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Cubic phases of garnet-type Li;LasZr,04,: the role of
hydration¥

G. Larraz, A. Orera and M. L. Sanjuén*

We address the controversial issue of the structural stability of Li;LasZr,O4, garnets, focusing on the
mechanisms that result in the transformation from tetragonal to cubic symmetry. We show that
undoped tetragonal Li;LasZr,O4,> not exposed to humidity at any moment undergoes a reversible phase
transition to cubic symmetry at T, = 645 °C that we ascribe to lithium dynamic effects. On the other
hand, a close correlation has been found between the appearance of a cubic phase between 100 and
200 °C in X-ray diffractograms and the presence of water, either in the atmosphere in which
experiments are performed or already in the starting material. The natures of the high and low-
temperature cubic garnets are totally different: the one found above the phase transition does not
involve any change in the stoichiometry, whereas the cubic phase formed at low temperature is a
hydrated, lithium defective phase, due to the combined effect of water insertion into the garnet
structure and the H*/Li* exchange mechanism. Differences in the actual compositions of the samples
depending on their thermal history are corroborated by TG-MS experiments. Chemical reactions and
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1 Introduction

Lithium conductors with garnet-type structure are promising
candidates to be used as electrolytes in all solid-state batteries.*
They fulfill at least two of the basic requirements of such
components: good chemical stability in the presence of lithium
anodes and a wide electrochemical window. As regards ionic
conductivity, progressive increase is being achieved, much
improving the values from the early compounds LisLazNb,O;,
and LisLa;Ta,0;,, which had opux ~ 107° S em™' at room
temperature (RT),? to the Li rich compounds Lis.,A,La; ,M,0;,
(A = Sr, Ba; M = Nb, Ta) which reached oy = 107° S em ™,
also at RT.>®

The discovery of very high conductivity (¢ = 2.4 x 107* S
cm ™! at RT) in the Zr analogue, with the formula Li,La;Zr,0,,
(LLZO),* stimulated intense research in these high lithium
content materials. This soon put into evidence that LLZO has
two polymorphs: a cubic one, with a structure similar to that of
the early compounds (Ia3d space group), and a tetragonal form,
with the I4,/acd space group.” Only the former presents appro-
priate ¢ values, the conductivity of the tetragonal polymorph
being almost two orders of magnitude lower.

Producing the cubic form by standard ceramic methods has
been elusive till now. Several groups reported that following the
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phases formed along the thermal evolution are elucidated with the help of Raman spectroscopy.

recipe described by Murugan et al in ref. 6 yielded the
decomposition of the garnet phase, whereas the tetragonal form
seems to be the thermodynamically stable one and is quite
easily obtained by solid state reaction at T = 950-980 °C.

Efforts towards improving the conductivity of LLZO garnets
have focused on two directions. First, in obtaining the cubic
form by low temperature synthesis methods.*** Second, to
obtain highly conducting Zr-based cubic garnets through
doping with different metals, either at the Zr site, such as Nb,*
Ta,'* and Y," at the Li sites, mainly with Al (ref. 16-18) and Ga,"
or even at the La site.” The case of Al doping is the most
studied, since it was found that accidental contamination from
Al, O3 crucibles prevented decomposition at the high tempera-
tures required to synthesize cubic LLZO and resulted in the
stabilization of the cubic form.*

Despite the interest in highly conducting materials, very
little has been done in studying the thermal or aging behavior of
Li;LazZr,0;, garnets. A phase transition from tetragonal to
cubic forms has been reported with the transition temperature
between 100 and 200 °C.”*** On the other hand, a tetragonal —
cubic transition has been found in the Sn analogue but at a
much higher temperature, above 750 °C.>*

The possibility of stabilizing a cubic form just by moderate
heating at temperatures below 200 °C is appealing, since that
phase might have a higher conductivity than the tetragonal
form. However, the origin of this transition, its reversibility and
the nature of the resulting cubic form, have not been investi-
gated in detail. In fact, to date, it has not yet been ascertained
whether it is a true phase transition, as Adams et al. claim,*
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driven by Li disordering between tetrahedral and octahedral
sites, or just a partially or totally irreversible transformation
arising from external factors, such as stoichiometry variations
due to water and/or CO, uptake, as proposed in ref. 23, in which
case it may dramatically affect the possible use of LLZO as an
electrolyte. It is a general concern regarding materials con-
taining lithium as a constituent that, when exposed to air, they
tend to lose some Li content through the combined processes of
hydration and carbonation.?® Proton/lithium exchange has also
been reported in Li conducting garnets, either by aging under
ambient conditions, or by treatment in humid or acid
medium.>****° In this respect, it is interesting to note that
Li;LazSn,04,, when stored in air for some weeks, spontaneously
exchanges Li with protons from atmospheric water to yield the
protonated compound Li; H,La;Sn,0,,.> A change from
tetragonal to cubic symmetry accompanies proton insertion in
this case.

