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Impact of thermal treatment on the Li-ion
transport, interfacial properties, and composite
preparation of LLZO garnets for solid-state
electrolytesy

Pedram Ghorbanzade, {22° Arianna Pesce, 122 Kerman Gémez,? Grazia Accardo, ©?
Shanmukaraj Devaraj,@a Pedro L<’>|oez—Aranguren®a and Juan Miguel Lopez del
Amo (2 *@

Solid state batteries are the next generation of safe energy storage devices offering high energy and power.
Li;LasZr,O, garnets are fast Li-ion conductors and promising electrolytes to be used in solid-state
batteries. However, they react with humid air to form LiOH and Li,COs, reducing the ionic conductivity.
In this work, the effect of heat treatment on local Li mobility in LLZO and the chemical evolution and
phase transitions during the heating are investigated by a combination of solid state NMR, Raman, and
XRD diffraction techniques. The results show that the activation energy for Li jumps obtained by variable
temperature solid state NMR decreases after heat treatment at 750 °C and the Li dynamics are
comparable to those of sintered pellets. Additionally, we show that the pretreatment of powders is an
effective approach for obtaining garnet-rich composite electrolytes with better flexibility and garnet-
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Introduction

Since the commercialization of Li-ion batteries (LIBs) in 1990,
many advances have been made in their performance, offering
nowadays high volumetric and gravimetric energy densities as
well as long cycle life.”> However, the liquid electrolytes
commonly used in LIBs have rather low thermal stability and
are flammable.** Therefore, substituting the liquid electrolyte
with a non-flammable solid-state electrolyte has been proposed
to increase battery safety.” In addition, solid electrolytes could
mitigate the growth of Li dendrites, hence allowing the use of Li
metal as the negative electrode, increasing considerably the
energy density of the cells.®® Li,;LasZr,04, (LLZO) garnets are
shown to be a promising choice to be used as solid-state elec-
trolytes, as they offer high bulk Li-ion conductivities (10™* S
cm ' at 25 °C) while benefiting from high thermal and elec-
trochemical stabilities.’

LLZO exists in three crystallographic phases: (i) high Li
conductive cubic, (ii) tetragonal, and (iii) low temperature
cubic.’* Due to the presence of vacancies at Li sites and
shorter Li-Li distances, the ionic conductivity of the high Li"
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polymer interphases, improving the prospects of this material towards processing.

conductive cubic phase is more than two orders of magnitude
higher than in the other LLZO phases.""**

One of the main drawbacks of LLZO for practical applica-
tions is their air-sensitive nature.**'® When exposed to humid
air, they undergo a reversible Li'/H" exchange, covering the
surface with a layer rich in LiOH, Li,COs3, and Li,_,H,La;Zr,0;,,
with the protonation degree varying along its depth.*"
Chemical reactions undergoing at the surface of LLZO from the
hydration of the material have been proposed previously'**>”
as reported in reactions (1) and (2):

Li7La3Zr2012 + XHzO - Li7,xHxLa3Zr2012 + xLiOH (1)
2LiOH + CO, — Li,CO; + H,0 (2)

In addition to LiOH and Li,COj3, other secondary products
such as Li,O or La,Zr,0, can form upon the decomposition of
Li,CO; and LLZO respectively.'”*®

The formed layer has been proved to increase the grain
boundary resistance in solid inorganic electrolytes and form
a poor interface with Li metal.” Therefore, a heat treatment
process for the elimination of these surface components was
reported in several studies.'”'® For instance, Sharafi et al.®
showed that heat treatment of the LLZO garnet at 500 °C can
remove the surface layer and improve the Li wetting, while Li
et al.*® proposed reacting garnet pellets with carbon at 700 °C to
completely remove Li,CO;. Other approaches such as co-sin-
tering,”* flame vapor deposition® and chemical treatment®
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were also successful in eliminating the carbonate layer and
modifying the interface. Although the heat treatment is proven
to be significant to clean the garnet surface and form a better
interface with the Li metal,®>7* its effect on Li" dynamics
within the garnet structure is less investigated. Using solid state
NMR spectroscopy, we study the impact of heat treatment on
the Li" mobility inside the garnet structure and the crystallo-
graphic phase transitions undergoing at different temperatures.
Moreover, the application of this heat processing as a pretreat-
ment stage in either sintering at high temperature and pro-
cessing of a composite polymer electrolyte is investigated.

