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Discovering the Influence of Lithium Loss on Garnet Li,La;Zr,0,,
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ABSTRACT: Garnet-type lithium lanthanum zirconate (Li,La;Zr,0;,, LLZO)- NoN,flow
based ceramic electrolyte has potential for further development of all-solid-state [ B o
2 4

energy storage technologies including Li metal batteries as well as Li—S and Li—0O,
Lizcks\ La

chemistries. The essential prerequisites such as LLZO’s compactness, stability, and
ionic conductivity for this development are nearly achievable via the solid-state
reaction route (SSR) at high temperatures, but it involves a trade-off between
LLZO’s caveats because of Li loss via volatilization. For example, SSR between  yngern, flow

lithium carbonate, lanthanum oxide, and zirconium oxide is typically supplemented ® ©CQ; degassing
by dopants (e.g., gallium or aluminum) to yield the stabilized cubic phase (c-LLZO) o

that is characterized by ionic conductivity an order of magnitude higher than the
other polymorphs of LLZO. While the addition of dopants as phase stabilizing agent /ﬁiA\ T
and supplying extra Li precursor for compensating Li loss at high temperatures

become common practice in the solid-state process of LLZO, the exact role of

dopants and stabilization pathway is still poorly understood, which leads to several

manufacturing issues. By following LLZO’s chemical phase evolution in relation to Li loss at high temperatures, we here show that
stabilized ¢-LLZO can directly be achieved by an in situ control of lithium loss during SSR and without needing dopants. In light of
this, we demonstrate that dopants in the conventional SSR route also play a similar role, i.e., making more accessible Li to the
formation and phase stabilization of c-LLZO, as revealed by our in situ X-ray diffraction analysis. Further microscopic (STEM,
EDXS, and EELS) analysis of the samples obtained under various SSR conditions provides insights into LLZO phase behavior. Our
study can contribute to the development of more reliable solid-state manufacturing routes to Garnet-type ceramic electrolytes in
preferred polymorphs exhibiting high ionic conductivity and stability for all-solid-state energy storage.

KEYWORDS: solid electrolyte, Li ion conductor, Li loss, chemical phase, stabilization

LLZO tetragonal

B INTRODUCTION

Post-Li ion technologies such as Li metal, Li—S, and Li—O,
batteries are gaining traction because of their very high energy
density. However, Li metal batteries inherently suffer from the

polymer electrolytes based on standard poly(ethylene oxide)
(PEO) and LiTFSI salt not only have low conductivity (~1073
S/cm at room temperature) but tend to decompose above 4.0
V.'* Similarly, the addition of ceramics (ALO; or SiO,) into

problem of Li dendrites which can cause safety hazards due to
battery short circuiting in the presence of flammable organic
liquid electrolyte,'* and in Li—S and Li—O, batteries,
electrode particles dissolution and electrolyte decomposition
are recurrent issues that drastically limit their electrochemical
performance and round-trip efficiencies. Considerable effort
has been dedicated to develop solid electrolytes such as
polymers (PEO-LiTESI),”® ceramics (e.g., garnet’ and
LiPON”), and hybrid electrolytes (e.g.,, ceramics dispersed in
PEO:LiTFSI),g’9 for all-solid-state Li metal, Li—S, and Li—O,
batteries, where these solid electrolytes are expected to
alleviate the above deleterious processes and thereby improve
battery safety, energy density, and longevity. However, each of
these electrolytes requires a trade-off between their properties
and actual electrochemical requirements. For example,

polymer matrixes has been shown to increase the total ionic
conductivity (lattice and grain boundary) to some extent, but
high voltage stability is still required. The addition of ionic
conductor fillers (Li;LayZr,0;,) in hybrid ceramic—polymer
electrolyte can cause some decomposition reactions of garnet
as reported by Zheng et al.'' In the category of inorganic
electrolytes, thio-glasses' '* were synthesized viareacting
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Figure 1. Crystal structures projected along the [100] direction with similar Li,La;Zr,0,, (LLZO) stoichiometry and (a) tetragonal structure; (b)
cubic-LLZO. In the sketches, La is dark green, Zr is gray, and O is red. In the cubic structure more positions for Li atoms (light green) with partial
occupancy are allowed. In the tetragonal structure, Li atoms sites have full occupancy, and in the case of Ga-doped LLZO, some of the Li atoms are
substituted by Ga (orange segment at the Li sites). XRD diffraction patterns of the samples obtained at different conditions: (c) annealed at 950 °C
with N, gas flow; (d) annealed without gas flow at 700 °C. SEM secondary electron image (the scale bar is 2 ym) of (e) LLZO obtained with gas

flow and (f) LLZO without gas flow.

