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Abstract

Solid state electrolytes represent an attractive alternative to liquid electrolyte in
rechargeable batteries. However, the fabrication of batteries with ceramic materials
requires high temperature that could be detrimental to their electrochemical performance.
In this work we show that it's possible to densify garnet-type LisLa;Bi,0; solid electrolyte
at low temperature (600 °C) with respect to standard high sintering temperature (T > 1000
°C) used for zirconium-based Li;La;Zr,0,, doped garnet. LisLa;Bi,0;, showed a high
conductivity (1.2 x 10* S cm!) after hot pressing at 600 °C. Synthesis conditions have
been optimized: at 700 °C we observed the presence of LiLa,0s s phase as a consequence
of LLBO metastability, and the formation mechanism has been described by density

functional theory (DFT) and density functional perturbation theory (DFPT) calculations.
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Moreover, we have reported the application of small amounts of LLBO as a sintering aid
(5-10%) in the densification of LLZTO. Our investigation successfully demonstrated that
LLBO introduction positively affects the densification process and global performances of
LLZTO garnet, allowing to obtain an ionic conductivity higher than 104 S cm! after

annealing at 600 °C.

Introduction

In the modern days, one of the most crucial elements in taking full advantage of new
renewable energy sources, is the evolution and production of reliable and efficient energy
storage systems. Among the explored technologies, lithium-ion batteries!? are still
considered the most impactful high-performance electrochemical storage system?. Despite
their worldwide diffusion and their noteworthy properties, a series of major challenges still
require to be addressed. The use of organic flammable liquid electrolytes, in particular,
represents an important safety concern that hinders the widespread deployment of this
technology*°. Furthermore, flammable electrolytes® limit the practical application of
metallic lithium as anode because of the possible formation of lithium dendrites’ that can
lead to short circuits with disastrous consequences. Solid electrolytes can offer a viable
alternative®!! to the conventional organic liquids, acting as a physical barrier against short
circuits and, at the same time, increasing the energy density of the battery. In the recent
years, numerous solid electrolytes based on polymeric materials'>"'4, oxide or sulfide-
based ceramics!>'® and polymer-ceramic hybrid composites'®2? were investigated and
reported in literature. Li-rich garnets'>?3 such as. LisLa;Zr,0, (LLZO) are promising
candidates for practical battery applications, because of their interesting mechanical
properties and high ionic conductivity, up to 10 S cm! 24, However, full-ceramic solid
electrolytes typically require strict synthesis conditions, such as high densification
temperatures (well above 800 °C) over a long annealing time: LLZO with gallium? or
aluminium?® doping can require a synthesis temperature of 1000 °C for 10-12 h. Moreover,
high synthesis temperatures are not desirable due to the evolution of side reactions with
high-voltage working cathodes: for example, LiNiy¢Mng,Coy,0, (NMC622) and LLZO
may lead to the formation of Li,COs3, La,Zr,07 and La(Ni,Co)O; at 700 °C?%. Despite these
shortcomings, garnet materials exhibit the widest electrochemical stability window when

compared with other classes of solid electrolytes, like NASICONSs or sulfides?’. Within
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this wide family of materials, bismuth-based garnets, such as LisLa;Bi,0;, (LLBO), have
been investigated due to their lower synthesis temperature (~ 800° C), as reported by
Murugan et al.>? who observed for this material a total conductivity of 1.9 x 10 S cm™! at
room temperature. A comparable value of conductivity was observed by Gao et al.?®: a
ceramic pellet compacted at 300 MPa and subsequently annealed at 750 °C for 6 h
presented a final conductivity of 2.4 x 10 S cm’!' at room temperature. Tin-replaced
LicLa;BiSnO,, synthesized at 785 °C displays similar values of conductivity, about
0.85x10™* S cm™!' at room temperature?®. Production of LLBO by quenching method*’,
which involves a rapid cooling of the material to room temperature, has been shown to
increase the ionic conductivity up to 2 x 10 S cm!3! about ten times the value observed
for the conventional synthesis. In the present work, we explored the densification
mechanism of LLBO and thoroughly investigated its metastability properties, which allow
a lower temperature densification, by using density functional theory (DFT) and density
functional perturbation theory (DFPT) calculations. We found that hot pressing LLBO at
600° C led to a remarkable ionic conductivity (> 10# S cm!). In the present study, limited
amounts of LLBO were also explored as a sintering aid for Lig4LasZr; 4Tay 01 (LLZTO)
and we were able to perform the densification of Ta-doped LLZO at 600° C, achieving an

ionic conductivity of 1.5 x 104 S cm’!.

