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The present study reports the insertion of europium ions into the network of lithium lanthanum titanate,
Lag sLio sTiO3, powders. The materials were prepared efficiently via the Pechini method and were characterized
using thermogravimetric analyses, X-ray diffraction, high-resolution electron microscopy and photo-
luminescence spectroscopy. The results obtained demonstrate the high structural disorder of LagsLigsTiO3
(LLTO) as well as the different environments noticed by Eu®" ions in the Lag sLio sTiO3 host lattice. Our results

are essentially important once they unfold a better understanding of the complex nature of LagsLipsTiO3

compounds structure.

1. Introduction

Las/3 xLi3x TiO3 system has been extensively studied for use in li-
thium batteries as electrodes, solid electrolytes and as separators in li-
thium-air batteries as a result of its high ion mobility, which can reach
up to 1072 Sem ™! at room temperature [1-3]. Based on the work
conducted by Inaguma et al. [4] which reported high mobility of li-
thium ions in Lag s5Lig 35TiO3 composition, several mechanisms for the
conduction of La,/3,LizxTiO3 compounds have since been proposed
associated mainly with structural considerations, conductivity mea-
surements and theoretical models aiming at justifying the high ionic
conductivity at room temperature [5-14]. Despite considerable un-
derstanding has been achieved in LLTO compounds, detailed compre-
hension of lithium ion diffusion as well as the influence of composition
and associated local structural changes on diffusion is still lacking [14].
In fact since the different crystal structures obtained (including simple
cubic [15-17], hexagonal [18], tetragonal [19-21] and orthorhombic
[21,22]) depend on the method of synthesis used, and the conductivity
is related to the structure, it is possible to control the conductivity in-
directly via the synthesis.

Most of the authors assume that the high ionic conductivity stems
from the presence of vacancies on La, s,Li3»TiO3 sites, favoring the
mobility of Li* ions through the structure. Thus, the position of Li™
ions is of crucial importance in explaining the ionic conductivity in La,,
3.xLizx TiO3 compounds which is directly related to the occupancy of

* Corresponding author.
E-mail address: sy.fernandes@hotmail.com (S.L. Fernandes).

https://doi.org/10.1016/j.ceramint.2018.08.221

the interstitial spaces by Li* [23].

The replacement of the elements A or B from the ABO3; perovskite
structure of La,, 3 ,Li3« TiO3 is carried out aiming at improving the ionic
conductivity of these materials. A number of studies have reported a
complete or partial substitution of La®** with other lanthanide ions
including Pr, Nd and Sm, where it was observed that this substitution is
accompanied by distortions in the perovskite lattice. These distortions
are known to be responsible for the reduction of the so-called "bottle-
necks". As the bottlenecks are the path by which Li ions move, their
reduction is seen to account for the decrease in ionic conductivity [23].

Similarly, the lanthanide Eu®* is found to be capable of replacing
La®* ions from Lay,sLis»TiO3 and be used as structural probe. The
electronic transitions located in their luminescent centers indicate the
ionic properties of the matrix in which it is contained as well as the
interaction Eu®*/matrix. Hence, the use of lanthanides as structural
probe provides information regarding the symmetry of the crystal-
lographic sites, the nature of the chemical bonds (covalent grade), the
energy transfer processes and the long range symmetry effect of the
spectroscopic properties of the luminescent centers [24-31].

In this work, the replacement of La®* with Eu®* was done with the
purpose of understanding the complex structure of Lag sLipsTiO3 and
the location of the ions in the crystal lattice for a better knowledge of
the ionic conductivity in Lag 3 4Li3« TiO3.
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2. Methodology

