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ABSTRACT. Perovskite-type titanates are candidates as solid-state electrolyte for alkali metal-ion
batteries, although the composition, synthesis temperature, microstructure, and cationic disorder
influence on their ionic conductivity, and all of that must be optimized. On the other hand, it is
less known that perovskite-type lithium lanthanum titanate is interesting as electrode material for
lithium batteries. The reversible capacity is strongly affected by the ions distribution. Having this
in mind, we have evaluated titanate perovskites AxLayTiOs, with A = Li, Na and (x+y) < 1, as
electrode active material for lithium, sodium and magnesium batteries. We discuss whether the
structure has available sites for further intercalation of univalent (lithium and sodium) and divalent
(magnesium) cations. Using both theoretical calculations and experimental results, it is concluded
and justified that AxLayTiO:s is very suitable as electrode for lithium battery at room temperature,

but not for sodium and magnesium batteries.

Keywords: lithium batteries, sodium batteries, magnesium batteries, LiosLaosTiOs, first-principles
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1. INTRODUCTION

The development of new lithium-ion and post-lithium batteries is an urgent need for the modern
society. For that goal, one of the main strategies is to select the most suitable materials for high-
performance batteries. For example, the high stability of certain crystal structures can help to
develop new electrodes sustaining many charge/discharge cycles. Among the post-lithium

batteries, sodium-ion and magnesium-ion batteries are particularly promising.

Since the perovskite structure is very robust, it is worthy to study the intercalation of univalent
(proton, lithium, sodium...) and divalent (calcium, magnesium...) cations into its framework.
The perovskites with general stochiometry ABXs are a large family of compounds with a wide
variety of fascinating properties and ease of preparation, and which also could be used in next
generation batteries [1]. The framework of the perovskite class is built up of BXe corner-sharing
octahedra, with the A cation occupying every hole created by 8 BXe and in 12-fold cuboctahedral
coordination, although the coordination numbers can be reduced in distorted versions of this
structure. One could think that the A hole of the perovskite is too large for being occupied by
lithium, but the fact is that some perovskites contain lithium and other larger cation in the A
sites. In fact, the interesting structure and properties of the perovskites have driven to several

research groups to propose this family of compounds as electrode and solid electrolyte.

Perovskite-type lithium lanthanum titanate LiosLaosTiO3 (LLTO) and structurally-related
sodium lanthanum titanate NaosLaosTiOs (NLTO) are being studied as potential solid electrolytes
for solid state batteries which would be advantageous in terms of safety compared to batteries
based on liquid electrolytes [2-10]. It was found that LLTO is much more promising than NLTO,
for a similar structure with space group P4/mmm [10]. Lanthanum ions are a main contribution

for the stabilization of the crystalline structure, while lithium ions are the charge carriers, and the



La-layers can block the diffusion of the mobile ions. The degree of ordering/disordering of
lanthanum, vacancies and alkali metal ions, and the concentration of Li/La strongly influence on
the ionic transport. In fact, the lithium mobility in LLTO can be outstanding [11], and the
theoretically calculated value for the bulk ionic conductivity is 3.4 x 10* S cm™ [12]. In addition,
LLTO becomes a much better electronic conductor at high levels of Li insertion (below 1.5 V vs.

Li/Li) due to the concomitant reduction of titanium ions from Ti*" to Ti*" [13].

Reversible intercalation of lithium into perovskites, such as praseodymium bismuth lithium
titanate [14] and LLTO has been previously reported [15-17]. Thus, LLTO is a promising family
of electrode active materials for lithium batteries [17-19]. The good lithium mobility and the
framework stability are the main advantages of LiosLaosTiOs [18]. Lio.1LaosNbOs and LaisNbOs
with A-site deficient perovskite structure are good electrode materials for LIB with zero-strain
[20]. Mn-based perovskites also have been studied as negative electrode for lithium-ion batteries
[21, 22]. Nanostructured HoFeOs perovskite, with orthorhombic structure, exhibits very good
electrochemical properties in lithium-ion batteries, including high capacity (437 mAh g"), good

cyclability, and excellent rate performance [23].