Among several LLZO compositions with different doping
elements or contents, Lig ssLazZr; ;5Nbg ,504, was selected for
this study, as this Nb doping content has been shown to be
enough to stabilize the cubic structure after sintering, while
keeping the Nb dopant at a minimum.** Considering that Nb
can be reduced in contact with Li metal, negatively affecting the
cell performance,*?® a low amount of Nb doping is more suit-
able for practical applications.

Experimental section

Commercially available Lig;s5LazZr; 75Nbg 2501, (T-Pristine)
provided by Toshima Manufacturing Co. was heat treated at
350 °C, 550 °C, and 750 °C for 12 hours in a synthetic air (SA)
atmosphere applying a heating rate of 3 °C min~'. These
samples are denoted as T-350, T-550 and T-750 respectively. To
avoid moisture exposure, the heat treatment was conducted in
a high-temperature furnace connected to a glovebox (0, =
0.1 ppm, H,O = 0.1 ppm), where the sample handling was
performed.

Sintered pellets were prepared by applying 1.5 ton pressure
on T-Pristine and T-750 in a die with a diameter of 10 mm. The
pellets were sintered for 6 hours at 1200 °C in SA, while being
covered with mother powder to avoid lithium evaporation at
high temperatures. After polishing, Li symmetrical Swagelok
cells were assembled for electrochemical tests.

Composite polymer electrolytes containing 90 wt% garnet
prepared by dissolving the Lithium  bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) salt (Solvionic) and
poly(ethylene oxide) (PEO, 5 x 10° ¢ mol ', Sigma Aldrich) in
acetonitrile (EO:Li = 20). The solution was ball-milled together
with the LLZO garnet in a Pulverisette 7 for proper mixing and
was later cast in PTFE evaporation dishes. The membranes were
dried for 12 hours in a vacuum oven at 50 °C to ensure solvent

were

evaporation.

Commercial Al-doped LLZO (Liga4LasZr,Alg24011.95) Was
purchased from NEI Corporation and was heat treated at 750 °C
following the same procedure as for Nb-LLZO.

Thermogravimetric analysis (TGA) was performed with
a TG209 F1 Libra Netzsch in SA with a heating rate of 10 °C
min~" in the temperature range of 30 to 1000 °C.

The pristine and heat treated garnets were characterized by
powder X-ray diffraction (PXRD) using a Bruker D8 Discover X-
ray diffractometer with Ag, x, = 1.54056 A in the range of 26 =
10° to 80° and a step-size of 0.02°.
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Raman spectra were recorded at room temperature in the
range of 100-1500 cm ™' using a Renishaw inVia confocal
Raman microscope in a custom air-tight sample holder. The
laser wavelength (532 nm '), number of accumulations (100)
and exposure time (5 s) were kept constant for all
measurements.

Magic Angle Spinning Nuclear Magnetic Resonance (MAS
NMR) spectroscopy was performed on pristine and heat treated
garnet powders using a Bruker Avance III 500 spectrometer
equipped with a 2.5 mm probe. The MAS frequency was set to 20
kHz unless otherwise specified. “Li and "H chemical shifts were
referenced to 0.1 M LiCl solution and bulk water respectively.
7Li 1D experiments were performed using single excitation
pulses (2.4 ps) and relaxation delays of 1200 s to ensure full
relaxation of the nuclei. "H 1D spectra were recorded using
Hahn Echo experiments with a 7t/2 pulse (1.9 ps) followed by a =t
pulse (3.8 ps) and a recycle delay of 3 s. “Li relaxation times were
obtained from saturation-recovery experiments considering
single or multiple exponential functions as specified in each
case. "H-'H EXchange SpectroscopY (EXSY) correlations were
obtained using standard three 7t/2 pulse experiments for 1.9 ps.
'"H-"Li HETeronuclear CORrelation (HETCOR) experiments
were performed using a Cross Polarization (CP) 'H-’Li
magnetization transfer step of 1 ms. Variable temperature
experiments were conducted in the temperature range of —110
to 100 °C in a static probe, and the "Li 1D experiments were
performed using single scans.

