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The proton/lithium exchange property of the lithium lanthanum titanate Li, 3 La,s; TiO; (named
LLTO) is shown to occur at room temperature under ambient air. The 'H and "Li MAS NMR, TGA
analysis and IR spectroscopy techniques are used to probe reaction mechanisms. XRPD analysis gives
evidence of the topotactic character of this exchange reaction. As for exchange in aqueous solution, it is
shown that Li,;La, s, TiO; is able to dissociate water on the grain surface and then to exchange H* for
Li* into the perovskite structure. Lithium hydroxide is then formed on the grain surface and afterwards
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reacts with CO, contained in air to form Li,COj. It is shown that this mechanism is reversible. When
the aged sample (aging in air for 5 months at room temperature) is annealed at 400 °C for two hours,
the initial LLTO sample is totally recovered, a mass loss is observed and the carbonate signal in IR
spectra disappears, demonstrating the reversibility of the carbonation reaction process.

Introduction

The titanium-based perovskite phases (LisLa,s_[J,/55,)TiOs,
hereafter named LLTO, have attracted much attention since the
papers of Belous et al. in 1987' and Inaguma et al in 19937
who reported a bulk lithium conductivity as high as 107 S cm™
at room temperature, for x = 0.10. This is one of the highest
ionic conductivity in crystalline lithium-ion conductors reported
at the time.* Ton migration occurs through the conduction paths
formed by Li* ions and vacancies [J, present in the A-sites of the
ABO; perovskite structure. Structural data have been published by
Fourquet et al.* and Robertson ez al.® These authors agree to say
that a pure solid solution exists in the composition range 0.04 <
x < 0.14. These phases (Lis,La,/;_,[J;,5,)Ti0; can be exchanged
in nitric acid,® but also in water’ with the same efficiency. The
ionic exchange reaction in water performed on Lij;La,s;TiO;
leads to the formation of the protonated phase Hy s LiysLa, 5, TiOs,
demonstrating the affinity of this material for water.

It is known from the literature that lithium containing materials
can be used for CO, retention. In this context, it has been shown
that lithium hydroxide, which is a hygroscopic compound, can
be used in its monohydrated form for retention of CO, with
high efficiency.** The chemical sorption of CO, can also occur
on lithium oxide, efficiency as high as 86 mol% conversion of
Li,O to Li,CO; is reported by Mosqueda et al. after heating
at 600 °C for 2 h.'® Some lithium ceramics, such as lithium
zirconates,!'"* lithium silicates' and lithium titanates'® can also
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show CO, sorption. All these ceramics react with CO, at high
temperature, i.e. above 450 °C for zirconates, above 650 °C for
silicates and above 850 °C for titanates.

The effect of CO, on cathode materials used for secondary
lithium batteries has been also extensively investigated. Indeed, a
chemical instability of the cathodes has been shown during storage
in air. In particular, the reaction of CO, with cathode materials
generally leads to a reduction of the batteries performances. In
the case of Li;,.Ni,_,,Co,M, 0, (M = Al, Mn), it has been shown
that Li,O is present on the sample surface and is able to react
with CO, in air to produce Li,CO;."” But carbon dioxide can also
produce lithium deintercalation and lithium carbonate formation,
as in LiNiyg Cog1sAly0;0,.%" This reaction can occur at room
temperature with a conversion of 8% after 500 h in air at 55%
RH. This conversion can reach up to 70% under atmospheric CO,
at 675 °C. Ménétrier et al. have suggested that the deintercalation
of lithium ions is accompanied with an intercalation of protons,
proving that an ionic exchange reaction occurs upon hydration of
Li(Ni,,.)Co,AL O, sample.”

In a recent paper, Simon et al. showed that lithium titanate,
Li,Ti;Oy,, can be exchanged in acid solution.”* Electrochemical
tests indicate that Li* ions are intercalated then deintercalated
from the material and a sample exposed to air more than 6
months also exhibits potential curves which characterize a Li*/H*
exchange. After annealing at 900 °C, the received commercial
sample feature was recovered. A suspected behavior with air was
suggested and care in storage was therefore advised.