Since the perovskite-structure is very stable, LaMnOs has been used to form an epitaxially-
grown layer on the surface of layered-Li-MnO:s particles which protects the surface of the
cathode, and it suppresses the anion activity (O*, O2*) [24]. The antiperovskite-type LizTMChO
(TM = Mn, Fe, Co, and Ch =S, Se, Te) have been also demonstrated to be useful as cathode for
LIB [25, 26]. For Li2FeSO, theoretically up to 2 Li per formula could be deintercalated.
However, the voltage of the Fe*’/Fe’” redox couple is low for a cathode and the DFT calculations

found that this material is structurally unstable.



Besides lithium, and within the context of post-Li batteries, batteries based on divalent ions,
such as calcium and magnesium, could be an alternative to batteries based on univalent ions,
such as lithium and sodium. Thus, the perovskite-type NaMnFs, NaFeFs and NaosBiosTiO3
compounds have been found to be promising as electrodes for sodium-ion batteries [27, 28].
However, finding host materials for reversible accommodation of divalent ions is particularly
difficult. First principles calculations found that the energy barrier for Ca-diffusion in perovskite-
type CaMOs (M= Mo, Cr, Mn, Fe, Co and Ni) is too large for practical Ca-ion batteries [29].
Lead-based perovskites (PbTiOs and PbZrOs) have been used as electrode for M-ion batteries (M

= Li, Na, K), and mechanism of the discharge process is a conversion-alloying reaction [30].

Intercalation and diffusion of magnesium into perovskites have been little explored. A
prototype quasi-solid-state MIB with a dual layer electrolyte, Mg as negative electrode and
perovskite BaTiOs as positive electrode was tested at 55 °C by Sheha et al. [31]. The authors
premagnesiated the perovskite BaTiOs, heated the resulting MgxBaTiOs to 150 °C, and then it
was used as a cathode in a Mg cell, with a capacity of around 68 mAh g'. The effect of
magnesiation/heating at the perovskite was only on the surface to generate active sites that can
adsorb/desorb Mg*". It was concluded that the electrochemical reactions mainly happen at the
surface or near surface of the perovskite particles by means of a Mg-ion adsorption/desorption
process, while the structure of the perovskite does not change. Another perovskite-type
compound which has been tested for accommodation of magnesium is BaossSmo.1TiOs. It has a
tetragonal unit cell and ferroelectric properties. Soliman et al. found that only a small amount of
magnesium (20 mAh g) can be reversibly intercalated or adsorbed in this material even at 55 °C

[32].



In this work, we have prepared titanate perovskites AxLayTi0s, with A = Li, Na and (x+y) <1,
and the electrochemical behavior as electrode active material for lithium, sodium and magnesium
batteries has been studied. We discuss whether perovskite structure have available sites for

electrochemical intercalation of lithium and post-lithium ions.

2. CALCULATIONS

DFT calculations were carried out in the frame of the GGA using the PBEsol correlation
potential, as implemented in the CASTEP code [33], using a density-mixing scheme with a
conjugate-gradient Pulay solver. The cut-off energy was fix at 600 eV. Spin polarized
calculations were performed in all cases. For structure optimization we assumed that the host
perovskite framework remains basically unchanged during the insertion and de-insertion
processes, while the internal coordinates were optimized using the BFGS algorithm. The
following convergence conditions were used: energy, 10~ eV/atom; max. force, 0.03 eV A™;
max. stress, 0.05 GPa and max. displacement, 10 A. The percolation energy has been calculated

using soft-BVS/BVEL, as implemented in BondStr software.

3. EXPERIMENTAL

The lanthanum titanate samples LLTO and NLTO were prepared by the ceramic route. For
LLTO, the reagents La20s, TiO2 and Li2COs weighed in the stoichiometry Li: La: Ti=0.6: 0.5

: 1 were firstly ground together in an agate mortar. The excess of lithium was used to compensate
the loss during the synthesis. Then, the ground mixture was heated at 1250 °C for 12 h. For the

synthesis of NLTO, La20s, TiO2 and NaHCOs were employed.