mixtures of Li,S, P,S;, and metal sulfides such as GeS,, SiS,,
and SnS, at low temperatures. They are good ionic conductors
(up to 107* S/cm), but they suffer from moisture
contamination (forming H,S and LiOH) and have narrow
electrochemical stability window (1.0—2.8 V) that cause
decomposition reactions at both electrodes."”"> Following
studies on antiperovskites (Li;OCl and Li;OBr),'® new glass
electrolytes'” based on LiOH, Ba(OH), and LiCl with
interesting electrochemical properties were recently proposed,
which rely on multistep fabrication.'® Unfortunately a
lithium—proton ion exchange presents difficulties in distin-
guishing between Li;OCl and Li,OHCIl as reported by
Hanghofer et al.'” Although phosphate-based electrolytes
such as Li, sAl, sGe, s(PO,); (LAGP)*° and
Li; sAlysTi, s(PO,); (LATP)*' appear to be good ionic
conductors (~107* S/cm), their poor chemical stability
when in contact with lithium is a concern as indicated by
Chung et al.*

Considering all the aspects discussed above, the
Li;La;Zr,0;, (LLZO)-based garnet has emerged as a
promising solid electrolyte mainly due to its high thermody-
namic voltage stability (up to S V vs Li*/Li), and good
compatibility with negative electrodes.”” LLZO exists in the
two known polymorphs: tetragonal LLZO (t-LLZO) and cubic
LLZO (c-LLZO).”* LLZO is typically synthesized through a
solid-state reaction (SSR) by mixing a lithium precursor
(mainly lithium hydroxide or carbonate), lanthanum precursor
(mainly lanthanum hydroxide or oxide), and zirconium
precursor (mainly zirconium oxide or isopropoxide). In
general, undoped LLZO has readily been synthesized only in
a tetragonal phase, which possesses a much lower ionic
conductivity compared to its other polymorph, the cubic phase
LLZO. On the other hand, c-LLZO can be obtained only when
the additional dopants such as iron,?® gallium,m_28 alumi-

20-31 2 - ; :
num,””™*" tantalum,’” and niobium®® are supplied alongside

the base LLZO precursors. Concerning the role of dopants in
the synthesis of c-LLZO, some theoretical studies®* proposed
that dopants play a role in stabilizing the cubic phase at room
temperature and in increasing c-LLZO’s ionic conductivity and
in substituting for Li in Li sites. Kubicek et al.** have shown
the importance of oxygen vacancies in Ga- and Ta-doped c-
LLZO. Some studies have also reported the synthesis of
undoped c-LLZO at low temperature: Xie et al.*® have shown a
low-temperature LLZO phase (700 °C) obtained via annealing
acetate-based precursors, which exhibited a low ionic
conductivity on the order of 107 S cm™. In 2013, Larraz et
al.*” demonstrated that it is possible to stabilize cubic structure
at low temperature by proton exchange forming a low-
temperature c-LLZO but with a very low ionic conductivity. In
2015, Yang et al.*® reported a synthesis of undoped c-LLZO by
the electrospinning method (with no details on ionic
conductivity). In 2018, Weller et al.’*” reported a synthesis of
undoped ¢-LLZO via molten salt method, but its ionic
conductivity was not reported. It is therefore crucial to gain a
comprehensive understanding of how LLZO chemical phase
and composition evolved during SSR that suffers from heavy Li
loss via volatilization and how such Li loss can be controlled
directly during SSR to achieve the phase stability, high ionic
conductivity, and chemical stability conducive to the develop-
ment of all-solid-state batteries. More importantly, although
low-temperature c-LLZO (undoped) is appealing, their
conductivities are not suitable for battery applications. In this
work, we deepened the investigation into chemical phase
behavior of LLZO under various SSR conditions, and the
samples produced at different stages of SSR were analyzed via
in situ XRD for LLZO phase evolution, and the final products
obtained were then analyzed via high-resolution HRTEM-
EELS-EDX including chemical mapping and quantification for
LLZO composition. We show that ¢-LLZO (with phase
stability and good ionic conductivities) can be prepared