In this study, it will be shown that an ionic exchange occurs
in ambient air at room temperature in Lij;La,5; TiO; sample. A
mechanism is proposed to explain the aging reaction process. An
intermediate protonated phase reacts with carbon dioxide from air
leading to the formation of lithium carbonate Li,CO;. To highlight
the aging reaction process, X-Ray Powder Diffraction (XRPD)
analysis was used to show that a topotactic exchange reaction
occurs. Differential thermal analysis (DTA) was performed and
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Thermogravimetric Analysis (TGA) measurements enabled the
mass loss to be quantified. Infra Red (IR) spectroscopy revealed
the presence of carbonate whereas the properties of the hydrogen
and lithium nucleus are illustrated using 'H and "Li Magic Angle
Spinning Nuclear Magnetic Resonance (MAS NMR).

Experimental

Liy;Lay5; TiO; samples were analyzed after synthesis (the corre-
sponding sample is named “AS” in the following), and after an
aging process in air at room temperature (~ 20 °C) for 5 months
(named “AGED”). The aged sample was further annealed at
400 °C in air for two hours to form the sample named “OA”.

Preparation of LLTO powder

The lithium lanthanum titanate, Li, 3 Lays; TiO5, was prepared by
the Pechini method.? The synthesis procedure was described in
ref. 23. The titanate powder was obtained after a thermal treatment
of the precursor powder at 900 °C in air. A pellet of this powder
was sintered at 1000 °C in air for two hours. After sintering, the
pellet was ground in an agate mortar to obtain the powder studied
in this work. All samples (AS, AGED, OA) came from the same
synthesis. The aging of the samples has been performed in air at
room temperature under a relative humidity close to 50%.

Characterization of the powder

XRPD, TGA, IR spectroscopy and MAS NMR techniques were
used to characterize the samples. XRPD patterns were collected
at room temperature with a Philips X’Pert PRO diffractometer
(Cu-Ko radiation) in the 26 range from 8 to 134.2° with an
increment step of 0.0167° and a data acquisition of 7 h 33 min.
XRPD patterns were analyzed by the Rietveld method** using the
FULLPROF software.

IR spectra were obtained with a FTIR spectrometer (Nicolet
AVATAR 370 DTGS) in the spectral range from 400 to 4000 cm™
with a resolution of 2 cm™. The sample consisted of pellets
prepared by pressing a mechanically homogenized mixture of
LLTO powder with dehydrated KBr (1 wt%).

TGA of LLTO powder was carried out using a TA Instruments
SDT 2960 system, with a heating rate of 5 °C min™' in the
temperature range from 25 to 1000 °C under a flowing air
atmosphere. A Pt crucible was used.

NMR spectra were recorded with a Bruker Avance 300 spec-
trometer working at a frequency v, = 116.64 MHz for "Li and
vy = 300.13 MHz for 'H. The experiments were performed on
powdered samples spinning at the magic angle with a standard
4 mm MAS probe. "Li spectra were referenced from LiCl
saturated solution, and the proton ones were referenced from
TMS (tetramethylsilane). The ©t/2 pulse duration was 4 us for
both nuclei. This pulse duration was sufficient to obtain a non
selective spectrum in the case of quadrupolar "Li nucleus. For
the "H nucleus, the recycle time was 200 s and 32 scans were
accumulated. For "Li nucleus, the recycle time was 2000 s and
8 scans were accumulated. Magic Angle Spinning (MAS) one
dimension (1D) pulse experiments were performed on “Li and
"H nuclei with frequency rotation vy = 10 kHz. A Hahn echo,*?*
with echo delay equal to 10 us, was used for 'H nucleus. Prior
each sequence, a saturation comb is applied. In this paper "Li
spectra recorded in non synchronized and synchronized modes

and only 'H spectra recorded in synchronized mode are shown.
In the non synchronized mode, the spectral width is 100 kHz
and the spinning frequency is 10 kHz. In this case, the spectrum
contains both isotropic lines and their spinning side bands. In the
synchronized mode, the spectral width equals the rotor spinning
frequency (10 kHz) and the spectrum exhibits the isotropic lines
only. "Li spectrum of commercial Li,CO; (Aldrich, 99.997%) was
also recorded. The DMFIT software was used to reconstruct the
spectra and obtain the line widths, the peak positions (in Hz or
ppm) and the percentage of each contribution.”