The crystalline structures of the samples were characterized by X-Ray Diffraction (XRD)

using a Bruker D8 Discover A25 instrument with CuK« radiation, Ge monochromator and



Lynxeye detector, from 10 to 90 °26, in steps of 0.04 and 3.5 s/step. The XRD patterns were
fitted using the Rietveld method and Topas commercial software. Raman measurements were
performed in a Jasco spectrophotometer. The particle morphology and composition were studied

by Scanning Electron Microscopy (SEM) using a JEOL JSM 7800F apparatus

The electrochemical behavior was examined using Swagelok-type cells and a VMP instrument.
The weight ratio of the working electrode was active material: polyvinylidene fluoride : carbon
black = 80 : 10 :10. For lithium cell, a piece of Li was used as counter electrode, and the
electrolyte solution was 1 M LiPFs in mixture of ethylenecarbonate (EC) and diethylcarbonate
(DEC) (EC : DEC =1 : 1). Counter: Li. I= 10 mA/g. For sodium cell, a piece of Na was used as
counter electrode, and the electrolyte solution was 1 M NaClOs in PC containing 2%
fluroethylenecarbonate (FEC). The electrochemical cells were ensembled in a M-Braun glove-
box filled with Ar. The imposed current intensity was 10 mA g'. The ionic conductivities of the

electrode materials were measured by using electrochemical impedance spectra [12].

4. RESULTS AND DISCUSSION

4.1.Structure of LLTO and NLTO

The XRD pattern of the obtained LLTO sample (Fig. 1A) can be indexed to the tetragonal
perovskite-type structure and space group P4/mmm (n° 123), where ¢ = 2a (supercell 1x1x2),
with a La-rich layer and a Li-rich layer [5, 7]. NLTO is described as a rhombohedral perovskite
(s.g. R3¢, n° 167), where a = 60 °) [11, 35-37], and where the occupancy of the layers is 50%
La:50 % Na (fully disordered). Based on these models we have carried out the Rietveld
refinements of the XRD patterns of LLTO and NLTO which results are included in Figure 1-

A,B, and Tables 1, S1 and S2. We allowed La atoms to be located in all Li and La positions,



always keeping the stoichiometry of the compound. The refinement of LLTO confirms the
presence of a partially disordered phase, with a layer containing 61 % of La atoms, and the other

one 39 % of La atoms.
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Figure 1. (A, B) XRD and Rietveld refinement and (C, D) Raman spectra for LLTO and NLTO.



The room temperature Raman spectra can be employed to obtain more insight into the local
structure (Fig. 1C,D) [35-38]. It is expected that only vibrations of Ti and O atoms contribute to
the bands, while La vibrations are not active. According to the literature, and within a tetragonal
approach, the bands near 140 and 320 cm™ are ascribed to in-plane and c-axis vibrations modes
of titanium, respectively [38, 39]. All the other modes are assigned to oxygen vibrations. The
ordering/disordering in the 1a and 1b sites affect to the narrowing/broadening of the Raman
bands. For NLTO, the extra peaks and the broadening observed in the region 100-460 cm™ can
be attributable to a lower symmetry of NLTO structure compared to LLTO. The relative higher
intensity of the peak at ca. 454 cm™ is typical of the rhombohedral symmetry. Sanjuén et al.
suggested that there are nanodomains of a quasi-tetragonal structure which would be embedded

in the rhombohedrally arranged matrix [11].

According to the SEM micrographs, the morphology of the particles of NLTO is more
globular, while the particles of LLTO tend to be more polyhedral. In addition, the size of the
particles of NLTO is substantially smaller (around 100 nm) compared to LLTO (several

micrometers) (Fig. 2), and in both cases the particles form aggregates of larger size.
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Table 1. Selected refined parameter of LLTO and NLTO raw compounds. Details on Wyckoff

sites are available in the S.I.

Compound LiosLaosTiOs NaosLaosTiOs
Space Group P4/mmm (123) Pm3m (221) R3c (167) Pm3m (221)
Z 1 4 3 4

Unit cell Parameters
a/A 3.8741(24) 7.7443 (39) 5.4779 (10) 7.7446 (19)
c/A 7.7388(49) - 13.4053 (29) -
Vol / A3 116.15 (16) 464.46(70) 348.37 (15) 464.50 (44)
Rhombohedral parameters
a/A 54739 (12)  5.4763 (13)
a/®° 60.0420 (41) 60
Vol/Z | A3 116.15 (16) 116.12 (18) 116.088 (76) 116.13 (11)
Reliability Factors
Ruwp 18.59 18.60 17.41 17.06
Rexp 16.43 16.44 12.02 12.01
GoF 1.13 1.13 1.45 1.42
RBragg 2.05 1.74 2.79 2.89
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Figure 2. SEM micrographs for (a, b) LLTO and (c, d) NLTO.