https://pubs.acs.org/doi/10.1021/acsaem.9b02401?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.9b02401?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.9b02401?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.9b02401?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.9b02401?ref=pdf

a | LLZO, gas flow 850°C I o dif N 00-063-0174
it A 1  EEpof N 01-070-5602
1 1 2 | | | 1 1 2 PP | "
b LLZO, gas flow 850°C I o N 00-063-0174
end of heating 2 ! " |
A | J A
1 L1 | | 1 1 L. 2
C |LLZO,gas flow f B of N 01-080-6140)
cooled down ! 3 e v 1 1 "
a m 1 ni .. ll B 1 B PRSP 1 N | M
d LLZO, no gas flow 850°C I oo N 00-063-0174
1" min A
A 2 J_L M A A ~ A—A—A AN
1 L | 1 1 1
e LLio}n; gss flow 850"1 A -pdf N oc»oe&mu
end of heating h
A 2 LL A A A i J\_A_h R
| [ | | 1 1
LLZO, no gas flow -pdf N 00-063:0174
f cooled down
4 JL A JL " A. A 5 - —
1 : L | 1 1 1 - . PRl | Fa
g Ga:LLZ0,gas flow 850°C B dif N 00-063-0174
1" min
| s 14 A A aak
A, PN AN
1 L 1 1 1 P "
h | Ga: LLZO gas flow 850°C I pdif N 00-063-0174
end of plateau 2
A 6 L J 28 A M.A A
) 1 | I 1 1 s o |
j |Ga:LLZO, gas fiow B i N 00—063 0174
cooled down 2 6 J
A A X Bl
1 L1 1 1 1 | s
j LLzo in vacuum 810°C I oo N 00-063-0174
1" min A o 2 A A A I\/vJ \ =
l | 1 . | -1 l P
k LLZO in vacuum 810°C I pdf N 00-063-0174
30th min B »df N 01-070-5602
1 | 1 4 P | i
| LLZO in vacuum 810°C B pf N 01-070-5602
end of heating 2
L, S . . -
2 ] ]
T T T

10 20

50 60 70

2 theta (deg)

Figure 2. Comparison of in situ XRD diffraction patterns of different samples annealed at 850 °C and cooled for (a—c) undoped LLZO with N, gas
flow, (d—f) undoped LLZO without N, gas flow, (g—i) Ga-doped LLZO with N, gas flow, and (j—1) undoped LLZO under vacuum. Some
impurities are present: in the graphs, La,O; is marked with 1, Li,ZrOj is marked with 2, LigZrOg is marked with 3, ZrO, is marked with 4, La,Zr,0,

is marked with §, and Li;GaO, is marked with 6.

without needing additional dopants, as this can be achieved by
regulating the decomposition of lithium carbonate precursor
that appears to control Li loss during the SSR. In doing so, we
found that an additional role of dopants in a typical SSR
yielding ¢-LLZO is to control the lithium carbonate
decomposition rate, which in turn allows for the control of
Li loss or results in more accessible Li, leading to the formation
of cubic phase LLZO, besides they improve ionic conductivity
and stabilize lithium dynamics in the electrolyte. The findings
from our mechanistic studies into the synthesis of c-LLZO via
SSR can incentivize new research in the design and
manufacturing of garnet-type solid electrolytes with optimized
properties for developing all-solid-state energy storage.

