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ABSTRACT: The structure and Li conductivity has been investigated in the
Liy,,Ti,_In,(PO,); (0 < x < 2) series prepared by the ceramic route at 900
°C. The XRD patterns of 0 < x < 0.2 samples show the presence of
rthombohedral (S.G. R3c); those of 0.2 < x < 1 samples display both
rhombohedral and orthorhombic (S.G. Pbca), and 1 < x < 2 samples exhibit
only monoclinic (S.G. P2;/n) phases. At intermediate compositions, the
secondary LiTiPOs phase was detected. The Rietveld analysis of XRD
patterns was used to deduce unit-cell parameters, chemical composition, and
percentage of phases. The amount of In**, deduced from structural
refinements of three phases, was confirmed by *'P MAS NMR spectroscopy.
The Li mobility was investigated by "Li MAS NMR and impedance

spectroscopies. The Li conductivity increased with the Li content in rhombohedral but decreased in orthorhombic, increasing again
in monoclinic samples. The maximum conductivity was obtained in the rhombohedral x = 0.2 sample (6, = 1.9 X 107 S-cm ™), with
an activation energy E;, = 0.27 eV. In this composition, the overall Li conductivity was 6, = 1.7 X 107* S-:cm™" and E,, = 0.32 eV,
making this composition a potential solid electrolyte for all-solid-state batteries. Another maximum conductivity was detected in the
monoclinic x ~ 1.25 sample (o, = 1.4 X 107° S:cm™"), with an activation energy E, = 0.39 eV. Structural models deduced with the
Rietveld technique were used to analyze the conduction channels and justify the transport properties of different Li, Ti,_,

In,(PO,); phases.

1. INTRODUCTION

Lithium-ion batteries (LIBs) have undergone continuous
improvements in lifetime, safety, cost, efficiency, and reliability
since their market launch over 30 years back, after their first
commercialization by Sony corporation.”” Despite their
commercial success in numerous applications, especially in
portable electronic devices, LIBs display limited safety
characteristics which makes it undeployable in large-scale
electrical energy-storage (EES) applications.” > Therefore,
safety accidents widely appear in traditional batteries caused
by flammable organic liquid electrolytes.”” Over the past
decade vyears, researchers have devoted massive efforts for
developing new battery systems with solid-state electrolytes of
high conductivity. Hence, ceramic solid electrolytes are largely
studied and proposed for next-generation batteries because of
their high durability against temperature and good electro-
chemical and thermal stabilities against Li metal anodes.”
The rhombohedral structure of Na super ionic conductors
(NaSICON) LiM,(PO,); phases (S.G. R3c) can be described
by three-dimensional networks, where PO, tetrahedra share
oxygens with four MOy, and MOy octahedra share oxygens
with six tetrahedra.'°™'® In this structure, two octahedra and
three tetrahedra form structural M,(PO,); units denoted as
“lantern units” (Figure la). In the conduction channels of
NaSICON compounds, Li sites can occupy 6b Wyckoff (M1
sites) coordinated to six oxygens in trigonal antiprisms and 18e

© 2024 American Chemical Society

WACS Publications

7806

Wyckoff (M2 sites) coordinated to eight oxygens.'””"® In

some cases, Li ions can partially occupy midway M1/2
positions between M1 and M2 sites (36f Wyckoff sites).

Since the discovery of NaSICON-type phosphates by
Goodenough et al,” researchers have addressed experimental
and computational efforts to improve the ionic conductivity
and stability of prototype devices. The NaSICON materials are
described with the formula, AM,(PO,);, where A denotes
alkali (Li* and Na*) cations, and tetravalent M cations (Ge, Ti,
Zr, Sn, or Hf) can be substituted by trivalent or pentavalent
cations.” ** NaSICON materials can display R3¢, R3, Ia3d,
Pbca, P23, and P2,/n symmetry depending on the lattice
distortions.'’

The NaSICON characteristics largely rely on the chemical
composition, crystal structure, and unit-cell parameters. These
factors are affected by the charge and radii of octahedral and
tetrahedral cations. The LiM,(PO,); phases have been the
subject of extensive studies. In M = Zr*, Sn**, and Hf** phases,
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Figure 1. Schematic representation along the [100] direction of (a) rhombohedral, (b) orthorhombic, and (c) monoclinic phases, where
orientation of contiguous lanterns is indicated (yellow arrows). In monoclinic phases, the ¢ parameter is half of that of other phases.

a triclinic distortion (S.G. CI) was reported for low
temperatures, which disappears as the temperature increases,
giving the rhombohedra symmetry (S.G. R3¢).”' ™ In M =
Ti*, Ge*" phases, the structure only displays the rhombohe-
dral symmetry (S.G. R3c) in a large temperature inter-
val.'*7'*** Among NaSICON solid electrolytes, the lithium
titanium phosphate LiTi,(PO,); (LTP) has attracted increas-
ing interest because of its stability, low cost, raw, inherent
safety and easy preparation.

In general, the conductivity of solid electrolytes should
surpass 107 S-cm™" for its application in solid-state batteries.
Despite the rather promising electrochemical window [ca.
—0.52/—0.36 V vs standard hydrogen electrode (SHE)], the
LiTi,(PO,); phase displays a lower Li conductivity (¢ ~ 107¢
S:em™ at 300 K) than organic electrolytes.”"® However,
composition is not the sole determinant factor when striving to
create an effective solid electrolyte. The synthesis process and
the sintering method can be also a powerful strategy to
reducing porosity, controlling the microstructure of samples,
and improving the electrical performance.

The substitution of tetravalent Ti*" by trivalent cations as
AP, S, Fet, Y3, Cr*', and In' increases the Li content in
Ti NaSICON derivatives.''~"® In these phases, Li ions occupy,
besides M1 sites, M3 sites located near triangular M1/2
windows, increasing considerably Li mobility. The highest
conductivity, oy, > 107° S-cm™!, was reported in
Ly, Ti,_ M(PO,); (M** = AP**, Sc**, or In**) phases with
an activation energy of ~0.25 ev, 3 achieving the best
results in the M** = AI** series. The incorporation of indium
(0.80 A) also enhanced the ionic conductivity of LiTi,(PO,);;
however, the structure and ion conduction mechanisms are not
well understood.”® Hamdoune et al.* showed the existence of
three different Li,, Ti, ,In,(PO,); phases: in phase I (0 < x <
0.4), X-ray diffraction (XRD) patterns display a thombohedral
R3¢ symmetry, in phase II (0.4 < x < 0.1), orthorhombic Pbca
symmetry, and in phase III (1 < x < 2), P2,/n symmetry. The
compositional dependence of the Li;,, Ti,_In (PO,); (0 < x <
2) conductivity, measured at 300 °C, revealed two conductivity
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maxima, the first reaching 2 X 107> (Q-cm) ™" at x ~ 0.35 and
the second 8 X 107> (Q-cm) ™" at x ~ 1.8.°° In another work,
Qui et al. studied the crystal structure of three
Liy, Ti,_JIn,(PO,); phases by neutron diffraction, showing
that the substitution of In** ions for Ti** ions produces a
rearrangement of Li ions that enhances Li conductivity in
rhombohedral phases.”” In orthorhombic and monoclinic
phases, a concerted rotation of structural units produced a
zigzag disposition of “lanterns” that affects the disposition of
conduction channels (Figure 1b,c).*”