In this work, we address the question of the compositional
and structural stability of Li;La;Zr,0;, garnets, focusing on the
mechanisms responsible for the tetragonal to cubic trans-
formation occurring between 100 and 200 °C. A close correla-
tion has been found between the formation of a cubic phase in
that temperature range and the presence of water, either in the
atmosphere in which the experiment is performed or already in
the starting material. A sample not exposed to humidity at any
moment keeps the tetragonal symmetry up to about 645 °C,
when it undergoes a phase transition to cubic symmetry. This
phase transition is reversible and shows hysteresis: the transi-
tion temperature on cooling is about 625 °C. Phase content and
thermal evolution are characterized by means of room and high
temperature X-ray-diffraction (XRD), thermal analysis and
Raman spectroscopic techniques.

2 Experimental

A tetragonal Li;LazZr,0;, garnet has been prepared by solid
state reaction at 980 °C using dried Li,CO; (99% purity), La,O3
(99.99% purity, pre-dried at 900 °C for 12 h) and ZrO, (99%
purity) as reagents. 15% excess of Li,CO; was added to the
stoichiometric ratio to compensate for lithium loss during the
synthesis. That amount was found to be the optimal one not
yielding detectable carbonate impurities either by XRD or by
Raman spectroscopy. For comparison purposes, the high
temperature cubic phase was synthesized at 1020 °C by doping
with 0.25 mol of Al and a lithium excess of only 5%. Alumina
crucibles were used in all cases. The chemical composition of
the synthesized materials was determined by ICP-OES. RT-XRD
experiments were performed on a Rigaku D/max 2500 diffrac-
tometer equipped with Cu Ka radiation and working at 40 kv
and 100 mA. High-temperature X-ray diffraction studies were
performed using an X'Pert PRO MPD diffractometer with an
Anton Paar HTK1200 heating stage working at 45 kV and 40 mA.
In both series of experiments, data were collected in a step
mode (426 = 0.03°) and a counting time of 1 s per step. XRPD
patterns were analyzed by the Rietveld method using the Full-
Prof software.®® Raman dispersion measurements were per-
formed using a DILOR XY spectrometer with a CCD detector
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and a spectral resolution of 1.4 cm ™. The 496.5 nm line of an
Ar' ion laser was used as the excitation source, power at the
sample surface being =25 mW. Scattered light was collected
through an X50 microscope objective lens. A Linkam TS1500V
stage was used for in situ thermal treatments. Thermogravi-
metric analysis experiments were carried out in a Q-500 ther-
mobalance provided with a mass spectrometer (TG-MS), with a
heating rate of 10 °C min~" in the temperature range from 25 to
750 °C under flowing air. Differential scanning calorimetry
(DSC) was performed using a TA Instruments SDT Q600 TA/
DSC.

3 Results and discussion
3.1 XRD measurements

Several synthesis attempts have been made in order to get a
tetragonal garnet as pure as possible, because some impurities,
mainly La,03, LigZr,0O, La,Zr,0;, or Li,ZrO; could be detected
depending on temperatures, times, heating and cooling rates.
The presence of these secondary phases has been monitored by
Raman spectroscopy, since it gives a better resolution than
XRD. The XRD pattern of the fresh-synthesized tetragonal
Li;LazZr,04, garnet is shown in Fig. 1. The XRD pattern was
indexed in the I4,/acd space group by using the FullProf
package,*' and the lattice constants were refined to a = 13.1030
(7) A and ¢ = 12.6542 (7) A, which are in agreement with the
published data.” Its chemical composition was determined by
ICP-OES. Within the limits of that technique, it was in agree-
ment with the stoichiometric formula.

Some authors have reported a phase transition from tetrag-
onal to cubic symmetry at low temperature (100-200 °C),
although this transition was not systematically observed.**>*
Since all these experiments were made in air atmosphere, the
hydration effect from atmospheric water should not be over-
looked and could play a key role in the evolution, as has been
detected in other compounds.?** In order to verify the repro-
ducibility of this observation, XRD patterns of Li;La;Zr,04,
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Fig. 1 Powder X-ray diffractogram of a freshly synthesized tetragonal

Li;LasZr,01, garnet. Vertical bars denote the Bragg reflection positions corre-
sponding to the tetragonal phase with the /4,/acd space group and lattice
parameters a = 13.1030 (7) A and ¢ = 12.6542 (7) A.
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Fig. 2 Thermal evolution in air of the X-ray diffractograms of sample 1. The
crosses indicate the formation of the La,Zr,0; pyrochlore phase upon heating.