Electrochemical Impedance Spectroscopy (EIS) of the sin-
tered pellets was conducted using a Solartron 1260 FRA module,
with AC in a frequency range of 32 MHz to 1 Hz and a bias
voltage of 50 mV in the temperature range of 30 to 80 °C with
intervals of 10 °C. The spectra were fitted with an equivalent
circuit containing one resistance element for the external
resistance in series with three R//CPE blocks.

The morphology of solid electrolytes was characterized with
a Scanning Electron Microscope (SEM Quanta FEG 250) using
a backscattered electron detector (BSD) with an accelerating
voltage of 10 kV.

Results and discussion

The mass evolution of the pristine garnet (T-Pristine) upon
increasing temperatures was revealed by TGA. The TG and its
derivative (Fig. 1) show a rather complex behavior with different
thermal decomposition events, well highlighted by the endo-
thermic peaks. Four main regions can be identified in this
experiment. A low amount of weight loss (~4%) occurred below
300 °C. This step is ascribed to the evaporation of H,O mole-
cules adsorbed on the surface. In the second and third regions
between 300-550 °C and 550-730 °C, the total weight losses are
approximately 11% and they are recognized with the emission
of CO, and water.”” Above 730 °C, the weight losses are almost
completed. According to this behavior, 350 °C, 550 °C and 750 °©
C were selected as different stages for the detailed character-
ization of the heat treatment.

The garnets heated at different temperatures were analysed
by X-ray diffraction, Raman, and solid state NMR to observe

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta01145c

Open Access Article. Published on 28 April 2023. Downloaded on 5/1/2026 11:50:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
T T T T T T T T T
100 -
L 0,02
98
L 0,00
96 .
%41 0,02
8 g
g 92 e
@ fay
= I -0,04
90
88
I -0,06
86
10,08
84

T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000

Fig. 1 TGA and DTGA curves of T-Pristine.

possible phase transitions and detect the formation of new
phases such as pyrochlore at high temperatures. The XRD
patterns presented in Fig. 2 show splitting of the diffraction
peaks for all the heat treated samples. As previously re-
ported,*®*** this phenomenon indicates the coexistence of
tetragonal and cubic phases of the garnet. The XRD pattern also
shows an extra peak at 26 = 28.4° for T-550. This peak is char-
acteristic of La,Zr,0, pyrochlore, formed at such a temperature
according to reaction (3) and reported by Geng et al.*

Li7La3Zr2012 - La2ZrZO7 + Li7LaO5 (3)