4.2. Modeling LLTO and NLTO

We have optimized the theoretical structure of the perovskite-type LLTO and NLTO
compounds by using DFT calculations. Based on the cubic unit cell of the perovskite, a 2x2x2
supercell was used. The different La/Li(Na) distributions used are schematized in Figure S1. In
both (Li and Na) cases, the pseudo-layered structure (denoted as “Layer” in Figures 3 and S1 and
Table S1) has the lower energy. This structure can be described as a framework formed by

[TiOs¢] units, similar to ReOs, being La and Li at the center of 8 octahedra, forming alternate

12



layers of Li and La (Fig. 3). However, the energy difference between the different
configurations, especially with the “mix-lat” and “mix-diag” configurations, is relatively small
(Table S1). These configurations can also be seen as layered phases, with a first layer 75 % La +
25 % Li and a second layer 25 % La + 75 % Li, where different ways of ordering cations are
available, i.e. the atoms in the layers are somewhat disordered. This partial disorder can be
favored by the high temperature of the synthesis, and the entropy term of this disordered
configuration. This disorder has been already confirmed using Monte Carlo simulations by other

authors [34].

13



Mix-Diag2 (Pm3m)
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It is also worth noting that the energy difference between the ordered (Layer) phase and these
“disordered” phases (mix-lat and mix-diag, Figure S1) is ca. 82 meV in the case of Li, while in
the case of Na is only 68 meV. Although small, this difference can justify why a higher
disordered degree is obtained for NLTO than for the equivalent LLTO (see the structure
description above). On the other hand, the site to accommodate La and Li(Na) atoms is large
enough, and the calculated variations of volume for the different La/Li(Na) distributions are
negligible. On increasing the temperature, the disorder can be expected to increase and finally

reach a fully disordered system.

Alternatively, a model based on “MixDiag2” (Figure 3), with s.g. Pm3m, was used to carried
out the Rietveld refinements. The resulting quality of the refinement is like those using the
previously proposed space groups (Table 1). After allowing exchange of Li(Na) and La atoms,
the results show than in the case of NLTO the average occupancy of La in La-layer and Na-
layers is 0.504 and 0.496, respectively, very close to the theoretical value 0.5 for the model based
on the R3¢ space group. For LLTO the P4/mmm gives La occupancy values of 0.61 and 0.39,
while when using Pm3m the occupancy is 0.57 and 0.43. The cell parameters calculated by DFT

are also very close to those obtained from Rietveld analysis.

4.3. Modeling the insertion into LLTO and NLTO

At the light of the previous results on the structures of LLTO and NLTO, the calculations
using the model based on “MixDiag2”, with s.g. Pm3m, can be used for studying the possible Li,

Na and Mg insertion.

It has been proposed that there are three possible positions to intercalate lithium into the

structure of the perovskite LLTO [18] (Fig. 4A): at the middle point of La-La, La-Li and Li-Li.
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In all the three cases, Li is coordinated by 4 [TiO¢] units (Fig. 4B). Assuming that La** cations
are not mobile species, the site La-La seems to be no available for insertion, as it is blocked by
La atoms at both sides. Concerning the site La-Li, it will be opened on one side only, and can be
regarded as a site for insertion (storage) but not for conductivity/diffusion. Finally, the full
conductivity/diffusion is expected to use the Li-Li sites. The energy of the Li-insertion into these
three sites has been calculated, based on a “MixDiag2” unit cell.

The Li insertion into the Li-Li site makes the neighboring Li atoms to be displaced from the
center of their initial coordination site, as shown in Figure 4C. The displacement is somewhat
important, ca. 0.085 fractional units, and neighboring Li approaches to the contiguous insertion
sites, thus making difficult the insertion in those sites. An alternate filling along that direction is
more probable, as shown in Fig. 4D, where the inserted Li are not equivalent to those present

before insertion.

The insertion into the La-Li site strongly displaces the neighboring Li (ca. 0.120), while the
inserted Li is also displaced from the center of starting position (ca. 0.084), so that both Li
(already present before insertion and new inserted) becomes equivalent, as Figure 4E shows. On

the contrary, La atoms are not affected. At the same time, [TiOs] octahedra are somewhat tilted.