In this work, the substitution of tetravalent Ti*" by trivalent
In** has been analyzed in Li;,, Ti,_In,(PO,); (0 < x < 2)
samples, increasing the charge carrier concentration and
improving the Li* conductivity. In these samples, the presence
of rhombohedral, orthorhombic, and monoclinic phases will be
investigated with XRD, NMR, and IS techniques. The use of
three techniques affords a better understanding of structure
and lithium mobility, which will permit to deduce structural
factors that enhances Li conductivity.

2. EXPERIMENTAL SECTION

2.1. Preparation of the Samples. Li,, Ti,_In (PO,); (0 < x <
2) compounds were prepared by conventional solid-state reaction.
Stoichiometric amounts of (NH,),HPO, (Roth, >97% purity), TiO,
(Aldrich, 98% purity), Li,CO; (Merck, >99% purity), and In,O,
(Aldrich, 99.9% purity) were carefully mixed using an agate mortar,
compressed to form cylindrical pellets, and heated at 180, 300, and
500 °C for 12 h to release water (H,0), ammonia (NH;), and carbon
dioxide (CO,). Then, the powders were compressed into cylindrical
pellets and heated in air at 700, 800, and 900 °C for 12 h at each
temperature with a ramp of 1 °C-min~". The grinding of pellets after
each thermal treatment ensured the samples' homogeneity. To
increase the connection between particles and reduce the formation of
secondary phases, the grounded pellets were compressed before
thermal treatments were performed in Pt crucibles inside a tubular
furnace. To analyze the effect of the synthesis temperature on solid
solutions, some samples (x = 0.3, 0.4, and 0.5) were also heated at
950 °C.

2.2. Characterization of the Materials. Powder XRD patterns
were recorded at room temperature on a Bruker D8-Advance
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diffractometer with a Bragg—Brentano 0—26 geometry with 1.5406 A
Cu-K,, radiation (40 kV and 30 mA). Measurements were carried out
in the 10—90° 26 range, using a 0.02° step size and a 0.5 s counting/
step. The formed phases were identified by comparing their
diffraction patterns with those reported by the International Centre
for Diffraction Data (ICDD). In Le Bail refinements, the zero pattern,
the shape, the full width at half-maximum (fwhm) of peaks, and the
unit-cell parameters of phases were determined. Then, structural
refinements (atom positions, thermal factors and sites occupancy)
were deduced with the Rietveld technique using the Fullprof
program.zs’zg

®Li/’Li and *'P NMR spectra were recorded at room temperature
in a 94T AVANCE-400 Bruker spectrometer at $8.88/155.50 and
161.97 MHz resonance frequencies. In magic-angle spinning (MAS)
experiments, the samples were rotated at 10 kHz spinning rates
around an axis inclined at 54°44’ with respect to the external
magnetic field in 4 mm rotors. For NMR experiments, 7/2 pulse
lengths of 4 us were used for °Li/’Li and *'P signals and S, 10, and
180 s intervals were used between successive accumulations. In all
cases, the number of scans was in the range 8—400. Aqueous LiCl
(1IM) and H;PO, (85 wt %) solutions were used as external
references for °Li/’Li and 3P chemical shifts. NMR parameters such
us the position, line-width, and intensity of components were fitted by
using the standard nonlinear least-squares method implemented in
the Winfit Bruker software.’® Quadrupolar and chemical shift
anisotropies of NMR signals were deduced by trial and error
procedures.

The morphology of samples was examined by scanning electron
microscopy (SEM, JEOL-6010 electron microscope) operating at 20
kV. Samples were deposited on a metallic support and coated with an
Au film to eliminate the charge effects. SEM micrographs of the
sample were analyzed using Image] software. The distributions of Ti,
In, and P were investigated with energy-dispersive X-ray spectroscopy
in sintered pellets.

The Archimedes method was used to determine the density of
Li;, Ti,_In (PO,);(0 < x < 2) ceramic samples. The relative density
of Li,,, Ti,_In(PO,); pellets was determined by computing the ratio
between theoretical and measured densities.

In electrical characterization of samples, cylindrical pellets (6 mm
diameter and ~1.8 mm thickness), obtained by applying an uniaxial
pressure of 120 MPa, were sintered at 950 °C for 12 h. After sintering,
the pellets were polished and the opposite faces were coated with
sputtered gold to assess the Li-ion blocking. Impedance spectra (IS)
of samples were recorded under vacuum with a 4L-configuration
between 243 and 393 K (10 K intervals) in a JANIS VPF 750 cryostat.
Measurements were performed in the frequency range of 20 Hz to 2
MH?z in an automatically controlled Agilent Precision LCR E4980-A
analyzer by applying ac voltage signals of 10 mV. An Agilent E4991-A
RF impedance analyzer (operating between 1 MHz and 3 GHz) was
used at room temperature to extend the frequency range. The sample
was placed at the device port between the inner connector and a
short-circuit cap. The fitting of impedance data was performed with
Zview software.”"

3. RESULTS

3.1. Structural Study. To deduce the structure of samples,
XRD patterns of Li;,,Ti,_In(PO,); (0 < x < 2) samples
were collected in the 10—90° angular interval (Figure 2) and
compared with the diffraction patterns reported by the
International Centre for Diffraction Data (ICDD). The unit-
cell parameters were deduced with the Le Bail technique. The
XRD patterns of 0 < x < 0.1 samples were fitted with the
rhombohedral R3¢ model (JCDPS no. 035-0754). However,
the XRD pattern of 0.2 < x < 0.75 required the consideration
of orthorhombic Pbca (JCDPS no. 040-0029) and rhombohe-
dral R3¢ phases (Figure 2). Finally, the XRD patterns of 1 < x
< 2 samples were reproduced with the monoclinic P2,/n
model (JCDPS no. 049-1183). Structural models used in
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Figure 2. Powder XRD patterns of Li,,, Ti,_In (PO,); (0 < x < 2)
samples.
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Figure 3. (a) Unit-cell parameters of three detected phases in the
Ly, Ti,_In(PO,); (0 < x < 2) samples. (b) Evolution of volume/
structural formula (s.f.) in three analyzed phases.

refinements are given as Supporting Information (Tables S1—
S3). At intermediate compositions (x = 0.5), the LiTiPOy
phase was included as the secondary phase. The result of this
analysis is given in Table S4.