Results

The result of the Rietveld refinement for the AS sample is
presented in Fig. la. All the peaks in the diffraction pattern
can be unambiguously indexed in a tetragonal unit cell (space
group P4/mmm). As suggested by Fourquet et al.,* the reflections
were divided into two sets of lines and the “two phases” option
of FULLPROF software was used in the refinement. One set is
formed of (kkl) reflections with / = 2n while superstructure peaks
with / = 2n+1 are included in the second set. The same structural
model is applied to both “phases”. The lanthanum content was
refined between the two possible crystallographic sites (1a) (0,0,0)
and (1b) (0,0,1/2) but constrained to give a total number of
lanthanum atoms consistent with the x = 0.10 value.
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Fig. 1 Observed, calculated and difference profiles of the final Rietveld
refinement for AS sample. Inset is a zoom of the 26 range from 75 to
134.2°. (b) Comparison of XRPD patterns for AS and AGED samples in
the 26 range from 18 to 34°. The arrows indicate the filter apparatus effect.
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Table 1 Unit cell parameters and reliability factors obtained after Rietveld refinement of XRPD patterns of the AS and AGED samples

a=b/A c/A R (I=2n) R(=2n+1) R, Ry, Rep
AS 3.87335(3) 7.76258(6) 11.2 4.1 12.6 12.3 3.2
AGED 3.87335(3) 7.76604(8) 7.5 49 12 11.3 3.6

The final refinement involved 14 parameters for 194 reflections
(98 and 86 in phase 1 (/ = 2n) and 2 (/ = 2n+1) respectively) up to
134.2°. The R-factor values are gathered in Table 1. Results are in
good agreement with those obtained in ref. 4.

Fig. 1b shows the XRPD patterns of both AS and AGED
samples in the 26 range from 18 to 34°. The vertical bars “|” on
the bottom of the figure indicate the position of the LLTO Bragg
peaks. The peak marked with the symbol “*” corresponds to the
most intense diffraction peak (102) of LLTO associated with the
K, radiation (1.39222 A) of the copper anticathode. These spectra
are very similar except in the 21.5° and 31° 26 regions, shown in
the dashed frames. The diffraction lines that appear clearly in the
aged sample do not belong to the LLTO structure. However, the
lattice constants and atomic coordinates are similar in both AS
and AGED samples. As shown in Table 1, all samples have cell
parameters with a = b = a and ¢ = 2ap, where a, is the cell
parameter of the ideal perovskite structure.

TG curves measured in the temperature range from 25 °C to
1000 °C on AS and AGED samples of LLTO powders are shown
in Fig. 2. After synthesis, it is shown that the powder is thermally
stable in the temperature range investigated since a small weight
loss (about 0.4%) is observed between 150-300 °C. On the other
hand, the TG curve obtained on aged powder reveals a larger
weight loss between 150 °C and 500 °C, which accounts for 3.55%,
accompanied by an endothermic peak observed on the DTA curve.
The amount of adsorbed water on the surface of the powder is
small, of the order of 0.02 wt% (not visible in the figure).
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Fig. 2 TG curves in the temperature range from 25 °C to 1000 °C of
the AS and AGED LLTO powder samples. The rise of temperature was
5°C min™'. The blue dashed line is for the TD curve for the AGED sample.

Fig. 3 displays IR spectra for AS and AGED LLTO samples
recorded in the range from 400 to 4000 cm™. These spectra
are both composed of bands centered at 593 cm™ (related to
vs(Ti-0)). For the AGED sample, 4 bands (1491, 1437, 1088
and 871 cm™) are straightforwardly attributed to the presence of
carbonates. Bands at 1491 and 1437 cm™ are associated with the
degeneracy of asymmetric stretching vibration mode (v4s(CO)).
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Fig. 3 IR spectra of the AS and AGED LLTO samples recorded in the
wavenumber range from 400 to 4000 cm™'.

The Av; = 54 cm™ splitting characterizes a unidentate structure
of carbonate.®**! The band at 871 cm™ is related to an out of plane
bending (v,, ©(CO;)) and the band at 1088 cm™ is assigned to
totally symmetric vs(CO).

The bands observed at 1640 and 3460 cm™ are respectively
attributed to the bending mode 6(H,0) and the stretching mode
v(H,0). They may be attributed to adsorbed water. However
these lines are also observed in the IR spectrum of the LLTO
sample exchanged in water,” where protons are inserted in the
perovskite structure. In this case, protons are near oxygen atoms,
and form Ti(OH,) groups as in titanyl phosphate.?? Then, vibration
modes observed are similar to those of adsorbed water. The
same observation is done in the Li,Ti;O,, sample, exchanged in
acid solution.” In this case, the insertion of protons results in a
vibration at 938 cm™, due to a lattice coupling of the H*-form
spinel.?*** In the case of H* insertion in the perovskite structure,
this lattice coupling mode of the proton could explain the vibration
at 922 cm™, observed in AGED LLTO and samples exchanged in
water (Ligs.,H,) Lag 5, TiOs.