By increasing the heat treatment temperature to 750 °C, the
same reaction takes place in the reverse direction and LLZO is
formed,"” in agreement with the disappearance of the pyro-
chlore peak in the XRD pattern of T-750 (Fig. 2). Since the
secondary phases cause the heat treated samples to not be
perfectly crystalline, and since X-ray powder diffraction cannot
precisely differentiate the low temperature cubic phase from the
highly Li* conductive cubic phase,'®* Raman spectroscopy was
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Fig. 2 PXRD patterns of T-Pristine, T-350, T-550, T-750 and refer-
ence cubic LLZTO (PDF-01-080-6318).
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used both to identify the crystallographic phases and detect the
presence of lithium carbonates on the outermost surface. The
Raman analysis for the mentioned samples is reported in Fig. 3.
The high-frequency region of the spectra between 550 cm ™" and
800 cm™" shows the vibrational stretching mode of ZrO, and
NbOg at 645 cm ™ and 720 cm ™' respectively.**? The signals in
the intermediate-energy range of 300-550 cm ™' correspond to
the bending modes of the octahedral and tetrahedral units,
while the low-energy region below 300 cm ™" consists of trans-
lational modes of mobile cations.*® The Raman spectra of
Li,CO; typically display an intense band at around 1090 cm™*
which is assigned to its symmetric stretching vibration. This
characteristic signal is clearly observed in the Raman spectra of
the samples T-Pristine, T-350 and T-550, indicating the insuf-
ficiency of such temperatures for the complete removal of
carbonates. The Raman spectra of the cubic garnet contain
a smaller number of peaks than the tetragonal phase, due to its
higher symmetry. In addition, the higher disorder nature of Li"
ions in the cubic phase results in broader and more overlapping
bands.'3" As can be observed in the Raman spectrum of T-
Pristine, the stretching vibrations of ZrOg in the low tempera-
ture cubic phase show a noticeable shift to higher wave-
numbers, which makes it easy to identify. The Raman spectrum
of the tetragonal phase shows a strong band at 248 cm ™' and
doublets at 108 and 122 cm ™, while the highly Li conductive
cubic phase display a single medium intense band at 122 cm ™"
with a shoulder at 108 cm '.*® Using this information, the
crystallographic phases in each sample were identified,
although the presence of multiple overlapping peaks in the
range of 200-400 cm " and strong fluorescence in T-350 makes
it difficult to completely resolve the spectra and quantify the

Zr* Np®* co3

A AN
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Fig. 3 Raman spectra of T-Pristine, T-350, T-550 and T-750 and their
corresponding crystallographic phases.
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phases. Fig. 3 shows the identified phases for each sample and
the complete removal of Li,COj; after heat treating at 750 °C.
While T-Pristine shows only a low temperature cubic phase, in
all the heat treated samples, the tetragonal phase is present,
coexisting with the low temperature cubic phase in T-350, and
with the highly conductive cubic phase in T-550 and T-750.
Solid state NMR experiments were conducted on the pristine
and heat treated samples to further determine the impact of
temperature on the composition and to characterize local Li"
dynamics. The "H NMR spectrum of T-Pristine is characterized
by three main signals (Fig. 4a) appearing at —1.6 ppm, 0.9 ppm,
and 3.9 ppm. The signal at —1.6 ppm can be easily ascribed to
LiOH in agreement with values previously observed for this
compound formed as a secondary product of garnet
protonation.*®*>” The signal at 3.9 ppm was also previously
observed upon LLZO protonation and is ascribed to protons
inside the garnet structure.**3* The "H-"Li HETCOR correlation
experiment performed for this sample (Fig. 4c) clearly shows the
strong correlation of 'H signals at —1.6 and 3.9 with “Li, in
agreement with protons in LiOH and protons coexisting with
lithium in Li;_,H,La3Zr,04,. The signal at 0.9 ppm, which was
previously observed but not specifically assigned,*** is rela-
tively sharp in the 'H spectrum, but does not show a clear
correlation with Li in the CP-based spectrum of Fig. 4b. These
proton signals could be attributed to the protons of the water
molecules adsorbed at the surface of LLZO or included at its
surface defects, forming LLZO-H,O through reaction (4)."

a) by

"H chemical shift (ppm) 7Li chemical shift (ppm)

Fig. 4 (a) *H NMR spectrum, (b) "Li—-*H 2D heteronuclear correlation,
spectrum of T-Pristine.

—— T-Pristine
—T-350
—T-550

—T-750
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Li7,xHxLa3Zr2012 + XHzO i Li7,XHXLa3Zr2012~nHzO (4)

To further explore the nature and disposition of the
protonated phases ascribed to the observed proton signals,
"H-"H EXSY homonuclear correlations were determined. This
experiment was performed for T-Pristine with a mixing time of
128 ms. The resulting spectrum shown in Fig. 4c is character-
ized by a diagonal with autocorrelation signals observed in the
1D spectrum and off-diagonal correlations between signals at
3.9 and 0.9 ppm as well as between signals at —1.6 and 0.9 ppm.
Since signals at 3.9 and —1.6 ppm are assigned to protons inside
the garnet structure and LiOH at the surface of the particles
respectively, the protons observed at 0.9 ppm should be placed
in close vicinity of both phases. This is in agreement with water
molecules adsorbed at the surface of LLZO. The narrower
character of this signal at 0.9 ppm is also in agreement with the
faster local mobility expected for a water molecule. Additional
'H-"H EXSY NMR experiments performed with very short (0.1
ms) and long (256 ms) mixing times presented in Fig. S1,f
indicate that off-diagonal correlations are caused by chemical
exchange.