The position of diffraction peaks shifts toward lower 20
angles when x (In) content increases, indicating an increment
of unit-cell parameters when Ti** (0.60 A) is substituted by
In** (0.80 A) cations.”® Unit-cell parameters and volume/
structural formula (s.f) are given in Figure 3a,b. The
compositional dependence of the unit-cell volume increased
with the In content; however, the volume was bigger in
orthorhombic and monoclinic phases than in the rhombohe-
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Figure 4. Rietveld refinement patterns recorded at room temperature
on (a) x = 0.1, (b) x = 0.75, and (c) « = 1.75 samples given as the
example. In these figures, the calculated and observed profiles are
included. The difference between these profiles is shown underneath.

dral phase. To deduce relative amounts (%) of detected
phases, the Rietveld fitting of XRD patterns was used.”**’

3.1.1. Structural Refinements. In the second stage, the
structural refinement of phases was performed permitting a
determination of structural site parameters (positions, thermal
factors, and site occupancies). This analysis was performed
with the FullProf program. Taking into account the big
number of parameters, structural refinements were performed
in separated steps; in the first one, the positions and occupancy
of octahedral sites were deduced, assuming the nominal Ti*
and In**composition of samples in starting models. In the
second step, P and O atom parameters were refined; for that,
thermal factors of Ti/In and P atoms were fixed at 0.5, O
atoms at 1, and Li ions at 1.5 in the rhombohedral phase, while
they were fixed at 0.8S for Ti/In and P atoms, 2.5 for O, and
2.5 for Li in orthorhombic and monoclinic phases. The fitting
of experimental data was controlled through the “goodness of
fit” * and R factors (RWP weighted-profile, Ry: Bragg factor,
and R,;: profile factor). These parameters are given in Table S4,
where the relative percentages of phases are included.
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As illustrative examples, XRD patterns of x = 0.1, 0.75, and
1.75 samples, fitted with R3c, Pbca, and P2,/n models, are
given in Figure 4a—c. From Rietveld refinements, it was
possible to deduce molar fractions (%) of different phases.
Figure Sa shows the molar percentages of phases along the
Liy,,Ti,_In (PO,); (0 < x < 2) series. The samples x = 0 and
x = 0.1, exhibited single rhombohedral phases; butin 0.2 < x <
0.75 materials, the incorporation of In** favors the formation of
orthorhombic phases. The molar fraction of orthorhombic
phases increased from 21.8% for x = 0.2—78.1% for x = 0.75. In
1 < x < 2 samples, monoclinic were detected as unique phases.

The resulting models confirmed the relative disposition of
structural units in three phases (see Figure 1). In Tables S5—
§7, P=O and Ti/In—O bonds and P—O-Ti/In angles,
deduced in three phases, are reported. In general, it is
observed that when x (In) increases, the mean Ti/In—O
distances increase. When site occupancy is analyzed, it is
observed that Ti** or In** cations do not display a clear
preference for different octahedral sites.

In Figure Sb, it is observed that the amount of x (In)
increases with the In composition of rhombohedral phases,
achieving the limit x ~ 0.4 for the nominal x = 0.75 sample.
The relative amount of rhombohedral phases increases when
the temperature of preparation increased at 950 °C. At
intermediate 0.2 < x < 0.75 compositions, the x (In) content
of orthorhombic phases increases slightly from 0.6 to 0.85/
structural formula. Above x = 1, the orthorhombic phases were
substituted by monoclinic ones, and the x (In) content
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Figure 6. SEM images of Li;,, Ti, In (PO,); (x = 0.1; 0.2; 0.5; 0.7S; 1.25, and 1.50) samples sintered at 950 °C.

increases in a linear way. From the relative percentages of
phases and occupation of octahedral sites, the amount of
indium was deduced in different phases (Figure Sb).

3.2. Sample Microstructure. SEM images of
Li,,,Ti,_,In(PO,); samples are given in Figure 6. The
analysis of micrographs shows the progressive increment of
the pellet densification with In content. SEM micrographs
show particles of different sizes and contrasts that were
ascribed to different phases. In samples with 0 < x < 0.4, the
presence of small rounded/cubic particles, measuring less than
3 pum, have been associated with the rhombohedral phase. In
the case of the sample x = 0.5, the crystallites exhibit a
significant enlargement (~6 pm).

In orthorhombic samples, SEM images reveal the formation
of elongated agglomerates of 8 ym length and 3 ym thickness.
These agglomerates decrease in the compositional range 0.75 <
x < 125 samples. In monoclinic samples, the particle size
decreased to 1 or 2 pm, and agglomerates change decreasing
the thickness of particles while maintaining their elongated
morphology.

Table S8 presents the relative density of Li;,, Ti,_,In (PO,),
samples sintered at 950 °C for 8 h. The highest relative density
was achieved in x = 0.2 (96%), surpassing that (75%)
measured in the LTP sample. As the x(In) content increases (x
> 0.2), the relative densities decrease, with a sharp decrement
at x = 1 (76%) that was attributed to the orthorhombic —
monoclinic transformation. In monoclinic phases (1 < x < 2),
the relative density of pellets increased again, displaying a
maximum at x = 1.28.

3.3. MAS NMR. MAS NMR spectroscopy was used to
investigate the local structure and mobility of lithium in
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different phases. In some cases, the distribution of Ti*" and
In** cations around PO, tetrahedra was deduced by *'P MAS
NMR spectroscopy. In the case of lithium, the site occupancy
and mobility were investigated with °Li and 'Li MAS NMR
techniques.

3.3.1. 3'P MAS NMR. In the Li,,, Ti,_In (PO,); (0 < x <
2) series, the XRD patterns showed that rhombohedral phases
are only present in the region x < 0.2, but rhombohedral and
orthorhombic phases coexist in the 0.2 < x < 0.75 range. In 1
< x < 2 samples, only monoclinic phases were detected.

The *'P MAS NMR spectra of the Lij,,Ti,_JIn,(PO,); (0 <
x<2) samples are given in Figure 7a. Taking into account that
all detected phases display similar structural units, it was
assumed that the chemical shift values of P atoms are similar in
three phases. In the analyzed phases, five chemical environ-
ments (4Ti, 3TilIn, 2Ti2In, 1Ti3In, and 4In) were considered
around P tetrahedra, shifting the position of P components
toward more positive values as the amount of indium
increases'>"® (Figure 3 and Table $4). This shift has permitted
the simultaneous detection of NMR components of
rhombohedral and orthorhombic/monoclinic phases.