Fig. 4 shows the superposition of ’Li MAS NMR spectra for AS
and AGED LLTO samples and Li,CO; sample. The AS sample
spectrum evidences very small spinning side bands whereas the
AGED sample spectrum shows spinning side bands which are
strictly identical to those observed for the Li,CO; sample. The
inset displays the superposition of isotropic lines of the AGED
LLTO sample and Li,CO;, obtained after normalization so as the
amplitudes of the spinning side bands of both samples (AGED
LLTO and Li,CO,) are strictly identical. Then, this inset is a direct
view of the relative percentage of Li,CO; in the AGED LLTO
sample. The "Li MAS NMR spectrum of lithium carbonate is
similar to the one obtained by Ménétrier et al.® After aging in air,
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Fig. 4 Superposition of "Li MAS NMR (10 kHz) spectra (spectral
window of 100 kHz) of the AS and AGED LLTO powder samples and of
Li,CO;. The inset is the superposition of the isotropic line of Li,CO; and
the AGED sample spectra, normalized so that the spinning side bands of
both samples are perfectly superposed.

-200 -400

the anisotropy is more significant in the AGED sample than in
the AS LLTO one, proving that the lithium environment changes
during aging. The fast Li motion in the AS sample averages
quadrupolar interaction,***¢ whereas in the AGED sample, the
averaging process does not act, suggesting that the Li* mobility
has decreased.

The ’Li synchronized MAS NMR spectra are presented in Fig. 5
and their characteristics are given in Table 2. Fig. 5a displays
the superposition of "Li MAS NMR synchronized spectra of AS
and AGED LLTO samples (these spectra have been normalized
according to the mass of the powder sample). The spectra of AS
and AGED samples are different, the AGED spectrum shows an
asymmetric form. The intensity of the line at 1.51 ppm decreases
with aging, whereas a new line appears between 0 and —10 ppm.
The inset displays the reconstruction of the AS LLTO sample
spectrum. The narrow line called Lil has an isotropic chemical
shift of 1.51 ppm and accounts for 51% of the signal intensity. The
broad line, at 1.41 ppm, accounts for 49%. These percentages are

0

10 =20 -30 -40

40 30 20 10 0
(ppm)

-20 -30 -40

Fig. 5 (a) 'Li MAS NMR 10 kHz spectra (spectral window of 10 kHz)
of AS and AGED LLTO powder samples. Spectra have been normalized
to the powder mass. The inset shows the reconstruction of the AS sample
spectrum. (b) Reconstruction of the AGED sample 'Li NMR spectrum
with three lines (grey area is for Li,CO;).

in good agreement with those previously determined for samples
synthesized by the solid state reaction.’*

The 'H synchronized MAS NMR spectra are shown in Fig. 6.
The characteristics of the different line contributions are reported
in Table 3. Fig. 6a shows '"H MAS NMR spectra of AS and
AGED samples. The intensity of the AGED sample spectrum
is about 20 times higher than the AS sample one. The AGED
sample spectrum exhibits three lines, (H1, H2 and H3) as shown
in the left inset. The right inset shows the reconstruction of the

Table 2 Isotropic chemical shifts & (ppm), linewidths A (ppm) and line intensities (%) of the ’Li NMR spectra for AS, OA, AGED and Li,CO; samples
AS OA AGED Li,CO;

Line [ A % ) A % 1) A % 1) A %

Lil 1.51 2.83 51 1.49 2.73 49 1.6 1.94 18

Li2 1.41 17.7 49 1.40 15.8 51 1.61 18.2 16

Li3 -0.03 9.79 66 -0.03 9.79 100

This journal is © The Royal Society of Chemistry 2010
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Table 3 Isotropic chemical shifts & (ppm), linewidths A (ppm) and line intensities (%) of the '"H NMR lines in AS, AGED and exchanged samples

AS AGED Exchange in water [7]
Line 1) A % ) A % 1) A %
H1 9.22 1.96 1.6 8.89 2.35 8.1 8.83 2.61 9.4
H2 5.70 1.62 4.4 6.21 2.04 60.5 6.35 2.08 54.3
H3 3.92 1.2 15.9 3.94 1.37 31.4 3.98 1.83 36.3
H4 4.99 3.2 76.3