B RESULTS AND DISCUSSION

Phase Stability of Undoped LLZO with a Cubic
Structure (c-LLZO) and Role of Dopants. The precursors
used for preparing undoped LLZO are detailed in the Methods
section (see the Supporting Information). In a typical SSR, the
ball-milled (LLZO precursors) powder was loaded onto a

crucible (graphite boat), annealed at 700 °C for 2 h to remove
water and adsorbed species (e.g, CO, from La,0;),"" and
subsequently heated at 950 °C for 2 h. We used graphite
crucibles as the commonly used aluminum crucibles can cause
contamination due to Al doping. With a constant flow of N,
gas throughout the heating process, we observed the formation
of standard tetragonal LLZO (Figure la,c,e). On the contrary,
when the N, flow was stopped at the end of the annealing at
700 °C and subsequent heating process at 950 °C (no gas
flow), we observed the formation of cubic LLZO after cooling
to room temperature (Figure 1b,d,f), and this product was
found to be stable (without undergoing any further phase
change), which is rather surprising because the formation of
cubic LLZO typically needs the presence of additional dopants
acting as phase stabilizing agent; this represents the first
undoped solid-state synthesis using Li,CO;, La,0;, and ZrO,
precursors. We also remark that if this cubic LLZO phase
exhibits higher conductivity than the low-temperature cubic
LLZO (undoped) reported previously, this holds new promise
for the process of high quality garnet electrolytes. These
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Figure 3. Transmission electron microscopy images and STEM-EDXS chemical mapping of Ga-doped LLZO. (a) BF-STEM image of a Ga-LLZO
crystal. (b) HRTEM showing a [110] orientation from the region indicated in (a) with a square. (c) Ga/La ratio resulting from STEM-EDXS
mapping from the crystal in (a). (d) Profile of the ratio along the direction indicated in (c). An error bar of 10% was considered in the ratio. The

dashed line is the average ratio in the bulk of the crystal.

experiments show that gas flow can in fact dictate the final
phase of LLZO in the SSR.

To understand how the gas flow (N,) influences the phase
evolution in LLZO, we performed in situ X-ray diffraction
(XRD) analysis of the samples obtained by heating LLZO
precursors under four different conditions: (i) with N, gas
flow, (ii) no N, gas flow at T > 700 °C, (iii) with N, gas flow
but with Ga as a dopant, and (iv) under vacuum. Under the
constant N, flow, Figure 2a—c shows the XRD spectra at the
beginning (a) and end (b) of the heat treatment at 850 °C as
well as at room temperature after cooling (c). When the
temperature reached 850 °C, the main phase formed was
cubic-LLZO (PDF: 00-063-0174, in black), and the amount of
this cubic-LLZO increased over time until the end of the heat
treatment and then started undergoing a phase transition from
cubic to tetragonal LLZO during cooling step.

It can be noticed (PDF: 01-080-6140, in blue) that the
cubic-LLZO had disappeared at the end of the cooling step, as
it was turned into almost a single LLZO tetragonal phase in the
final sample. On the other hand, Figure 2d—f (no N, gas flow
at T >700 °C) shows that mostly the LLZO cubic structure
was obtained at beginning of the synthesis, which was also
preserved even after cooling. This result is similar to the case
where the synthesis was performed under N, gas flow but with
gallium (Ga) as dopant acting as a phase stabilizer, shown in
Figure 2g—i. In fact, the LLZOs spectral features from both
samples are almost overlapped (Figure S1 in the Supporting
Information), which, in turn, suggests the crystal structure of
undoped LLZO obtained from our gas flow stop method is

basically the same as that of the Ga-LLZO (via doping route).
These experiments in combination (Figure 2a—i) show that
either cutting the N, flow or under N, flow with a dopant leads
to the same result, that is, the formation of cubic-LLZO in a
stable form not only at the high temperature but at room
temperature. Lastly, in the synthesis performed under vacuum,
some cubic-LLZO was formed at the beginning of the heat
treatment at 810 °C, but it disappeared within ~150 min,
leaving behind La,Zr,0, (PDF card number 01-070-5602,
marked with red) as a main compound together with a small
amount of La,0;, indicating that a complete loss of Li either
from initially formed LLZO or discontinued availability of Li
suppressing the LLZO formation as shown in Figure 2j—],
which is in agreement with the study of Huang et al."' From
the above experiments, it can be deduced that the formation of
stable cubic phase LLZO can be related to Li availability,
which should then depend on the decomposition kinetics of
Li,COj; because a) it either can supply Li in an easy accessible
form, such as liquid, for fast c-LLZO formation or b) quickly
decomposes to make Li inaccessible (e.g., Li,O). We think that
Li,O becomes inaccessible because it precipitates out, and
based on its melting point it can fast react only at temperatures
higher than 950—1000 °C (1438 °C). Several lithium salts can
be used as lithium source such as Li,CO;, LiOH, LiNO;, and
CH;COOLj, but Li,O is not a preferred choice as Li precursor
directly because of its high melting point (especially in high
temperature solid-state process). In synthesis, the lithium salts
tend to decompose, forming gas species such as CO,, N,O,,
and H,0, and the reaction between lithium salt and La,Zr,0,
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and La,0; forming Li;La;Zr,0,, further accelerates the
gaseous species to be formed.” As Li,CO, starts to decompose
partially at 740 °C, it becomes amorphous and liquid (molten
state) in equilibrium with CO, gas, which is in agreement with
the previous in situ observations.”" Then, as the decom-
position of Li,CO; continues, it becomes dependent on the
extent of degassing and effective removal of CO,* that is
produced. This step seems to result either in the formation of
Li,O (in agreement with the work by Chen et al.**) that is
inaccessible or in LLZO when molten Li,COj; is in contact
with La,Zr,0, and La,O;.