were recorded as a function of temperature in air at tempera-
tures ranging from RT to 600 °C. As Fig. 2 shows, the RT dif-
fractogram indicates a tetragonal structure, but at 150 °C a
cubic phase has developed, still coexisting with a small amount
of the tetragonal phase. Above 150 °C, a purely cubic phase is
found. Fig. 2 also shows that above 450 °C, pyrochlore La,Zr,0-,
is formed, which indicates that the garnet is unstable in air even
at such low temperatures. Though these results seem to confirm
the observation of a low temperature phase transition made by
other authors, the possibility of the result being conditioned by
the atmosphere in which the experiment was performed cannot
be ruled out. With the aim of observing the true thermal
evolution of tetragonal Li;LazZr,0,, without the influence of
hydration and reaction with air, in situ XRD patterns of the just-
synthesized tetragonal garnet (sample 1) were recorded as a
function of temperature in dynamic vacuum. Extreme care was
taken to avoid exposure of the sample to air at any moment. The
XRD patterns from RT to 700 °C presented in Fig. 3 show that
the structure remains tetragonal up to at least 550 °C, whereas a
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Fig. 3 X-ray diffractograms of sample 1 (protected from air) as a function of
temperature in dynamic vacuum.
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cubic phase is observed at 650 °C, still coexisting with a small
amount of tetragonal phase that has clearly disappeared at
700 °C. These data evidence a phase transition from tetragonal
to cubic symmetry occurring around 650 °C. After cooling to RT,
the sample recovers the starting tetragonal symmetry, showing
that the transition is reversible.

The lattice parameters obtained from Rietveld refinements
of the diffractograms shown in Fig. 3 are given in Fig. 4 and
listed in Table 1. The cell parameters increase with
increasing temperature, as expected, but the tetragonality
decreases (c/a — 1) as temperature is increased. This trend is
enhanced above 550 °C. Table 1 also shows that, within error,
the cell volume remains constant at the phase transition.

In order to clarify if, apart from the atmosphere in which the
experiment is carried out, the initial hydration state of the
sample is also a determinant, several combinations of samples
with different degrees of hydration and environmental condi-
tions have been tested.

As an example, we show in Fig. 5 the XRD patterns of a
sample that has not been stored in dry conditions (sample 2)
but recorded from RT to 650 °C under vacuum to avoid the
influence of the experiment atmosphere, with a heating rate of
10 °C min~" and ~20 min per diffractogram. Only the 24-36°
range is shown to highlight the structural changes. Wider dif-
fractograms, as well as FullProf fits, are given as the ESL.{ The
lattice parameters obtained from Rietveld refinements of the
diffractograms shown in Fig. 5 are given in Fig. 6 and listed in
Table 1 of the ESLf Fig. 7 shows the cubic phase fraction
obtained from Rietveld refinements. At RT, we can observe the
tetragonal phase. At 150 °C, the diffractogram shows a cubic
phase coexisting with the tetragonal one. At 250 °C, a purely
cubic phase is found but, as Fig. 5 and 7 show, upon heating
above 250 °C, the cubic phase fraction decreases until about
55% of the tetragonal phase is recovered at 450 °C. At 525 °C,
the cubic phase fraction increases again and at 600 °C and
above, a purely cubic diffractogram is obtained.
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Fig. 4 Lattice parameters of Li;LasZr,O4;, (sample 1, protected from air) as a
function of temperature in dynamic vacuum. Circles: tetragonal phase. Squares:
high-temperature cubic phase. The lattice parameter of a cubic garnet obtained
by annealing at 300 °C (sample 3, triangle) is also included for comparison.
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Table 1
patterns of Fig. 3 by using the FullProf package
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Lattice parameters and cell volume as a function of temperature for a sample (sample 1) protected from exposure to moisture. Data were obtained from the

Tetragonal phase

Cubic phase

T(°0) a; (A) ¢ (A) cda v (A%) ao (A) Vo (A%)
RT 13.1030 (7) 12.6542 (7) 0.966 2172.6 (2)
150 13.1145 (9) 12.6938 (9) 0.968 2183.2 (3)
300 13.1329 (8) 12.7386 (9) 0.970 2197.1 (2)
550 13.1633 (8) 12.8252 (9) 0.974 2222.3 (2)
650 13.1576 (16) 12.9230 (35) 0.982 2237.3 (7) 13.0826 (6) 2239.1 (3)
700 13.0913 (6) 2243.6 (3)
¥ T b T A T h T ¥ T Ll T T T T T T
E k 100 - —a
15000 - )\ A il 650 °C
1 )\ J\_ 600 °C g 4
— ] A A " 2
@, 12000 525 °C =
5 1 £ &0
g 8 i { i
s g
8 = R G
& g a0 4
(%] £
5 o
k= L
£ £ 20 i
O
0 % ]
R T T T T T ¥ T T T ¥ T T
0 100 200 300 400 500 600 700

20 (%)

Fig. 5 Xray diffractograms of sample 2 (aged) as a function of temperature in
dynamic vacuum. Wider range diffractograms and fitting parameters are given as ESI.{

This experiment, together with the results for sample 1
(prevented from hydration) show that both the atmosphere in
which the experiment is performed and the hydration state of
the sample have an influence on the thermal evolution of
Li;LazZr,0;, garnets. However, these two factors are not
completely independent, since a dynamic vacuum may modify
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Fig. 6 Lattice parameters of sample 2 as a function of temperature in dynamic
vacuum. Circles: tetragonal phase. Triangles: cubic phase.
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Fig. 7 Cubic phase fraction of sample 2 as a function of temperature in dynamic
vacuum.

the hydration state of the sample and alter its thermal evolu-
tion. We have also found that the results of the thermal evolu-
tion, either in air or in vacuum, depend on a number of
experimental parameters such as the heating rate and the dwell
times at each temperature.

