis,5Gag ,5Ba-
La,Ta,0;, garnet material. Fig. 4b shows the XANES region of
the XAS data on the Ga K-edge for the Lis ;5Gag zsBaLla,Ta 04,
material, together with B-Ga,03; and Ga(NOs);-9H,0 standards.
Ga(NO3);-9H,0 crystallises in a monoclinic structure with
space group P21/c where the Ga*" cations occupy the centre
of an octahedron.®® The B-Ga,O; standard crystallises in a
monoclinic structure with point symmetry C2/m, where Ga**
cations are distributed in both octahedral and tetrahedral oxide
coordination sites.*® Again, as Ga®" is isoelectronic with Zn>*
and possesses full 3d orbitals, this precludes a simple confir-
mation of tetrahedral or octahedral coordination from the
presence/absence of pre-edge features. In the Lis ,5Gag »5Bala,.
Ta,0;, XANES data, the peak splitting observed on the main
edge (not evident for the octahedral Ga reference) indicates
there is not an exclusive octahedral coordination around the
Ga®" cations. This suggests that the Ga*" ions are also occupy-
ing tetrahedral Li* 24d positions in the garnet structure, similar
to the Zn-doped analogue. However, this does not exclude Ga**
ions being located on octahedral coordination sites. In fact, a
similar feature between the Lis,sGa,,sBala,Ta,04, garnet
material and the Ga(NO;);-9H,0 standard could indicate that
Ga** ions occupy octahedral as well as tetrahedral Li* positions
in the garnet structure. This observation is in agreement with
studies by Rettenwander et al. where Ga*>* has been found to be
located on both Li* 24d and 48g positions by NMR studies.*"

SEM micrographs (Fig. S2, ESIt) revealed inhomogeneous
particles with non-regular shapes with sizes ranging from
~1 to 10 micrometres. The particle sizes and morphologies
had no apparent variations with the insertion of the dopant
into the garnet structure. EDX analyses (Table S2, ESI})
were also performed for the highest doped LBLTO garnets
to analyse the stoichiometry of the compositions studied.
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Atomic concentrations from EDX measurements were all within
the standard deviations, in agreement with the nominal stoi-
chiometries of the synthesised materials. The atomic concen-
trations were normalised to the Ta®" concentration, as this
element is fully occupying its site within the garnet structure
and has negligible volatility compared to other elements pre-
sent in the materials. All pelletised samples had a similar
relative geometric density of ~80%, with no variation within
the uncertainty of the density measurements.

Ionic transport properties

LBLTO garnets are reported to be one of the best performing
garnet compositions in terms of transport properties. The LBLTO
intra-grain ionic conductivity is on the order of 107> S cm ™' at
room temperature, with reported activation energies as low as
0.4 eV.* Most studies have focussed on modifying the transport
properties of the LBLTO material by varying the Ba*'/La*" ratios or
by Ta’* substitutions with other elements.*>** Microstructural
engineering has also been explored to reduce inter-grain
resistances.***> Doping on the Li* positions, however, has remained
broadly unexplored for this particular garnet composition.

EIS measurements were carried out to evaluate the impact of
doping into the Li" positions on the macroscopic transport
properties. Room temperature Nyquist plots of the EIS
measurement (Fig. S3, ESIT) for the undoped LBLTO material
and the Al Ga- and Zn-doped Li = 5.7 garnet compositions
reveal a semicircle feature followed by the presence of a tail at
low frequencies where Pt-blocking electrodes are applied, indi-
cating the ionic character of conduction in these garnet
materials.*® Unlike other ionic conductors where intragrain
and inter-grain contributions to the total ionic resistance can
be separated, this is not always a trivial task in the case of the
garnets, where the total resistance (sum of intra- and inter-
grain resistance) is often reported since the separation of the
two contributions cannot always be resolved at higher
temperatures.?”*® There are some exceptions to this, as in the
case of hot-pressed garnet materials where both contributions
to the total resistance can be resolved.*’