Materials and Methods

Published on 28 November 2022. Downloaded by McGill University on 11/28/2022 7:36:39 AM.

M.1 Materials and preparation. LisLa;Bi,0;, (LLBO) was synthesized via a
conventional solid-state route. Anhydrous LiOH, La,05; and Bi,0; synthesis precursors
were purchased by Sigma-Aldrich. Commercial Ta-doped LLZO (LLZTO) was purchased
from Ampcera. LiOH, La,O; and Bi,0; were mixed in a 5.5:1.5:1 molar ratio and
subsequently milled for 12 h in a Retsch PM-100 planetary ball mill. The final mixture was
annealed at 775 °C in a muffle furnace for 6 h and subsequently quenched to room
temperature. The LLZTO-LLBO composites were prepared by mixing LLZTO and LLBO

in a SPEX mixer in the appropriate mass ratios.

M.2 Hot pressing. The resulting powders were densified by hot pressing under flowing
Ar atmosphere. The pellets were prepared using about 1 g of powder. The annealing has

been performed in a 16 mm SizN, die with WC mobile parts, to allow the correct


https://doi.org/10.1039/d2ta04259b

Published on 28 November 2022. Downloaded by McGill University on 11/28/2022 7:36:39 AM.

Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/D2TA04259B

densification and avoid pellet gluing, and thin carbon paper films were set up on both sides
of the powder to act as a conductive coating for the material. The final densification of
LLBO was carried out at 550 °C, 600 °C, 650 °C and 700 °C for 1 h with the application
of a pressure of 56 MPa, and a temperature ramp of 20 °C/min during the heating step.

LLZTO/LLBO mixtures were densified at 600 °C in the same working conditions.

M.3 Scanning Electron Microscopy. Chemical mapping of the materials was performed
via an energy dispersive X-ray spectrometer (EDS) in the scanning mode. Pellet cross
sections were obtained using an IM4000 Plus (Hitachi, Japan) Ar ion mill with a beam
sputtering energy of 6 kV, applying a fast 30° rotation for 4 h. The cross-section surfaces
were investigated using a Lyra 3 (TESCAN) scanning electron microscope (SEM) and the
elemental composition was obtained with an Extreme (Oxford instruments) windowless
energy dispersive spectrometer (EDS). EDS maps were also acquired at higher spatial
resolution from thin cross-sectional samples in a scanning transmission microscope
(Thermo-Fischer Scientific Talos 200S) at an incident energy of 200 kV, along with
annular dark field images (ADF) which are sensitive to the elemental composition (Z-
contrast). Thin cross-sections (ca. 100 nm in thickness and with an area of few microns)
were successfully obtained via focused-ion beam milling (FIB) after the deposition of a
thin layer of metallorganic Pt at the surface to avoid damage and Ga implantation during
milling. To enhance the signal from the EDS quantification, a compression/denoising using
principal component analysis (PCA) was performed, by keeping the first 10 components

in the spectral images.

M.4 Electrochemical analysis. After the densification, the resulting ceramic pellets were
sandwiched between two stainless steel disks in coin cell. Electrochemical impedance
spectroscopy measurements were performed with a BioLogic VMP-300 potentiostat in a
temperature range from 20 to 80 °C (with a 5 °C step). The electrical conductivity of the
samples was calculated considering the sample dimensions, the distance between the
electrodes and the values of resistance (€2) obtained. Cyclic voltammetry was performed

in a Li//LLBO//Graphite cell at a 0.5 mV s! scan rate.