3.2 TG-DSC-MS

The high sensitivity of Li-containing garnets to the presence of
humidity is well known. In the previous section, we have shown
that exposure of LLZO samples to moisture either before or
during high-temperature XRD experiments is the determinant
in the appearance of an early cubic phase much below the high
temperature phase transition. In order to confirm the correla-
tion between the initial state of the sample and its thermal
evolution as well as to get more precise information about the
phase transition detected at ~650 °C in XRD experiments, TG
and DSC measurements were performed.

Fig. 8 shows the TG curve of the fresh sample (sample 1) that
has been protected from any contact with air and keeps the
tetragonal symmetry up to the tetragonal — cubic phase tran-
sition at 650 °C, as shown in Fig. 3. Its total weight loss is as low
as 0.5%. On the other hand, the DSC curve of that sample
(Fig. 8) provides relevant information concerning the high-
temperature structural changes detected by XRD. The two broad

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 TG/DSC curves of the sample protected from air (sample 1, solid line) and
sample obtained by long annealing at 300 °C (sample 3, dotted line).

endothermic peaks near 200 °C and 400 °C can be ascribed to
the release of some H,O and CO,, as detected by the TG-MS
analysis explained below. More interesting is the sharp revers-
ible peak observed at 620-650 °C, that we relate to the reversible
phase transition seen in the high temperature XRD experi-
ments. Hysteresis is found between the heating and
cooling cycles, the transition temperature being 645 °C on
heating (T — C) and 620 °C on cooling (C — T).

In order to explain the origin of the low temperature cubic
phase observed in sample 2, as well as to understand its thermal
evolution, TG+tMS measurements have been performed. Fig. 9
shows the TG curves of sample 2 and the MS curves corre-
sponding to H,O (m/z = 18) and CO, (m/z = 44). The difference
between the total weight loss of sample 2 (2.35%) and sample 1
(0.5%), reflects the more pronounced aging of the former. Three
different steps can be distinguished in the TG curve of sample 2,
at temperatures of about 250 °C (step 1), 400-450 °C (step 2) and
from 550 to 700 °C (step 3). The accompanying MS curves show
that the first weight loss is almost exclusively due to water,
whereas in the second step, both H,O and CO, are released and
CO, is the main contributor to the mass loss above 500 °C. The
same steps are, in fact, observed in the TG curve of sample 1, but

T T T T T T T 14
100
-12
99
= g
< 98 it -4 10 ‘_g
5 ‘ e
g i P 3
97 4 P P
Y ;i —————= 48 §
- e i -" .-
96
- omemmmmemieAd L6
95 ¥ T T T T T T T
0 100 200 300 400 500 600 700

Temperature (°C)

Fig. 9 TG/MS curves of sample 2 (aged).
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much weaker than in sample 2. Analogously, the species released
along the thermal evolution of sample 1 are qualitatively the
same as for sample 2 but of a much smaller magnitude. MS
results are crucial in order to explain the mechanisms behind the
three steps observed in TG experiments. The first mass loss is
attributed to the removal of water molecules inserted in the
garnet structure. Its intensity is highly variable from one sample
to another; for sample 2, it amounts to ~0.2 molecules of H,O per
garnet formula, whereas for sample 1, it is almost negligible
(<0.05 water molecules). The observation of a tetragonal to cubic
structural change at around 150 °C by XRD even under vacuum
and the recovery of the tetragonal phase above 250 °C, coincident
with the water loss, suggest that these water molecules have
entered the garnet structure and are not merely adsorbed at the
surface. It also suggests that water is involved in the appearance
of the cubic phase below 200 °C in sample 2.

The second and third steps are reminiscent of the thermal
evolution shown by other Li-containing materials after pro-
longed aging in air,>**** which is usually attributed to the
removal of water and CO,, subsequent to a Li/proton exchange
mechanism. In air, the process is thought to consist of the
sequential steps of proton/lithium exchange, forming LiOH as
the intermediate, followed by the carbonation of the lithium
hydroxide to give Li, ,H,La;Zr,0;, and x/2 Li,CO; as the final
products.” Evidence that Li'/H" exchange is indeed taking place
in our samples is provided by the detection of lithium carbonate
in Raman experiments presented in the next section. On heat-
ing, the reverse reaction would take place in two steps that can
be monitored by TG experiments:

Li7,xHxLa3Zr2012 (+X/2 L12C03) -
Li7,xL33ZI'2012,X/2 (+X/2 L12CO3) + X/2H20 (13)