On the other hand, XRD refinements showed that
rhombohedral phases have one crystallographic P site, but
orthorhombic and monoclinic phases display three sites. In the
monoclinic x = 2 phase, where all P atoms are surrounded by
4In atoms, the *'P MAS NMR spectrum displays the presence
of three components at —5.02, —6.05, and —1.02 ppm of equal
intensity. The existence of three P sites requires the presence
of 15 3'P NMR components; however, the resolution of 10
components suggests the presence of two similar tetrahedra in
orthorhombic and monoclinic phases. At intermediate

https://doi.org/10.1021/acs.inorgchem.4c00289
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Figure 7. (a) *'P MAS NMR spectra of Li;,, Ti,_JIn (PO,); (0 < x <
2) samples. (b) Deconvolution of x = 0.3, x = 0.75, and x = 1.5
spectra given as examples. Positions of 4Ti, 3Tilln, 2Ti2In, 1Ti3In,
and 4In values are indicated. (c) Variation of chemical shift values of
components with the composition of Li;,, Ti,_JIn, (PO,); (0 < x <
2) samples.
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<

compositions (0.3 < x < 1.5 samples), an additional
component at —10 ppm was associated with the LiTiPOjq
phase, increasing slightly in samples prepared at 950 °C.

The deconvolution of *'P MAS NMR spectra of
Li;3Ti; 7Ing3(PO,); (¢ = 0.3), Lij7sTijasIng,s(PO,)s (x =
0.75), and Li, sTiy5In; s(PO,); (x = 1.5) phases are given as
examples of formed phases, Figure 7b. According to above
ideas, Ti,_,In, environments were ascribed to each component
in rhombohedral, but two components were required in
orthorhombic or monoclinic phases (same color, Figure 7c).
The result of the 3P MAS NMR spectra deconvolution is
given in Tables 1 and 2.

In 0 < x < 0.75 samples, rhombohedral and orthorhombic
patterns were detected in *'P MAS NMR spectra. According to
the phase composition, three P(OTi),_,In, environments (x =
0, 1, and 2) were detected in rhombohedral phases but five (n
=0, 1, 2, 3, and 4) in orthorhombic and monoclinic phases
(see Figure 7b,c). From the relative intensity of Ti,_,In,
components, the compositional ratio In**/Ti*" was deduced
with the expression

m*" 1L+ 21, + 3L + 41,

4+ T
Ti

X
4L+ 3L + 2L, + 1, 2 —«x

(1)

where Ti*" and In* stand for the intensity of Ti,_,In, NMR
components (see Table 2). From the In*'/Ti* ratios, the
octahedral Ti,_,In, composition of phases can also be
estimated.

From the addition of Ti,_,In, bands of three phases, the
mean composition of samples was first deduced. The
compositions deduced by NMR agree reasonably well with
the nominal compositions, validating the assignment of
components (Table 3 and Figure 7). The resolution of two
Ti,_,In, different sets allowed a determination of chemical
composition of rhombohedral and orthorhombic phases. This
analysis confirmed that the x (In) content of rhombohedral
samples remained below 0.4/structural formula and displayed a
small increment between 0.7 and 0.9 in orthorhombic phases.
In x > 1 samples, the symmetry becomes monoclinic, and x
(In) content increased linearly with composition.

3.3.2. 5Li MAS NMR. As a consequence of smaller dipolar
and quadrupolar interactions, °Li NMR components are
narrowed with respect to those of 'Li NMR ones (Figures 8,
9, and Table 4). This attenuation is responsible for the
increment of resolution observed in °Li MAS NMR spectra.
According to the XRD analysis, the °Li signal at ~—1.1 ppm
was ascribed to rhombohedral phases, while that at ~—0.6 ppm
was attributed to orthorhombic phases. In monoclinic phases,
the position of the Li signal is near that detected in
orthorhombic phases, indicating that the two structures are
related.

Li ions with restricted mobility display broader NMR
components than mobile Li ions. In Li poor rhombohedral
phases (x < 0.2), the mobility of lithium is limited, making that
central components be broadened by site heterogeneity. When
the Li content increases, Lil—Li3 exchanges, decreasing the
line-width of components with mobility. The formation of
orthorhombic phases is responsible for the detection of two
components. The absence of lithium exchanges between Li
ions of thombohedral and orthorhombic phases made possible
to estimate relative amounts of lithium in two phases in the 0.2
< x < 0.75 interval (Table S4). The analysis of this table
showed that relative amounts of detected phases agree
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Table 1. Position (ppm) of *'P MAS NMR Components of Li,,,Ti,_In (PO,); (0 < x < 2) Samples”

In, ;P In,,P
envir. Iny,P Ing,P  IngsP (950 °C)  Ing,P (950 °C)
4Ti0In —27.60 -27.60 —-27.51 -=27.51 —27.60 —=27.51
—27.06 —27.0S -2693 -27.02 -27.03  —27.02
—26.28 —2625 -26.16 —26.04 —2629 2593
—25.02 -25.32 -25.01 -25.02 -25.12 —24.89
3Tilln -23.19 —23.07 —23.07 -—23.18 -23.10 —23.18
—22.09 —23.29 —22.03 —=22.21
—20.90 -20.96 —2041 -20.49 -20.79  —20.50
2Ti2In —19.03 —19.01 -—18.81 -—18.32 —-19.02 -1831
—-17.50 —16.89 —-17.53 -16.83
-16.99 -16.79 —1621 -—15.61 —15.66  —15.60
1Ti3In —14.57 —14.75 -1470 -14.71 —14.68 —14.53
-1321 -1322 -13.37 —-1322 -1321
—11.85 —-11.67 -11.64 -—11.03 —11.44 —11.19
0Ti4In —8.42 —842 842 846 —8.62
-3.01/ -389 -387 -3.19/— -3.84/ —320/—
—6.60 6.51 —6.01 6.58
LiTiPOg —9.95 —9.92 —-9.91

Iny P
IngsP (950 °C) Ing,sP In P InjpP In P In, ,sP In, P
—27.53 —27.53 —-27.50 =27.56 -=27.50 -27.50
-27.03 =27.02 —26.81 —26.87 -=27.05 -=27.04
—26.28  —25.99 —25.97 —25.84 -—-2538 —25.38
-25.19 -=25.01 —24.70 —-24.37 -=23.77 -=23.96
—-23.09 —23.18 —22.87 —22.98 -—22.03 -2137 —2023
—22.12 —22.28 —22.04 -—22.30
—20.68  —20.69 —-20.65 -—20.08 —-19.72 -19.18 -—18.12
—-19.02 —18.63 —18.71 -18.13 —-16.04 -—15.77 —14.95
-17.61 —17.02 —-17.58 -16.21
—158.72  —15.60 —15833 —-14.53 -14.19 -13.56 -—12.79
—14.69 —14.52 —-12.85 -12.69 -11.68 -—11.12 -10.22
—1328 —13.22
—11.10 11.03 —-11.09 -11.52 -9.98 —8.63 —-8.13
—8.44 —845 845 =777 —-624 —6.09 —5.02/
—6.05
-3.09/ —-329/— —410 —451 —433 328 —-165/ —1.02
—6.62 6.68 —3.52
-9.83 -9.83 -9.79 —-983 -9.89 -9.82

“The results of some samples (x = 0.3, 0.4, and 0.5) prepared at 950 °C are also included.

reasonably well with those deduced by XRD and *'P MAS
NMR techniques.