M.5 Nuclear Magnetic Resonance (NMR). 'Li NMR diffusion measurement experiments

were performed on 500 MHz WB Bruker AVANCE NEO NMR spectrometer using Diff50
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probe and 8 mm double resonance ’Li/!°F RF insert at 50 °C. A stimulated echo with
longitudinal eddy current delay pulse sequence was used for the measurement. The gradient
pulse was in the range of 1.0 — 1.5 ms and the diffusion time was in the range of 400 - 800
ms depending on the sample. The gradient strength was varied in 16 equidistant steps from

100 G ecm™! to 2500 G cm!.

M.6 Modelling. The DFT and DFPT calculations were conducted using VASP3? in a
project-augmented wave scheme. Perdew-Burke-Enzerhof exchange-correlation
functional3? was adopted. The energy cutoff was set to 500 eV and structures were relaxed
until the maximum force on every atom was below 0.01 eV A-l. The vibrational free
energies were obtained using Phonopy?4. The representing configurations of LLBO were

chosen using the program supercell*> for the partial occupancy of Li in LLBO.

Results and discussions

LLBO was synthesized by solid state route (see Materials and Method section for more
details) by quenching the powder at 775 °C after 6 h of annealing, obtaining micron size
particles having a pure phase as shown in Figure 1a while the scanning electron image

(SEM) and the electron dispersion spectroscopy (EDS) mapping showing La and Bi

Published on 28 November 2022. Downloaded by McGill University on 11/28/2022 7:36:39 AM.

distribution of the final product are depicted in Figure 1b.
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Figure 1: a) X-rays diffraction pattern and b) EDS mapping of pristine LLBO

To unveil the effects of different densification temperatures on the ionic conductivity of
LLBO, electrochemical impedance spectroscopy measurements were performed on hot-
pressed pellets in a densification temperature range from 550 to 650 °C. Figure 2a shows
the Nyquist plots collected at room temperature for the samples annealed at 550, 600 and
650 °C and the Arrhenius plot for LLBO densified at different temperatures is reported in
Figure 2b. Figure 2a also presents the equivalent circuit used for the fitting of the
impedance data, in which the two separate RC elements are related to the bulk and grain
boundaries contributions, respectively. The conductivity curves show a non-dissimilar
impedance behavior for the materials. In particular, the samples hot-pressed at 600 °C and
650 °C exhibit values of total ionic conductivity of about 1.2 x 10# S cm’' at room
temperature. Both values are sensibly higher than the one for the LLBO sample densified
at 550 °C, (8 x 10> S cm™"). At higher densification temperature (700°C) the pellet is easily
broken. Figure S1 reports the values of apparent density of the LLBO samples densified
at different temperatures and it shows that the density has an increasing trend with the
densification temperature, reaching a value of 5.92 g cm™ for the sample densified at 700

°C, about 94% of the theoretical density value of pure LLBO (6.234 g cm™3)3°.
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In Figure 2¢ the ADF cross-section image and the EDS elemental mappings of the LLBO
sample hot-pressed at 600 °C are reported. In the image, the metallorganic Pt protecting
layer deposited on the sample before FIB milling is indicated (Pt), together with the ca. 2
um carbonate layer (*) formed at the surface. In the EDS mapping the uniform elemental
distribution of La, Bi and O throughout the densified pellet can be visibly observed. The
strong relative signals for O and C denote the formation of a thin carbonate layer near the
surface of the sample. Moreover, the C map displays a clear presence of signals along the
cracks (indicated by the arrows in the map), which point out the evolution of carbonate
also at the boundaries between distinct LLBO crystals. The polycrystalline nature of
lithium carbonate is confirmed by TEM observations, by which it can be observed that the
respective electron diffraction pattern (reported in Figure 2d) shows no preferential

orientation in contrast with the pattern for LLBO (Figure 2e).

Figure S2 shows the CV response of hot-pressed LLBO in a C//LLBO//Li cell in a
potential interval between 0 and 6 V at a scan rate of 0.5 mV s'!. The presence of an
irreversible peak at high potential (>5 V vs Li*/Li) can be clearly seen during the first cycle,

which indicates the irreversible redox Bi3*/Bi*>" reaction.

The cycling stability of hot-pressed LLBO towards Li is furtherly confirmed in Figure S3,
which reports the performance of a Li//LLBO//Li symmetric cell. The measurement was

carried out at a current of 0.3 mA c¢cm (5 h charge and 5 h discharge) and a temperature of

Published on 28 November 2022. Downloaded by McGill University on 11/28/2022 7:36:39 AM.