Exchange in water

(85 %)

20 1

0 -10
(ppm)

Fig. 6 (a) 'H MAS NMR (10 kHz) synchronized Hahn Echo spectra
recorded on AS (dotted line), and AGED (full line) LLTO powder samples.
Left inset shows reconstruction lines (H1, H2 and H3) of AGED curve
and right inset is the reconstruction of AS sample. (b) Superposition of
'"H MAS NMR (10 kHz) synchronized Hahn Echo spectra recorded on
AGED (full line) LLTO and LLTO synthesized by solid state reaction and
exchanged in water (85%) [7].

AS sample spectrum which can be done with four lines. The three
lines, H1, H2 and H3 previously observed in the AGED sample, are
observed but another predominant line appears, called H4. This
line H4 in the AS sample can be attributed to physically adsorbed
water.3* As shown in Fig. 6b, the '"H MAS NMR spectrum of
the AGED LLTO is the same as the one obtained for the LLTO

sample synthesized by solid state reaction after exchange (85%) in
ultra pure water (black dashed line).”

The comparison of IR spectra of AS, AGED and OA samples
is illustrated in Fig. 7. After annealing, the lines attributed to
carbonate and hydroxyl groups inside the structure or close to the
surface disappear and IR spectra of OA and AS samples are then
very similar (an annealing at higher temperature than 400 °C will
lead to spectra without the Li,CO; lines).
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Fig. 7 1R spectra of the AS, AGED and OA LLTO samples in the
wavenumber range from 400 to 4000 cm™'.
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Fig. 8 'H MAS NMR (10 kHz) synchronized Hahn Echo spectra
recorded on LLTO powder AGED, OA. Inset shows the superposition
of "H MAS NMR (10 kHz) Hahn Echo spectra of AS and OA samples.

Fig. 8 shows the superposition of 'H MAS NMR spectra of
AGED and OA samples. The intensity of spectra after annealing
strongly decreases. As shown in the inset, the weak intensity of "H
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NMR signal after annealing of the AGED sample is the same as
for the sample after synthesis.

Fig. 9a shows the superposition of ’Li MAS NMR spectra of
AS, AGED and OA LLTO samples. After the thermal treatment,
the spinning side bands intensity strongly decreases, proving
that the particular lithium environment found in AGED sample
disappears. This fact is confirmed by the superposition of "Li MAS
NMR (10 kHz) mass normalized and synchronized spectra of AS,
AGED and OA LLTO samples (Fig. 9b). The spectrum of AS and
OA samples are identical and both can be reconstructed with two
Lorentzian lines, the characteristics of which are given in Table 2.
However some residual spinning side bands slightly more intensive
than the ones of AS sample are observed. A similar result can also
be observed in IR spectra (Fig. 7). All these experiments shown
in Fig. 7, 8 and 9 on AS, AGED and OA samples have been
performed several times and on several samples. They showed the
same characteristics confirming the reproducibility of the observed
behavior.*!

(a)

OA
) v AGED
- __......_—\__—’\__J\-....l' LSRR LIRS s T S
AS
400 200 0 -200 -400

40 30 20 10 0 -10 -20 -30 -40
(ppm)

Fig.9 (a)’Li MAS NMR (10 kHz) spectra (spectral window of 100 kHz)
of AS, AGED and OA LLTO powder samples. (b) Superposition of "Li
MAS NMR synchronized (10 kHz) spectra of AS, AGED and OA LLTO
powder.

Discussion

"H MAS NMR of the AGED sample shows clearly the presence
of proton sites already observed in the LLTO sample exchanged
in water (Fig. 6b). In a previous work,” it has been shown that
LLTO can undergo an exchange reaction with water in solution,
as follows:

LipsLa 05 TiO; + y H,Oy) — (Li(].S()fyHy) La,sTiO; + y Li*
+y OH" (1)

This reaction can be either total when y = 0.3 or partial when
y < 0.3. In the exchanged compound three types of protons were
clearly evidenced in the substituted phase. These three protons
gave three lines in the '"H MAS NMR spectrum.’

In a first approximation, as proton environments in the AGED
sample are identical to the ones exchanged in water, eqn (1) can
be rewritten as eqn (2) for reaction with water from air.