In monoclinic phases, Li mobility is considerable, making
that °Li NMR components should be narrowed; however, the
increment of Li ions produces highly correlated motions that
increase the line-width of components. The transformation of
orthorhombic into monoclinic phases shows that the two
detected components at ~—1.3 and ~—0.4 ppm correspond to
Li species with different characteristics in monoclinic phases.

3.3.3. ’Li MAS NMR. Li MAS NMR spectra of the
Liy,,Ti,_In (PO,); (0 < x < 2) series are given in Figure 9.
In general, 'Li MAS NMR spectra are formed by central and
spinning sidebands, that were used to deduce quadrupolar
interactions. In rhombohedral phases, Li ions are located at
triangular M12 windows, making that quadruple vqconstants
be near 24 kHz. When the Li content increases, mobility
increases and line-width of components decrease.'' The
formation of orthorhombic phases shifts the central
component toward more positive values, increasing the vq
constants to ~60 kHz.

In monoclinic phases, Li mobility produces the cancelation
of dipolar and quadruple interactions, resulting in narrowed
MAS NMR patterns. When the central components are
analyzed, two bands with different line-widths were detected
that correspond to Li ions with different mobilities. In
monoclinic samples, the detection of smaller quadrupolar
interactions suggest the presence of reduced distortions in Li
polyhedra. In Table 5, chemical shifts, quadrupolar constants,
and intensity of components are depicted. The parameters
deduced from °Li differ from those deduced for Li NMR
spectra, suggesting that values deduced in the last case are less
reliable as a consequence of the lower resolution.

4. ELECTRICAL PROPERTIES

The Li conductivity of solid electrolytes changes with the
structure and composition of phases. To evaluate the effect of
the indium content on the transport properties of samples, IS
was used.

Figure 10 displays the frequency dependence of the real part
of Li conductivity of Li, Ti,_In,(PO,); (0 < x < 2) samples.
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To deduce “bulk” conductivity, the frequency range was
extended from 10* Hz to 3 X 10° Hz. Impedance data of
samples were normalized to the thickness and electrode area of
pellets. From the analysis performed with complex nonlinear
least-squares techniques, “bulk,” “overall,” and “electrode”
contributions were deduced. The measured “bulk” and
“overall” contributions result from the average of different
particle shapes and compositions of different phases, showing
that the measured values should be considered as apparent
values. The equivalent circuit used for data analysis includes
apparent Ry, “bulk” and Ry, “grain boundary” resistances in
parallel with the corresponding C, and C,;, capacitances. In this
analysis, the “overall” resistance R,, = Ry+ Ry, and 6, = 1/R,.
In equivalent circuits, a blocking “electrode” with a constant
phase element was considered.

In 0 < x < 0.2 samples, apparent “bulk” conductivity and
activation energy of rhombohedral phases were deduced.
However, apparent “bulk” contributions of rhombohedral and
orthorhombic phases were hardly deduced in 02 < x <1
samples because of structural disorder. In monoclinic 1 < x <
2 samples, the presence of two “bulk” contributions was
ascribed to the presence of “core—shell” structures (green
points of Figure 10).

The “overall” conductivity and activation energy of
Li,, Ti,_In,(PO,); (0 < x < 2) phases are given in Table
6. In Figure 11a, mean conductivity of Li;,, Ti,_ In (PO,); (0
< x < 2) samples was plotted versus reciprocal temperature
(1000/T). Dc-conductivity values were fitted to the Arrhenius
expression

GdcT = AOeXP(_Ea/kBT) (2)
where oy, kg, T, Ay, and E, are dc-conductivity, Boltzmann
constant, absolute temperature (K), pre-exponential factor and
activation energy, respectively.

The apparent “bulk” conductivity (6y,;) of rhombohedral
phases increases from 7.6 X 107 S-em™ for x = 0, to 1.9 X
107 S-em™ for the x = 0.2 sample, displaying maximum
conductivity and minimum activation energy of E, = 0.27 eV
(Figure 11a and Table 6). In x = 0.2 composition, the “overall”
Li conductivity was 6,, = 1.7 X 107* S-cm™" and E,, = 0.32 eV.

https://doi.org/10.1021/acs.inorgchem.4c00289
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Table 2. Relative Intensities (%) of >P MAS NMR Components in Li,,, Ti,_JIn(PO,); (0 < x < 2) Series”

In, P

In, 7P

In, (P In;, P In, P

Ing7sP

IngsP (950 °C)

Iny P
11.17
8.81
5.69
5.84

Iny,P (950 °C)

Iny P
26.97
11.36
7.14
3.20

Ing;P (950 °C)

Ing 3P

Iny,P

Ingy P
55.75

envir.
4Ti0In

0.01
0.06
0.08
0.16

0.03
0.05
0.16
0.63

0.62
0.96
1.05
2.49
0.08
5.87
19.85

5.48
4.75
3.64
3.23
9.57
2.71
18.71

7.99

23.30
15.50
6.43
1.15

24.23

40.79

42.89

13.29
5.98
3.12
8.28

19.02
8.30
245

14.71

19.87
6.94
1.02

16.14

6.04
0.67

7.88
2.35

8.

13.54
6.96
9.27
2.33
7.14

1221
10.68
725
444

13.65
4.89
7.57
2.34
5.88
7.63
231
4.50
1.00
0.70

11.39
10.64
5.89
4.00
2.57
4.68
0.49
2.84
1.01
0.39

13.07

57 13.15

3Tilln

0.80
1.15

1.52
5.58

1.05
14.95

15.00
9.66
3.69
6.91

01
8.14
1.06
0.55
2.01
5.47
1.01
5.3§
0.08
0.

5.00
2.16
1.41

3.58
0.

1.98
15.52

19.21

1.23
9.02
25.06

44

2Ti2In

5.14
7.55

6.22
17.41

10.30
20.96

3.17
9.05
1.04
3.75
0.61

1.67

12.10

13.66
1.37
6.20
0.95
0.27

0.97
6.01
0.48

3.70
0.53
2.46
0.43
0.44

1.17

1Ti3In

12.00
13.80

26.52

13.79
19.09

19.21

19.05
15.31
12.51
4.64
0.36

8.02

16.72

10.33

3.13
1.57

0.35

1.44
0.