50 °C and, as observed from the stability curve, the cell exhibits a low polarization over a

period of 300 h, indicating a high affinity of the material towards lithium.
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Figure 2: a) Nyquist plot at room temperature with equivalent circuit and b) Arrhenius

plot of the hot-pressed samples at 550, 600 and 650 °C; c) STEM-obtained cross-section

ADF image and EDS maps for the LLBO sample hot-pressed at 600 °C. The ADF image

(top left) shows the thin cross section of the sample with the top surface of the sample on
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the left; d-e) Electron diffraction pattern of d) polycrystalline lithium carbonate and e)
LLBO

Hot pressed LLBO shows a metastability range: after the hot pressing of LLBO, a sensitive
increment in LiLaO, impurities can be observed while the hot pressing temperature
increases, as shown in the XRD pattern in Figure 3a. LLBO structure undergoes an
important shrinkage in the cell parameter (Figure 3b, red line) when passing from 650 to
700 °C, indicating the presence of a side reaction for operating temperatures higher than
650 °C. Interestingly, the crystallite size decreases when LLBO sample is annealed at 650
°C (430 A to 270 A) to subsequently increase again after annealing at 700 °C (430 A) as
shown in Figure 3b (blue line). The cross-section SEM images and EDS mapping in
Figure 3¢ shows a homogeneous distribution of La and Bi for the sample densified at 600
°C. On the other hand, the elemental distribution for the sample hot-pressed at 700 °C
exhibits specific areas with a larger presence of Bi and a relatively lower presence of La,

which denote a partial elemental segregation in form of Bi,Oj3 that is formed according to:
4LisLa3;B1,0;, — 4Bi1,05 + 6LiLa,05 5 + 7L1,0 + 402T

Figure S4 reports a higher magnification image of LLBO hot-pressed at 600 °C, which

clearly shows the uniform presence of La on the surface of the sample.
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Figure 3: a) X-rays diffraction patterns and b) evolution of cell parameter and crystallite
size of the samples hot-pressed at different temperatures (550, 600, 650 and 700 °C), c)
cross section SEM image and EDS elemental mapping for Bi and La of LLBO hot pressed
at 600 and 700 °C

In addition, the working equipment was not sealed, which makes the evolution of oxygen
even easier. Fortunately, according to first principles calculations with harmonic
approximation, the decomposition temperature of LisLa;Bi,O;; could be raised by
applying external pressure. Density functional theory (DFT) and density functional
perturbation theory (DFPT) calculations allowed to derive the free energies of the solid
phases using harmonic approximation. Basically, the values of free energy are
approximated with the sum of zero-temperature binding energy from DFT, the kinetic
energies are obtained from their harmonic vibration and the temperature dependent term

involving the entropy is derived from the harmonic vibration, as stated in the formula:
G=F = Eping + Evip — TSuip

where the Gibbs free energy for solid phases is approximated with the Helmholtz free
energy because the effect from pressure is either negligible or included in the binding
energies in our case. Without anharmonicity, the partition function then becomes a well
converged geometric progression, then the free energy and entropy are directly obtained
from partial derivatives of it. This procedure is implemented in Phonopy3* as a post-
processing tool of the DFT calculation package VASP32. In addition to this, the partial
occupancy of lithium ions in LisLa;Bi,0, crystal creates further complication. In order to
obtain a configuration representative enough of the actual crystal, we enumerated all
possible configurations in a primitive cell of LisLa;Bi,O;, as implemented in supercell’>;
the configurations were sorted according to their electrostatic energies from low to high
using Ewald summation, assuming point charges for the constituent ions. DFT calculations
were then used to single out the configuration with minimum total energy for the
subsequent free energy calculations. For the oxygen gas, the total internal energy can be
split into the O, molecular binding energy contribution plus the kinetic energy. An offset

of -1.36 eV per O, molecule is added to the calculated free energy at 298.15 K under 1 atm
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to compensate the artificial over-binding from our computational method. Therefore, the

total Gibbs energy of oxygen gas can be written as:

G=E+c+;RT+pV—TS=H+c—TS
where E is the value of binding energy from DFT, c is the constant over-binding correction,
R is the gas constant, T is the temperature in Kelvin, p is the pressure (1 atm in this case,
as the chamber is not sealed), V is the volume of the gas, S is the entropy and H is the
enthalpy. The enthalpy and entropy of O, gas are adopted from JANAF tables. This way,
we can estimate the Gibbs energy change for this reaction. If the change is negative,
decomposition of LisLa;Bi,0;, is favored in the equilibrium state. The results of Gibbs
energy change are shown in Figure 4. We can see that the decomposition is more and more
favored as the temperature raises, in general. Without external pressure applied, the
equilibrium decomposition starts above 626 K (353 °C); nevertheless, under a pressure of
0.5 kbar, the equilibrium decomposition temperature increases to 723 K (450 °C). For an
ulterior increase of pressure up to 2 kbar, the decomposition temperature keeps rising up
to 775 K (502 °C). Although DFT and DFPT can generate significant error in predicting
temperatures, a visible tendency in the increase of decomposition temperature under
applied pressure is observed. The decomposed LLBO sample after hot pressing at 700 °C

is shown in Figure 4c.

Published on 28 November 2022. Downloaded by McGill University on 11/28/2022 7:36:39 AM.
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Figure 4: a) Graph showing Free Energy vs temperature of LLBO decomposition under
variation of pressure and b) Schematic of the reaction process. c) Picture of decomposed

LLBO sample after thermal annealing at 700 °C.

Considering the present results, we investigated the effects of LLBO as a sintering aid for
the densification of LLZTO at 600 °C. The Nyquist plots of pristine LLZTO and
LLZTO/LLBO samples are shown in Figure 5a. The Arrhenius plot (Figure 5b) shows
the conductivity trend in the range of temperature from 20 to 80 °C. The highest value of
conductivity is reported for LLZTO with the addition of 10% LLBO, showing a value of
1.5 % 104 S cm™! at room temperature, while the sample with 5% LLBO displays a slightly
lower value (9 x 10° S cm!). Above 50 °C a trend reversal is observed and
LLZTO/5%LLBO exhibits a higher conductivity than LLZTO/10%LLBO. Both samples
have a superior ionic conductivity than pristine LLZTO sample (1 x 10° S cm™).
Interestingly, the introduction of larger amounts of LLBO leads to a significant decrement
in the conductivity, as observed for the sample with 30% LLBO which shows the lowest
ionic conductivity at room temperature (4.9 x 10> S cm!). The graph reported in Figure
S5 shows the values of apparent density of a series of LLZTO/LLBO samples according

to the relative LLBO content. The highest values of density are observed for the samples
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prepared with 30% of LLBO, around 5.4 g cm™, whilst increasing LLBO content further
leads to a decrement in density (LLZTO/50%LLBO shows a value of 4.94 g cm. The
reasons behind such a discrepancy may possibly depend on the hot-pressing process itself;
high temperature treatment can lead to partial material loss which can impact the
production of the pellets and the density of the material, therefor measuring effective values
of density is often complicated. Additional electrochemical investigation on the material
involved a cyclic voltammetry test (Figure S6), performed on LLZTO/10%LLBO. The
pattern exhibits a broad irreversible peak at high voltages (>4 V vs Li*/Li) in the oxidation
step during the first cycle, which may indicate the bismuth oxidation reaction from Bi** to
Bi**. The cycling stability of the hot-pressed material was also investigated and Figure S7
reports the performance of a Li//LLZO-LLBO//Li symmetric cell. Measurement was
performed at a current of 0.3 mA c¢cm™ and a temperature of 50 °C. The graph reports that
the symmetric cell exhibits a higher polarization compared with the cell with pristine
LLBO, with an initial polarization of 1 V during both charge and discharge which slightly
peters down to 0.5 V after 300 h of cycling. The presence of more resistive LLZO as a
main component can explain the difference in performance between the cells, being LLZO

a more resistive material than LLBO.

Published on 28 November 2022. Downloaded by McGill University on 11/28/2022 7:36:39 AM.
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Figure 5: a) Nyquist plots measured at room temperature and b) Arrhenius plot of the
LLZTO/LLBO samples having different LLBO %, c) SEM image and EDS elemental maps
for Bi, La and Zr of LLZTO/10%LLBO sample.