Lag sLig.sTiO3 powders which are nominally pure and Eu3+-doped
(0.1, 0.25, 0.5 and 1 at%) were obtained by the Pechini method.
Titanium (IV) isopropoxide, Ti[OCH(CHs),]4 (Alfa Aesar), lithium ni-
trate, LINO3 (Vetec), lanthanum nitrate, La(NO3)3-6H>0 (Vetec), euro-
pium oxide, Eu,03 (Sigma Aldrich), citric acid, C¢HgO; (Sigma Aldrich)
and ethylene glycol, C,HgO, (Sigma Aldrich) were used for the synth-
esis. The molar ratio of the chemicals was defined based on the Pechini
method [32]: 1 mol of metal: 4mol of citric acid: 16 mol of ethylene
glycol. The precursors were mixed, stirred and heated at 120 °C for 1 h,
followed by heat treatment at 350 °C for 2h (precursor powders). The
final material was slowly burned at 800 °C for 3h. The precursor
powders were characterized by thermogravimetry (TG) and differential
thermal analysis (DTA) using a Netszch-Thermische Analyse (PU
1.851.01 and TASC 414/2 controller). a-Al,O3 was used as a standard
material and the samples were placed in alumina crucibles using a 10 Pt
thermocouple (Pt / Pt 10% Rh) and subjected to a heating rate of 10 °C/
min and synthetic air flow of 30 cm®/min. The X-ray diffraction (XRD)
measurements were performed using a Rigaku/RINT2000, 20-80° with
an increment of 0.20°/min, Cu-Ka radiation. The FEG-VP Zeiss Supra
35 model was used for the FE-SEM (high resolution field emission gun
scanning electron microscopy) measurements. Optical measurements
were performed by photoluminescence (PL) using a Thermal Jarrell-Ash
Monospec 27 monochromator and a Hamamatsu R446 photomultiplier.
A krypton ion laser (Coherent Innova) with an exciting wavelength of
350 nm was used, with the nominal output power of the laser kept at
550 mW. UV-Vis measurements were performed using a LAMBA 1050
PerkinElmer spectrophotometer and Raman spectra were collected with
a triple monochromator T-64000 HORIBA Jobin-Yvon (USA) coupled to
a CCD detector with excitation of 514.4 nm from an argon ion laser and
input power of 8 mW. All measurements were performed at room
temperature.

3. Results and discussion

The heating process of the polymeric precursor method involves a
great loss of mass. TG curve of LagsLigsTiOs; precursor powders
(Fig. 1a) indicates a mass loss of approximately 70% between 25 °C and
900 °C, while the curve of Lag sLig sTiO3: Eu®* (Fig. 2a) shows a mass
loss of approximately 60% between 25°C and 900 °C. The mass loss
during the heat treatment refers to the removal of solvent and water,
the decomposition of the polyester chain and carboxyl groups linked to
the metal with a consequent formation of crystalline metal-oxygen
phase.

DTA curves (Fig. la and Fig. 2a) show both endothermic and
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exothermic processes involved in the decomposition of the polyester.
Endothermic processes, for temperatures below 200 °C, are associated
with the loss of the excess of ethylene glycol and water. The exothermic
process is seen beginning at 450 °C. A maximum heat is found to be
released at 500 °C relating to the decomposition of the polyester chain.
The formation of the metal-oxygen bonds is observed from 500 °C on-
wards, giving rise to the formation of the perovskite phase of lithium
lanthanum titanate - Lag sLig 5TiO3.

Figs. 1b and 2b present FE-SEM images of the non-doped and doped
materials, respectively. These images reveal aggregated nanoparticles
with a spherical shape. It can be observed that the doped powder has
larger particles, which are found to be more agglomerated and with
sintering traces compared to the non-doped powders. The addition of
Eu®*, in effect, promotes distortions and instability in the network
frame, thus favoring the sintering process.

The XRD patterns of non-doped Lag sLig sTiO3 powders are shown in
Fig. 1c. The powders treated at 350 °C are amorphous. The formation of
Lag sLigsTiO3 crystalline phase (JCPDS 01-070-6720) can be observed
at 700 °C. The powders heated at 800 °C are found to exhibit high
crystallinity and this outcome suggests that in the temperature range
studied, the increase observed in the annealing temperature improves
the crystallinity of the perovskite phase. It is therefore evidently clear
the existence of a correlation between the crystallization processes of
Lag sLigsTiO3 phase and the removal of the organic components. A
careful analysis of the diffraction patterns revealed the presence of the
secondary phase of Li;TiO; (JCPDS 00-033-0831) denoted in the dif-
fraction patterns with the symbol (*) at 20 = 30.2° and 20 = 43.5".

