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Abstract

Titanium-based Nasicon-type compounds with formula Li,,,Ti,_,Al,(PO4); and LiTi,_,Zr,(PO,);, have been prepared and studied with X-ray
Diffraction (XRD), Nuclear Magnetic Resonance (NMR) and Electric Impedance (EI) techniques. From the analysis of the "Li and 3'P NMR
spectra, cation distribution and Li mobility have been deduced. The substitution of Ti** by a large Zr** cation expands the unit cell but the grain
interior conductivity remains near that of the parent LiTi,(PO,); compound. However, substitution of Ti** by a smaller AI** cation reduces the unit
cell dimensions of the Nasicon framework, but enhances about three orders of magnitude the conductivity. In Zr doped samples, the expansion of
the unit cell destabilizes Li coordination at M, sites; however, in Al doped samples, the increment of Li amount enhances Li—Li repulsions. In both

cases, creation of vacancies at M; sites increases Li mobility.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

NASICON-type materials with formula LM(PO4)3, L=Li,
Na and M =Ge, Ti, Sn, Hf, Zr, are of increasing interest because
of their possible application as solid electrolytes in lithium bat-
teries, sensors and others electrochemical devices.! The ideal
structure of these compounds is rhombohedral (space group
R3c) butin some of them a low-temperature phase of lower sym-
metry, has been found.> In both phases, the framework is built
up by M2(POy4)3 units in which two MOg octahedra and three
POy tetrahedra share oxygen atoms. In rhombohedral sodium
phases, Na* cations are placed at two structural sites: (i) M sites
surrounded by six oxygen atoms and located at inversion centers,
and (ii) M, sites, with an irregular ten-fold oxygen co-ordination
and disposed symmetrically around ternary axes. Both sites are
arranged in an alternating way along the conducting channels.

In rhombohedral lithium phases, such as LiGe;(PO4)3
and LiTip(POy4)3, the preferential occupancy of M sites by
lithium has been deduced out from neutron diffraction (ND)
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experiments.> When the size of the tetravalent cation increases
(e.g. M =Sn, Hf, Zr), a triclinic phase has been detected. In this
phase, Li* ions are placed at mid-way M/, positions between
M; and M, sites in a four-fold oxygen coordination.>* In
titanium-based NASICON-type materials, the Li* ion conduc-
tivity is greatly enhanced when Ti** is partially replaced by
trivalent cations (Al, Ga, Sc, In, Y).® The maximum conduc-
tivity (1073 Q tem™! at 300K) was achieved at x~0.3 in
the Lij4,Tio—xAl(PO4)3 series. In samples with x>0.3, the
decrease on the overall conductivity was attributed to the for-
mation of secondary non-conducting phases.’

In this work, the structure of Lijs,Tiz_Al(POy4)3
(0<x<0.7) and LiTip_ Zr,(POy4)3 (0 < x<?2) series has been
assessed by X-ray diffraction technique. Distribution of octahe-
dral cations has been followed by 3'P MAS-NMR spectroscopy
sites and mobility of lithium have been investigated by Li MAS-
NMR technique. Electric impedance technique has been used to
analyze Li conductivity in prepared samples.

2. Experimental procedure

Lij4,Tio_Al.(PO4)3 and LiTir_,Zr,(PO4)3; series, were
prepared following the method described elsewhere.” X-ray
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diffraction patterns were recorded at room temperature with Cu
Ko radiation (A =1.5405981 A) in a PW-1710 Phillips diffrac-
tometer. Data were taken in the 10 <26 <70° range with 0.02°
per step, counting for 0.5 s at each step.

Impedance measurements were carried out on cylindrical
pellets of 13 mm diameter and approximately 1.4 mm thick.
Pellets were first compacted by cold pressing at 3 MPa, then
sintered at 950-1000 °C for 24 h. For electric measurements,
platinum electrodes were deposited by sputtering on the two
faces of the pellet. The impedance measurements performed
over the frequency range 10~! to 1.8 x 10° Hz at increasing
temperatures (150-500K) allowed us to separate grain inte-
rior and grain boundary contributions. From 10~! to 10°Hz a
Solartron SI 1260 was used; however, for the high frequency
range (10°-1.8 x 10° Hz) an HP 4291A rf impedance ana-
lyzer was taken. In this case, the sample was located at the
end of a coaxial line and the impedance was deduced from
the analysis of the complex reflection factor. In both cases,
the sample temperature was measured with accuracies better
than +1 K.