The total resistance for the LBLTO materials was fitted to an
external electrical circuit composed of resistance with a parallel
constant phase element. The constant phase element models
double-layer capacitance behaviour between the electrode and
the garnet material, and accounts for any nonideal behaviour
and dispersion in the time constant.”®

The ionic conductivity of the material is calculated from the
resistance obtained in the fitted models by applying Pouillet’s
law. The calculated room temperature ionic conductivities for all
synthesised materials are given in Table S3 (ESIt) and presented
in Fig. 5(a). The room temperature ionic conductivity of the
undoped LBLTO material is 3.7 x 10°® S cm ™", approximately an
order of magnitude lower compared to the original report for
this material.® This difference may be caused by the lower
temperature and shorter times employed during the
microwave-assisted synthesis which may result in lower grain
sintering leading to a higher inter-grain resistance of the mate-
rial. A review of the literature reveals that a wide range of ionic

8830 | Mater. Adv, 2024, 5, 8826-8835

View Article Online

Paper
. . —————7— 0.60 T T J
40} m Undoped m Undoped
™ A -A Al-doping 0.55 |A-A Al-doping
35 Ga-doping Ga-doping
a0l [#-¢ Zn-doping | 0.50| |- zn-doping

 25h 045
§ A s
@ 20 \ < 040 S el et T
= 1 w’® R e |
€15 0.35 kT

- iR

sl p 5 0.30 -

A e
0.5
(@ 025} (b)
0.0 A

20 6.00 585 570 555 540 525

Li* content p.f.u (mol)

6.00 585 570 555 540 525
Li* content p.f.u (mol)

Fig. 5 (a) Calculated total ionic conductivity from EIS measurements at
room temperature of the undoped and Al-, Ga-, Zn-doped LigBalLa,Ta,O1,
materials with decreasing Li* content. (b) Activation energy evolution for
the total ionic conduction of the undoped and A*, Ga**, Zn?* doped
LigBalLa,Ta,O1, materials from calculated from Arrhenius plots of con-
ductivity data from EIS measurements (Fig. S4 and Table S4, ESIT).

conductivity values are reported for the same type of garnet
material depending on different factors.” EIS measurements are
sensitive to changes in synthetic and sintering conditions which
can interfere with the analyses, often hampering a direct com-
parison of conductivity values in the literature.

From room temperature conductivity measurements, it is
clear that Al-doping had a detrimental impact on the ionic
conductivity of the materials, decreasing progressively to 7.9 x
1077 S ecm™ ! for the Lis-Aly oBala,Ta,0,, material and a
further decrease of two orders of magnitude for the Lis 55Al¢ 25.
BaLa,Ta,04, garnet to a value of 2.8 x 107° S cm ™. A similar
effect, albeit less pronounced, was observed upon the introduc-
tion of the Zn dopant to the garnet framework. The room
temperature ionic conductivity decreased to a value of 1.2 x
10°® S em ™! for the Lis-oZnyisBala,Ta,0;, material with a
further decrease to 6.6 x 107’ S cm™ " noted for the higher
doped Lis ,5Zn, 3;Bala,Ta,0;,. In the case of Ga-doped LBLTO
materials, the room temperature ionic conductivity remained
within the same order of magnitude, only experiencing a small
decrease of the conductivity to 3.2 x 107° S em™ "' and 2.6 x
107% S em™* for the Lis 5Gao 1oBala,Ta,0;, and Lis ,5Ga, »sBa-
La,Ta,0;, garnet materials, respectively. This difference in
behaviour between AI’* and, Ga** and Zn** dopants again
points to the possibility of Ga®* occupying the octahedral Li*
48g positions in the garnet structure, in agreement with our
XANES observations. The presence of dopant ions on the Li"
24d positions has been reported to have a detrimental effect on
the conductivity of the materials while displacing the dopant
towards 48g positions can alleviate this effect.>® This is essen-
tially due to the 24d sites dominating the ionic conductivity, as
they act as nodes between the transport pathways of four Li"
located on the neighbouring 48g sites, while the 48g positions
act as connection points only between the transport of two Li"
located on the 24d positions.”>** Additionally, the higher
amount of Zn to achieve the same level of Li* concentration
could result in a higher number of neighbouring vacancies
being deactivated for Li* diffusion.>*