From the energy point of view this second option (La-Li site) is more stable, although the
insertion in Li-Li site is only 0.047 eV higher in energy (Table 2). This Li insertion is expected at
ca. 1.0 V vs. Li"/Li. Finally, the insertion into La-La sites also makes the La neighbors to move
away (ca. 0.049 eV), but the energy of such an insertion is greater than zero (and ca. 3.2 eV

higher than in the other sites), and thus it can be discarded.
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Table 2. Calculated energy (in eV) of the different insertion sites for 1 Li, 1 Na and 1 Mg insertion
into LisLasTigO24 and NasLasTigO24 supercell.

Li insertion Na insertion Mg insertion
LLTO
Li-Li site -0.95 -0.46 +0.31
La-Li site —1.00 -0.14 +0.55
La-La site +2.21 - -
NLTO
Na-Na site -0.29 +1.12 +1.31
La-Na site +0.08 +1.29 +1.89

To analyze the potential use of LLTO for Mg cells we also studied the theoretical insertion of
Mg into Li-Li and Li-La sites. The size of Mg?" is similar to that of Li* (0.72 A and 0.76 A,
respectively), and one can expect to locate Mg cations in the same sites than those used for Li*
insertion, although the higher repulsive interactions are expected with neighboring cations. For
the Mg insertion into Li-Li sites, the neighboring Li atoms are also displaced (as it happens for
Li insertion) ca. 0.120 fractional units. It is higher than in the case of Li insertion, probably due
to the higher repulsions induced by Mg** as compared with Li*. The insertion of Mg into La-Li
site is also like that of L1, although the displacement of the Li atoms is again somewhat higher.
Un fortunately, since the calculated variation of energy due to Mg?* insertion in both cases is

greater than zero (Table 2), the Mg-insertion is not thermodynamically expected to happen.
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The insertion of Na into LLTO was also studied. The size of Na* (1.02 A) is considerably larger
than that of Li" and Mg?*. Thus, when Na is inserted in a Li-Li site, Na is displaced close to the
position of Li, while Li is displaced close to the other neighboring insertion position. A similar
effect is observed when Na is inserted in a La-Li sites. The insertion in both sites is favorable from
the energy point of view, although it is more stable in the Li-Li site. A comparison of the structural

effects of Li, Na and Mg insertion in Li-Li and La-Li sites into LLTO is shown in Figure S2.

Finally, we also analyzed the insertion of Li, Na and Mg in Na-Na and La-Na sites into NLTO.
As a conclusion for this analysis, only the insertion of Li into Na-Na site is favorable, with a
negative value of the energy (— 0.29 eV, Table 2), although it is considerably smaller than the
equivalent insertion into LLTO (- 0.95 eV). A moderate polarization during the Li insertion into
NLTO experiment could make this insertion impossible. For all the other cases (inserted elements

and sites) the insertion is not thermodynamically expected.

4.4.Electrochemistry of LLTO and NLTO in Li and Na cell

The perovskite LLTO shows a reversible capacity of ca. 140 mAh g for the first cycle in
lithium cell (Fig. SA). This capacity value agrees well with previous studies [18] and with the
reversible reduction of Ti*' to Ti**. The capacity of the first discharge is larger (ca. 280 mAh g!)
than the charge capacity, and this fact is due to the irreversible decomposition of the electrolyte
solution and formation of a solid electrolyte interface, although we cannot discard that some
lithium atoms intercalated during the first discharge remain irreversibly trapped in the framework
of LLTO. The capacity is ca. 81 mAh g! over 100 cycles (Fig. 5B), and this result cell suggests
that the structure is very stable. The composition of electrolyte solution could be optimized to
increase the coulombic efficiency in the first 20 cycles. In contrast to lithium, the capacity in

sodium cell is only ca. 10 mAh g! (Fig. 5C). These results evidence that the larger size of
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sodium ion compared to lithium hinders the ionic mobility in the perovskite structure, and we
can conclude that the replacement of lithium by sodium is not favorable, in good agreement with
the theoretical calculations. After seeing the electrochemical results, most probably the electron
content in the lattice of LLTO in sodium cell is not significantly modified, and the electrode
material would be a poorer electronic conductor compared to LLTO lithium cell [13, 18]. The
galvanostatic intermittent titration technique (GITT) was employed to obtain the diffusion
coefficient of lithium in LLTO (Supplementary Fig. S3). The obtained values range from 1071 to
10 cm?s”!(Fig. 5D), indicating a very good mobility of lithium in the perovskite structure, in

good agreement with previous studies [18].