From the in situ XRD measurements (Figure 2), it can be
concluded that La,Zr,O, is formed first, at which stage Li
availability is a key parameter to complete the reaction leading
to cubic-LLZO. In other words, CO, must be released upon
only completing the final step that yields LLZO with right
stoichiometry and if CO, is released earlier, this means most of
Li become inaccessible to the final step of reaction producing
LLZO. Therefore, the reaction involving Li,CO; and La,Zr,0,
can be written as follows in eq 1:

7Li,CO, + La,0, + 2La,Zr,0, — 2Li,La,Z5,0,, + 7CO,
(1)

In general, the formation of La,Zr,0- in solid-state synthesis of
LLZO* was often reported, which can be explained by
considering the decomposition of lithium carbonate in the
same way that leads to Li inaccessibility or loss (e.g., via Li,O
formation in agreement with Chen et al.*?), triggering the
formation of off-stoichiometric LLZO compounds and
impurities. For example, the undoped ¢-LLZO reported by
Xie et al.*® showed a very low total ionic conductivity at room
temperature (~2 X 107° S/cm), which was obtained at low
temperature (700 °C), and with increasing synthesis temper-
ature much more La,Zr,0,; was formed due to lithium loss,
which is in line with our observation of the metastability of
undoped cubic-LLZO under the gas flow condition. To see
how this Li loss is influenced by the presence of a dopant, we
performed more synthesis under gas flow with Ga dopants
(Figure 2g—i), which invariably yielded cubic-LLZO as the
main compound and LigZrOg and LisGaO, as minor phases.
All in situ XRD patterns collected during the SSR are
summarized in the Supporting Information (Figures $2—SS).
Figure 3 shows the high-resolution transmission electron
microscopy (HRTEM) image and scanning transmission
electron microscopy and energy-dispersive X-ray (STEM-
EDXS) mapping of gallium-doped LLZO particles after
synthesis. It can be noted that Ga distribution is homogeneous
throughout the LLZO crystal with the presence of some
gallium-enriched domains, presumably due to Li;GaO, based
on their XRD patterns.

This indicates that the substitution of Ga dopants during
LLZO phase evolution appears to help retain Li (from Li,CO,
decomposition before turning into inaccessible Li,O), which in
turn stabilizes the cubic-LLZO phase. In fact, it was reported
that segregation of dopants at grain boundaries after pellet
sintering at high temperature, which can explain how dopants
preserve lithium loss as reported by El Shinawi et al.”® In our
case, the observation of cubic-LLZO structure at high
temperature backs up the proposed mechanism. This is further
reflected in the fact that higher surface lithium concentration in
the cubic-LLZO, and high overall Li concentration in the Ga-
doped LLZO is found compared to undoped tetragonal LLZO,
as shown by STEM-EELS in Figure 4. This means that severe
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Figure 4. Li/La ratio as calculated from STEM-EELS profiles across
the edge of a crystal for (a) undoped cubic-LLZO, (b) undoped
tetragonal LLZO, and (c) Ga-doped cubic-LLZO. A relative error of
20% in the ratio, as deriving from the quantification procedure,*® is
considered.