The "H and "Li NMR spectra as well as “Li T; times of the
pristine garnet, T-350, T-550, and T-750 (Fig. 5a-c respectively)
were recorded and compared in order to observe the effect of
the heat treatment on the Li local mobilities and states of
protonation. From the inspection of the 'H NMR signal
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clear experiment for T-Pristine (black) and T-350 (red).

evolution upon heat treatment (Fig. 5a), a significant reduction
of intensity of the proton signal is observed already for the
sample T-350. The reduction of proton intensity observed
involves the three signals present in the spectrum of T-Pristine,
suggesting the removal of water molecules from LLZO-H,O,
protons from inside the structure, and LiOH from the garnet
surface through reactions (5)-(7) respectively.

Li7,XH_\,La3Zr2012-nH20 - Li7,xHxLa3Zr2012 + tzO (5)

Li7,xHxLa3Zr2012 i Li7,XLa3 ZI'20

X
x + =H,O (6)
- =

2
2
Li7,xHxLa32r2012 + xLiOH — Li7La3Zr2012 + XHzO (7)

Comparing the "H-'H and ’Li-'H correlations in T-Pristine
and T-350 (Fig. 6a and b), we can observe that LiOH is
completely removed, and only a small proton population
remains. As a result, the signal intensities are low, and no
magnetization transfer can be observed between protons inside
the garnet.

As can be observed in Fig. 5b, the “Li signal in both T-Pristine
and T-350 is broad, although it is clear that at least for T-350, the
signal has more than one component, probably due to the
presence of more than one Li compound. This is in agreement
with the clear carbonate band in the Raman spectra (Fig. 3), as
well as “Li T; measurements (Fig. 5¢ and Table S1t), in which
the build-up curves of both T-Pristine and T-350 can be fitted
only by a double exponential term, indicating the presence of
two Li reservoirs with considerably different relaxation times. In
general, the presence of fast Li* dynamics results in shorter
relaxation times in highly conductive ceramics as compared to
the long relaxation times typically observed for non-conductive
salts like Li,CO;. By elimination of the protons inside the garnet
structure, the Li T; relaxation time decreases from 17 s t0 3.9 s
(Table S17).

When the heat treatment temperature was increased to 550 ©
C and 750 °C, the 'H signals are further reduced, indicating
additional proton elimination through reaction (6). No signals
were observed for the heteronuclear "H-"Li and homonuclear
"H-"H NMR correlations conducted on both samples T-550 and

This journal is © The Royal Society of Chemistry 2023
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T-750. This result suggests complete elimination of protons in
the sample and that the remaining proton signals observed in
Fig. 5a are due to background proton signals from the probe or
the rotor and therefore external to the sample.

In general, the linewidth (FWHM) of ‘Li NMR signals is
directly related to ion dynamics, as faster ion motions can
effectively average out the anisotropic interactions present in
the solid state,*®*® reducing the observed linewidths. Fig. 5b
shows a significant reduction of the linewidth of ‘Li NMR
resonances from 691 Hz to 79 Hz after heat treatment at 550 °C,
implying faster local dynamics for Li" in the T-550 sample. This
change can be explained by a phase transition from tetragonal
to highly conductive cubic, as well as by partial removal of the
rigid lithium carbonates (reaction (8)) as shown previously by
Raman spectroscopy in Fig. 3.