Lig3Lays,TiO; + y Hzo(g) — (Ligs0,H,) Lays; TiO5 + y
LiOH,, 2

This equation shows the presence of four protons, three protons
from the substituted phase and one proton from the lithium
hydroxide present on the surface of the titanate after aging. The
three former protons are clearly observed in the spectrum of the
aged sample but the presence of a fourth proton, which should
be in a large amount, is not observed as clearly shown in the left
inset of Fig. 6a. This suggests that lithium hydroxide is not the end
product of the aging reaction.

The IR analysis performed on the AGED sample gives evidence
of the presence of carbonates (Fig. 3). Therefore, when LLTO is
in contact with humid air, the compound reacts with water. The
exchanged phase is formed, but the LiOH formed on the sample
surface reacts with carbon dioxide present in air to form Li,CO;,
as described in eqn (3).*°

2LiOH+ COy,, — Li,COs, + H,O, 3)

Finally, the reaction of the LLTO sample with air can be written
asin eqn (4).

Lip3Lays5;TiO; 4+ /2 HyO) + /2 COyy — (Lipse-, H,)
La,5;TiO; + y/2 Li,COsy 4

This equation explains why only proton sites of the exchanged
phase (Liys_H,) Lays;TiO; are present in the 'H MAS NMR
spectrum of the AGED sample. It is worth noting that such a
behavior is linked to the high ionic lithium mobility in LLTO.

Therefore our experimental data can be unambiguously ex-
plained by the presence of Li,CO; in the AGED sample. The
infrared-active vibration modes observed in the IR spectrum at
1491, 1437, 1088 and 871 cm™ can be assigned to the Li,CO;
species.** Further, the diffraction peaks observed in the XRD
pattern at 21.3° and 30.6° (Fig. 1b) which appeared only in the
AGED sample can be attributed to the Li,CO; intense (1 1 0)
and (-2 0 2) diffraction peaks respectively (ICSD data 66941).
Finally, the new line that appears in the "Li MAS NMR spectrum
between 0 and —10 ppm suggests a new Li environment. By keeping
constant the position and the width of the line found in the
Li,CO; sample (grey area), the AGED sample spectrum can be
reconstructed with three lines, as shown in Fig. 5b. The two dashed
lines are attributed to the two kinds of lithium present in the LLTO

This journal is © The Royal Society of Chemistry 2010
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structure. The relative percentage of the Li,CO; line is then found
to be 66%.

Furthermore, the presence of lithium carbonate on the powder
of LLTO may explain the difference of the spin—lattice relaxation
time T, found in the literature. This shell of carbonate may
increase the 7', value. This result points out the importance of
storage of the LLTO powder after synthesis. Further studies are
on the way to clarify this point.

It is well known from the literature that carbonation of lithium
hydroxide proceeds in a two-step reaction with the formation of the
intermediate hydrate (LiOH-H,O) which is a necessary precursor
of the CO, reaction.*® A relative humidity between 20 and 70% is
required for the reaction to proceed. This is the storage condition
of LLTO. After synthesis, adsorbed water is present on the oxide
surface and can be detected in the weak intensity 'H MAS NMR
spectrum as the predominant compound (Fig. 6a right inset).
Line H4 can then be attributed to this adsorbed water.?**! As
carbonation proceeds, water is consumed, the lithium carbonate
and the exchanged phase are formed leading to the disappearance
of the H4 line and to the increase of the three H1, H2 and H3 lines
of (Liy_,H,) La,s; TiO; phase in the '"H MAS NMR spectrum
(Fig. 6a left inset).

It is then shown that LLTO reacts at room temperature with
water and CO, contained in air through a H*/Li* ionic exchange.
In a previous work, we already showed that LLTO was unstable
in aqueous solutions and that exchange H*/Li* occurs in water
with an efficiency of 85% after 24 h at 70 °C. The present study
shows that this ionic exchange also occurs in humid air at room
temperature. The kinetics are slower than the one in aqueous
solution since an efficiency of 66% is found after 5 months of
aging. Therefore, the carbonation of LLTO proceeds in a two-step
reaction: first the H*/Li* ionic exchange with water and later the
reaction with CO, from air.