To further understand the effects of the dopant on the
macroscopic transport properties of these garnet materials,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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temperature variable EIS measurements were also carried out.
This allowed analysis of the Arrhenius behaviour of the ionic
conductivity (Fig. S4, ESIT) and calculation of activation ener-
gies for the total ionic diffusion (Table S4, ESIt). Fig. 5(b) shows
the variation of activation energy for the different concentra-
tions of the aliovalent dopants. The activation energy for the
undoped LBLTO garnet materials has a calculated value of
0.41(4) eV which is within the 0.40-0.44 eV range of values
reported for this material by other authors.***>® For the AI**
doping, the low concentration of the dopant had a positive
effect on the activation energy for total conductivity, lowering
this from 0.41(4) eV for the undoped material to a value of
0.35(4) for the Li = 5.7 material. This demonstrates the poten-
tially beneficial effect, in agreement with previous studies,
where a Li-Al-O amorphous layer is reportedly formed between
the grains for which a 0.10 mol of AI*" per formula unit of
garnet reduced the porosity of the pelletised material from 11%
to a value close to 1%.°° This amorphous Li-Al-O layer has also
been reported to enhance the particle contact in garnet materi-
als, lowering the energy requirement for Li' to cross grain
boundaries.’” Surpassing the Lis,oAly;0Bala,Ta,0,, doping to
the higher Lis ,5Al,5sBaLla,Ta,0;, values, however, leads to an
increase in the activation energy to 0.48(3) eV, indicating that the
beneficial effect of a possible Li-Al-O layer then can be over-
shadowed by detrimental effects on the intra-grain conductivity
as a consequence of lower carrier concentration and blockage of
the 24d sites.>® Ga and Zn doping have a limited effect on the
activation energy, with only a timid decrease in activation energy
for low doping with Zn, remaining almost invariant in the case of
Ga doping. This points out a trade-off between beneficial
vacancy creation and site deactivation by occupation of both
the highly mobile 48g/96h and the 24d node sites.>*

Local lithium diffusion studies by p*-SR

To understand the Li" diffusion properties of the undoped LBLTO
garnet material at the local microscopic scale, 1SR studies were
performed. p*SR allows to study of the ionic diffusion dynamics at
the local scale, without large contribution from interferences at
macroscopic, such as grain boundaries or porosity, which typically
contribute to EIS measurements.”® The temporal evolution of the
implanted positron decay asymmetry collected at zero field and
two different longitudinal applied magnetic fields is shown in
Fig. 6(a). By applying different longitudinal magnetic fields,
interactions between the muons and any local nuclear magnetic
field distribution can be decoupled, separating these from the
stronger electronic contributions that can arise from paramag-
netic ions in the material, if any.®® The evolution of the asymmetry
of the positron decay with increasing applied longitudinal mag-
netic field shows a slower decrease of the positron decay asym-
metry as a result of the forced realignment of the muon spins with
the parallel longitudinal magnetic field.

The decay in the positron asymmetry experiences a moder-
ate relaxation at short times, indicating the absence of any fast
depolarisation of the muon spin due to any magnetic field in
the sample which would have resulted in a more acute decay of
the positron asymmetry.®® This is expected for the undoped

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) u*SR raw data collected at room temperature at zero field (blue)
and applied fields of 5 G (yellow) and 10 G (red) and fit the data using the
Keren function (solid line) for the undoped LigBala,Ta,O1, garnet material.
(b) Arrhenius plot of the diffusion coefficient calculated from p*SR for the
undoped LigBala,Ta,O;, garnet. The calculated activation energy fromiit is
0.16(1) eV.