Li loss during LLZO phase evolution leads to tetragonal phase.
All the three samples (undoped cubic-LLZO, undoped
tetragonal LLZO and Ga:LLZO) that were synthesized have
the same La,Zr,07 intermediate before cooling down, and
cubic-LLZO is a well-known intermediate at high temperature
(Figure S6). Therefore, considering the fact that cubic-LLZO
is converted into tetragonal LLZO under gas flow, it it can be
reasonably argued that the only difference between room
temperature tetragonal LLZO and cubic-LLZO is the relative
loss of lithium. This is reflective of the fact that when La,Zr,0,
is formed, it needs to react with molten Li,CO; to form the
initial cubic-LLZO phase needing continuous supply of Li in
surplus to stabilize the structure. If lithium is unavailable
(equal to the amount of Li,CO; that decomposes too quickly
and becomes inaccessible Li,O), the high-temperature garnet
cubic-LLZO is then slowly converted into the tetragonal phase
during cooldown. It therefore turns out that with a lithium
deficiency cubic-LLZO is the most stable phase at high
temperature, while tetragonal LLZO is the most stable phase at
room temperature. The lattice parameters a obtained are
13.002 and 12.991 A for undoped and Ga-doped LLZO,
respectively, with the relative difference of 0.00085, further
confirm (Figure S1) that both the undoped LLZO obtained
under no gas flow and the Ga-LLZO have the same crystal
structures. Because we prepared a ~4 g batch of undoped
LLZO powder to perform all the experiments with and without
gas flow (Figure S6), we can absolutely exclude that undoped
cubic-LLZO is the result of accidental doping or cross-
contamination, and no dopants were observed by EDS (see the
Supporting Information) as the synthesis was performed on
graphite crucibles. Further analysis could be performed, for
example, ICP-based quantification, but such bulk lithium
quantification is not useful here because both tetragonal and
undoped cubic-LLZO will have the same content of lithium
before and after synthesis. Because of this, EELS seems to be
the only method to directly understand lithium dynamics on
crystals. More details on the EELS quantification procedure,
atomic ratio determination, ADF-STEM survey image for
particles, and EELS signal extraction are presented in the
Supporting Information.
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Lithium Loss via Li,CO; Decomposition. As the Li,CO;
reactivity and decomposition is key to the available Li stock for
c-LLZO formation and its stabilization at room temperature,
we performed simulation of CO, concentration profiles inside
the tubular furnace under N, gas flow (from left to right,
Figure Sa and Figure S7) of 150 L/h and no flow (see the

a
wiw % CO,
%% %% %% " "0 "% % "% % "0 "
without gas flow
I o,
1 crucible 2
b wiw % CO,

with 150 L/h N, gas flow

1 crucible 2

Figure S. Simulation profile of CO, around the crucible in tubular
furnace (a) without N, gas flow and (b) with N, gas flow with inset
showing the photo of a tubular furnace.

Supporting Information for more details on the simulation
parameters), which is basically CO, released as a result of
Li,CO; decomposition during 1—2 h of synthesis. We note
that at 750 °C the equilibrium concentration of CO, would be
0.83% according to the interpolation of the data in Table S1
(based on equilibrium CO, pressure at atmospheric pressure as
a function of temperature). Figure Sb shows that if the N, flow
is turned off, the CO, concentration around the sample
(reactants) reaches a high value of 4% or more after 1 h of
reaction. At 750 °C, this is far more than the equilibrium
concentration of CO,, and as a result the decomposition of
Li,CO; cannot take place or continue, meaning that the
Li,CO; decomposition under this condition would be
terminated much earlier than the actual synthesis time (1 h).

On the other hand, if the gas flow of N, at 150 L/h is turned
on, the local CO, concentration around the sample becomes
far less (0.4%) compared to the synthesis under no N, flow,
even at 2 h of synthesis (Figure Sb). Therefore, turning off the
N, gas flow at a low temperature reduces the Li,COj;
decomposition rate, which significantly increases the possibility
of making more accessible Li (before turning into Li,O). This
Li-rich environment is more favorable to completion of the
reaction that yields stoichiometric as well as stabilized cubic-
LLZO.