Li7,xLa}Z1r2017 x+ ELi2C03 — Li;La;Zr, 0y, + icC02 (8)

- 2 2
2

By further increasing the heat treatment temperature to 750
°C, a further narrowing of the “Li NMR signal is observed from
79 Hz to 64 Hz. In addition, the build-up curve of the saturation
recovery experiment (Fig. 5¢ and Table S1t) can be fitted by
a single exponential term only after heat treating at 750 °C,
which indicates complete removal of Li,CO; and is consistent
with our results from Raman measurements (Fig. 3). It is
noteworthy that according to reaction (8) and based on our ICP
results (Table S27), the Li from the carbonate is not lost and
rather returns to the garnet structure after the Li,CO; decom-
position. Furthermore, reaction (8) implies the recovery of the
oxygen vacancies that could be generated at the LLZO surface by
the proton elimination through water evaporation described in
reaction (6).

To perform a detailed characterization of the Li dynamics in
the pristine and T-750 heat treated samples, variable tempera-
ture 'Li Linewidth (LW) evolutions were measured and
compared with those of sintered pellets. The transition from
broad gaussian NMR signals observed at the rigid lattice (low
temperatures) to narrow Lorentzian peaks at thermally acti-
vated states is clearly observed in all samples except in T-
Pristine where the high temperatures required for fast Li"
dynamics could not be experimentally reached (Fig. 7a). The
motional narrowing (MN) curves (Fig. 7a) show that unlike T-
Pristine, T-750 has a behaviour very similar to the sintered
pellets. The resulting temperature-dependance of the ‘Li LW
were fitted considering a Boltzmann function (eqn (9)) to obtain
the inflection point and linewidth of the rigid lattice for each
sample.

Ay — A4

= T Lt T4 )

y

Jump rates (at Tj,) and the activation energy of motional
narrowing (Ex ™) of each sample were calculated through eqn
(10) (ref. *°) and (11) (ref. ** and **) respectively and are presented
in Table 1.
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Fig. 7 (a) Temperature dependency of the “Li linewidth for T-Pristine, T-750, Sint-Pristine, and Sint-750. Dashed lines indicate the fit with the
Boltzmann equation. (b) “Li NMR spectra of T-750 at —50 °C to —10 °C, and deconvolution of the spectrum at —30 °C. (c) Temperature
dependency of the area fractions of the narrow components obtained from the deconvolution of spectra with Gaussian and Lorentzian

functions.

Table 1 Temperature of the inflection point, activation energy of
motional narrowing and the jump rates calculated from the variable
temperature “Li LW analysis shown in Fig. 7a

Sample Tip (°C) EY™ (eV) v (kHz)
T-Pristine +116 0.49“ 51.2
T-750 —47 0.30 58.3
Sint-Pristine —49 0.28 56.9
Sint-750 —49 0.28 57.5
4 Calculated from eqn (11).
TN = 270 WRL (10)
-
WRL *E,MN
o(T)=w 1+(——1)ex 4 +D 11
(T) = wre { 3 P\ &7 (11)

where wg, is the “Li linewidth in the rigid lattice, Kg is the
Boltzmann constant and D is a line-broadening constant to take
the temperature-independent effects such as magnetic field
inhomogeneity into account. Eqn (11) which assumes a similar
temperature dependency in the fraction of vacancies and the
fraction of thermally activated ions is uninfluenced by the
possible distribution of relaxation times in the system and
therefore can be applied in a wide range of temperature.**
Since the high temperature part of the curve could not be
achieved for T-Pristine, its activation energy is roughly esti-
mated by using eqn (12) known as the Waugh-Fedin** equation.

(12)

where Tonser 1S the temperature in which the motional narrow-
ing begins, and it is calculated by fitting the tangential lines in
the MN curve.