Li;_LaszZryO5_.n + x/12 Li,CO; —
Li;La3Zr,0y, + x/2 CO,.  (1b)
Note that, at the end, the garnet stoichiometry is recovered.
At this point, a discussion about the order in which (1a) and
(1b) processes occur is pertinent. In LLTO* and the Rud-
dlesden-Popper compound Li,SrTa,0- (ref. 32), both processes
occur simultaneously; i.e. lithium is reinserted at the same time
as the protons leave the sample in the form of water. As regards
the lithium-conducting garnets, a mention is made in ref. 29 to
lithium reinsertion in Li;LazSn,O;, upon heating the
exchanged sample above 800 °C and no information about
lithium reinsertion from Li,CO; is given for aged cubic garnets.
Our own results for LisLazNb,O,, show that both processes
occur almost simultaneously in this compound.** We will show
in the following that in Li;LasZr,0,,, the two processes are
separated by at least 200 °C, so that (1a) occurs between 400 and
500 °C (in step 2) and (1b) between 600 and 700 °C (in step 3).
If the exchange mechanism were the only one taking place, a
mass relation of (1a)/(1b) = 0.4 would hold between steps 2 and
3. That ratio, however, is not verified experimentally. The
exchange mechanism does not explain the release of CO, in the
second step evidenced by TG+MS experiments, since we have
seen by Raman spectroscopy (see next section) that Li,COj
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disappears at much higher temperatures, well within step 3.
Therefore, another mechanism involving a carbonate reaction is
needed. The nature of such a carbonate has been elucidated
again with the help of Raman spectroscopy (see next section),
which shows that, besides Li,CO;, another CO, source arises
from a small amount of La,0,CO; formed on heating just above
the second step of TG. The origin of the oxycarbonate can be
explained as follows:

Small amounts of La,O; may remain from the synthesis as
impurities undetectable at the XRD level. In air, lanthanum
oxide reacts with water and CO, to give quasiamorphous
hydroxycarbonates such as La,(OH),(COj3),, which decomposes
in two steps as**

(450*500 oC)I Laz(OH)z(CO3)2 - L21202CO3 + Hzo + COz(Za)
and

(650-700 °C): La,0,CO3 — La,03 + CO, (2b)

The relation between the masses released in both steps would
be (2a)/(2b) = 1.41, which, when appropriately combined with the
exchange process, may explain both the detection of CO, in step 2
as well as the relative magnitude of steps 2 and 3. Note that the
temperatures of processes (2a) and (2b) are coincident with those
proposed for the exchange mechanisms (1a) and (1b).

A quantitative analysis of the different processes taking place
in the garnet, hydration, H" exchange and carbonation, can be
achieved by combining the TG and MS data. The CO, yield
arising from the decomposition of La and Li carbonated phases
can be worked out separately by assuming that eqn (1) and (2)
hold. For the as-grown samples, as sample 1, where no Li,COj; is
detected by Raman spectroscopy, the garnet composition would
be the stoichiometric one, Li;La;Zr,0;,. Note that, in this case,
the weak mass losses reflected in the TG+MS data (Fig. 8) agree
almost exactly with the expectations from eqn (2) assuming a
content of 0.05 moles of La-hydroxycarbonate per garnet
formula. Applied to the slightly hydrated sample (sample 2),
this procedure gives a lithium carbonate content of 0.07 moles
which, together with the 0.2 water molecules released at 250 °C,
results in a garnet composition of about LiggsHo 14La3Z-
r,01,°(0.2H,0). For this sample, the calculated CO, yield
derived from La-related phases through processes (2a) and (2b)
is ~0.1 moles per garnet formula at each step. Following eqn
(1a) and (1b) and allowing for the previous dehydration step, the
thermal evolution of this garnet would be

At 200-250 °C: Li6A86H0<14La3Zr2012-(0.2H20) -
Lig ssHo.14La3Zr,0,; + 0.2H,0

At 400-450 °C: Li6<86H0‘14La3Zr2012 -
Li6'g6La3Zr2011A93 + 007H20

At 650-700 °C: Li6_86La3Zr2011_93 + 007L12CO3 -
Li7La3Zr2012 + 007C02

If we assume that the TG experiment in air has been fast
enough so that it can be compared to the XRD high temperature
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experiment in vacuum, where only the initial state of the sample
plays a role in the appearance of the cubic phase, and putting
side by side the phase transformations and the mass losses,
both in magnitude as in temperature, we can deduce that the
presence of water molecules in the sample is responsible for the
low temperature transformation to cubic symmetry. Upon
heating above 250 °C, water is released and the tetragonal
symmetry is partially recovered. On the basis of the simulta-
neous occurrence of hydration and exchange mechanisms in
the aged garnet, the recovery of tetragonal symmetry above
250 °C would come just from local areas where proton exchange
has not occurred or has occurred very weakly. In contrast, areas
where proton exchange has been important will remain cubic
upon the first dehydration process. In fact, we shall show in the
next section that exchange alone also results in a cubic phase.
With these ideas in mind, we can understand the results of the
high temperature experiments under air where the incorpora-
tion of additional H,O during the experiment and the presence of
CO, are probably favoring the proton/lithium exchange thus
preventing the reversal to tetragonal symmetry.

The phase evolution of sample 2 above 300 °C can also be
interpreted in terms of the coexistence of regions with varying
lithium stoichiometry after the first dehydration step. Accord-
ing to the model that relates the T — C phase transition with
lithium dynamics and stoichiometry,® the lithium deficient
regions would reach the cubic phase at temperatures lower than
the lithium rich regions, thus resulting in a progressively
increasing proportion of the cubic phase as temperature is
increased, until the whole sample reaches the cubic state. This
behavior is fully in agreement with the phase percentage
evolution shown in Fig. 7.