27.60/33.81
38.59

3.64
0.90
3.08

48

0Ti4In

10.58/22.50

14.78
2.04

0.11/0.50
5.94

0.33/0.63
5.83

0.06/0.15
1.20

0.13/0.16
0.57

0.19/0.34

1.56

05

0.29/0.24

1.21

LiTiPO;,

“The results of some samples (x = 0.3, 0.4, and 0.5) prepared at 950 °C are also included.
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Another maximum of conductivity was detected in the
monoclinic x ~ 1.25 sample (o,, = 1.4 X 107> S-.cm™), with
an activation energy E,, = 0.39 eV. The activation energy
deduced for apparent “overall” and “bulk” contributions
exhibits similar trends, albeit the apparent “bulk” values are
consistently higher than the “overall” ones. The activation
energies corresponding to the apparent “overall” conductivity
and relative densities of Li,,Ti,_,In,(PO,); samples are
depicted versus x (In) in Figure 11b.

5. DISCUSSION

The combined use of XRD, NMR, and IS techniques made
possible the analysis of structural factors that enhance Li
mobility in Li;,,Ti,_JIn(PO,); samples. A first analysis was
centered on the location of lithium ions in different phases.
The increment of the Li content enhances Li—Li repulsions,
destabilizing the Li coordination at structural sites. The relative
importance of Li—O bonds and Li—Li repulsions define Li
dynamics in analyzed samples.

5.1. Structural Characterization. 5.1.1. Crystalline
Phases. The linear increment of the unit-cell volume along
the Li;, Ti,_In,(PO,), series (Vegard’s law) is justified by the
substitution of Ti* (0.60 A) by bigger In** (0.80 A) cations
(Figure 3a,b).?> However, XRD patterns of
Li,, Ti,_In (PO,); (0 < x < 2) samples showed the presence
of three phases: (1) in the compositional range 0 < x < 0.2,
rthombohedral R3¢ phases are preponderant; (2) in the range 0
< x £ 0.75, the orthorhombic Pbca phase increases at the
expense of the rhombohedral one; (3) in the 1 < x < 2 range,
rhombohedral and orthorhombic phases disappeared and
monoclinic P2,/n phases become dominant.

The absence of relevant amounts of secondary InPO,, phases
allowed the analysis of the sample composition and the
distribution of In** ions in three phases.””~'* All 3'P MAS
NMR spectra display five components that were ascribed to P
atoms surrounded by 4Ti, 3Tilln, 2Ti2In, 1Ti3In, and 4In
environments. The chemical shift values of different environ-
ments changes slightly with the sample composition, making
still possible to define separated intervals for different
environments. From the sum of relative intensities of five
Ti,_,In, environments, Ti*'/In*" ratios and averaged compo-
sitions of samples were estimated. The result of this analysis
agrees well with the XRD results and nominal compositions of
samples (Table 3). At intermediate compositions 0.4 < x <
0.75, a small amount of the secondary LiTiPO; phase (narrow
P component at ~—10 ppm) was detected that did not affect
considerably compositional determinations.

When the x (In) content increases, the positions of P
components shift toward more positive values, making it
possible to simultaneously detect different components for
rhombohedral and orthorhombic/monoclinic phases. When
Ti,_,In, components of phases were considered in a separate
way, the chemical compositions of rhombohedral and
orthorhombic phases were deduced. In this analysis, it was
confirmed that the x (In) content of orthorhombic phases is
always higher than that of the rhombohedral phases (Table 3).
The incorporation of x (In) content above 0.3/s.f. was not
possible in rhombohedral phases, requiring the formation of
orthorhombic phases with higher x (In) content (0.7—0.9/s.f.)
to explain the average composition of samples. Above x = 1,
the rhombohedral and orthorhombic phases disappear, and the

x (In) content of monoclinic phases increases in a linear way

https://doi.org/10.1021/acs.inorgchem.4c00289
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Table 3. Nominal and Estimated x (In) Contents Deduced from Rietveld and *'P MAS NMR Components in

Li;,, Ti,_,In,(PO,); (0 < x < 2) Samples

In, x =01 x =02 x =03 x =04 x =05 x = 0.75 x =10 x =125 x =15 x =175 x =20
Inf}ietveld 0.10 0.25 0.34 0.44 0.56 0.72 0.97 1.14 1.49 1.78 2.0
InYMRGIP) 0.12 0.22 029 0.42 0.56 0.75 0.98 1.10 1.48 1.75 2.0

6L MAS-NMR two tetrahedral sites should be similar; however, octahedral

compositions deduced were different, suggesting that distribu-

x=2 tions of Ti*" and In** with respect two tetrahedra are slightly
N different.

= x=1.5 If Ti* and In** cations are randomly distributed in a

S A 2125 particular phase, the intensity of Ti, ,In, components should

> ng__;s agree with probabilities deduced from the binomial distribu-

2 x=0.5 tion

3 x=0.4

£ %03 (a+b)*" =a* + 4a’b + 620> + 4ab’ + b* (3)

x=0.2
%=0.1 where a (Ti*") and b (In*") stand for relative occupations of
_‘k x=0 octahedral sites. In random distributions, 41,/1;, 61,/4L,, 41,/
0 8 6 4 2 0 o2 a4 6 18 -0 61;, and I3/41, ratios deduced from adjacent NMR
5 (ppm) components should agree with nominal a/b values. Deduced

Figure 8. °Li MAS NMR spectra of Liy, Ti,_,In (PO,); (0 < x < 2)
samples.

Li MAS-NMR
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Figure 9. "Li MAS NMR spectra of Li,,, Ti,_In (PO,); (0 < x < 2)
samples.

with the sample composition. These results confirm basically
the conclusions deduced from XRD analyses (Table 3).
5.1.2. Ti/In Distribution. In all samples, each P tetrahedron
shares oxygens with four octahedra to form M,(PO,); units.
The rhombohedral phases display one P site, but ortho-
rhombic and monoclinic phases display three P sites. Based on
this fact, *'P MAS NMR spectra should be formed by §
components in rhombohedral (one site) but 15 components in
orthorhombic or monoclinic phases (three sites). In the last
two phases, however, only two tetrahedra are differentiated,
making that the number of signals be reduced to 10. The
orthorhombic and monoclinic phases display similar *P NMR
shifts, suggesting that both phases are structurally related.
The composition of rhombohedral and orthorhombic phases
was estimated from Ti,_,In, components detected in *'P NMR
signal, giving values that agree with those deduced from
nominal and structural analyses. In the orthorhombic and
monoclinic phases, distribution of Ti** and In** cations was
analyzed around two different tetrahedral sites. If In** cations
were homogeneously dispersed, chemical compositions around
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values were not the same, confirming deviations from the
random distribution of Ti** and In** cations. Unfortunately,
this analysis was not possible to be performed properly due to
uncertainties associated with spectra deconvolution.