The EX™ from solid state NMR takes both nonlocalized (long-
range ion motions) and localized (dipolar relaxations) conduc-
tion into account and therefore is lower than the E, obtained by

ENMF = 1,617 x 1073 Typeet

1680 | J Mater. Chem. A, 2023, 1, 11675-11683

EIS. In fact, a thorough calculation of E, by solid state NMR
would require additional Ty, Ty, and T, relaxation time
measurements, as well as impedance spectra recorded in a wide
temperature and frequency range, which is out of the scope of
this study.****

However, the Ex™ values of T-750, Sint-Pristine and Sint-750
are noticeably lower than that of T-Pristine and are similar to
what Buschmann et al.*® reported for highly conductive cubic
LLZO with Al doping. At low temperatures, the 'Li NMR spectra
of T-750 seem to be composed of 2 overlapping signals, showing
different dynamics. Therefore, the spectra were deconvoluted
considering Gaussian and Lorentzian functions. The area frac-
tion (Ay) of the narrow component calculated in the range of —50
to —10 °C (Fig. 7b) indicates the fraction of Li ions with fast
jump rates (10" s~ ). Fig. 7c shows that the A; linearly increases
upon heating, and already at —10 °C, about 40% of the Li ions
are subject to fast dynamics on the NMR timescale. This further
confirms our previous conclusion from ’Li T; relaxation time
measurements that the heat treatment is not only surface-
related, but rather affects the dynamics of the Li atoms in the
bulk of the garnet.

The effect of LiOH and Li,CO; removal on the pellet's relative
density and its ionic conductivity was investigated by preparing
sintered pellets using T-Pristine and T-750 as starting materials.
These pellets, referred to as Sint-Pristine and Sint-750 respec-
tively, showed no differences in relative densities (92% in both
cases), and very similar activation energies, presented in Fig. 7a
and Table 1. The bulk ionic conductivities were calculated using
eqn (13), where A is the surface area and p is the sample
thickness.

o = p/RA (13)

Furthermore, the activation energy from ionic conductivities
was obtained through the following Arrhenius equation.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Bulk ionic conductivity and activation energy of Sint-Pristine
and Sint-750 at 25 and 70 °C obtained by using egn (13) and (14)

Sample 025 oc (Sem™) 070 oc (S em™) E, (eV)
Sint-Pristine 3.7 x10°* 3.5x10° 0.43
Sint-750 5.1 x 107* 4.2 x 1073 0.43
( 3 )
T K
g = ope ’ (14)

Both Sint-Pristine and Sint-750 show identical activation
energies (0.43 eV) and comparable bulk ionic conductivities at
25 and 70 °C, as presented in Table 2 and Fig. S2.}

We can therefore conclude that heat treating the powder
prior to pelletizing and sintering shows no considerable
improvement in electrochemical performance. This result
demonstrates that the high temperatures used during the sin-
tering processing directly promotes proton, hydroxide, and
carbonate removal. However, based on the significant increase
of local Li* mobility observed from the pristine to heat treated
powder, shown in Fig. 7a, heat treating LLZO at 750 °C is ex-
pected to have a strong influence in cases in which a sintering
step is not performed, as for composite electrolytes or cold-
sintered pellets in which ion transport is highly sensitive to
the interfacial properties of grains. To assess the possible
impact of the heat treatment on the Li ion transport at the bulk
and the outermost surface of LLZO grains, T-Pristine and T-750
garnets were added to the PEO-LiTFSI mixture to prepare
garnet-rich solid composite electrolytes (90 wt% LLZO). The
membranes were cast in PTFE dishes and carefully removed
after drying in a vacuum oven. Although the sample preparation
was the same (as detailed in the Experimental section), the
membranes show clearly different mechanical properties as
shown in Fig. 8a and c. While the composite made with T-
Pristine is highly fragile and non-self-standing, the one

Fig.8 Photo and SEM micrographs of garnet-rich composite polymer
electrolytes containing 90 wt% (a and b) T-Pristine and (c and d) T-750.

This journal is © The Royal Society of Chemistry 2023
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containing T-750 has high integrity and is self-standing and
flexible.

The SEM images (Fig. 8b and d) demonstrate that such better
mechanical properties could be related to the garnet-polymer
interphase. In the composite made of T-750, the garnet particles
are uniformly coated with the polymer matrix, whereas in the
composite with T-Pristine, many garnet particles are not
covered by PEO, which could be attributed to a weak garnet-
polymer interaction as a result of the presence of surface group
impurities, causing a phase segregation and thus leading to low
mechanical properties.