We conclude that TG results can be explained through the
combined effect of garnet hydration, lithium/proton exchange
and carbonate decomposition. The relative contribution of each
mechanism to the thermal evolution will depend on the initial
stoichiometry (hydration degree, presence of impurities) and
the thermal history of each sample. We note that the mass
losses shown in Fig. 8 and 9 are in fact small, so that secondary
phases such as lithium or lanthanum carbonates may be
undetectable by XRD.

3.3 Raman spectroscopy

XRD and TG results show that the thermal evolution of tetrag-
onal Li;LasZr,0,, is determined by the sample condition and
also by the atmosphere in which the experiments are
performed.

Different chemical reactions are proposed to explain the TG
results, but the relation between such reactions and the struc-
tural evolution of the garnet is not evident. Reactions involving
residual impurities such as lanthanum carbonates, for
instance, may be required to explain some TG features and get
an accurate quantification of the H'/Li" exchange level,
although not being related to the evolution of the garnet
compound. Since no secondary phases have been detected by
XRD, we have drawn upon the sensitivity of Raman spectros-
copy to help in the identification of such phases as a means to

This journal is © The Royal Society of Chemistry 2013
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Fig. 10 Raman spectra and X-ray diffractograms (inset) of as-synthesized
tetragonal and cubic (Al-doped) Li;LazZr;015.

understand the mechanisms of structural evolution in the
garnet.

In order to identify the Raman spectra of both tetragonal and
cubic phases, an Al-stabilized cubic Li,;La;Zr,0,, garnet has been
synthesized at 1020 °C by doping with 0.25 at. per formula and
using Al,O; crucibles, as previously reported by other authors.*
As shown in the inset of Fig. 10, the XRD pattern of the resulting
product is that of a cubic garnet (space group Ia3d). The lattice
constant was refined by the FullProf program to be @’ = 12.9651
(2) A; ICP-OES gives an Al content of 0.225 at. per formula. Fig. 10
shows the Raman spectra of both tetragonal and cubic
Li;LazZr,0,, garnets, which agree with the spectra reported
recently.*®* Raman spectra have been used in this paper for phase
identification purposes and no attempt has been made to attri-
bute the origin of each band in detail. According to group theory,
81 and 51 modes are expected for the tetragonal and cubic
Li;LazZr,0,, garnets, respectively. Group theory also tells us that
Zr cations are not Raman active since they occupy a site with
inversion symmetry. Qualitatively, we may assign the bands
between 100 and 150 cm ™' to the vibration of the heavy La
cations and the band at about 640 cm ' to the Zr-O bond
stretching, which is expected to have the strongest force constant.
By analogy with other systems, lithium vibrations are expected
between 300 and 600 cm ™. These may, of course, be mixed with
oxygen displacements. Oxygen bending modes are likely to be
responsible for the bands appearing between 200 and 300 cm ™.
The broad aspect of the spectrum of the cubic garnet is attributed
both to static and (possibly) dynamic disorder.

In the TG-DSC experiments of LLZO garnets, several steps of
weight loss were observed. To elucidate the processes or reac-
tions involved in each step, portions of sample 2 were heated at
selected temperatures and then cooled down to RT. Since
thermal broadening effects obscure spectral details at high
temperature, we present in Fig. 11 spectra measured at RT after
cooling from 300, 550 and 700 °C (heating at 10 °C min~* and
cooling at 30 °C min~'; dwell times between 4 min (at 300 °C)
and 15 minutes (at the other temperatures)), together with the
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Fig. 11 Room temperature Raman spectra of aged sample 2 after a short

treatment at different temperatures in air. (a) Starting material; (b), (d), and (e)
after cooling from 300, 550 and 700 °C, respectively. Curve “c” is obtained by
subtracting the initial spectrum from the spectrum after 300 °C (curve b). (*)
LiCOs; (+) 11-La50,CO3. The inset shows the integrated intensity relation between
the Li,CO3 band at 156 cm™" and the area of the whole spectrum measured after
cooling from each temperature.

spectrum of the starting material. After a short treatment at
300 °C, just after the first dehydration step (curve b), the spec-
trum is similar to that of the starting tetragonal sample (curve a)
although some broadening and intensity increase is observed
between 300 and 400 cm™'. By subtracting, using the appro-
priate factors, the tetragonal spectrum from curve b, we obtain
curve c, which closely resembles the cubic reference spectrum
of Fig. 10, thus highlighting the coexistence of the tetragonal
and cubic phases of Li;LasZr,0;, after heating at 300 °C. The
subtracted spectrum also evidences lithium carbonate bands at
97, 156 and 195 cm™ "%’ which are attributed to the exchange
and carbonation mechanism explained in the previous section.
A close look at the spectrum of the starting material shows that
these bands were weakly present in curve a, implying that some
exchange has already been produced by aging at RT and, in fact,
a certain degree of proton exchange was required to explain the
TG+MS experiments of this sample described in Section 3.2.
The increase of the carbonate band upon cooling from 300 °C
indicates that the process is enhanced by heating at that
temperature.