3P and "Li MAS-NMR spectra were recorded at room
temperature in a MSL-400 Bruker spectrometer (9.4 T). The
frequencies used for 3'P an ’Li signals were 161.97 and
155.50 MHz, respectively. Samples were spun at 4 kHz during
signal recording. Spectra were obtained after single pulse irra-
diation with a recycling time of 10s. In the temperature range
100450 K, quadrupole interactions deduced from ’Li spectra
remains small (Cq < 180 kHz), making the irradiation of the cen-
tral and satellite transitions non-selective. The number of scans
was in the range of 100-800. "Li and *'P chemical shift values
were given relative to 1 M LiCl and 85% H3PO, aqueous solu-
tions. The fitting of the NMR spectra was done with the Bruker
WINFIT software package.® This program allows the position,
line width and intensity of components to be determined; how-
ever, quadrupole Cq and 7 values have to be deduced with a trial
and error procedure.

3. Results and discussions
3.1. Cation distribution
XRD patterns of Lij 4, Tio—yAly(PO4)3 and LiTiz—  Zr(PO4)3

samples, recorded at room temperature, display peaks of the
rhombohedral (R3¢ space group) phase. The substitution of Ti
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Fig. 1. 3P MAS-NMR spectra of (a) Lij4Tir_yAL(POs); and (b)
LiTi;—,Zr,(PO4)3 series at indicated nominal compositions. The vertical line
corresponds to the line position of undoped sample.

(0.60 A)° by a larger Zr** cation (r=0.72 A) produces the pro-
gressive enlargement of the rhombohedral unit cell. However,
the progressive substitution for Ti** by AI** (0.53 A) reduces
slightly the parameters of the hexagonal unit cell. The decrease
observed on a and ¢ parameters is lower in samples with x> 0.3,
suggesting that only part of Al was incorporated into the Nasicon
structure (Table 1).

In LiTiy(POy4)3, the 31p MAS-NMR spectrum is formed by
a single line at —27.5 ppm. In Ti-based series, the substitution
of Ti by Zr or Al produces the broadening and the shift of 3!P
NMR line towards more positive values, indicating the creation
of new P environments. In 3'P NMR spectra (Fig. 1), the shift
produced by substitution of Ti by Al (or Zr) was assumed to
be additive, allowing the detection of components associated
with P(OTi)4, P(OTi)3(OM);, P(OTi)2(OM),, P(OTi);(OM)3
and P(OM), environments (lines labeled O, 1, 2, 3 and 4). The
quantitative analysis of the 3'P NMR spectra allowed an estima-
tion of the Al (or Zr) content in NASICON phases. The Al/Ti

Hexagonal unit cell parameters and quadrupole Cq constants of Lij;,Ti>_ Al (PO4)3 and LiTiy_Zr,(PO4);3 series

Lij4, Tiz— Al (PO4)3

LiTiz—Zr(PO4)3

x a(A) c(A) Cq (kHz) x a(A) c(A) Cq (kHz)
0.1 8.508(1) 20.79(2) 4 +2 0 8.511(1) 20.84(2) 4 42
0.2 8.501(1) 20.77(2) 44142 0.4 8.566(1) 21.07(2) 50 +2
0.3 8.497(1) 20.74(2) 442 +2 0.63 8.605(1) 21.21(2) 7342
0.4 8.489(1) 20.73(2) 446 + 2 1 8.672(1) 21.46(2) 88 + 3
0.5 8.485(1) 20.72(2) 46.1 £ 2 1.5 8.764(1) 21.77(2) 100 + 3
0.7 8.480(1) 20.70(2) 478 +2 2 8.847(1) 22.24(2) 120 + 4
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ratio (or Zr/Ti) was estimated with the expression:!?

APt 4L +3L+2L+ 1 x
Ti*t ~ B +2L 430 +4ly 2—x

where I, (n=0, 1, 2, 3, 4) stands for the intensity of bands
associated with (4 —n)Ti (n)Al environments.

From the analysis of 3Ip MAS-NMR spectra, it has been
deduced that most part of Zr was incorporated in the Nasicon
structure, but that the substitution of Ti by Al at octahedral sites
remains always partial. In agreement with unit cell data of the
Lij4,Tio—xAl(PO4)3 series, a significant part of Al must be
placed outside of the Nasicon structure. In samples with x> 0.3,
a new NMR line was detected at —30 ppm in *'P MAS-NMR
spectra (line A of Fig. 1a), that increases with the Al content,
indicating in agreement with XRD data, the formation of the
AIPO4 phosphate. Moreover, XRD patterns of these samples
(not shown) showed the presence of another crystalline phase,
identified as LisP>O7. The formation of this phase produced
the detection of new components at ~0 ppm in the 'Li MAS-
NMR spectra (not shown) and at —19 ppm in the 3! PMAS-NMR
spectra (line B of Fig. 1a).