The LLZTO sample containing 10% LLBO was subsequently analyzed via SEM and EDS
and the presence of local LLBO-rich islands dispersed throughout the LLZTO matrix was
observed, as reported in Figure Sc. These observations suggest the absence of a bulk
reaction between the two phases of LLZTO and LLBO, while at the same time the structure
of the LLBO phase is preserved. Figure S7 shows a higher magnification SEM image of
LLZTO/10%LLBO in which the uniform distribution of La on the whole surface of the
pellet is clearly visible. The XRD diffraction pattern of hot-pressed LLZTO/10%LLBO is
reported in Figure S8 and it can be observed that after the hot-pressing treatment the LLZO
cubic phase is preserved and no significant presence of impurities is observed in the

structure.
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To better understand Li transport properties of the material, Li diffusion coefficients were
measured by "Li pulsed-field gradient nuclear magnetic resonance (PFG NMR) technique
in LLBO samples densified at different temperatures, as well as in LLZTO with 10% of
LLBO composite hot pressed at 600 °C. Short-duration magnetic field gradient pulses are
introduced into spin-echo sequence to detect particles displacement in PFG NMR
experiments’’. The resulted signal intensity (/) depends on parameters of the applied
gradients and the self-diffusion coefficient (D) of the observed species by the following

equation: | = Iye ~BP, where I, is the NMR signal intensity without gradients application
and B represents experimental conditions as: B = y2g%6> (A — 5/ 3), with y — gyromagnetic

ratio of observed nuclei, g and J — strength and duration of the gradient pulses, A — delay
between the encoding and the decoding gradients. An example of stacked ’Li PFG NMR
spectra of LLBO sample collected at different gradient strengths (g varied from 100 G cm’!
to 2500 G cm™! in 16 equidistant steps) is shown in Figure 6a. The obtained values of
lithium diffusion coefficients for all samples measured that way are listed in Figure 6b.
The mean squared displacement of Li during NMR experiment could be estimated as d =

\/2Dt. With D ~ 1013 m? s-! and with diffusion time during PFG NMR experiment A = 0.5
s the displacement d is about 0.3 pm. This is an order of magnitude larger than the
crystallite size (Figure 3b), but smaller than the crystal size of the analyzed compounds. It

means that the obtained values of Li diffusion coefficients reflect mostly Li mobility inside

Published on 28 November 2022. Downloaded by McGill University on 11/28/2022 7:36:39 AM.

secondary particles (through crystallites and grain boundaries between them), while Li
transition between the particles has a negligible effect on the collected data. One can see
that Li diffusion in LLBO depends on densification conditions. It means that densification
at higher temperature promotes a better contact quality between crystallites decreasing the
grain boundary effect. In contrast, there is no difference in Li diffusion between LLZTO
and LLZTO/10% LLBO samples. Possibly, hot pressing temperature of 600 °C is not high
enough to affect LLZO crystals. At the same time, a partial incorporation of LLBO, with
higher Li diffusivity, increases bulk conductivity of the electrolyte (Figure Sb). LLBO is
shown to help the densification of LLZTO by keeping secondary particles closer as

reported in the scheme in Figure 6c.
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Figure 6: a) Stacked 'Li PFG NMR spectra of LLBO sample collected at different gradient
strengths. b) Li diffusion coefficients measured by PFG NMR in pristine LLBO, in LLBO densified
at 550, 600, 650 and 700 °C, in pristine LLZTO and in LLZTO/10% LLBO composite. ¢) Schematic
representation of Li* ion diffusion in the LLZTO/LLBO composite.
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Conclusions

In the present work we successively reported the pressure driven densification of garnet-
type LisLa;Bi,0y; solid electrolyte at 600 °C, a value of temperature significantly lower
than the standard temperature (T > 1000 °C) typically required for zirconium-based
Li;La3;Zr,0,. By the application of hot pressing, the densification conditions for
LisLa3Bi,01, have been optimized, leading to a high ionic conductivity of 1.2 x 104 S cm"!
after hot pressing at 600 °C. Treatment performed at 700 °C brought to a partial segregation
of bismuth and to the formation of LiLa,03 5 secondary phase as a consequence of LLBO
metastability. The impurity formation mechanism has been subsequently described by
density functional theory (DFT) and density functional perturbation theory (DFPT)
calculations. Moreover, we demonstrated that LLBO may be usefully employed as
sintering aid (5-10%) for LLZTO solid electrolyte, allowing to obtain an ionic conductivity

higher than 104 S cm! after densification at low temperature (600 °C).
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