In structural analyses, the main conclusion referred to small
variations on the x (In) content of rhombohedral (0 < x < 0.3)
and orthorhombic (x ~ 0.8) phases. In monoclinic x > 1
phases, the x (In) contents increase in a linear way with
nominal compositions (slope 1:1), suggesting a disordered
distribution of Ti** and In*" cations, compatible with the
Vegard’s law.

5.2. Li Conductivity. 5.2.1. Bulk Conductivity. The
substitution of Ti** by In** cations increases the amount of
Li*/structural formula, which reduces Li—Li distances and
increases electrostatic repulsions. If vacant sites are near
occupied sites, Li‘ions are forced to occupy more separated
positions. To better understand transport properties, the
occupation of Li sites along conduction channels has to be
investigated. The number of sites occupied by lithium is two in
rhombohedral and orthorhombic but three in monoclinic
phases.

Figure 12 shows the arrangement of conduction channels
deduced for two hoping distances (~4 and 6.8 A) in three
analyzed phases. In general, short Li—Li distances (3.3—3.6 A)
increase Li—Li repulsions making that Li separation increases
and Li motions becomes more correlated. On the contrary, the
increment of cation vacancies decreases the correlation degree.

In rthombohedral samples, 6-fold M1 sites are occupied in
the starting member of the Li;,, Ti,_ In (PO,); series. In this
composition, Lil—Lil distances are ~6 A and Li conductivity
is ~1 X 107 S:cm™". In Li-richer samples, additional Li is
accommodated at M3 sites, increasing considerably electro-
static Lil—Li3 repulsions (d;;_;; ~ 3.5 A). As a consequence of
this interaction, cation vacancies are allocated at M1 sites and
Li ions at M3 sites, increasing Li3—Li3 distances to ~6 A3
The Li vacant sites produced at the intersection of three
conduction channels enhances Li mobility along conduction
channels, producing a maximum of conductivity ~1 X 107 S
cm™! in x = 0.2 composition. In rhombohedral samples, the Li*
hopping is produced between Lil and Li3 positions, making
Lil—Li3—Lil—Li3 the most probable channels for conductiv-
ity. Above x = 0.2, Li motions become more correlated,
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Table 4. Chemical Shifts (ppm), Line-Width (ppm), and Relative Intensity (%) of °Li MAS NMR Components of

Li;,, Ti,_,In,(PO,); (0 < x < 2) Samples

In, x=0.1

rhombohedral

o —0.4
Av 9.5
G/L 0

11 (%) 66
orthorhombic

5, -0.5
Av 2.8
G/L 0

12 (%) 34

monoclinic

G/L
14 (%)

x =02

-12
0.7

0

71

-0.3
0.9

29

x =03

-1.1
1.1
0

67

-0.2
0.7

33

x =04

-12
12
0

35

-0.3
1.0

65

x=0.5

-1.0
13

0

27

-0.2
0.8

73

x = 0.75

-12
1.1
0

26

—0.4
0.9

74

x = 12§

—-0.4
13
0
100

x =15

-13
4

0

31
—0.2
3.9

0

69

x =175

-13
4

0

37
—0.2
3.8

0

63

x =20

-0.7
0.6

69
—0.1

0.6

31

Table 5. Chemical Shifts (ppm), Line-Width (ppm), and Relative Intensity (%) of Li MAS NMR Components of
Li,,,Ti,_JIn,(PO,); (0 < x < 2) Samples”

In, x=0.1

rhombohedral

o, —0.6
Av 2.2
G/L 0

123 17

n 0

11 (%) 85
orthorhombic

6, —0.6
Av 5.0
G/L 0

173 45

n 0

12 (%) 15
monoclinic

14 (%)

x =02

-1.0
22

0

24

0

87

-0.5
22

0

60

0

13

x=0.3

-0.9
2.6

0

24

0

70

-0.5
2.4

60

30

x =04

—0.8
S.0

18

78

—0.5
2.4

60

22

x = 0.5

—0.8
5.0

0

17

0

60

-0.5
2.4

0

58

0

40

x = 0.75

-0.6
4.0

0

13

0

33

—-0.4
3.0

0

58

0

67

x = 1.25

x =15

-2.3

49
—0.4
44

S1

x = 17§

—-2.2

46
-0.5
4.6

54

x =20

-2.3
70

45
-0.4

RN

“Quadruple parameters vo(kHz) and # (dimensionless) have been included.

decreasing the conductivity and increasing the activation
energy.

In orthorhombic samples, 6- and 8-fold coordination of Li*
ions is produced at two tetrahedral sites: Lil sites (Lil—O
distance ~2.01 A) and Li2 sites where Li ions display bigger
mobility (Li2—O distance ~2.30 A) (Table S6). In
orthorhombic samples, there are two Li sites involved in
monodimensional motions along a and b axes in two different
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planes. In the first case, Lil—Lil distances are near 4.7 A and
distances between contiguous zigzag chains are ~5.7 A. In the
second case, Li2—Li2 distances are near 4.6 A and distance
between chains are 3.1 A, making more favorable bidimen-
sional motions in one of ab-planes.

In the 0.2 < x < 0.75 interval, one “plateau” of conductivity
was related to the rhombohedral phase (near 10° Hz) and
another narrow one (at 10° Hz) to orthorhombic phases (red
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Figure 10. Frequency dependence of real conductivity of
Ly, Ti,_In(PO,); (0 < x < 2) samples.

and orange points of Figure 10). For the x = 0.2 composition,
apparent “bulk” conductivity displays a maximum, despite the
presence of 20% of the orthorhombic phase. Small changes
were detected in ¥ = 0.3 and x = 0.4 samples, where the
volume fraction of orthorhombic phase increases from 30 to
40% (Table S4). The molar fraction of orthorhombic phases
increases up to 60 and 70% in x = 0.5 and 0.75 samples. From
these results, it is possible to state that the increment of the
volume fraction of the less conductive orthorhombic phase
reduces the mean apparent “bulk” conductivity of samples.

In monoclinic samples, there are three crystallographic
positions. The Lil cation forms a regular tetrahedral
coordination with oxygen atoms, while the Li2 and Li3 cations
adopt a distorted trigonal bipyramidal coordination. In these
samples Li2—Li3 distances are 3.0 and 3.3 A, favoring Li
motions along monodimensional chains disposed parallel to
the b axis. The parallel chains are connected through Li2—Li2
pairs, separated 3.9 A along the c-axis. From this fact,
bidimensional motions are easily produced in monoclinic
phases. The increment of temperature should favor an
increment on the channels dimensionality. In monoclinic
samples, Li conductivity displays a maximum at x = 1.25/
structural formula, decreasing again when x (In) increases, and
Li motions become more correlated.