The XRD results of the Eu®>* doped powders are shown in Fig. 2c. It
is worth pointing out that no changes were observed in the diffractions
peaks when Lag sLip sTiO3 was doped with Eu®™ as compared to the
nominally pure material; Eu>* was inserted in the crystalline network
of the LagsLipsTiO3 and no secondary phase regarding Eu®™ doping
was observed. Furthermore, no changes are observed in the XRD of the
material doped with varying concentrations of Eu®* ion.

Raman measurements were evaluated in order to obtain additional
information regarding the short range structural ordering of LLTO
samples. The spectra (Fig. 3) show seven bands located at 140, 230,
320, 360, 400, 530 and 660 cm ™. The bands around 140, 230 and
530 cm ! can be assigned to Eg modes while the A;, mode is found at
320 cm ™. [33] According to Sanjuén et al. [34] the bands near to 140
and 320 cm ™! are present in the spectra mostly in plane and c-axis
titanium vibration, respectively, and the other modes exist due to the
oxygen motion. Bands located around 360, 400 and 660cm™! are
present in lithium titanates Raman spectra [35,36] thus the presence of
these bands in our Raman spectra is in agreement whit our XRD results,
which revealed the presence of Li, TiO3 as a secondary phase. Regarding
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Fig. 1. a) Thermal analyses of Lag sLig sTiO3 precursor powder heated at 350 °C for 2 h; b) FE-SEM of Lag sLip sTiO3 heated at 800 °C and c) X-ray diffraction of

Lag sLi sTiO3 heated at varying temperatures.
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Fig. 2. a) Thermal analyses of Lag sLig sTiO5:Eu®* (1 at%) precursor powder heated at 350 °C for 2 h; b) FE-SEM of Lag sLio sTiO5:Eu®* (1 at%) powders heated at
800 °C and c¢) X-ray diffraction of Eu* doped Lag sLio sTiO5 with different concentrations heated at 800 °C.
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Fig. 3. Raman spectra of non-doped and Eu®* doped Lag sLio sTiO3 heated at
800 °C.

the Eu-doped samples, it was possible to observe a decrease of intensity
compared to the non-doped samples, which is more evident in the
bands located at 360 and 400 cm ™! attributed to the lithium titanate,
that almost disappear. Besides that, the presence of europium also
promotes the displacement of the bands. This behavior is due to the
substitution of A-site by Eu®>* which could affect the motion in the TiOg
octahedra, as observed to FeOg octahedra in rare earth doped BiFeO3
perovskite [37]. According to Ye et al. in the study of a double-per-
ovskite, the A-site substitution by Eu®* gives a shift of the peaks, even
though the substituted content was small (x < 0.10). When the B-sites
are substituted no clear peak shift is observed [38].

The optical band gap energy of the samples was calculated by the
application of Wood- Tauc method [38] and the Kubelka-Munk function
[39]. This methodology is used to transforms diffuse reflectance mea-
surements into E gap values with high accuracy [40]. Fig. 4, shows the
E gap values of pure LLTO and Eu®*- doped LLTO, where it is possible
to note a slight decrease in the optical band gap with the incorporation
of Eu®>*. The same behavior could be noticed for non-doped ZnO and
Eu®"-doped ZnO [41]. The different E gap values obtained indicates the
existence of intermediary energy levels between the valence band and
conduction band. The increase of the optical band gap values is related
to a reduction of the intermediary energy levels between bands due to
the reducing the number of defects in the structure of the material,
since the optical band gap energy is controlled by the degree of

structural order-disorder in the lattice [40]. In this sense, the increase of
disorder structural is related to the Eu®" content, since we can suppose
that the more ordered sample is pure LLTO due to the higher band gap
value, suggesting a different conformation or a low concentration of
energy states between bands [40]. These energy levels are related to
structural order-disorder which causes the loss of symmetry between
O-M-0 bonds (M metal) resulting in complex clusters formation
[40].