The specific capacity of the NLTO in lithium cell (Fig. 6A) is substantially lower (ca. 25 mAh
g'!) compared to LLTO. This low (or negligible) value of experimental capacity agrees well with
the expected poor ionic mobility, and the La** ions in the tunnels forming a bottle neck for
sodium mobility. It was experimentally checked that the conductive agent (carbon black) can
contribute to the apparent capacity of the electrode (Fig. S4). In addition, the coulombic
efficiency for the first cycle of NLTO in sodium cell (ca. 23%) is lower compared to lithium cell
(ca. 47%) and, consequently, it seems that sodium atoms are irreversibly trapped in NLTO (Fig.
6B). Thus, it is concluded that it is impossible to replace sodium by lithium in NLTO by using
these electrochemical cells. The ordered structure of the tetragonal perovskite-type LLTO and
the relatively small size of lithium are the key factors that allow the intercalation of lithium into
its framework, in contrast to NLTO. In addition, for NLTO and using impedance spectroscopy
we obtained an ionic conductivity value 6 = 4,6 x 10° S cm™! at 24 °C, and this value is
substantially lower than the values reported for LLTO in the literature [12]. On the contrary to

the enhancement of the electronic conductivity after electrochemical insertion of Li into LLTO
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due to the formation of Ti** [13, 18], it is expected that probably NLTO remains insulator in both
lithium and sodium cell. For the sake of comparison of LLTO and NLTO, the diffusion
coefficient of NLTO was also calculated from GITT curves in lithium cell (Supplementary Fig.
S5). The values for NLTO (between 6x107!! and 5x10° cm?s™!) are one order of magnitude lower

than LLTO (Fig. 6C).

On the other hand, we tried to increase the capacity of the perovskite by creating ion vacancies
through previous acid-treatment likely previous studies on other materials [40]. We thought that
the cationic vacancies in the perovskite could improve the cationic mobility, similarly to
manganese spinel [40] or, alternatively, the cationic exchange could modify the properties of the
perovskite [41]. However, this procedure was not successful, the structure of the perovskite
(LLTO and NLTO) was not modified even after five these in contact with nitric acid solution,
and the experimental capacity was not significantly modified after acid treatment (not shown

results). In fact, the results proved that the perovskite structure is very robust.
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Table 3. Percolation energy of Li and Na into LLTO and NLTO, calculated for different structural

models, depending on the structural disorder.

Percolation energy / eV

Full Partially
y disordered: l-Trom ) Fully
ordered: ix-diag2 Rietveld disordered
Layer model mix-ciag- refinement model
model

LLTO
Li 0.26 0.35 2.99 4.26
Na 1.64 1.99 2.87 3.62
Mg 3.20 3.37 5.77 7.11
NLTO
Li 1.98 2.05 2.00
Na 2.25 2.18 1.96
Mg 2.40 2.46 2.38

To help understanding the kinetics of the cationic diffusion, we have calculated the percolation

energy of the different A elements (Li, Na and Mg) in both LLTO and NLTO using different

structural models. The calculated values are included in Table 3. The resulting values for lithium

in LLTO using layered and mix-diag-2 models are especially low: 0.26 and 0.35 eV,

respectively. Thus, this result confirms that ordered LLTO a very interesting material for lithium

intercalation and diffusion. Figure 7 shows the isosurface corresponding to the Li percolation

energy for the layered model. The Li mobility is restraint to Li planes, while diffusion

perpendicular to Li-layers is fully blocked by La atoms. Unfortunately, on increasing the

structural disorder the percolation energy strongly increases, up to reach more than 4 eV for the
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fully disordered phase. Thus, a good ionic conductivity is expected only for phases with a high
degree of Li/La layered ordering. This result confirms the importance of obtaining an ordered
structure, playing with the synthesis conditions. A similar trend is observed for Na and Mg into
LLTO, but in these cases even the values of the ordered phases are too high (1.64 and 3.20 eV,
respectively) for expecting a practical ionic conductivity. Concerning NLTO, high values are
obtained for all A elements and all structural models. This result agrees with the experimental

measurement of the ionic conductivity of NLTO, as it is exposed above.
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Figure 7. Projection of the ordered layered structure of LLTO, showing the isosurface at the Li
percolation energy value. Color code: [TiOs] units in grey; Li atoms in magenta; La atoms in

blue; isosurface in yellow.