For higher x (In) increments (x > 1), the admittance curve
of monoclinic phases changes to a single plateau at frequencies
close to 107 Hz. The definition of the apparent “bulk” plateau

x=0
x=0.1
x=0.2
x=0.3
x=0.4
x=0.5
2 =0.75
x -
' x=1.25
g x=1.5
U). x=1.75
-
©
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o
-
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Figure 11. (a) Arrhenius plots of “bulk” (closed symbols) and
“overall” (open symbols) dc conductivities of Li,,,Ti,_In(PO,); (0
<x<2) samples (b) activation energies corresponding to apparent
“overall” conductivity (black symbols) and relative densities (blue
symbols) as a function of composition x in Li,,,Ti, JIn,(PO,);. The
dotted lines are drawn to guide the eye. The sample with x = 0.2
shows the highest relative density with the minimum of activation
energy.

becomes difficult as a consequence of compositional
heterogeneities. At x = 1.25, 1.5, and 1.75 samples, two
apparent “bulk” plateaus were detected that correspond to

Table 6. Apparent “Bulk” and “Overall” Conductivity of Li;,,Ti,_In (PO,); (0 < x < 2) Samples Measured at Room

Temperature”
“bulk” conductivity “overall” conductivity
In, o (S-«em™) Ay (S-em™) E, (eV) 6 (S:em™) Ay (S-em™) E, (eV)
0.0 7.61 x 1076 3.01 x 10* 0.39 1.18 X 1077 1.10 x 10* 0.45
0.1 9.52 x 107* 2.34 x 10* 0.30 7.36 X 1075 1.80 x 10* 0.34
0.2 1.90 X 1073 831 x 10° 0.27 1.70 X 107* 240 x 10* 0.32
0.3 821 x 107* 1.99 x 10* 0.31 492 x 1075 1.66 x 10* 0.35
0.4 648 x 107* 3.71 x 10* 0.33 1.99 x 107° 1.62 x 10* 0.37
0.5 274 x 1074 3.23 x 10* 0.35 3.15 X 1076 1.07 x 10* 0.42
0.75 532 % 107° 7.58 x 10* 0.39 8.32 X 1077 1.20 x 10* 0.45
1 373 x 107° 5.12 x 10* 0.40 2.01 x 1077 7.08 X 10° 0.47
1.25 2.58 x 107* 1.37 X 107° 0.39
1.5 5.19 X 107° 437 x 107¢ 0.40
1.75 633 x 107° 2.88 x 10* 0.37 334 x 1076 2.09 x 10* 0.42

“Activation energy (E,) and pre-exponential factor (4,) deduced from Arrhenius plots.
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(a)

Rhombohedral (S.G. R3¢):

dun =4 A
duituit * 6.8 A

durs =4 A

Orthorhombic (S.G. Pbea):

(b)

duu=48A
duii2 ¥ 6 A

duLi=48A

Monoclinic (S.G. P2i/n):

©

duLiz45A
dure=5A

duiiz45A

Figure 12. Schematic representation of conduction channels in three
detected Li,,, Ti,_In (PO,); phases; (a) rhombohedral (S.G. R3c),
(b) orthorhombic (S.G. Pbca), and (c) monoclinic (S.G. P2,/n).

core—shell structures, where shells display lower ionic
conductivity than cores.">*® The absence of orthorhombic
phases improves densification, detecting a maximum of
apparent “bulk” conductivity at x ~ 1.25/structural formula.

If it is assumed that the activation energy required for Li
hopping between equivalent sites increases with distance, we
can conclude that in rhombohedral samples, correlated three-
dimensional Li motions are caused by the Li hopping between
sites separated by 3.6 A. In the case of monoclinic samples,
bidimensional motions are produced in bc-planes by hopping
of lithium between sites separated by 3 and 3.3 A. In the case
of orthorhombic samples, monodimensional motions are
produced by Li hopping between sites separated by ~4.6 A
along a and b directions. This observation explains the
conductivity values detected in three analyzed phases.

5.2.2. Grain-Boundary Conductivity. Activation energies
corresponding to apparent “overall” conductivity and relative
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densities of Lij,, Ti,_,In,(PO,); samples are plotted vs x (In)
in Figure 11b. From this plot, it can be concluded that the
increment of density increases the “grain-boundary” con-
ductivity, improving the “overall” conductivity of samples. A
reduction of the sample porosity should increase the density of
pellets. From the above considerations, it is clear that apparent
“bulk” and “grain-boundary” conductivities display different
optimization processes.

A steep decrease in activation energies, from 0.45 to 0.32 eV,
is observed with increasing the relative densities of samples
from 75 and 96% for x (In) going from x = 0 to x = 0.2. Above
x = 0.2, the activation energies increase and the densities of the
samples decrease until x = 1. Above x = 1, the opposite was
observed for increasing x (In) contents. From Figure 11b, two
maxima were detected being better that of rhombohedra
samples.

The rhombohedral phases display a maximum in apparent
“bulk” and “overall” conductivities at x = 0.2. The conductivity
plot shifted to higher frequency, supporting a faster lithium
dynamics at increasing x (In) contents. In monoclinic samples,
maximum conductivity was detected at x = 1.25. In the case of
orthorhombic samples, Li dynamics is poorer than in other two
phases. A deeper study of structural changes produced along
the series will permit in future works the optimization of
transport properties.

6. CONCLUSIONS

The preparation of Li;,,Ti,_In (PO,); (0 < x < 2) samples
has permitted a better understanding of structure and Li
mobility in rhombohedral, orthorhombic, and monoclinic
phases. The deconvolution of *'P MAS NMR spectra allowed
the identification of 4Ti, 3Tilln, 2Ti2In, 1Ti3In, and 4In
bands in three phases and an estimation of the phase
composition.

The dispersion of charge deficits (In atoms) favors long-
range motions of Li* ions along conduction channels. In
rhombohedral phases, electrostatic Li—Li repulsions favored
the onset of more extended Li motions and a maximum of
conductivity at x ~ 0.2/sf. The increment of In** cations
promotes the formation of orthorhombic and monoclinic
phases, where structural units and conduction channels
changed, decreasing Li mobility. The transformation of
orthorhombic into monoclinic phases increased Li conductiv-
ity again, achieving a maximum at x = 1.25 composition.

The formation of less conducting orthorhombic phases
reduced considerably the conductivity of samples in the
compositional range 0.3 < x < 0.75 samples as a consequence
of the composite effect.
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