In Figure 6, we summarize our findings deduced from the
various experiments conducted. First, La,Zr,0, is formed at
~690 °C, followed by the melting of Li,CO; at 740 °C that is
in constant equilibrium between the decomposed products
such as Li,O and gaseous CO,(Figure 6a). Second, the
reaction between the molten Li,CO; and La,Zr,0, typically
results in the LLZO formation (Figure 2), where the rate of
Li,CO; decomposition is a key parameter that strongly
influences the rest of the reaction course in relation to
LLZO phase stabilization. A control experiment shows that
when a high amount of gallium-doped LLZO powder is
annealed without gas flow, amorphous Li,CO; is formed
around La,Zr,0, (Figures S8 and S9) due to Li loss.
Therefore, the origin of tetragonal LLZO phase formation
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Figure 6. Schematic representing the formation of cubic-LLZO
through the control of lithium loss with (a) LLZO precursors at 740
°C, (b) gas flow on, (c) gas flow off, and (d) with the addition of

gallium dopant and flow on.

can be attributed to rapid Li,CO; decomposition (Figure 6b),
which is accelerated by the continuous removal of CO, during
gas flow, causing lithium to be lost as part of Li from Li,COj is
quickly turned into inaccessible Li,O. This considerably
reduces the amount of molten Li,COj; available to react with
La,Zr,0, to form LLZO that is still stable cubic phase but only
at high temperature. This Li-deficient cubic-LLZO phase is
eventually converted into tetragonal LLZO, for example, upon
cooling due to eventual Li loss. On the contrary, without gas
flow (Figure 6c) Li,CO; tends to be in the molten state
relatively longer by slowing down the decomposition such that
it allows for the reaction between Li,CO; and La,Zr,O; until
the formation of LLZO is completed under a Li-rich
environment.

This also applies to the synthesis under gas flow and with
gallium as a dopant, producing c-LLZO (Figure 6d), where
gallium/lithium gallium oxide can control Li loss because
Li,CO; in Li,CO; + Ga,0; decomposes at higher temperature
than pure Li,CO;, which is in line with thermogravimetric
analysis (TGA) as shown in Figure S10. Consequently, the
Ga:LLZO precursors react slower between 600 and 800 °C
than LLZO precursors without Ga under gas flow (Figure S9).
In addition, the reaction products of Li,CO; and Ga,O; appear
to delay CO, release until the LLZO reaction is completed.
When no dopant is supplied, cubic-LLZO (850 °C) is a stable
structure but with Li deficiency, and it is then converted to
tetragonal LLZO upon cooling down. This conversion is
prevented by the homogeneous distribution of gallium inside
the crystals (Figure 3) when a dopant is supplied. Therefore, it
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turns out that the dopant can also contribute to the
preservation of Li during synthesis, favoring a cubic structure
that is metastable (without the presence of dopants), and when
lithium amount is not stoichiometric, tetragonal LLZO is
formed instead of cubic-LLZO. In summary, the synthesis
under no gas flow appears to be the best case scenario, where
the Li loss at high temperatures is effectively mitigated by
slowing down the decomposition of Li,CO;. As a result, almost
the entire stock of lithium is accessible to the reaction yielding
cubic-LLZO phase in a stable form, and during the cooling
step, there is no conversion from cubic-LLZO to tetragonal
LLZO due to the stabilization through Li retention.

lonic Conductivity. The Nyquist plots recorded at 20 °C
(293 K) for ¢-LLZO, t-LLZO, and Ga-doped c-LLZO are
presented in Figure 7a. Two strongly superimposed semicircles
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Figure 7. (a) Electrochemical impedance spectroscopy data at 25 °C.
(b) Arrhenius plots for undoped LLZO cubic annealed at 1100 °C for
2 and 10 h, undoped LLZO tetragonal annealed at 1100 °C for 10 h,
and Ga-doped LLZO annealed at 1100 °C for 10 h (R? factor linear
for fit—undoped LLZO cubic, 1100 °C, 10 h, R* = 0.997; undoped
LLZO cubic, 1100 °C, 2 h, R* = 0.996; undoped LLZO tetragonal, R*
= 0.941; Ga-doped LLZO cubic, R* = 0.955).