LBLTO garnet, where all the elements forming the material are
diamagnetic in their present oxidation states. The positron
asymmetry decay at longer times follows a slower relaxation
due to muon interactions with nuclear magnetic fields of
elements in the samples with positive spins that can interact
with the muon’s spin. These active nuclei interacting with the
muons are both of °Li and “Li with spins = 1 and 3/2 respec-
tively, "*°La and '®'Ta with spins = 7/2 and ***Ba with spin = 3/2.

The acquired data were fitted to the Keren analytical expres-
sion for the Abragam function which describes the temporal
evolution of the positron asymmetry decay in terms of the
fluctuation of the muon (v), the nuclear field width distribution
(4) and any additional relaxation due to electronic magnetic
field contributions.®® The Keren function is given in eqn (1),
where v is the fluctuation rate of the muon spin due to Li
diffusion, 4 is the field width distribution around the muon
stopping site, o is the Larmor precession frequency in the
applied magnetic field and 1 accounts for temperature-
independent fluctuations associated with electronic magnetic
fields. From the fits, v and 4 parameters related to Li* diffusion
were extracted. For the garnet materials, the 4 contribution is
negligible, simplifying the analyses.

P,(t) = exp[-I'(4, v, wy, t)tlexp(—At) (1)

Temperature variable measurements were carried out to study
the temperature dependence of the Li* diffusion on the
undoped LBLTO material. The fluctuation rate (Fig. S5a, ESIf)
presents a flat region at low temperatures, followed by a
thermally activated region above 225 K, where v experiences
an exponential increase with temperature due to lithium diffu-
sion. The presence of a small initial increase of fluctuation rate
around 350 K indicates the increased dynamics of Li" within
the 96h/48g sites. The field width parameter 4 (Fig. S5b, ESIT)
remains constant across the range of temperatures measured
with a value close to 0.25 MHz, indicative of the static beha-
viour of the implanted muon within the garnet framework. This
A value is in line with other oxide materials, where the muon
stopping site is at ca. 1 A distance from the oxygen anions.*°
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Specifically for garnet materials, similar values in the range of
0.2 to 0.3 MHz have been previously reported.>***

Li" diffusion coefficients were obtained by applying eqn (2),
which relates the diffusion coefficient with the fluctuation rate
and the crystal structure of the material in the solid state.®® The
term N; refers to the number of accessible Li* sites in the ith
path, Z, ; is the vacancy fraction of the destination sites, s; is the
jump distance between Li" sites, and v the calculated fluctua-
tion rate from the p'SR measurements at each temperature. By
considering the garnet crystal structure, it is commonly agreed
that for Li-rich garnets there are two main accessible pathways
for Li* diffusion to occur. These two hopping pathways involve
the Li" hopping from the tetrahedral 24d site to one of the four
48g neighbouring octahedral sites or from one octahedral 48¢g
site to either of the two surrounding 24d neighbouring tetra-
hedral sites (Fig. S6, ESIf),*”® with a hopping distance
between 24d and 48g sites of 1.99 A for the LBLTO garnet.”®

"
DLi* = ZNZUJ'S,'ZU (2)
i=1 "1

The calculated room temperature Li* diffusion coefficient is
3.35 x 10" em? s~ . This value is similar to that reported for
the LigLasZrNbO;, related garnet material®® and slightly lower
than the value reported for the Al-doped LLZO garnet material
of 4.9 x 107'" cm® s~ " obtained by the same technique.”® These
Li" diffusion coefficients are all on the same order of magni-
tude and the observed decrease of this value in the Li = 6
material compared to the Li = 6.5 Al-doped LLZO garnet could
be related to the lower carrier concentration and higher occu-
pancy of the less mobile 24d sites, which limits Li* diffusion in
the garnet crystal structure.”?