When the sample is cooled after 475 °C (not shown) or 550 °C
(curve d), the amount of Li,CO; increases significantly and an
extra band appears (or is enhanced) at 83 cm™". Intensity also
increases around 363 cm ', both frequencies being character-
istic of II-La,0,C0O;.*® The finding of lanthanum oxycarbonate
just after the second step of weight loss together with the
detection of CO, as a byproduct in TG-MS analysis at the same
temperatures suggest that La,0,CO; may be formed in the
second step of TG through the decomposition of hydrated
lanthanum carbonates, as described in the previous section.

After cooling from 750 °C (curve e), the sample recovered a
purely tetragonal spectrum and both lithium carbonate and
lanthanum oxycarbonate disappeared, thus supporting that the
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weight loss observed in the TG curve of this sample above
600 °C is associated with the CO, removal from La,0,CO; and
Li,CO;.

The amount of Li,CO; formed at each temperature has been
evaluated qualitatively by working out the integrated intensity
of the carbonate band at 156 cm ™" relative to the area of the
whole spectrum (see the inset of Fig. 11). This procedure gives
interesting results: above the carbonate content of the starting
material, segregation of Li,CO; is remarkably enhanced on
heating above 300 °C, which confirms the activated character of
the exchange process. Moreover, it shows that carbonate
formation is still enhanced on heating above the second TG
step, where water release from exchanged protons occurs.
Fig. 11 also shows that Li,CO; disappears completely only after
heating at 700-750 °C, confirming that the exchange process is
reversible, as expected from eqn (1a) and (1b), but requires
temperatures much higher in Li;LazZr,0;, than in cubic
garnets or lithium-conducting oxides.>>?*>%

We now deal with the relationship between the lithium/
proton exchange mechanism and the formation of a cubic
phase. To verify to what extent both observations are related, we
have submitted a fresh tetragonal sample to prolonged
annealing at 300 °C in air (sample 3). The RT Raman spectrum
of that sample after 30 hours at 300 °C shown in Fig. 12 is typical
of a cubic phase of Li;La;Zr,0;, with a remarkable amount of
Li,CO; as the secondary phase. The cubic symmetry of the
garnet is confirmed by its XRD pattern (see the inset of Fig. 12).
FullProf fitting yields a; = 12.9859 (2) A, which means that the
lattice is slightly expanded (V. = 2190 A®) compared to the
tetragonal one (V, = 2173 A%, see Table 1), a fact that is attrib-
uted to proton insertion. We note that a similar effect of lattice
expansion was observed in Li'/H" exchanged Li,La;Sn,0;,.%
The enhancement of the bands corresponding to Li,COj; in
parallel with the development of the cubic phase confirms the
correlation between the exchange of lithium ions by protons
and the stabilization of a cubic garnet.

RT after annealing at 300 °C in air

XRD Intensity

35

RT after annealing at 300 °C in vacuum

Raman Intensity (arb. units)

T T T T T T T
100 200 300 400 500 600 700
Raman shift (em™)

Fig. 12 Room temperature Raman spectra of Li;La3Zr,O,, after annealing at
300 °C in air and in vacuum. Inset: X-ray diffractogram of Li;LasZr,0q, after
annealing at 300 °Cin air. (*) Li,COs.
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The TG and DSC curves of sample 3 are shown in Fig. 8. Two
aspects are remarkable in these curves: the total mass loss of the
exchanged sample amounts to 5.4%, to be compared with that
of the non-hydrated sample 1 (0.5%) or the aged sample 2
(2.35%), a fact that is attributed to the increased amount of
water and CO, trapped by the sample through the exchange
process. A quantitative analysis of H,O and CO, losses, per-
formed in a similar manner as for sample 2, gives a Li,CO;
content of 0.34 moles per garnet formula, from which a
composition close to Lig3,HgeglazZr,0q, is derived for the
cubic garnet exchanged at 300 °C. It is interesting to note that,
for this sample, the number of CO, moles related to the La-
based mechanism (~0.3) is several times higher than in the as-
grown samples, which suggests that La ions from the garnet
may also be involved, probably through a surface reaction with
water and CO,.

The DSC curve of sample 3 shows no endothermic peak in
the region of 645 °C, where the phase transition appears for
stoichiometric samples, but an exothermic peak is clearly
observed in the cooling run at T, = 615 °C. The absence of the
peak in the heating run is in agreement with the cubic
symmetry of the exchanged sample, and the reappearance of the
peak in the cooling run is attributed to lithium reinsertion
occurring, as we have seen, between 650 and 700 °C in
Li;LazZr,04,.

Annealing experiments were also performed under dynamic
vacuum conditions (3.2 x 10~> mbar). As shown in Fig. 12, after
8 h at 300 °C under vacuum, the fresh sample retains the initial
tetragonal symmetry and the amount of Li,COj; is negligible,
confirming that no exchange has taken place.