Fig. 5a shows the emission spectrum of non-doped Lag sLig sTiO5. PL
analyses provide important information concerning the electronic
structure of the materials. Here, we can observe a broadband covering
the visible electromagnetic spectra within the range of 400-600 nm
centered at 450 nm (blue emission). This feature is likely to be asso-
ciated with the presence of defects known to be typical of multiphonon
and multilevel emission processes [42]. The broadband model suggests
that the PL emission presented by semiconductor materials results of
electronic transitions due to the distortion in the crystalline lattice [40].
Non-doped Lag sLigsTiO3 presents structural disorder in the material's
lattice promoting the formation of energy states within the band gap,
contributing to the broadband emission in their photoluminescence
spectra.

PL emission may be attributed to distortions on the lattice, cation or
anion vacancies, surface states and quantum confinement [43]. Emis-
sion at green/yellow/orange and red region is caused by deep holes and
shallow holes are responsible for PL emission at violet and blue region
[44,45]. Deep levels are generated by intermediary states close to the
conduction band, while shallow levels are due to states near the valence
band [43].

Thus, in the case of non-doped Lag sLip sTiO3, the PL band centered
at 450 nm may essentially indicate the contribution of defects results
from shallow levels to PL emission. This information may be backed by
the deconvolution of the PL band (Fig. 5b) which was carried out using
PeakFit program [31] and the Voigt function. It is possible to observe
that the major PL band is composed of three bands, two of them cor-
responding to different energies of violet-blue emission (440 nm and
478 nm), while the other one is related to emission in green region
(515nm). Interestingly, this is additional evidence that the shallow
defects are responsible for the emission observed in the non-doped
Lag sLigsTiO3 spectrum, since the violet-blue region occupied 80% of
the major PL band coupled with the fact that there is low contribution
of emission characteristic of deep defects (20%). Since PL emission in
semiconductors is results of electronic transition caused by distortion in
the crystalline lattice, this behavior can be associated with the lattice
distortion caused by the difference in size of Li and La atoms which

21580



S.L. Fernandes et al.

Ceramics International 44 (2018) 21578-21584

F(R)

(gap)

La,Li, TiO, (nominally pure) 800°C

E =3.55eV

2.0 24 2.8

3.2 3.6 4.0 4.4

Energy (eV)

La, Li  TiO_:Eu™ (0.10 at.%)

05705

F(R)

E =3.52eV

(g2p)

20 24 28 32 36 40 44
Energy (eV)

-
La, Li, TiO,:Eu® (0.50 at.%)

F(R)

E_=3.46 eV

(gap)

20 24 28 32 36 40 44
Energy (eV)

La, .Li, TiO,:Eu® (0.25 at.%)

F(R)

E_=3.50eV

(gap)

o

20 24 28 32 36 40 44
Energy (eV)

. . n 3+
La, Li, . TiO :Eu* (1.00 at.%)

F(R)

E_=3.48eV

(gap)

o

20 24 28 32 36 40 44
Energy (eV)

Fig. 4. UV-vis measurements of non-doped and Eu®>* doped Lag sLio sTiO3 heated at 800 °C.

generate shallow states close to the valence band.

The analysis of the emission spectra of Eu®* doped materials
(Fig. 6a) reveals that the emissions related to the matrix are observed
only at lower Eu®* concentrations. The increase in the Eu®* content
leads to the disappearance of the emission band attributed to the
Lag sLip sTiO3 matrix. When the Eu®* is present in a greater amount,
the relaxation via excitation occurs preferably through the dopant once
the Eu®* emission is favored instead of the matrix emission.

Eu®* doped compounds present intraconfigurational emissions as-
sociated with 4% — 4f° transitions (Fig. 6b). Regarding the excited level

Dy, the lines observed in the spectrum are known to be Do — "F; (J =
0,1,2,3,4). The lines with J = 5 and 6 are found to have low intensity
and as such were not observed. A further observation worth mentioning
is the emission from the higher excited state °D; — “F; (J = 0,1,2).
However, transitions starting from ®D, and °D; excited levels were not
observed; when Eu®* ions are excited to any level above °D;, a fast non-
radiative multiphonon relaxation to these levels occurs. Table 1 lists the
Eu®* ions transitions in a Lag sLio sTiO5 host lattice and the respective
wavelength of the emission band.