The diffusion coefficient at different temperatures fits an
Arrhenius behaviour and activation energy for local Li* diffu-
sion of 0.16(1) eV was obtained from the linear fit (Fig. 6(b)).
This value is similar to other activation energies reported by
U'SR in garnet materials of ca. 0.2 eV.>*®* The value for the
undoped LBLTO material studied here is slightly lower com-
pared to the reported value for the Al-doped LLZO material.”®
This difference can be attributed to the larger cell parameter of
the LBLTO garnet allowing for larger Li" diffusion pathways and
less constraining bottlenecks, as well as the lack of AI>* ions on
the 24d, which could force some of the Li" located in the 48g/96h
positions to jump to neighbouring 48g/96h positions without
passing through a neighbouring 24d site, with the consequent
increase in the energy required to achieve this. Nevertheless, the
activation energies are reasonably close when taking into
account their standard deviations (~10%) to conclude that the
energy required for lithium diffusion in both related materials is
very similar, with Li" carrier concentration and the balance
between the 24d and 48g positions which regulates the diffusion
coefficient and conductivity of the material.

The Li" coefficient value reported here is also in line with
current cathode materials used in commercial batteries such as
the LiFePO,** or the high energy density NMC family,* indicating
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that grain boundary engineering could reduce resistance in these
materials to a minimum.

C. Experimental

All chemicals employed were used as supplied without further
purification unless otherwise indicated. LIOH-H,O (98%) and
La,03 (99%) were purchased from Sigma-Aldrich. Al(NO;),-
9H,0 (98-102%), Ga,0; (99.99%), Ga(NO;);-9H,0 (99.999%),
ZnO (99.99%), Zn(NO;),-6H,0 (99%), Ta,0s (99.993%) and
BaCO; (99.997%) were purchased from Alfa Aesar.

For the preparation of the Lis 3,(Al/Ga),BaLa,Ta,0;, and
Lis_,,Zn,BaLa,Ta,0,, garnet materials, stoichiometric quanti-
ties of La,O5 (previously dried at 900 °C for 24 h), Ta,0s5, BaCOs3,
Al(NO3)3-9H,0, Ga(NO3);-9H,0, Zn(NOj3),-6H,0 and a 10%
excess of LiOH-H,0 were weighed and ball milled for 20 min
at a vibrational frequency of 20 Hz in a stainless steel jar.
Subsequently, the fine powder was pelletised at 3 tons under
uniaxial pressure. The pelletised material was fired at 700 °C for
6 hours to decompose the starting materials. The main heat
treatment was carried out in a 2.45 GHz CEM Phoenix hybrid
microwave furnace composed of three silicon carbide walls
which are heated by microwave irradiation surrounding the
sample cavity. This main heat treatment was performed for 6
hours at 800 °C in an open atmosphere. In both cases, the
bottom of the alumina crucibles was covered with mother
powder in order to avoid any accidental Al contamination and
the heating rate was 2 °C min~".

PXRD measurements were carried out in a PANalytical X’Pert
PRO diffractometer using Cu-Ko radiation in the 15-85° 26
range with a step size of 0.016° and a nominal scan rate of
53.975 seconds per step. Rietveld refinements of the diffraction
data were performed with the generalised structure analysis
system (GSAS),°® along with the graphical user interface
EXPGUI®” by means of a least squares approach.

SEM images were acquired with a Phillips XL30 ESEM
microscope. All samples were ground and a tiny amount of
the fine powder was deposited over a carbon-taped sample
holder. Subsequently, the samples were Au-coated to enhance
their surface conductivity and avoid overcharging from irradia-
tion by the electron beam.

Energy-Dispersive X-ray (EDX) spectra were acquired using
an Oxford Instruments Energy 250 energy dispersive spectro-
meter system attached to a Phillips XL30 ESEM microscope.
Copper tape was employed as a standard for calibration and the
voltage of the incident electron beam was 25 keV.

The AC EIS measurements of the lithium-containing materi-
als synthesised were carried out on a Solatron 1260 impedance
analyser in the frequency range of 1 to 7 x 10° Hz with 20 mV
perturbation in the temperature range between RT and 200 °C.