at high and intermediate frequencies are observable, which
were fitted with the equivalent circuit model as shown in the
Figure 7a inset. The first semicircle (R1-CPE1) is attributable
to the LLZO solid electrolyte, while R2-CPE2 is caused by the
interface of silver paste used for the measurement.”® The low-
frequency intercept of the semicircle (R1-CPE1) on the Re
(Z) axis is the ionic resistance.”” The ionic conductivity for the
three LLZO pellets was calculated by using this resistance and
the sample dimensions, and the corresponding activation
energies were estimated by solving eq 1 in the Methods

section. The Arrhenius plots in the temperature range from 80
°C (353 K) to 20 °C (293 K) for undoped c-LLZO, undoped
t-LLZO, and Ga-doped c-LLZO are presented in Figure 7b.
The Li ion conductivities of 5.9 X 107% 1.71 X 107% 4.3 x
107, and 8.6 X 107° S cm™! at 20 °C (293 K) were obtained
for (a) Ga-doped c-LLZO annealed at 1100 °C for 10 h, (b) c-
LLZO annealed at 1100 °C for 2 h, (c) c-LLZO annealed at
1100 °C for 10 h, and (d) t-LLZO annealed at 1100 °C for 10
h, respectively. As expected, cubic-LLZO pellets had better
ionic conductivity which is in agreement with the total ionic
conductivity (lattice and grain boundary) in the range of 1 X
107* and 1 X 107 S cm™ at room temperature previously
reported for cubic-LLZO*** and 1077-107° S cm™! for the
tetragonal structure.”””" These ionic conductivity values also
reflect the results from in situ XRD patterns in Figure 2 that
during an SSR at high temperatures Li loss/retention is a key
to LLZO phase stabilization, which is most likely mediated by
Li,CO; decomposition kinetics (Figure 6). From the
Arrhenius plots in Figure 7b, the calculated activation energy
for charge transport in the different LLZO pellets was in the
range 0.41—0.48 eV. These values are in agreement with
previous reports on ceramics-based electrolytes.”””’

Moreover, it can be noted that c-LLZO annealed at 1100 °C
for 2 h had a better ionic conductivity than the same sample
annealed at 1100 °C for 10 h (Figure 6), as the undoped c-
LLZO is metastable and is dependent on the sintering time.
During the densification process, undoped cubic-LLZO
annealed at 1100 °C becomes tetragonal in the presence of
gas flow and form La,Zr,0O under no gas. Because of this
reason, pellets sintered for shorter annealing time may show
higher conductivities. Figure S11 shows an in situ XRD
sintering, where gas flow during the densification step was able
to convert cubic-LLZO into tetragonal LLZO, indicating that
undoped cubic-LLZO is metastable. And after sintering, a
La,Zr,0, impurity (present before sintering) had disappeared,
suggesting a possible lithium migration reaction between c-
LLZO and La,Zr,0,. In the case of synthesis under no gas flow
during the sintering process, cubic-LLZO was preserved, while
the amount of La,Zr,0, increased, probably due to lithium
loss. Therefore, on the basis of these experiments, we conclude
that the role of gallium dopants is to control lithium loss (in
addition to substituting for Li in Li sites) during both the
synthesis and densification steps.

B CONCLUSION

We have shown that ¢-LLZO with phase stability and higher
ionic conductivity than standard t-LLZO can be directly
processed by simply carrying out the synthesis under no gas
flow (N,) and without needing dopants. This is achieved by
effectively controlling Li loss at high temperatures as the
decomposition of Li carbonate precursor leads to either
accessible Li for the formation of LLZO stable cubic phase or
inaccessible Li,O leading to lithium-deficient LLZO unstable
phase (tetragonal) or off-stoichiometric LLZO or pyrochlore
(La,Zr,0,). We have also shown that the addition of gallium
dopant can contribute to control this Li loss as lithium
carbonate decomposition is slowed down leading to more
available Li" ions for c-LLZO formation, indicating that in the
conventional solid-state synthesis routes of LLZO that are
supplemented by extra dopants an additional role of dopants is
to retain accessible Li. Our structural, simulation, and
microscopic data shed new light on LLZO reaction and
phase transformation and on the various stages of LLZO
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formation, while identifying a control mechanism for Li loss
during solid-state synthesis. Thus, our findings can catalyze
new developments in the design and solid-state manufacturing
of garnet-type solid electrolytes with high phase stability and

ionic conductivity.
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