Given the fact that the levels involved in the transitions are derived

21581



S.L. Fernandes et al.

Ceramics International 44 (2018) 21578-21584

' * - - - calculated
450 nm 7
3 El
8 8
P
b4 c
2 2
£ =
350 450 550 650 750 350 450 550 650 750
Wavelenght (nm) Wavelenght (nm)
Fig. 5. a) Emission spectra of non-doped Lag sLip sTiO3 and b) deconvolution of PL band.
—— LLTO:Eu* 1.00 at.% (0-2)
—Eu’ 0.50 at.% (a ) 3 ( b ) 372
—Eu’ 0.25 at.% o g e 5
~|—Eu™0.10 at.% Dy—F, (0-J)) "¢ * D,
5 (0-1) Snl T 1 : B Y
g SD1 _.7|:J (1-J) a : 0 s
=2 () (©00) ) : || @ =
2 (1-0) (1'2) LE 1 - : (542) (560) (588nm) (654) 4124
o = TG
-t ¥ ! J=6 7
= o - : 5
= (V)8 5 ........... 4 0.00

Wavelenght (nm)

400 450 500 550 600 650 700 750

Fig. 6. a) Emission spectra of Lag sLig sTiO3 heated at 800 °C and doped at different Eu®* concentrations from 0.1 to 1 at% and b) Eu®" transitions.

Table 1
Eu®" ions transitions in a Lag sLio sTiO3 host lattice.

Assignment Wavelength (nm)
5Do—"Fo 580

5Do—"F; 600

5Dg—"F, 622

5Do—"F3 653

5Do—"F4 684, 696, 705
5D;—"F, 530

°D;—"F; 541

5D —"F, 560

from the same configuration (4f°), it would be quite expected that all
these transitions were forbidden. Nevertheless, the ligand field (odd)
associated with the chemical environment where the Eu®** ion is lo-
cated has the property of mixing levels of opposite parity settings, re-
laxing the selection rules for the electric dipole transitions. This fact is
reflected in all °Dy — ”F; (0-J) transitions, being more noticeable in the
transition °Dy — ”F, (0 —2), which is known to be hypersensitive; and
excluding °Do — ”F; (0—1) which is a magnetic transition [24-30].
The intensity of Dy — “F; (0-J) transitions essentially depends on
the symmetry around the Eu®* ions. When Eu®* is inserted in high
symmetry environments, magnetic dipole transitions >°Dy — “F; (0—1)
are found to be predominant. Contrary to that, if Eu®* occupies a non-
symmetric environment (in other words of low symmetry), electric

A 3+
v 18] @ La, Li TiO;:Eu
S
=
© o
; 1.7 + )
[
= 9
7 16}
<
*)
1.5 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Eu®* content (at.%)

Fig. 7. Asymmetry ratio R as a function of Eu®>* content.

dipole transitions become largely predominant [30]. As shown in
Fig. 4a, the (0 —2) transitions are relatively more intense (0 —1) for all
the samples, indicating that Eu®* doping exhibits a characteristic
profile of dopants occupying non-symmetric centers.

The intensity ratio (0—2)/(0—1) is denoted as asymmetry ratio R.
The higher the value of R, the larger will be the magnitude of the
electric dipole transition and low ligand symmetry, leading to stronger
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Fig. 8. Diagram representing different chemical environments occupied by Eu®" identified through the asymmetry ratio, R.

splitting of transitions. The smaller the R value, the more symmetric is
the Eu®" environment [29]. The asymmetry ratio R can likewise be
used to investigate the relative strength of covalent or ionic bonding of
the Eu®" ions and the surrounding ligands. The higher the value of R,
the higher the presence of covalent band and vice versa [29]. In our
case, the average of the calculated R for all the doped samples was ~
1.65, confirming the distortion of the local symmetry. Increasing the
concentrations of Eu®* from 0.1 to 0.5 at% leads to a slight increase in
R, from ~ 1.64 to ~ 1.74, respectively. However, the sample doped
with 1 at% Eu®* presented the lowest R, 1.52. Fig. 7 illustrates R as a
function of Eu®>* content.