4.5.Electrochemistry of LLTO in Mg cell

Although Li" (r = 76 pm) and Mg”" (r = 72 pm) possess nearly the same ionic radius, it is
interesting to compare the effect of the charge in the experimental intercalation. The first
discharge capacity of LLTO in magnesium cell is ca. 30 mAh g, and this fact involves that the
intercalation of Mg is very limited or negligible. On the contrary to the first discharge curve, the
voltage-capacity curves (Fig. 8A,B) of the second and successive cycles exhibit endless plateaus
at around 0.3-0.6 V vs. Mg. The charge-discharge plateaus and the hysteresis observed in the

voltage curve cannot be ascribed to significant reversible (de)intercalation of magnesium in the
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framework, and these are typical of side reactions at the particle surface (plateaus) or capacitive
(surface) behavior. Similarly, Shesha et al and Soliman et al. reported reaction of Mg only at the
particle surface for others perovskite-type compounds [31,32]. It could be that the perovskite
catalyzes the decomposition of the electrolyte at the particle surface during the first discharge-
charge cycle of LLTO, and then the surface properties and the voltage curve are modified for the
successive cycles. The observed low capacity is in good agreement with the theoretical
calculations on the insertion of naked magnesium into the structure of the perovskite LLTO. In
addition, the electrochemical cycling of LLTO in magnesium cell was also carried out at 55 °C,
to try to increase the capacity, but improvement was not observed (results not shown). The
negligible capacity of the carbon black (without perovskite) in magnesium cell was also

experimentally checked (Supplementary Fig. S6).

It is known that the traces of water in the liquid electrolyte solution can influence the
electrochemical behavior of the batteries based on multivalent cations. The desolvation of Mg**
from chelating molecules such as DME is not easy, and then the Mg-intercalation is difficult.
The water molecules shielding the charge of Mg®* could help to intercalate hydrated magnesium
compared to naked (no shielded) magnesium, although the exact mechanism is still being
investigated and protons could be intercalated [42-45]. Thus, to further study the behavior of
LLTO in magnesium cell, electrochemical experiments were also performed using a wet
electrolyte. For that purpose, the salt Mg(TFSI)2 was used as received (not dried) and directly
dissolved in DME. Thus, water is rather an additive, or an impurity, in this electrolyte. The
discharge curves of the cycles 1-5 (Fig. 8C,D) are sloped, the endless plateau is not observed,
and the reversible capacity is around 20-50 mAh g, suggesting that there is a limited cationic
intercalation even under these experimental conditions (wet electrolyte). This intercalation could

be due to hydrated magnesium or protons [45], or even the apparent capacity could be due to
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other side reactions. For example, the oxidative decomposition of TFSI can contribute to the
pseudoplateau in the charge curve at ca. 3 V. In any case, the experimental results obtained under
different conditions confirm the theoretical results about the unfavorable intercalation of Mg into
the bulk of LLTO. However, we cannot discard the intercalation of Mg in other perovskite-type

compounds and under different experimental conditions [46,47].
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5. CONCLUSION

The structure of the perovskite-type LiosLaosTiOs is suitable for reversible lithium intercalation,
and the maximum reversible capacity achieved here is ca. 150 mAh g, while it cannot
intercalate a decent amount of sodium. In contrast, the capacity of NaosLaosTiOs is negligible in
both lithium and sodium cell. The theoretical and experimental results conclude that the insertion
and mobility of lithium into the stable perovskite structure is possible for many charge/discharge
cycles, while the reversible insertion of sodium and magnesium are not feasible, and this is
mainly due to the larger size of sodium ion compared to lithium, and to the charge of magnesium
ion. The combination of theoretical calculations and experimental results can help to avoid
misinterpretations of the electrochemical results and confusing side reactions with intercalation

of multivalent ions, such as magnesium.
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