XAS spectra were collected in the B18 beamline at the
Diamond Source of Light synchrotron. For data acquisition, a
few milligrams (between 10 and 100 mg) of the as-synthesised
materials were mixed with cellulose fibre (ca. 100 mg) and
compacted into a 10 mm diameter thin pellet. The thin pellet

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was mounted into a holder and exposed to synchrotron X-ray
radiation emitted by a bending magnet source which is mono-
chromatised and focused by a vertically collimating Si mirror, a
water-cooled Si(111) and Si(311) double crystal monochromator
and a focusing double toroidal mirror. The data were collected in
the transmission mode using three ionisation chambers
mounted in series for simultaneous measurements on the
sample and a tungsten foil as the reference. Scans for ca. 3 to
5 minutes were obtained over the desired energy range and
merging of three consecutive scans was performed to obtain
precise data sets. The data were processed and normalised using
the Athena software package using edge step normalisation.
1SR studies were performed using the EMU instrument at
the ISIS pulsed muon facility.®® The powdered sample, ca. 1.5 g,
was packed into a disk of 30 mm diameter and 1.5 mm thickness
and sealed in a titanium sample holder where the front window
was made of 25 mm thickness titanium foil. 3.2 MeV spin-
polarised positive muons were implanted into the sample and
the outcoming positrons were detected by 96 scintillator seg-
ments grouped in two circular arrays. The temperature was
controlled from 100 K up to a maximum of 600 K by a hot stage
attached to a closed cycle refrigerator and the measurements
were acquired at three different applied longitudinal magnetic
fields (0, 5 and 10 G). A 20 G transverse magnetic field was also
applied for the initial asymmetry calibration. Data fits were
performed using the WiMDA data analysis program.®®

D. Conclusions

In this work, the synthesis, structural characterisation and study of
the transport properties of Al-, Ga- and Zn-doped LBLTO garnet
materials have been carried out. The aliovalent doping of the garnet
material was analysed by PXRD, showing a decrease in the unit cell
parameter confirming the introduction of the dopant within the
garnet framework. XANES analyses on the Zn and Ga K-edge
indicated that the Zn>" cations are located on the tetrahedral 24d
sites, whereas Ga®" cations are found on both tetrahedral 24d and
octahedral 48g sites. The effect of the dopant on the macroscopic
ionic conductivity of the materials was analysed by EIS, demon-
strating that low concentrations of AI** doping can have a positive
effect on the energy requirements for Li" transport by decreasing
the activation energy for total ionic conductivity from 0.41(4) to
0.35(4) eV. In all the cases, a decrease in the room temperature
conductivity was found, attributed to the lower Li* concentration
and vacancy deactivation by the presence of the dopant in the Li"
sublattice. L'SR measurements were carried out on the parent
LBLTO garnet material to analyse the local Li* diffusion properties
of the material. A low activation energy of 0.16(1) eV for
Li" diffusion at the local scale was calculated from variable
temperature measurements and a diffusion coefficient of 3.35 x
10" cm® s' was obtained at room temperature, indicating
the good intra-grain transport properties of this LBLTO material,
comparable with the LLZO benchmark garnet material. The
insights gleaned from this comprehensive analysis highlight
the importance of dopant selection for Lirich garnet materials,
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where the location and charge of the dopant can greatly impact
the structure of the garnet framework and the Li" dynamics of
the solid-state electrolyte. Insights from this work would suggest
that the selection of dopants suitable for the Ta’" site may
increase the Li' concentration and cell lattice parameter for
improved Li" transport properties. A similar approach was used
by Thangadurai and coworkers for the Lig sLa, 0Ag 1211 4T 6012
garnet, where A = Ca, St or Ba.”® The good transport properties of
the LBLTO material at the local scale, as demonstrated by u'SR,
indicate that further macrostructure engineering work is possi-
ble to realize the maximum performance of this Li* solid-state
electrolyte garnet material.
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