It is known from the complex structure of Lag sLig sTiO5 that there
are many different types of environments that Eu®* could occupy. The
results from photoluminescence spectroscopy suggest that Eu®>* when
inserted in the LagsLipsTiO3 matrix occupies at least three different
chemical environments. Fig. 8 illustrates the different possible settings
that Eu®>* may be occupying.

Lag sLigsTiO3 is an ABO3 type perovskite where the substitution of
divalent ions located in sites A with trivalent ions such as La®>* gives
rise to vacancies on sites A. When a percentage number of La®" ions
was replaced by Li™ ions, we expected to see the Li* ions occupying
sites A of the structure, with a coordination of 12. Admittedly, Li* is
too small to favorably occupy these sites, instead, Li* appears to be
located in the interstices of the ABOs; structure. In addition,
Lag sLiosTiO3 structure consists of layers, one being rich in La®™ while
the other one is found bearing vacancies of these ions [46]. Thus, when
inserted in the structure of Lag sLip sTiOs, Eu®™ replaces the La®" ions,
and different chemical environments are observed for Eu®", originating
the °Do—"F; lines.

In summary, the structure presents irregular vacancies of La®>* and
Li* occupying the interstices of the structure, which are capable of
moving to different chemical environments. All these events are notably
associated with the Eu®* ions distributed throughout the structure of
Lag sLip sTiO3. The samples with Eu®" inserted in chemical environ-
ments which are surrounded by more ionic bonds such as Li-O have
lower R values, whereas samples with Eu®>* inserted in environments
with a higher degree of covalent bonds such as La-O present higher R
values. Li * has an ionic radius ranging from 0.6 to 0.9A [47], hence
when Li* forms a bond with oxygen, the difference in the electro-
negativity between these two elements renders the Li-O bonds rela-
tively stronger compared to the La-O bonds. The chemical environment
noted by Eu®* when 1 at% is inserted in the host lattice is surrounded
by a greater amount of Li™, comprising at least two or three ions. The
degree of covalence in these environments is considered smaller as a
result of the lower degree of covalence in the Li-O bonds. A second
environment noted by the Eu®* is likely to have Li* in small quantities,
and may even exhibit no Li-O bonds at all. This environment has a
higher degree of covalence and it can be observed in samples doped
with 0.5 at%.

It is similarly noteworthy that as the (0 —0) transition was found to
be non-degenerate, the presence of the asymmetric or low symmetric
sites occupied by Eu®* ions was observed for all the samples con-
sidered.

Finally, it is important to draw attention to the presence of the
transitions related to D, excited states at 530, 540 and 560 nm, corre-
sponding to °D; — “Fy, °D; — “F; and °D; — ’F, respectively. These
transitions usually appear in matrices with a very low phonon energy in
which the probability of quenching by multiphonon relaxation is rela-
tively low. [29,30]

4. Conclusion

In this work, we have demonstrated that at 800 °C it was possible to
obtain Lag sLip sTiO3 crystalline powders via the Pechini method. The
doping was successfully made and no secondary phase regarding the
addition of Eu®" was observed, even increasing the content of the
dopant, suggesting that the Eu®>* was inserted in the lattice of the LLTO
matrix as a dopant.

By means of morphological analysis, the powder was found to have
a large particle size aside from being more agglomerated when doped,
suggesting that the addition of Eu®* favors the sintering process of
Lag sLig.5TiO3, which was explained by the introduction of defects into
the lattice of the material. This result is in accordance with the UV-Vis
measurements, which revealed a small decrease in the gap of the doped
materials.

The ratio between the transitions (0—2) and (0—1) obtained by
photoluminescence spectroscopy revealed a characteristic profile of
Eu®* occupying low symmetry sites. Furthermore, no changes were
observed in the site occupied by Eu®* in spite of a change in the con-
centration of the dopant. Our results show that La®® in the
Lag sLig sTiO3 structure is largely influenced by different types of atoms
and neighboring defects.
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