Despite the non-self-standing nature of the composite with
T-Pristine, the impedance spectra of these membranes were
recorded (Fig. S31) and the ionic conductivities obtained were
4.3 x 10°°and 1.6 x 10> S ecm™ " at 70 °C for composites with
T-Pristine and T-750 respectively. The higher ionic conductivity
of the latter can be attributed to its more homogenous
morphology and better PEO-LLZO interface. The low ionic
conductivity of garnet-rich composites is not unprecedented
and has been previously reported and explained.*®** Detailed
characterization of the garnet-rich composites and determining
their Li-ion pathways are out of the scope of this article and
therefore will be the subject of our future work.

It is well known that different dopants and concentrations
have an important effect on the Li conductivities of LLZO,***°
although it has also been reported that the protonation and
formation of LiOH and carbonates are present in garnets
regardless of the dopant used.***” The impact of heating on the
chemical and thermodynamic processes reported here for a Nb
sample are therefore expected to be dopant-independent as
mainly surface effects are involved. However, to confirm this
hypothesis, additional NMR experiments were performed on
commercial Al-doped LLZO. Fig. S47 clearly shows the LiOH
formed on the AI-LLZO surface, the adsorbed water molecules
and LLZO protonation through a H'/Li exchange reaction. The
comparison of the 'H NMR spectra before and after the heat
treatment at 750 °C (Fig. S51) indicates the total removal of
LiOH and water molecules at the surface, and a significant
reduction of protons inside the LLZO structure. The consider-
able reduction of the 7Li T; relaxation times upon heat treat-
ment shown in Fig. S67 is attributed to the LiOH and Li,CO;
decomposition as well as to the increased Li dynamics upon
garnet deprotonation. This confirms that heat treatment at 750
°C is sufficient for complete removal of protons and secondary
phases on the AI-LLZO surface. Moreover, like for Nb-LLZO, the
heat treatment has a strong impact on the "Li NMR linewidths,
decreasing from 607 to 305 Hz upon heating at 750 °C in
agreement with faster local Li dynamics (Fig. S77).

Concluding remarks

In this work, the impact of heat treatment on the LLZO struc-
ture, the secondary products present on its surface, and the Li
dynamics inside the garnet was investigated. The characteriza-
tion of the pristine garnet shows a significant degree of LLZO
protonation as well as the presence of water, LiOH and
carbonates at the surface. Heat treatment at 350 °C was found
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effective to completely eliminate the LiOH at the surface and
reduce the number of protons inside the LLZO structure and
water at the surface. However, it doesn't suffice to remove
carbonates and cause the phase transition to a highly Li
conductive cubic phase. Total elimination of carbonates is
achieved only after heat treating at 750 °C. Multiple phase
transitions from a low temperature cubic phase to a tetragonal
phase and later to a highly conductive cubic phase are involved
in this process and together with Li,CO; removal are respon-
sible for a significant increase in the local Li mobility inside the
garnet structure.

In the second part of this work, the impact of heat treatment
at 750 °C as a pre-treatment step in the preparation of sintered
pellets was studied. It was observed that pre-treatment of LLZO
before sintering is not effective and has no big impact on the Li
dynamics and ionic conductivities of sintered pellets. However,
since the local mobility of the garnet after heat treatment at 750
°C is alike the sintered pellets and the secondary phases at the
surface are removed, we expect this heat-treatment to greatly
enhance the ionic conductivity of LLZO in other systems such as
ceramic-polymer composite electrolytes in which garnet fillers
are not sintered. This improvement could be achieved both by
faster Li motion in the bulk of LLZO and by better processability
of the garnet-rich composite solid electrolytes. These composite
electrolytes will be thoroughly investigated in our future work.

Considering the similar observations on the impact of heat
treatment on the interfacial and Li transport properties in Nb
and Al-doped LLZO, we believe that the general conclusion of
this work could be applied to LLZO garnets, regardless of their
doping composition.
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