In the literature, other lithium containing ceramics also react
with carbon dioxide from the air. But, for lithium zirconate,
silicates or titanates'® the efficiency maximum of the reaction
is reached at very high temperature (up to 600 °C), the kinetic is
considerably slower at room temperature. The process is described
in two steps: First, a fast reaction forming a shell of lithium
carbonate on the surface which prevents the lithium reaction with
CO, from air. Secondly, a slow process of diffusion through Li,CO;
occurs and depends strongly on the temperature. For LLTO, we
can propose a mechanism for CO, and H,O adsorption (Fig. 10).
It illustrates the fact that a shell of lithium carbonate is formed
on the surface of the grain with Hy3,La, 5, TiO;.The interior of the
grain would be made of non exchanged LLTO. The lines Lil and
Li2 in the "Li MAS NMR spectrum of the AGED LLTO sample
are attributed to these non exchanged sites.

It is clearly shown in the IR spectra of Fig. 7 and in the 'H
and "Li MAS NMR of Fig. 8 and 9 that the H*/Li* exchange
process and the formation of Li,CO; are reversible. After a thermal
treatment at 400 °C for two hours, the LLTO sample is recovered.
This is confirmed by the mass loss observed during heating of the
aged sample above 100 °C (Fig. 2). After annealing, IR spectra
do not show evidence of any carbonate signal. 'H MAS NMR
spectrum of sample OA is the same as the one for LLTO after
synthesis (inset Fig. 8). The signature of the inserted proton in
the perovskite structure disappears. Moreover 'Li MAS NMR
spectra of the OA sample are also similar to the AS sample one, as

HysLays7TiO;3

Li()agLao,WTiOg,

T ke
CO,
Diffusion Li"

L1,CO;

Fig.10 Scheme of the mechanism proposed for CO, and H,O adsorption
on LLTO.

shown in Fig. 9b where the OA sample displays a spectrum without
any line between 0 and —10 ppm characteristic of the presence
of Li,CO;. The thermal decomposition of (Lij3_,H,)La,sTiO;
observed in sample exchanged in acid® or water’” at 350 °C and
the melting point of Li,CO; (710 °C) are not observed, proving
that both species react together from 150 °C to 500 °C to form
Liy3Lag 5 TiO;.

These results demonstrate the reversibility of the carbonation
reaction. At 250 °C, the mass loss can be written as in eqn (5).

(Lio.w‘tu) La, 5 TiO; + y/2 LizC03<s) — Liy3Lags;TiO;
+y/2 H,O + y/2 COyy %)

For a total efficiency (y = 0.3) of this reaction, the theoretical
mass loss would be equal to 5%. By comparison with the
experimental mass loss observed for the AGED sample (3.55%), it
can be concluded that the efficiency of the aging process is about
68%. This value can be compared to the value of 66% of Li,CO,
previously determined from Fig. 5b. Both similar values show that
eqn (4) seems to be very realistic for the reaction of LLTO with
CO, under humid air at room temperature.

It is the first time, to our knowledge, that 'H and "Li NMR are
associated with IR spectroscopy to reveal such a two step behavior
in the exchangeable phase LLTO.

Previous work on Li,Ti;O,,*"* had already suggested that the
exchange process may occur under humid air, but no reaction
mechanism was clearly proposed. The Li,CO; formation was
explained by the conversion of surface Li,O with CO,." In our
study, the efficiency of the process (66%) and '"H MAS NMR
spectra (which is identical to LLTO exchange in water’” or acid®)
is not compatible with exchange only from surface lithium. This
is also confirmed by the small value of the specific surface (0.48
m? g™"). Lithium ions which react with carbon dioxide also emerged
from the structure because of the high ionic lithium mobility and
instability of the lithium containing phase (the protonated phase
being thermodynamically more stable).
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Conclusions

This work clearly demonstrates that the LLTO powder sample
reacts with a humid atmosphere leading to H* /Li* ionic exchange.
It proves that this ionic exchange H*/Li* is the first step of
the mechanism and occurs with water vapor from air at room
temperature. Then, lithium ions emerge from the structure and
react with CO, from ambient air, to form lithium carbonate
and a stable partial protonated phase (Liy3,H,) La,5TiO; with
the same perovskite structure as sample LLTO. An exchange
efficiency of 66% is found after 5 months of aging at room
temperature.

The second relevant result is the reversibility of the carbonation
reaction. An annealing at 400 °C allows LLTO recovering. This is
a very significant result that opens a large avenue of research for
all exchangeable phases Li*/H*, to which LLTO belongs.

This study provides an explanation for understanding exchange-
able lithium phases. Such samples could be used to retain CO, from
air to limit the greenhouse effect.
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