3.4 Phase transition in Li;La;Zr,0;,

Li;LazZr,0s,, together with Sn and Hf analogues, are the only
members of the family of lithium conducting garnets present-
ing stable tetragonal symmetry at RT.”**** The initial report of a
cubic modification synthesized above 1100 °C (ref. 6) was later
unambiguously ascribed to the incorporation of Al at lithium
sites.”* Later work focused on achieving cubic phases with high
conductivity by doping the LLZO garnet with a number of
cations, either at the Li, the Zr or even the La site '3161920
Attempts to obtain a cubic garnet by low temperature methods
have also been successful.®

According to data presented in this work, the undoped
tetragonal Li,;La;Zr,0;, garnet undergoes a reversible first-order
phase transition to a cubic structure with 7. = 645 °C on
heating and T, = 625 °C on cooling. According to density-
functional theory plus molecular dynamics calculations,* the
mechanism producing the phase transition would be the acti-
vation of lithium dynamics, resulting in a disordering of the
lithium sublattice and, as a consequence, a change from
tetragonal to cubic symmetry with no change in cell volume, as
observed in this work. A direct relation between lithium stoi-
chiometry and the T, value is proposed in ref. 35. The critical
temperature found in this work is in agreement with the range
(800 K = T, = 1000 K) proposed by Bernstein et al. for stoi-
chiometric Li;La;Zr,0;,. It is interesting to compare the critical
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temperature for the T-C phase transition in Li,LazZr,04, (645
°C) with that of the Sn analogue (between 750 and 800 °C).**
Since the phase transition is attributed to lithium disorder,*
the lower T, of Li;La;Zr,0,, should be correlated with a lower
temperature for the activation of lithium dynamics in the zirc-
onate compared with Li;La;Sn,0s,. In fact, we can also compare
T. values with the conductivities in both garnets, which are of
the order of 10 ° and 10~® S em ™" for the tetragonal Zr and Sn
garnets at RT, respectively.”**

On the other hand, we have proved that the appearance of a
cubic phase between 100 and 200 °C, previously reported by a
number of authors,*** is due to garnet hydration either during
the experiments or due to storage conditions and cannot be
strictly considered a phase transition. The influence of the
hydration degree of the starting material is proved by comparing
the XRD thermal evolution in vacuum of a freshly synthesized
sample and a sample shortly exposed to air (Fig. 4 and 5). The
influence of the atmosphere is tested by comparing the XRD
evolution of the same sample in air and in vacuum (Fig. 3 and 5).

A sample not exposed to humidity at any moment keeps the
tetragonal symmetry up to the high temperature T — C phase
transition. In the presence of water, a cubic phase is always
formed below 200 °C. The relative amount of the cubic phase
and the temperature at which it appears depend not only on
the environmental humidity and the hydration degree of the
sample, but also on experimental parameters such as the
heating rates and the dwell times at each temperature.

Two hydration mechanisms are proposed to explain the
formation of a cubic phase well below T¢: the first one involves
the insertion of water molecules into the garnet structure and
the second one is protonation through the H'/Li" exchange
mechanism, as explained in Section 3.2. Evidence of direct
hydration is provided by the detection of a mass loss around
200 °C consisting only of water molecules, whereas evidence of
the exchange process is provided by the detection of lithium
carbonate in samples exposed to moisture, either by storage
conditions at RT or upon heating in air. Each of these two
mechanisms separately may yield cubic symmetry. Though they
can occur simultaneously, they operate in different temperature
ranges: direct hydration acts typically below 200 °C whereas the
exchange is more efficiently activated at higher temperatures.
Allowing for the simultaneous occurrence of both processes, we
may write the hydrated garnet in generic form as
Li,_sHsLazZr,0,,-nH,0.

The evolution of the phase proportion in the partially
hydrated sample after the first dehydration step is interpreted
in terms of the coexistence of regions with varying stoichiom-
etry, so that the lithium-poor regions would undergo the T-C
phase transition at lower temperatures than the lithium-rich
regions, thus resulting in a continuous increase of the C/T ratio,
in agreement with the predictions of ref. 35.

A cubic proton-exchanged garnet has been formed by pro-
longed annealing of LLZO at 300 °C in air. About 10% of the
lithium ions have been exchanged after annealing for 30 h. The
thermal analysis of that sample, as well as the Raman spectra of
a partially hydrated sample submitted to heating-cooling
cycles, show that the exchange is reversible, but lithium
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reinsertion occurs at temperatures much higher in LLZO than
in other garnets or lithium-conducting oxides.

4 Conclusions

A reversible tetragonal to cubic phase transition has been
detected for the Li;LazZr,0,, garnet, with 7. around 620-650
°C. This phase transition is ascribed to lithium disorder and
does not involve any change in the stoichiometry of the
material.

On the other hand, the Li;Las;Zr,0,, garnet has been shown
to be very sensitive to ambient conditions, especially to expo-
sure to moisture. Garnet hydration results in the appearance of
a cubic phase at temperatures much below T, either by direct
insertion of water molecules into the garnet structure or
through a H'/Li" exchange mechanism.

The nature of both cubic garnets is totally different: the one
found above the phase transition does not involve any change in
the stoichiometry, whereas the cubic phase formed at low
temperature is a hydrated, lithium defective phase.
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