3.2. Li mobility

In LiTip—,Zr,(POy4)3 series, the substitution of Ti by Zr
expands the unit cell, increasing triangular windows that relate
M; and My, sites. This fact favors lithium mobility, decreas-
ing activation energy values along the series. In parallel with
this observation, the quadrupole Cq constant deduced from Li
NMR spectra increase from 40 to 120 kHz, indicating that Li
ions occupy not only M sites (Cq =40 kHz) sites but also My,»
sites (Cq = 180 kHz). The increment of lithium mobility favors
fast exchange processes between M| and My, sites, giving inter-
mediate Cq values (Fig. 2a). In samples with x > 1.5, quadrupole
constants measured at room temperature are near those measured
in the rhombohedral LiZr,(PO4)3; phase, obtained by heat-
ing the triclinic phase above the phase transition temperature’
(Fig. 2b). The stabilization of the rhombohedral phase in Zr
doped samples eliminates problems derived from stresses pro-
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Fig. 3. Grain interior dc conductivity vs. reciprocal temperature in lithium con-
ductors with Nasicon structure.

duced at the triclinic—-rhombohedral transition and enlarges the
electrochemical window (lower reducibility of Zr). In this series,
activation energy decreases from 0.45 to 0.3 eV as the Zr content
increases; but, ionic conductivity does not increase appreciably
with respect to that measured in LiTi»(PO4)3 (Fig. 3).

In Lij4, Tio— AL (PO4)3 series, the incorporation of an addi-
tional amount of Li increases Li—Li repulsions and destabilizes
the occupation of M; sites. This makes that Li ions occupy
besides M; sites other more distorted My, sites in conduct-
ing paths. According to this study, exchange processes between
M; and My, sites explains the small increment detected on the
quadrupole constant Cq at increasing temperatures (Table 1).
As the Li content increases, the ionic conductivity increases to
reach a maximum at xo; =0.2 (o =5 x 1073 Scm~! at 298 K)
and then decreases slightly.” In this series, activation energy
decreases from 0.45 to 0.29 eV as the Al content increases.

In the best ion conductor of the Lij,Tio—Al,(POy4)3 series
(x=0.2), a non-Arrhenius behavior was observed on the grain
interior dc-conductivity!""'> and the activation energy, Ep,
decreased from 0.29 eV for low temperatures regime to 0.18 eV
for the high temperature regime (Fig. 3). The latter value coin-
cides with microscopic activation energy deduced from NMR
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Fig. 2. (a) Dependence of the quadrupole Cq constant on the composition of the LiTiy_,Zr, (PO4)3 and LijxTio—xAlx (PO4)3 series. (b) Temperature dependence
of quadrupole Cq constants, deduced from 7Li NMR spectra of LiR»(PO4)3 series, R =Ge, Ti, Zr and Hf.
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data, E;; =0.20eV.!! This observation was explained by assum-
ing the presence of correlation effects in the Li motion, that

disappear as temperature increases'!.

4. Conclusions

Cation solution has been analysed in rhombohedral
Lij4,Tip—xAl:(POy4)3 and LiTip_,Zr, (PO4)3 series with NMR
and XRD techniques. In the first case, the solution range was par-
tial (0<x<0.7); but in the second case, the solution range was
almost complete (0 <x< 1.8). In the case of LiTiy_,Zr(PO4)3
series, the substitution of Ti by Zr enlarges the unit cell and
produces the delocalization of lithium on M and My sites.
The stabilization of the rhombohedral phase in Zr doped sam-
ples eliminates problems derived from stresses produced at
the triclinic-rhombohedral transition and enlarges the electro-
chemical window of samples. However, conductivity values
deduced in this series remains near those measured in the parent
LiTip (POy4)3.

Substitution of Ti** by AI** in Lij,,Tio—,Al(POy4)3 series
reduces unit cell dimensions but increases Li conductivity three
orders of magnitude with respect to that of LiTip(PO4)3 sam-
ple. For xa1 =0.2, activation energy decreases from 0.29 to 0.18
as temperature increases, producing a clear deviation of con-
ductivity from the Arrhenius behaviour. The improvement of
conductivity has been ascribed to the progressive cancellation
of correlation effects, produced by the creation of vacant M sites
in the Nasicon structure. For x > (0.3 samples, ionic conductivity
decreases as a consequence the formation of secondary AIPO4
and LigP>O7 phases at the surface of Nasicon phase particles.
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